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The Minimum Alveolar Concentration of Xenon in the

Elderly Is Sex-dependent

Takahisa Goto, M.D,* Yoshinori Nakata, M.D., M.B.A.,T Shigeho Morita, M.D.%

Background: The minimum alveolar concentration (MAC) of
xenon in the elderly has not been determined. Moreover, be-
cause xenon inhibits the activity of the N-methyl-p-aspartate
receptors, and because N-methyl-p-aspartate receptor antago-
nists such as ketamine and MK-801 exert sex-dependent ac-
tions, we hypothesized that the MAC of xenon would also be
sex-dependent.

Methods: Forty-eight patients of both sexes (24 patients of
each sex), who were aged 65 yr or older and were undergoing
elective laparotomy, were anesthetized with inhalational induc-
tion of xenon. Those who demonstrated marked agitation re-
ceived supplemental propofol intravenously. After tracheal in-
tubation, the end-tidal concentration of xenon was maintained
at 45 (women only), 50, 55, 60, 65, 70, or 75% (men only) for at
least 15 min before skin incision. These concentrations were
randomly allocated to four patients of each sex. Each patient
was monitored for the presence or absence of any purposeful
bodily movement for 1 min following skin incision. The MAC of
xenon was calculated separately for men and women using
logistic regression analysis.

Results: The MAC of xenon was 69.3% (95% CI, 63.0—75.6%)
for men and 51.1% (44.6-57.6%) for women. The two 95%
confidence intervals did not overlap, indicating a statistically
significant difference (P < 0.05).

Conclusions: The MAC of xenon in the elderly is higher in
men than in women.

THE gaseous anesthetic xenon has many attractive char-
acteristics for geriatric patients. For example, its blood-
gas partition coefficient is extremely low ©0.12),1 leading
to fast emergence from anesthesia® regardless of the
duration.”? The gas produces little cardiovascular depres-
sion.®> It also provides a good analgesic effect,® thereby
effectively suppressing hemodynamic’ and catechol-
amine responses® to surgical stimulation.

The minimum alveolar concentration (MAC) of xenon
in the elderly population has not been determined. The
generally accepted value of 71% was obtained in the
middle-aged population (mean *= SD, 43 * 17 yr),9 as
was the value we have recently estimated (63.1% in
patients aged 45 * 9 yr).'°
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The purposes of this study were twofold. First, we
sought to determine the MAC of xenon in the elderly.
Second, we sought to test the hypothesis that the MAC
of xenon is higher in men than in women. This hypoth-
esis is based on the findings that (1) xenon inhibits the
function of the N-methyl-p-aspartate (NMDA) subtype of
the glutamate receptors,'"'? and (2) the NMDA receptor
antagonists are more effective in women than in
men.'>'> For example, ketamine produces a longer du-
ration of loss of the righting reflex in female rats than in
male rats,">'* and this difference is greater as the ani-
mals become older.'® In humans, it has been observed
that nitrous oxide, a potent inhibitor of NMDA receptor
function,'? produces deeper levels of anesthesia in
women than in men during the initial 10 min of inhala-
tional induction.'®

Materials and Methods

Participants

After receiving approval from the Institutional Human
Studies Committee of Teikyo University, Tokyo, Japan,
we obtained written informed consent from 48 patients
of both sexes (24 of each sex) who were aged 65 yr or
older, were classified as American Society of Anesthesi-
ologists physical status I or II, and were scheduled for
elective laparotomy that required a skin incision of at
least 5 cm. Exclusion criteria included history or pres-
ence of neurologic diseases, ingestion of medications
known to influence anesthetic or analgesic require-
ments, and severe or uncontrolled medical conditions.
Additional exclusion criteria included anticipated diffi-
cult airway and an oxygen saturation of arterial hemo-
globin of 92% or less when measured with the pulse
oximeter while the patient was breathing room air in the
supine position. These criteria were applied because we
needed to expose the patients to an oxygen concentra-
tion of less than 30 - 40% during inhalational induction of
anesthesia with xenon.

Anesthesia Protocol

The anesthesia protocol was similar to that of our
previous investigation,'®!” with some modifications. Us-
ing a computer-generated random number table, the
participants were randomly allocated to a predeter-
mined target xenon concentration of 45, 50, 55, 60, 65,
70, or 75%. Only female patients received 45% xenon,
and only male patients received 75%, because we pre-
dicted that the MAC of xenon would be higher in men
than in women. Therefore, six different target concen-
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trations were used for each sex, and each concentration
was administered to four patients of the same sex. Be-
cause the MAC-awake of xenon in the middle-aged
woman is 33%,'® and 1.3-1.5 times the MAC-awake (i.e.,
43-50%) is necessary to assure 95% probability of uncon-
sciousness,19 we chose 45% as the lowest concentration
tested. The end-tidal concentration of xenon was con-
tinuously monitored during the study using a xenon
analyzer (Anzai Medical, Tokyo, Japan).

In the operating room, anesthesia was induced in the
nonpremedicated patients using inhalation of xenon in
oxygen. First, the patients were preoxygenated for at
least 3 min using a 10 1/min fresh flow of 100% oxygen
via a Jackson Rees system. Then, they were instructed to
take the deepest breaths possible and to exhale as much
as possible. Immediately before the third inspiration,
they were switched from a Jackson Rees system to the
breathing circuit of an anesthesia machine (VIP-100, IMI,
Saitama, Japan) that had been primed with 70% xenon in
oxygen. The patients were instructed to take three ad-
ditional deep breaths and subsequently were allowed to
breathe as they liked while the fresh gas flows of 2 1I/min
xenon and 0.7 I/min oxygen were supplied. Some pa-
tients, predominantly men, became quite agitated before
loss of consciousness occurred. This was manifested as
vigorous head weaving and prevented us from perform-
ing inhalational induction using a face mask. In this case,
0.5 mg/kg propofol was administered intravenously. Af-
ter loss of consciousness (defined as the loss of response
to verbal command to open eyes), 1 mg/kg succinylcho-
line was administered intravenously, and the trachea was
intubated following topical spray of 2.5 ml lidocaine, 4%.
If the systolic blood pressure (monitored noninvasively)
increased to more than 30% of the preinduction value in
response to tracheal intubation, 0.5-2 mg nicardipine
was administered intravenously. No patients received
any medications or analgesics other than those stated.

Determination of Minimum Alveolar

Concentration

The skin incision was made at least 30 min after any
administration of propofol and after the xenon concen-
tration was stable at the target end-tidal concentration
for at least 15 min. Just before surgical incision, we
confirmed that the patient could not respond to the
verbal command to open his or her eyes. If a patient
responded to the command, the response was regarded
as indicating a positive somatic response to incision.
Those who did not respond to verbal command were
monitored for somatic response for 1 min after surgical
incision by an observer who was blinded to the xenon
concentration administered. As in previous studies,'®*°
a somatic response was considered to be any purposeful
bodily movement. Coughing, chewing, and swallowing
were not considered to be positive purposeful move-
ments. If the patient did not move, residual neuromus-
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Table 1. Patient Demographics

Male Female
Age (yr) 70+ 3 71=*5
Height (cm) 163 = 7 151 = 7
Weight (kg) 60 = 10 52 +6
Smokers (n) 18* 5
Patients who received propofol during 15* 3
induction (n)
Patients who received nicardipine 8 6
after intubation (n)
Dose of nicardipine administered (mg) 0.9 £ 0.6 1.0+ 05
Body temperature at skin incision (°C) 36.2 +0.1  36.1 = 0.2

Data are mean + SD for 24 patients of each sex. The patients who received
propofol during induction showed marked agitation during induction of anes-
thesia with xenon inhalation. The dose of nicardipine administered is the
mean for the number of patients who received it.

*P < 0.01, chi-square test.

cular blockade was assessed by train-of-four stimulation
of the ulnar nerve. We confirmed that the height of the
first twitch at skin incision was not different from that
recorded before administration of succinylcholine.

Statistical Analysis

To determine the MAC value in each sex, the re-
sponses of patients to skin incision at each xenon con-
centration were subjected to logistic regression analysis
according to the method by Waud.?' The demographic
data were compared using unpaired ¢ tests or chi-square
tests as appropriate. Results are reported as mean * SD
or mean (95% CI). A P value < 0.05 was considered
statistically significant.

Results

There were no differences between men and women
with respect to age, the number of patients who re-
ceived nicardipine after intubation, the dose of nicardi-
pine administered, and the body temperature at skin
incision (table 1). Significantly more male than female
patients received propofol during inhalational induction
of anesthesia with xenon to suppress agitation (P <
0.001, chi-square test).

The types of surgery performed in the participants are
shown in table 2. Half (12 of 24) of the men and women
underwent open prostatectomy and abdominal total hys-
terectomy with or without salpingo-oophorectomy.
Both of these operations involved a midline skin incision
of approximately 10 cm in length on the lower abdo-
men. Other operations were also distributed similarly
between men and woman.

The MAC of xenon was 69.3% (63.0-75.6%) for men
and 51.1% (44.6-57.6%) for women (fig. 1). The 95%
confidence intervals did not overlap, indicating that the
MAGCs differed significantly between the men and the
women.*?
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Table 2. Type of Surgery

Male Female

Lower abdominal

Prostatectomy 12 NA

ATH NA 12

Radical cystectomy 2 2

Low anterior resection 2 1

Miles 1 —
Upper abdominal

Gastrectomy 5 3

Cholecystectomy 1 3

Right hemicolectomy 1 2

Sigmoidectomy — 1

NA = not applicable; ATH = abdominal total hysterectomy

One female patient who received 45% xenon re-
sponded to verbal command before skin incision. All
other patients of either sex failed to respond to verbal
command and had skin incision during xenon
anesthesia.

Discussion

We have confirmed our hypothesis that the MAC of
xenon in patients aged 65 yr or older is sex dependent.
It was higher in men (69%) than in women (51%). This
is in marked contrast to the conventional inhalational
anesthetics, because their MACs are not affected by
gender, except during pregnancy.*?

Some limitations should be noted when interpreting
our results. First, the observers of the patient’s response
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Fig. 1. The probability of no patient movement in response to
skin incision is plotted against the concentration of xenon. The
continuous and broken curves represent the logistic regression
curves for men and women, respectively. By definition, the
concentration associated with a 50% probability of no move-
ment (the intersection between the horizontal bar and the re-
gression curve) is the minimum alveolar concentration (MAC)
of xenon for each sex. The horizontal bars represent the 95%
confidence intervals of the MACs.
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to skin incision were not blinded to the sex of the
patient. Second, the skin incision was not standardized.
However, table 2 suggests that the sites and lengths of
skin incisions were roughly similar for men and women.
Third, we used propofol when agitation occurred during
inhalational induction of anesthesia with xenon. We
believe that this only minimally affected our results be-
cause of the following two reasons. First, the pharmaco-
kinetic calculation using the parameters by Schnider et
al** predicts that the residual concentration of propofol
at the time of skin incision would have been negligible.
In a male patient who is 160 cm tall and weighs 60 kg
(the average values of our male patients), a 0.5-mg/kg
bolus administration of propofol would produce a
plasma concentration of 0.06 ug/ml in 30 min. Because
the plasma concentration associated with a 50% chance
of movement to skin incision is approximately 15 ug/
ml,*> 0.06 ug/ml is equivalent to 0.004 (= 0.06/15)
times the MAC. Second, because more male than female
patients (15 of 24 vs. 3 of 24) received propofol, the sex
difference in the MAC would have been greater without it.
Our results are consistent with the clinical experiences
reported in the literature. For example, Pittinger et al. 26
reported that all three male patients anesthetized with
75% xenon for inguinal hernia repair required supple-
mental meperidine, while two female patients undergo-
ing the same operation were adequately anesthetized
with xenon alone. Similarly, Morris et al.>” reported that
their only male patient, who was aged 67 yr and under-
went right inguinal hernia repair, required meperidine
intraoperatively to supplement general anesthesia with
75% xenon in addition to morphine and scopolamine
given as premedication. Furthermore, like the majority
of our male patients, this patient demonstrated marked
excitement during inhalational induction with xenon. In
contrast, six female patients were all adequately anesthe-
tized with xenon alone plus premedication with scopol-
amine, except for occasional retching and/or emesis.
Our results may also account for the discrepancy be-
tween the MAC values reported early by Cullen et al.®
(71%) and recently by us (63%).'® While the former
study did not report the numbers of male and female
patients studied, approximately 80% (47 of 60) of the
participants in the latter study were women. If we as-
sume that the sex difference in the MAC we observed
holds true for the middle-aged population, this alone
may be sufficient to account for the discrepancy be-
tween the two studies. However, it should also be noted
that Cullen et al.® stated that their MAC value could be
between 63 and 73% because of the scatter of their data.
It is not clear from our results whether the MAC of
xenon in men decreases with age because the value we
determined (69%) was close to those published for the
middle-aged population (71% and 63% in subjects aged
approximately 40 yr on average). On the other hand, it
appears likely that the MAC of xenon in women de-
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creases with age because it was 51% in our patients aged
65 yr or older, much smaller than the published values.
For middle-aged women, reanalysis of the data on female
patients in our previous study (47 patients)'® yielded a
MAC of 66% at the average age of 45 yr. Using this value,
the MAC at age 71 yr (the average age of the female
patients in the current study) is predicted to be 56 and
55% based on the formulae by Mapleson®® (MAC at age
x = MAC at age 40 X 10~ 000269 = 40y 44 by Eger®
(MAC at age x = MAC at age 40 X 1.32 X 10 000303
respectively. Both of these values fall within the 95%
confidence interval of our result (45-58%; mean, 51%).
Because these formulae are derived from the meta-anal-
yses of published data for common volatile anesthetics
(e.g., isoflurane, sevoflurane, halothane), the proximity
of our result and the predicted values suggests that the
MAC of xenon in women may decrease with age in a
similar fashion as the MACs of common volatile anesthet-
ics. This is interesting in light of the contrasting molec-
ular actions of xenon and volatile agents. Xenon has
little'? or no'" activity at the y-aminobutyric acid type A
receptors, whereas volatile agents markedly enhance
y-aminobutyric acid type A receptor function.

Inhalational induction of anesthesia using xenon was
associated with a markedly higher incidence of agitation
(62.5%) in men than in women (12.5%). This suggests
that the sex difference may exist not only at the spinal
level (where the MAC is predominantly mediated*®), but
also at the supraspinal level.

In conclusion, the MAC of xenon in the elderly is sex
dependent, being greater in men than in women.
Whether this sex difference holds true for the younger
population remains to be elucidated.

The authors thank Takasumi Katoh, M.D. (Assistant Professor, Department of
Anesthesiology and Intensive Care, Hamamatsu University School of Medicine,
Hamamatsu, Japan), for providing the computer program to perform logistic
regression analysis for the determination of MAC, and Steven L. Shafer, M.D.
(Professor of Anesthesia, Stanford University School of Medicine, Stanford, Cali-
fornia), for providing the STANPUMP software to calculate the plasma concen-
tration of propofol.

References

1. Goto T, Suwa K, Uezono S, Ichinose F, Uchiyama M, Morita S: The blood-
gas partition coefficient of xenon may be lower than generally accepted. Br J
Anaesth 1998; 80:255-6

2. Goto T, Saito H, Shinkai M, Nakata Y, Ichinose F, Morita S: Xenon provides
faster emergence from anesthesia than does nitrous oxide-sevoflurane or nitrous
oxide-isoflurane. ANESTHESIOLOGY 1997; 86:1273-8

3. Goto T, Saito H, Nakata Y, Uezono S, Ichinose F, Morita S: Emergence times
from xenon anaesthesia are independent of the duration of anaesthesia. Br J
Anaesth 1997; 79:595-9

Anesthesiology, V 97, No 5, Nov 2002

4. Hettrick DA, Pagel PS, Kersten JR, Tessmer JP, Bosnjak ZJ, Georgieff M,
Warltier DC: Cardiovascular effects of xenon in isoflurane-anesthetized dogs with
dilated cardiomyopathy. ANESTHESIOLOGY 1998; 89:1166-73

5. Stowe DF, Rehmert GC, Kwok WM, Weigt HU, Georgieff M, Bosnjak ZJ:
Xenon does not alter cardiac function or major cation currents in isolated guinea
pig hearts or myocytes. ANESTHESIOLOGY 2000; 92:516-22

6. Yagi M, Mashimo T, Kawaguchi T, Yoshiya I: Analgesic and hypnotic effects
of subanaesthetic concentrations of xenon in human volunteers: Comparison
with nitrous oxide. Br J Anaesth 1995; 74:670-3

7. Nakata Y, Goto T, Morita S: Effects of xenon on hemodynamic responses to
skin incision in humans. ANESTHESIOLOGY 1999; 90:406-10

8. Marx T, Froeba G, Wagner D, Baeder S, Goertz A, Georgieff M: Effects on
haemodynamics and catecholamine release of xenon anaesthesia compared with
total i.v. anaesthesia in the pig. Br J Anaesth 1997; 78:326-7

9. Cullen SC, Eger EI II, Cullen BF, Gregory P: Observations on the anesthetic
effect of the combination of xenon and halothane. ANESTHESIOLOGY 1969; 31:305-9

10. Nakata Y, Goto T, Ishiguro Y, Terui K, Kawakami H, Santo M, Niimi Y,
Morita S: Minimum alveolar concentration (MAC) of xenon with sevoflurane in
humans. ANesTHEsIOLOGY 2001; 94:611-4

11. de Sousa SL, Dickinson R, Lieb WR, Franks NP: Contrasting synaptic
actions of the inhalational general anesthetics isoflurane and xenon. ANESTHESIOL-
0GY 2000; 92:1055-66

12. Yamakura T, Harris RA: Effects of gaseous anesthetics nitrous oxide and
xenon on ligand-gated ion channels: Comparison with isoflurane and ethanol.
ANESTHESIOLOGY 2000; 93:1095-101

13. Waterman AE, Livingston A: Effects of age and sex on ketamine anaesthesia
in the rat. Br J Anaesth 1978; 50:885-9

14. Winters WD, Hance AJ, Cadd GC, Lakin ML: Seasonal and sex influences
on ketamine-induced analgesia and catalepsy in the rat; a possible role for
melatonin. Neuropharmacology 1986; 25:1095-101

15. Honack D, Loscher W: Sex differences in NMDA receptor mediated re-
sponses in rats. Brain Res 1993; 620:167-70

16. Barth L, Buchel CG: Clinical studies on the narcotic effects of nitrous
oxide. Anaesthesist 1975; 24:49-55

17. Nakata Y, Goto T, Saito H, Ishiguro Y, Terui K, Kawakami H, Tsuruta Y,
Niimi Y, Morita S: Plasma concentration of fentanyl with xenon to block somatic
and hemodynamic responses to surgical incision. ANESTHESIOLOGY 2000;
92:1043-8

18. Goto T, Nakata Y, Ishiguro Y, Niimi Y, Suwa K, Morita S: Minimum alveolar
concentration-awake of xenon alone and in combination with isoflurane or
sevoflurane. ANESTHESIOLOGY 2000; 93:1188-93

19. Katoh T, Ikeda K, Bito H: Does nitrous oxide antagonize sevoflurane-
induced hypnosis? Br J Anaesth 1997; 79:465-8

20. Eger EI II, Saidman LJ, Brandstater B: Minimum alveolar anesthetic con-
centration: A standard of anesthetic potency. ANESTHESIOLOGY 1965; 26:756 - 63

21. Waud DR: On biological assays involving quantal responses. J Pharmacol
Exp Ther 1972; 183:577-607

22. Schenker N, Gentleman JF: On judging the significance of differences by
examining the overlap between confidence intervals. Am Statistician 2001; 55:
182-6

23. Stanski DR: Monitoring depth of anesthesia, Anesthesia. Edited by Miller
RD. Philadelphia, Churchill Livingston, 2000, pp 1087-116

24. Schnider TW, Minto CF, Gambus PL, Andresen C, Goodale DB, Shafer SL,
Youngs EJ: The influence of method of administration and covariates on the
pharmacokinetics of propofol in adult volunteers. ANESTHESIOLOGY 1998;
88:1170-82

25. Smith C, McEwan Al, Jhaveri R, Wilkinson M, Goodman D, Smith LR,
Canada AT, Glass PS: The interaction of fentanyl on the Cp50 of propofol for loss
of consciousness and skin incision. ANESTHESIOLOGY 1994; 81:820-8

26. Pittinger C, Faulconer AJ, Knott J, Pender J, Morris L, Bickford R: Electro-
encephalographic and other observations in monkeys during xenon anesthesia at
elevated pressures. ANESTHESIOLOGY 1955; 16:551-63

27. Morris L, Knott J, Pittinger C: Electroencephalographic and blood gas
observations in human surgical patients during xenon anesthesia. ANESTHESIOLOGY
1955; 16:312-9

28. Mapleson WW: Effect of age on MAC in humans: A meta-analysis. Br J
Anaesth 1996; 76:179-85

29. Eger EI'II: Age, minimum alveolar anesthetic concentration, and minimum
alveolar anesthetic concentration-awake. Anesth Analg 2001; 93:947-53

30. Rampil IJ: Anesthetic potency is not altered after hypothermic spinal cord
transection in rats. ANESTHESIOLOGY 1994; 80:606-10

20z Iudy g1 uo 3senb Aq 4pd-G1000-0001 1 200Z-2¥S0000/906507/62 | L/S/L6/spd-8jo1e/ABojoISayISaUE/WOD JIeyDIBA|IS ZeSE//:d)Y WOl papeojumoq



