Observations on the Anesthetic Effect of the
Combination of Xenon and Halothane
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In their descriptions of the hydrate theory of
anesthetic action Pauling and Miller suggested
that the action of two anesthetic gases might be
synergistic if one gas formed a structure I and
the other a structure II hydrate. The correla-
tion of anesthetic potency and lipid solubility,
however, suggests that bi) of heti
should result in an additive effect rather than
synergism. We compared the anesthetic require-
ments, as defined by MAC, for xenon (structure
I hydrate} and for halothane (structure II hy-
drate) with MAC values for xenon-halothane
mixtures in man. The results indicate that xenon
and halothane in combination have an additive
rather than a synergistic anesthetic effect. (Key
words: Xenon; Halothane; Theories of anesthesia;
MAC; Anesthetic addition; Anesthetic synergism.)

THE uYDRATE THEORIES of Pauling? and Mil-
Jer* suggest that anesthetic agents of dissimi-
lar structure may act synergistically. Pauling
stated, “It is known that two anesthetic agents
can cooperate to increase the stability of the
hydrate framework.” Miller suggested as a
remote possibility that the molecules which
form structure I hydrates ®°* (such as those
formed by xenon) and those which form
structure II hydrates (such as those formed by
the larger molecule, halothane) might act syn-
ergistically. The sites of action of the two
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anesthetics would have to be interdependent
for this to occur. No synergism would be ex-
pected if the sites were independent (i.e., if
the icebergs were not immediately adjacent).?
Synergism here means that the effect of the
combination is greater than the sum of the
cffects of the individual agents.

In contrast to the above prediction of syner-
gism, the correlation of lipid solubility and an-
esthetic potency suggests that the combination
of agents produces only an additive effect.
This correlation suggests that anesthesia is
achieved by the presence of a critical number
of anesthetic molecules of any kind at the
lipid or lipid-like site of anesthetic action, that
is, it does not matter what molecules are pres-
ent, but rather how many. Note that this is
not a detailed molecular explanation of anes-
thesia. It does not identify the lipid phase,
nor does it suggest that anesthetics must act
in a lipid phase: a hydrophobic protein phase
might be equally suitable.

Prior to the inquiry reported here, no de-
tailed testing of the postulates pertaining to
synergism as opposed to addition of anesthetic
effect has been undertaken. MAC, or mini-
mum alveolar concentration of anesthetic re-
quired to eliminate gross movement in 50 per
cent of patients in response to surgical in-
cisfon, permits a detailed objective testing of
these postulates.*

°® A structure I hydrate is a clathrate com-
posed of a gas encaged in a distorted ice matrix
where there are six to ten water molecules for
each anesthetic molecule. A structure JI hydrate
contains a larger cavity for the anesthetic mole-
cule and the ratio of water to anesthetic mole-
cules is 17 to 1. Structure 1 hydrates can be
formed only with the smaller anesthetic mole-
cules; larger anesthetic molecules can form only
the larger structure II hydrates=
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Fic. 1. The upper portion of the graph illus-
trates the data from which the xenon MAC was
derived. Each upward projection from the hori-
zontal line 1 a patient who moved with
surgical stimulation. The position on the line in-
dicates the alveolar xenon concentration present
in the period preceding movement. Similarly,
each downward projection represents a patient
who did not move, and the associated alveolar
concentration. The data were combined to pro-
duce the lower graph. The patients were grouped
in fours, starting from those who had the highest
alveolar fons and 1 ding d d
The mean xenon jon and the
mean percentage moving were then plotted as the
dotted circles. A visual line of best fit was drawn
through these points. The 50 per cent intercept,
or 71 per cent xenon, was taken as MAC.

Methods

Xenon and halothane were selected as the
agents to be tested. Xenon was chosen be-
cause it represents an anesthetic which forms
a structure I hydrate; it produces anesthesia
in man at less than one atmosphereS; it is
casily measured in a mixture of gases; and it
does not interferc with infrared analyses of
halothane. Halothane was chosen because it
represents an anesthetic which forms a struc-
ture II hydrate, and because the MAC for
this agent had been repeatedly measured and
found constant in the range between 0.74 and
0.76 per cent.® %7

MAC for xenon was established in the stan-
dard manner. Following premedication with
atropine, usually 0.4 mg, the patient’s lungs
were denitrogenated for 12 minutes using a
circle absorption anesthetic system with inflow
rates of osygen greater than 10 1/min. After
12 minutes, reduction of oxygen inflow to 1
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I/min caused no reduction in the inspired oxy-
gen concentration as measured with a Bec%
man-Pauling model D oxygen analyzer. Te
system was then closed and the rebreathing
bag emptied after a full expiration by the p&
tient. Xemon was then introduced into t:g
closed system and the flows of oxygen a
xenon adjusted to achieve the desired peg
centage. 2
Following induction of anesthesia with xenox
succinylcholine, 100 mg, was administered i
travenously to facilitate tracheal intubatio
The inspired xenon—oxygen mixture was maig
tained at a predetermined concentration far
15 or more minutes after intubation. The pa
tient was then observed for movement in r&
sponse to incision of the skin. Alveolar xendd
concentration was determined by subtractink
the oxvgen concentration in the system durir%
xenon—oxygen breathing from that obtained &
the end of the denitrogenation period. Appk
ing the corrections described below, this valig
was taken as the alveolar xenon concentratiofs
At the end of each study a sample of gas wi
drawn from the system and analyzed for nitr-é
gen. The concentration of nitrogen was ust®
ally less than 1 per cent, and was subtmct%
from the percentage of inert gas. The peg
centage of inert gas was also corrected fgg
dilution by water vapor and for the presenc®
of krypton. In 62 per cent of our cases thg
xenon actually was a mixture of 95 per ce®d
xenon and 5 per cent knypton. In these casé
we assumed that the 5 per cent knipton regy
resented about 1.5 per cent xenon in po!enq';
and corrected the inert gas concentration {@
this difference. No difference between resul
in those receiving pure xenon and those ré
ceiving the xenon-krypton mixture was seeng
Patients to be tested with the combinaticg
of xenon and halothane undenwent inductidgl
of anesthesia with halothane in oxygen at ifk
flow rates greater than 5 I/min. Endotrached
intubation was performed and a steady staf®
maintained at the desired level of halothan@.
After sufficient time for denitrogenation, ti2
system was emptied and then closed, ar@
xenon was admitted. Two combinations &
xenon and halothane were tested. In the ﬁrs%‘
xenon was given at about 3% MAC; that is, @
an alveolar concentration of about 24 per cen
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Halothane was given at concentrations slightly
above or below about 7 MAC in order to de-
velop a range of concentrations at which pa-
tients did or did not move in response to in-
cision. In the second combination, xenon was
given at ' MAC and halothane was also given
at about 14 MAC, but was varied as in the first
combination. End-tidal halothane was mea-
sured with an infrared analyzer and inspired
xenon was measured as described above. Pure
xenon was used for these studies.

The data for the combined anesthetic ad-
ministrations were analyzed as follows: for
any particular subject a combined normalized
“MAC™ was obtained by adding the alveolar
concentrations of xenon and halothane after
division by their respective MAC values :

Combined normalized “MAC”

alveolar Xe  alveolar halothane
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Fic. 3. Data for the group that received %o
halothane MAC nnd 1/» xenon MAC. The com
ined normali: C” is 1.04.
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These were then plotted as in the previous
MAC studies. If the “MAC” for this added
combination were less than 1, this would indi-

% Xenon MAC, %, Halothane MAC
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Fic. 2. 11 jon of the tech used to
calculate the combincd normalized .\IAC of 1.01
for the group in which we administered approxi-
mately 24 halothane MAC plus 34 xeuon MAC.
The technique is identical to that in the cal-
culation of the xenon MAC (see fig. 1) except
that “alveolar concentration” or combined nor-
malized “MAC” is calculated as (alveolar Xe/Xe
MAC) plus (alveolar halothane/halothane MAC).

ma//(ﬁ

cate synergism. If the “MAC” for the addedn
combination equalled 1, this would indicate n-c
simple additive anesthetic effect.

Results
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cent (fg. 1). It is of historical interest thntm
the MAC obtained under these much bettero
controlled conditions agrees remarkably we]l;‘
with the crude observations made earlier.*S
MAC for halothane previously was found toJ
be 0.76 per cent.” “MAC” for the combina-$
tion of xenon and halothane equalled 1.01 for(g
the 14 to 23 combination (fig. 2) and 1.04 for@
the 3 to 1 combination (fig. 3). These re—O
sults are summarized in figure 4.

Pertinent data are given in table 1. Thereo
was a small but significant temperature differ-S
ence between the ¥ halothane—% xenon groupf;J
and the halothane or xenon group. The ume&
from induction to incision was sxgmﬁmntly:
greater in the group anesthetized with theg
combinations of xenon and halothane. How-2
ever, time of xenon anesthesia prior to incision S
and clapsed time at the test concentration 3
were significantly less in the % halothane-%3
xenon group. Last, (Fy— Fg)/Fg for lm]o——
thane was significantly greater for 1 ha]o—o
thane-14 xenon (Fj is the inspired concentra- ®
tion; Fg the end-tidal concentration).
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Fic. 4. Summary of the data, showing that
neither synergism nor antagonism was found. The
vertical axis is the fraction of the xenon MAC,
that is, a_value of 1.0 is 1.0 MAC of 71 per cent
xenon. Si ly, the horizontal axis is the frac-
tion of the halothane MAG where 1.0 is LO MAC
or 0.76 per cent halothane. The straight line con-
necting the 1.0 points is described by the equa-
tion: (alveolar xenon/xenon \l»\C) + (alveolar
halothane/halothane MAC) = 1. and is the line of
simple addition of anesthetic effect. The alveolar
xenon and halothane concentrations are those
combined concentrations preventing movement in
50 per cent of patients. The points obtained in
this study fall on the line of simple addition.
Synergism would have been shown by a position
below the line (combined normalized “MAC"” less
than 1), while antagonism or competition for an-
esthetic sites would be shown by a pesition above
&e lm)e (combined normalized “MAC” greater

an 1).
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Discussion

Our data demonstrate that the effect of°
halothane and xenon combined is simply add1~
tive. This would be anticipated from the oor-
relation between potency and lipid solubility.l
Our data do not support Pauling’s suggestion-*
that synergism may be produced by the com-3
bination of anesthetics which form structure I,..
and structure II hydrates. Our data suggest\
that if either the hydrate theory!® or the xc&"’
berg theory? is correct, then the icebergs arel)
independent or the microcrystals are smallers
than originally suggested by Pauling.

R. Miller and co-workers 8 have also found®.
an additive effect from the combination of t.he0
structure I and structure II stabilizing anes-
thetics, ethylene and halothane. It has not3
been suggested by any of the theories of anes-
thesia that synergism would be observed with 3
a combination of two structure I-forming anes- g_
thetics (such as ethylene and xenon) or twoQ
structure II-forming anesthetics (such as halo- &
thane and chloroform).
the evidence we and R. Miller have found, we-g
conclude that all combinations of inhaled an-
esthetics are probably additive.

We would be remiss if we did not point out &
possible deficiencies in our data. There is @
some scatter in the xenon MAC data. How-
ever, the xenon MAC is unlikely to be more
than 1 to 2 per cent too low, considering that
seven patients failed to move between 73.5
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Tanre 1.
Haluthane ‘ Xenon i ‘R‘::}";:;ﬂ i l‘lﬂ‘l‘oet;m'r‘"
Number of subjects 24 28 20 20
Age (vears) 42.1(7.3) 43.2(17.0) 41.6(8.2) 41.3(8.6)
Temperature 36.1(0.4) 36.1(0.5) 36.2(0.4) 36.6(0.5)*t
Time from induction to incision (min) 52(12) 35(10.3) SL.7(18.1)*f | 64.8(11.5)*}
Time of xenon anesthesia prior — 35(10.3) 31.0(11.3) 24.3(7.2)t
to incision (min)
Time at test concentration(s) prior 27(11) 28.3(8.9) 22.8(11.1) 19.6(7.2)1t
to incision (min)
(F1 — Fg)/Fg for halothane 0.13(0.06) —_ 0.16(0.08) 0.18(0.8)§

* P < 0.001 compared with halothane alone.
1 P < 0.001 compared with xenon zlone.
1 P < 0.025 compared with xenon alone.
§ P < 0.025 compared with halothane alone.

Numbers in parentheses are standard deviations.
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and 76 per cent. It might be 8 per cent too
high—that is, a MAC as low as 63 per cent
would be possible. A lower xenon MAC
would only enhance the argument against
synergism since it would increase the com-
bined MAC further above 1. Even so, this
effect would be small, and a xenon MAC of
63 per cent would raise the combined nor-
malized MAC only to 1.06.

The data on which the halothane MAC
rests show far less scatter and are supported
by results of three previous studies *- &7 which
agree within a range of 0.02 per cent halo-
thane. It is possible that this value is slightly
high because the inspired-to-end-tidal differ-
ences were not reduced to zero, but equalled
as much as 10 to 20 per cent of the value
studied.? e estimate that this might pro-
duce, at most, an crror of 0.02 to 0.04 per
cent halothane. Correction of this error, how-
ever, would only rise the combined MAC.
On the other hand, the (F;— Fg)/Fy values
for the combinations were higher than for
halothane alone (table 1). This might lead
to a greater overestimate of the halothane
value in the combined groups. However, in
the combined groups halothane represented
only a fraction of the total anesthetic. The
overestimate in the group where halothane
was used alone might have been equal though
it represented a smaller fraction of the halo-
thane contribution. In any case, these would
probably produce only small errors.

Last, the small (0.5 C) but significantly
higher body temperature in the group receiv-
ing the combination of % halothane and %
xenon might also have influenced our results.
1If the human MAC is affected by temperature
to the same extent as the canine MAC,' this
should produce an error of about 3 per cent,
and may explain the 4 per cent deviation of
this group from 1.00.

The above possible inadequacies of the data
mean that thesc studies cannot exclude a small
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synergistic effect. However, a reduction inQ
MAC greater than 10 per cent would secmn3
unlikely.
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