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Minute volume, tidal volume, i y fre-
quency, end-tidal carbon dioxide, and ventilato
to carbon dioxide inhalation were studied

during anesthesiz at three different concentrations
of end-tidal methoxyflurpne, 0.19, 0.37, and 0.82
per cent, in 12 unpremedicated patients prior to
surgery. Minute volume rose during light anes-
thesia and fell with increasing concentrations.
Tidal vol d d ively from 0.49

gery; and (4) minimized dead space and re-
sistance in anesthetic apparatus.! Using these
criteria Larson and his co-workers have re-
ported the effects of methoxyflurane in six
anesthetized men.® We report here similar
measurements in 12 normal volunteers, made
prior to surgical intervention, covering a wider
range of anesthetic concentrations. We found

liters awake, to 0.22 liters at the highest
tration, while respiratory rate rose from 11 to 22
per minute. End-tidal carbon dioxide rose pro-
gressively from 38.6 torr while awake, to 43.4
torr during deep hesi: More striking was
the change in slope of the carbon dioxide re-
sponse curve, which decreased progressively with
jncreasing depth of anesthesia from 56 per cent
of the control response in light anesthesia, through
28 to 9 per cent during deep anesthesia. An esti-
mate of MAC for methoxyflurane in this study
was 0.17 per cent, which agrees with previous re-
ports despite employment of different eriteria.

IN THE coMPARISON of respiratory data during
various anesthetics, Munson has called atten-
tion to the importance of: (1) controlled
stable anesthetic concentration; (2) stable ar-
terial and cerebral CO, tensions (hence stable
cerebral blood flow); (3) control of afferent
stimuli unaffected by premedication or sur-
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both agr t and disagr t in our re-
sults with those of Larson et al.

Methods

Twelve patients (without premedication),
free of cardiopulmonary disease, their char-
acteristics summarized in table 1, agreed to
an extra period of anesthesia prior to opera-
tion. They rested for one half hour in a quiet,
dimly lit Jaboratory. After control measure-
ments of respiratory minute volume, Vg, re-
spiratory frequency, f, end-tidal carbon di-
oxide tension, PETco,, and steady state ventila-
tory response to inspired carbon dioxide, atro-
pine (0.4-0.6 mg.) was given intravenously.
Anesthesia was induced with a single dose of
intravenous thiopental. Inhalation of 75 per
cent nitrous oxide was begun, and methoxy-
flurane was added to the inspired gas from a
Vernitrol vaporizer and a number 8 Ohio Wick
vaporizer as rapidly as the patient would toler-
ate it. Nitrous oxide was discontinued within
ten minutes. Oxygen and methoxyflurane (3
per cent) were given in a non-rebreathing sys-
tem for the next 30 minutes. No drugs except
methoxyflurane were given after discontinuing
nitrous oxide. Spontaneous ventilation was
allowed throughout. The trachea was not in-
tubated, but an oro-pharyngeal airway was
used to maintain an unobstructed airway in
9 cf the 12 patients.

Experimental Design. All subjects were
deeply anesthetized within the first 30 min-
utes. Thereafter, three depths of anesthesia

1020

20z ludy 60 uo 3sanb Aq ypd'1.000-0001 L 96 1-2¥S0000/29691.9/0201/9/8Z/4pd-8j01E/ABOj0ISBYISOUE/WOD" JIBYDIBA|IS ZESE//:dRY WOy papeojumod



Volume 28
Number 6

were studied in each patient; the order of
study of the three depths was randomly
chosen.

Usually 20 minutes, rarely longer than 40
minutes, clapsed between the initial one-half
hour of deep anesthesia and the first study,
and between subsequent studies. When a
stable desired end-tidal concentration of me-
thoxyflurane was achieved, resting ventilation,
respiratory rate, and ventilatory response to
inspired carbon dioxide were recorded. Sta-
tistical significance was determined with the
F ratio of Fisher at the 5 per cent level
When indicated, further analyses were done
with the t statistic of Dunnet to compare mea-
surements after ancsthesia with the control.?

Breathing Circuits. Two different breathing
circuits were used. Ventilation of the first six
patients, both awake and anesthetized, was
measured with a Collins nine liter spirometer
which replaced the bag of a standard Air-
Shields Ventimeter mounted in a standard
Ohio 2000 Series Jumbo Circle System. The
resistance to inspiration was 0.6 cm. H.O X
L.-* X sec.”* and to exhalation, 0.7. This sys-
tem proved suitable for recording ventilation
during anesthesia. It was less satisfactory for
maintaining a steady state of alveolar anes-
thetic concentration, since with augmented
ventilation owing to carbon dioxide stimula-
tion it was nccessary to change the setting of
the number 8§ vaporizer to keep Ppr methoxy-
flurane constant. For the second group of six
subjects a non-rebreathing system with a Rahn
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end-tidal sampler and 2 recording Tissot gas-
ometer was used both for the control and the
measurements during anesthesia. The resist-
ance to breathing was approximately 0.6 em.
H,O X L.t X sec.”. The smallest mask which
gave a gas-tight fit was used to minimize dead
space.

Gas Analysis. Carbon dioxide concentration
in end-tidal gas was measured with a Liston-
Becker infra-red carbon dioxide analyzer. Gas
was sampled at the rate of 500 cc. per minute
from a catheter with the tip placed beneath
the face mask betwecen the nares and lips,
or within the oro-pharyngeal airway. In the
first six cases the sample gas was returned to
the breathing circuit in the expiratory limb of
the circle; in the second six it was returned to
the central cavity of the Rahn end-tidal sam-
pler. Mixed venous carbon dioxide tensions
were estimated by the rebreathing method ¢
in 8 of the patients before anesthesia, and in
10 of the 12 patients at the end of the study.

Concentration of methoxyvflurane in end-
tidal samples was measured by an F&M gas
chromatograph using a silicone gum rubber
column and flame ionization gauge, calibrated
with air saturated with methoxyflurane at four
accurately controlled temperature, from 0° to
20° C. End-tidal aliquots of 10 to 20 breaths
were analyzed. In the second group of six
patients, in addition to gas chromatographic
analyses of end-tidal samples, an infra-red
halothane analyzer (charged with carbon di-
oxide and sensitive to methoxyflurane) was

Tabte 1. Physical Characteristics of Subjects

. - Body ] Induction | Jlinimum
swi | s | @y | M | e | osghe | o | Beest | St
[CEN] (mg.) (.%5
1 F 42 168 75 1.84 1 100
2 M 17 193 83 208 I 100
3 F 13 133 [i53 177 1 230
B F 35 152 56 1.49 I 200
5 M 31 188 89 213 I 300
6 M 33 183 108 228 I 500
7T M 30 178 70 1.90 1 350
8 F 26 165 63 1.69 I 300
9 F 26 158 56 1.55 1 250
10 F 58 175 51 1.62 I 200
11 F a9 158 62 161 I 200
12 M 28 178 89 2,06 I 300
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TasLe 2. Individual Measurements and the Means for 12 Patients
Anesth. Resp. Min. End- Slope of Vent, Fraction Time
- Alv. Rate Vol. Tidal Resp. 10 COz f After
Sablect oot | perdn | afmid TR IS
Awake
1 0 8 3.39 40.2 0.46 100 0
2 6 6.53 37.6 1.72
3 1 5.06 37.0 276
4 12 5.20 380 0.77
3 12 818 352 1.39
6 S 7.60 280 0.98
v 17 7.11 38.4 0.82
8 18 522 352 132
9 11 245 40.0 0.77
10 12 1.69 41.0 0.72
11 10 441 40.8 0.90
12 12! 7.30 122 0.97 1 !
Mean 11.4 5.60 38.63 113
S.D. 34 177 225 0.63
S.E. 1.0 0.51 0.65 0.18
Lightly Anesthetized
1 0.23 31 6.84 41.6 0.282 0.61 280
2 0.17 21 7.65 41.0 0.59 0.31 38
3 —_ — —_ — — — —
4 0.28 18 5.20 40.0 043 0.56 70
5 0.14 23 6.54 30.0 112 0.81 138
6 0.27 20 12.64 36.5 0.52 0.53 43
7 0.17 19 743 39.0 1.01 1.23 107
8 0.10 24 6.84 37.0 113 0.86 50
9 0.20 16 6.86 39.2 0.42 0.55 163
10 0.21 18 5.68 41.2 0.41 0.57 80
i1 0.17 14 6.33 392 0.74 0.82 101
12 0.17 13 717 49.2 0.33 031 186
Mean 0.192 19.7* 7.198* 39.45 0.635* 0.65 114
S. D 0.053 5.1 1.942 4.58 0.32 0.267 7
S.E. 0.016 1.5 0.590 138 0.10 0.081 22
Moderately Anesthetized
1 0.32 21 3.28 35.0 0.18 0.39 88
2 — —_— —_— —_— —— p— —_—
3 043 21 7.28 388 0.22 0.08 94
4 — J —_ — — — —
3 0.26 23 8.39 310 0.98 0.70 94
6 0.34 20 10.64 38.0 0.29 0.30 55
7 0.44 20 5.76 428 0.10 0.12 85
8 0.33 24 477 36.4 0.52 040 87
9 035 19 5.75 36.6 0.37 0.48 113
10 0.41 26 4.97 142 0.07 0.10 206
11 0.46 16 4.84 39.6 0.25 0.28 165
12 0.41 17 5.94 55.2 0.19 0.19 105
Mean 0374 21.0* 6.161 39.76 0.317* 0.304 109
S.D. 0.061 3.2 2.110 6.60 0.33 0.195 4
S.E 0.019 1.0 0.667 2,09 0.11 0.062 14

* Represent significant change from control values as assessed by analysis of variance using a 5 per cent

level of probability.
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TasLE 2. (Continued)
Anesth, . End- Slope of V. Fracti Til
Subject CI}? - }11!:.(‘; {!:l‘. '{,:hl Rl:::_;'olp g?)'; :l :ﬁ“n I“ga;;
s PerdMin, | (L/min) Peos Uoin Tope. Gtin)
Decply Anesthetized
B 1

1 0.58 24 2.60 416 0.04 0.08 56

2 047 22 741 43.0 0.30 0.17 81

3 0.82 20 4.01 43.8 0.10 0.0+ 51

4 0.58 23 3.90 41.4 0.18 0.23 110

5 1.00 28 5.24 35.6 0.03 0.02 G0

6 0.77 25 8.20 38.2 0.09 0.09 115

7 1.42 23 3.53 45.6 0,03 0.03 60

8 0.53 26 1.85 42,0 0.10 0.08 185

9 0.88 14 6.25 42.0 0.11 0.14 163

10 0.94 26 3.90 16.0 0.07 0.10 133

1n 0.82 12 113 43.0 0.14 0.16 60

12 1.05 19 542 85.7 0.01 0.01 230

Mean 0.821 21.9* 4.954* 43.39* 0.100* 0.096 101

S. D. 0.268 4.8 1.65 4.87 0.08 0.068 57
S.E. 0.077 14 048 1.4l 0.02 0.020 17 .

used to continuously monitor the end-tidal me-
thoxyflurane. Gas was sampled at 50 ml./min.
from the Rahn end-tidal sampler and retumed
to the expiratory limb of the breathing system.
The sampler was modified with teflon tubing
and a mylar bag to prevent contamination
from diffusion of inspired methoxyflurane
through the rubber bag. The response of this
instrument was too slow to give a breath by
breath analysis with respiratory rates of 20 or
more per minute. All concentrations reported
below were from gas chromatographic analysis
of end-tidal samples.

Ventilatory Response to Carbon Dioxide.
After stable ventilation was recorded, the ven-
tilatory response to carbon dioxide was mea-
sured. A constant flow of carbon dioxide was
added to the inspired gas. Within three to
eight minutes steady ventilation resulted, as
shown by a constant inspired carbon dioxide
tension. Ventilation and end-tidal carbon di-
oxide were recorded during the next minute.
The inspired carbon dioxide flow was then
changed, and a second steady state reached
and recorded. Carbon dioxide was discon-
tinued and when ventilation became stable a
fourth period of ventilation was recorded. The
flow rates of carbon dioxide used for stimula-
tion produced an increase in PETco. of either
5 to 10 torr, or 10 to 15 torr above the un-

stimulated value. If carbon dioxide challenge
caused movement of the patient, anesthesia
was deepened slightly and resting ventilation
determined again. The line relating ventila-
tory response to carbon dioxide was drawn
from the average of the two resting ventila-
tions with a slope which minimized the devia-
tion of the two stimulated points from the
line.

Minimum Anesthetic Concentration (MAC).
In 9 of 12 patients, at some time during the
study, anesthesia was decreased until spon-
taneous movements of the limbs occurred.
The stimulus of either carbon dioxide chal-
lenge or manpulation of the oral airway ap-
parently caused the limb movement. Concen-
tration of methoxyflurane in end-tidal gas sam-
pled at this time was considered to represent
minimum anesthetic concentration (MAC) for
that patient.

Results

Individual measurements and the means for
the 12 subjects are given in table 2. The con-
trol respiratory frequency varied from 6 to 17
with a mean of 11.4 =10 S.E. After anes-
thetization, mean frequency was 19.7 = 1.53
S.E., 21.0%1.02 SE, and 21.9: 139 SE.
at average end-tidal concentrations of 0.19,
0.37, and 0.82 per cent, respectively. Re-
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Fic. 1. The ventilatory response to increased
carbon dioxide measured by steady state tech-
niques in 12 patients. Each patient was studied
prior to induction of anesthesia (awake), and at
two or three different depths of amesthesin. As
alveolar anesthetic tension increases, the slope of
the ventilatory i ively d d

1S progr

spiratory frequency increased in every subject
during induction of anesthesia and remained
high at every depth studied. No significant
increase in frequency could be detected after
induction, as anesthesia was deepened.

Tidal volume, Vi, decreased progressively
as anesthetic concentration increased. Analy-
sis of variance in the ten subjects in whom
measurements were made at all three levels of
anesthesia, showed a significant decrease in
Vy with each increase in depth of anesthesia.
At 0.82 per cent methoxyflurane, Vo was less
than one-half the awake value.

Resting control minute ventilation, Vg, was
5.60 = 0.51 S.E. L./min. During light anes-
thesia it was 7.20 = 0.59 and varied inversely
with anesthetic concentration. This variation
was not related to the order of study of the
three depths or the duration of anesthesia. Vg
was increased above control in three of four
subjects in whom light anesthesia was studied
last, an average of 172 minutes after induction.

Control values for end-tidal carbon dioxide
tensions, PETco,, averaged 38.6, ranging be-
tween 35 and 41 torr. Anesthesia caused an
increase in PETq, which varied directly with
the anesthetic concentration. However, in

ta during the study of light anes-
thesia and in four during the study of mod-
erate anesthesia, PETgg, was lower than the
control value. During deep anesthesia there
was a significant and consistent increase to an
average value of 434 =14 S.E.

The average values for ventilation and end-
tidal carbon dioxide during the steady state
measurements of ventilatory response to car-
bon dioxide are plotted in figure 1. The con-
trol value for the slope of the response line
was an increase in ventilation of 1.13 L./min.,
+0.18 S.E. for each rise in torr of PETco,.
During anesthesia the slope was 0.64 L. X
min.-t X torr-! = 0.10 S.E. at 0.19 per cent
methoxyflurane; 0.32 = 0.11 at 0.39 per cent;
and 0.10 = 0.02 at 0.82 per cent. With but a
single exception the slope was stecper when
patients were awake than when lightly anes-
thetized: it was always decreased at the higher
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Fic. 2. The slope of the carbon dioxide re-

nse curve expressed as a fraction of the control
slope for each patient is plotted against the elapsed

- time from induction of anesthesia to measurement

of the slope. There is considerable variation from
person to person, but no correlation between the
slope and the duration of anesthesia.
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concentrations of anesthesia. In the deeply an-
esthetized patients the slope was nearly flat,
with an extreme of 0.01 L. X min."* X torr.
There was no correlation between the slope
and the duration of anesthesia as shown in fig-

. ure 2. The mean elapsed time for observations
during light anesthesia was 114 minutes (range
40 to 280); for moderate, 109 minutes (range
55 to 190); and for deep anesthesia, 101
minutes (range 50 to 230). The average
duration from induction to the first study
period (light, moderate, or deep anesthesia
chosen randomly) was 65 minutes. The aver-
age duration from induction to the second and
third study periods was 102 and 132 minutes,
respectively.

The mean concentration at which carbon
dioxide inhalation or oro-pharyngeal stimula-
tion produced limb movement was 0.169 with
a range of 0.10 to 0.21 per cent methoxy-
flurane and a coefficient of variation of 12 per
cent. Patients would tolerate an airway at
lighter levels of anesthesia, provided it was
not moved vigorously.

Discussion

The effects of methoxyflurane-oxygen anes-
thesia on the respiration of man consisted
primarily of a decrease in the slope of the
carbon dioxide response curve. This de-
pression of slope was dose related as shown
in Figure 1. Decp levels of anesthesia were
associated with a carbon dioxide response
curve having a slope approaching 0, indicating
that ventilation was nearly constant over the
measured range for Peo,. Effects on the dis-
placement of the curve were inconsistent and
unrelated to the depth of anesthesia.

A report in preliminary form of the respira-
tory effects of methoxyflurane in man has been
presented by Larson and co-workers.> Es-
sential similarities in the experimental design
include: the establishment of a stable anes-
thetic level and carbon dioxide tension; the
assessment of respiratory depression by the
method of steady state carbon dioxide re-
sponse curves; the use of unpremedicated
patients prior to surgical intervention; the
use of apparatus with low resistance and
dead space and the evaluation of anesthetic
depth in terms of the minimum anesthetic con-

centration. Similarity in the results is shown
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Fic. 3. The slope of the ventilatory response to
carbon dioxide expressed as a fraction of the con-
trol slope as determined in each patient is plotted
against the end-tidal methoxyflurane concentra-
tion. The circles and bars indicating a standard
error of the mean are from the tEr&sent study,
while the open triangles are from the preliminary
report of Larson et al. The slope progressively
decreases as alveolar concentration of methoxy-
flurane is i d. M t of alveolar con-
centration is very difficult in deep anesthesia due
to small tidal volumes and a large inspired to
alveolar g]mdient. Because of this, it is likely that
the deep! é' anesthetized lﬁoint is over-estimated
and should lie further to the left.

in Figure 3, where the change in slope of the
carbon dioxide response curves reported by
Larson ¢t al. for 1.06 MAC, and 1.44 MAC
is close to our measurements at 1.1 MAC.

Another similarity in results is their value
for MAC of 0.16 per cent for methoxyflurane.
Saidman and Eger have proposed that the
criteria for minimum anesthetic concentration
in man be the alveolar concentration at or
below which 50 per cent of the patients move
when a skin incision is made.® Larson et al.
use this statistical assessment for their deter-
mination of MAC. We found a value of 0.17
per cent methoxyflurane using the criterion of
movement following airway stimulation, either
mechanical or with inspired carbon dioxide
concentration above 10 per cent.

The differences in the two studies include a
different technique of induction (cyclopropane
vs. thiopental), a different airway (oro-tra-
cheal vs. oro-pharyngeal), the use of a calcu-
lated vs. observed interval for determination

d : -
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Fic. 4. The relation of alveolar carbou dioxide
tension during spontaneous unassisted respiration
to the alveolar concentration of methoxyflurane.
The data of Larson et al. are from arterial blood
analysis for Pco. and end-tidal gas apalysis for
methoxyflurane. The present study used end-tidal
gxs samples for both carbon dioxide and methoxy-

urane. The data of Walker and his co-workers
estimated Pco: from the Henderson-Hasselbach re-
lationship, and the depth of anesthesia from EEG
signs. Hudon ¢t al. measured Peo: in arterial blood
directly. We have_estimated the depth of anes-
thesia from their data of inspired concentration
and duration of anesthesia.

of a steady ventilatory state, and the technique
for measuring alveolar carbon dioxide (arterial
blood versus end-tidal gas). The major dif-
ference in results between the two studies is
the relation between carbon dioxide tension
during spontaneous breathing and the depth
of anesthesia. In the 6 patients reported by
Larson, carbon dioxide tension of arterial
blood rose rapidly with increase in depth of
anesthesia. In contrast, we found that al-
though end-tidal carbon dioxide increased with
depth of anesthesia, the increase was moderate
as shown in figure 4.

It is unlikely that the difference in results
can be attributed to the development of a
large arterial-alveolar carbon dioxide tension
difference during anesthesia, a-aADgo.. Such 2
difference would tend to be corrected by in-
creasing depth of breathing associated with
carbon dioxide challenge, producing a marked
increase in slope of the response at higher in-
spired CO.. Additionally, the resting end-
tidal carbon dioxide measured after challenge
would be expected to exceed that measured
before challenge, if deep breathing partially

DUNBAR, OVASSAPIAN, AND SMITH
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corrects an aA difference for carbon dioxide.
Such was not observed. The mixed venous
dioxide tension was measured in eight of the
subjects while awake, and measured 14 times
in ten of the subjects after one and a half to
two hours of anesthesia. The mixed venous to
end-tidal difference was 6.7 torr = 1.8 S.E.
with subjects awake, and 7.0 = 1.7 S.E. anes-
thetized. Since mixed venous to end-tidal dif-
ference must always exceed the a-aDgg., the
latter must be of the order of one to two torr.
This is the magnitude of a-aDgg, we regularly
find during other studies in normal man.®

Measurement of alveolar concentration of
methoxyflurane in decp anesthesia is subject
to considerable error owing to the large in-
spired to alveolar difference with soluble anes-
thetics, and due to the decreasing Vy. A small
amount of contamination of “end-tidal” sam-
ples with dead space or inspired gas gives a
large eror. For light anesthesia this can be
minimized by an initial period of deep anes-
thesia, which results in an appreciable mixed
venous content of methoxyflurane. We em-
ployed a 30 minute or longer period of 3 per
cent methoxyflurane inhalation for this pur-
pose. When the concentration is later de-
creased to provide light or moderate anes-
thesia, a lesser inspired concentration is needed
and 2 more stable alveolar level results. The
vapor pressure of methoxyflurane limits the in-
spired concentration to about 3 per cent. Our
reported concentration of methoxyflurane after
50 to 60 minutes of deep anesthesia averaged
0.92 per cent and after more than 100 minutes
was 0.76. Using Mapleson’s computer simula-
tion of uptake of methoxyflurane,” and assum-
ing a 3 per cent inspired concentration, the
calculated alveolar concentration are 0.60 and
0.78 per cent. This suggests that our reported
alveolar concentrations in deep anesthesia are
in error by up to 50 per cent. For moderate
and light anesthesia maximal errors of 10 and
0 per cent are suggested. This error is prob-
ably the cause of the curvature in figure 3
with deeper anesthesia.

There are only two published reports of ar-
terial Pgg, during methoxyflurane anesthesia
which include data on depth of anesthesia.
Walker, Eggers, and Allen studied methoxy-
flurane-oxygen anesthesia at electroencephalo-
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graphic levels 2 to 3.5 If EEG signs of me-
thoxyflurane and diethyl ether bear the same
relationship as do the minimum anesthetic con-
centrations of the two agents, we calculate that
Walker's patients were anesthetized at 1 to 1.5
times MAC. The average carbon dioxide ten-
sion of arterial blood, calculated from the
Singer-Hastings nomogram, is shown in figure
4 and approximates the data of Larson and his
co-workers. Hudon and his co-workers have
reported direct measurements for arterial car-
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parallel shift is the change in alveolar carbon
dioxide at some specific carbon dioxide excre-
tion rate. Commonly, the alveolar carbon di-
oxide at ventilations of 10 to 20 liters per
minute is chosen since the hyperbola of car-
bon dioxide excretion is quite flat. at normal
PeTgo,. The resting alveolar carbon dioxide is
as good in theory if the carbon dioxide re-
sponse is a straight line; however, in practice
it is less precise. Figure 4 from four different
studies of ventilation and carbon dioxide is in

bon dioxide tension, the inspired c

such a ¢ of shift using the rest-

of methoxyflurane and the duration of anes-
thesia at that tension.? Using Mapleson’s com-
puter solution for the approach of alveolar
concentration of the inspired methoxyflurane,”
we calculate that Hudon’s patients had anes-
thetic concentration between 1.2 and 2.25
times MAC. These values with their respec-
tive carbon dioxide tensions are very close to
the data presented in this study.

In short, we find depression of the respira-
tory response to carbon dioxide similar to that
reported by Larson and his co-workers in simi-
lar patient groups at similar depths of anes-
thesia. However, they found a different Pco.
during anesthesia without CO, challenge.
Previously published values for carbon dioxide
tensions during spontancous respiration at
equivalent depths of ancsthesia (the starting
points of the response curves) lie between
Larson’s results and our own. Despite the
apparent divergence, the actual difference is
not great. From the analysis of Bellville and
Seed relating ventilation and alveolar carbon
dioxide clearance,’® and from the assumption
of similar metabolic carbon dioxide production
for Larson’s subjects and our own, we calcu-
late that an increase of 60 ml. per breath
would suffice to lower carbon dioxide tensions
from those reported by Larson, to those we
have found during anesthesia at two times
MAC.

There is a qualitative difference in the re-
spiratory response to carbon dioxide challenge
in awake man when compared with anesthe-
tized man. In awake man the response to
carbon dioxide is shifted in parallel fashion to
the right with narcotics or sleep,% 1! and to
the left with stimulants®* or reversal of the
depression. The appropriate measure of a

ing alveolar carbon dioxide, and shows the
scatter of the observed results.

When the slope of the carbon dioxide curve
is affected by a drug under study, the usual
criteria of displacement of the curve becomes
meaningless because its value changes with
the level of ventilation selected to express the
displacement. It may, in fact, have a nega-
tive value. Mathematically the appropriate

e of displ t of a straight line
which is independent of the slope of the line
is the intercept on the ordinate. Unfortu-
nately, this value would require extensive ex-
trapolation of respiratory response curves and
would further provide a negative value in nor-
mal man. Since the concept of a negative
ventilation is unlikely to have physiologic sig-
nificance, this strictly mathematical expression
is not used. Since the slope bears a repro-
ducible relation to concentration of methoxy-
flurane, but measures of displacement do not
(fg. 3), we consider our results basically con-
firmatory of the preliminary report of Larson.

A marked change in slope of the respiratory
response to carbon dioxide has been reported
after every general anesthetic agent studied to
date. It also results from the combined effects
of sleep and narcotics,?® although either alone
causes simple displacement. The change in
slope produced by such dissimilar agents as
nitrous oxide-Innovar,** methoxyflurane, di-
ethyl ether,® cyclopropane, and halothane,! **
is surprisingly similar when expressed at equi-
potent alveolar concentrations. In contrast,
the unstimulated carbon dioxide tension, or
tension at any selected ventilatory level, varies
widely not only from agent to agent but from
report to report. We interpret these findings
as strong evidence that more than one mecha-
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nism controls the level of ventilation in man,
and that loss of consciousness creates a change
in the relative balance of such mechanisms.

Conclusions

Methoxyflurane anesthesia decreases the re-
spiratory response to carbon dioxide so that
spontaneous ventilation cannot be relied upon
to prevent respiratory acidosis during anes-
thesia. The depression increases with depth
of anesthesia. The relationship of alveolar
carbon dioxide tension to depth of anesthesia
in the present study is different from that
previously reported, although the change in
slope of the response is nearly identical. What-
ever the resting unstimulated ventilation and
alveolar carbon dioxide tension might be, me-
thoxyflurane clearly limits the ability of an an-
esthetized patient to respond to an increase in
carbon dioxide which might result from such
challenges as airway obstruction, abnormal
body position, or surgical interference with
diaphragmatic motion.
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