The Effects of Ventilation and Anesthetic Solubility
on Recovery from Anesthesia:
An in Vivo and Analog Analysis before and after Equilibrium
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Recovery from inhalational ancsthesia can be
defined as the rate at which the alveolar anes-
thetic concentration decreases with time. The
effects of alveolar ventilation and anesthetic solu-
bility on recovery have not been fully evaluated,
although their cffects on induction are well known.
Our results show that the interaction of ventila-
tion and solubility on recovery is as on induction;
i.c., the greater the ventilation the more rapid the
fall in alveolar concentration, and the greater the
solubility the slower the recovery. After equili-
bration, increased ventilation hastens recovery
from nitrous oxide, but the effect is brief (2-3
min). Recovery from halothane is augmented
most by changes in ventilation during the im-
mediate postanesthetic period (10-30 min), while
the maximum effect of ventilation on recovery
from methoxyflurane is de]n)cd

An arterial-alveol: fli
during recovery was demonstrated.
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ReCOVERY from inhalational anesthesia may be
defined as the rate at which alveolar anesthetic
concentration decreases with time. This defi-
nition provides a basis for studying the effect
of alveolar ventilation and anesthetic solubility
on recovery. The effects of ventilation and
solubility on the rate of rise in alveolar con-
centration with induction have been studied, -3
but there is little information concerning their
roles in the excretion, and subsequent fall in
alveolar concentration, of inhalational agents.
Mapleson studied recovery before and after
equilibration and predicted that recovery
would be the inverse of induction (the same
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alveolar curves turned upside down) if totak)
body equilibrium with the anesthetic ngenlﬂ_
were achieved. Salanitre et al. found closQ
agreement between induction and recovery
curves for nitrous oxide.* If recovery is the
inverse of induction, one would expect altera:
tions in ventilation and changes in solublht)&
to affect recovery to the same degree but irp
an opposite direction.

In this study we sought to obtain data in2.
vito concerning recovery from mhnlnhona
anesthesia following whole-body equxhbrahoni
with three inhalational agents with widely dlf:—l
ferent blood/gas solubilities (A)® at three dxf-m
ferent alveolar ventilations. We used t]usé’L
data to test the prediction that recovery is the
inverse of induction. An electrical analog,®
previously shown to be suitable for predictionls
of the rate of alveolar concentration rise dur-S
ing induction, was used to obtain recoverye
curves for comparison with data in vivo. ThisE
same analog was utilized to describe nlveo]aro
recovery curves prior to equilibration follow-O
ing anesthesia at a constant alveolar concen-T
tration for 15, 30, 60, 120 and 240 minutes.”
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Methods

Unpremedicated mongrel dogs (15-20 kg),5
serving as their own controls, were anesthe-3
tized on separate occasions with nitrous oxide, 9
halothane (Fluothane®) or mekho“ﬂumneu
(Penthrane®). Nitrous oxide anesthesia \ms‘"
supplemented with intermittent doses of thxo-
pental (Pentothal®). All dogs received 40‘:
mg of gallamine (Flaxedil®) prior to each—-
determination of recovery. The trachea ofS
each dog was intubated. Total-body equxh—O
bration was evidenced by an alveolar anmq};
thetic tension equal to inspired. This wasy]

O

achieved by a prolonged prior period of anes- i3
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thesia at a higher alveolar concentration. After
equilibration had been maintained for at least
30 minutes the endotracheal tube was attached
to a nonrebreathing system (Fink valve) and
the inspired anesthetic concentration was re-
duced to zero. The rate of recovery was then
measured over 30 minutes at minute ventila-
tions previously determined to maintain alve-
olar Pgp, values at 20, 40 and 80 mm Hg.
Alveolar anesthetic gas samples were drawn
into glycerinized glass syringes at end-expira-
tion via a mnarrow-born nylon tube placed
through the endotracheal tube near the carina.
All gas samples were analyzed by gas chroma-
tography. Nitrous oxide was analyzed with
a thermoconductivity detector and a 24-inch
silica gel column at 37 C; halothane with a
flame ionization detector and a 6-inch silica
gel column at 150 C; methosyflurane with a
flame jonization detector and a 4-inch hexa-
decane column on Chromosorb-P® at 37 C.
The alveolar gas tensions at various times in
recovery (Fg) starting at one minute were
divided by the alveolar tension at the start of
recovery (Fg,) (when equilibrdum was pres-
ent and inspired concentration equalled Fg).
The resulting ratios (Fg/Fg,) were plotted
against duration of recovery to obtain the
alveolar recovery curves. Ventilation was
controlled and Pago, monitored continuously
by an infrared analyzer. Esophageal tem-
perature was monitored and maintained at
37+1C.

An electrical analog as described by Sev-
eringhaus ® and Mapleson 7 was constructed
for each agent. Curves obtained from the
analog at ventilations of 2, 4 and 8 l/min
were compared with the corresponding equi-
librium curves derived from the data in vivo.
We assumed these ventilations to equal Paco.
values of 80, 40, and 20 mm Hg, respectively,
used in the experiments in vivo. The analog
was also used to simulate recovery after 15,
30, 60, 120 and 240 minutes at constant alve-
olar anesthetic partial pressures.

Because of a previous report of an alveolar—
arterial methoxyflurane gradient?® we deter-
mined arterial methoxyflurane levels and com-
pared the recovery curves obtained with those
from the cormresponding alveolar gas analyses
drawn at the same time. Three-ml samples
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of arterial blood were drawn into calibrated §
heparinized 10-ml glass syringes. The bzm'e]E
of each syringe was then filled to the 10- m1°
mark with room air and sealed with an air-§

tight metal three-way stopcock. After 30-
minutes of tonometry at 37 C the gas portion S
was analyzed for methoxyflurane by gasz
chromatography.

Results

Table 1 shows the average alveolar gas
ratios and standard deviations for each anes-
thetic agent studied at three different alveolar 2.
ventilations at each time interval followingg
equilibration. The average arterial ratios and 3
standard deviations for methoxyflurane are%
shown. The corresponding ratios from theﬂ
computer are also given. m

In Figure 1 the average ratios in vito ando
analog ratios following equilibration are plottedt8
against recovery time for each agent. Theg
close correlation between alveolar recoveryo
curves and those curves derived from thed
analog allowed us to predict the effects of—~
ventilation and solubility on recovery beforeS
equilibration using the analog curves. ‘\Ixtrousg
oxide and halothane curves were t:onsi:n.u:tedLO
from alveolar gas values, while arterial b]ood"’
concentrations were used for methoxyflurane. &
The most soluble agent studied, methoxyflu-&
rane, had the slowest, and the least so]ubleo
agent, nitrous oxide, the most rapid, decreaseo
in alveolar concentration. Halothane with an,\)
intermediate blood/gas solubility, decreasedg
at an intermediate rate. Regardless of solu-%
bility, the greatest decrease in alveolar con-Q
centration was always at the lowest Pacg, (i.e. ,o
the greatest alveolar ventilation). The <pread°
between alveolar curves at different ventila-2
tions was initially greatest with nitrous onde,:;J
but after three to five minutes the spread w’Ls—~
little affected by the volume of ventilation.2
The spread between methoxyflurane arterialg
concentrations was also little influenced by2
the alveolar ventilation during the period ofS
recovery shown. Halothane spread was most3
affected by the volume of ventilation dunngc
the 30 minutes of recovery.

Figure 2 shows the effect of ventilation onO
the spread of alveolar anesthetic concentra—
tions prior to equilibrium.
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TasLe 1. Average in Vivo Recovery Ratios and Standard Deviations for Each Agent
at Various Times in Recovery®

Pacos Minutes fin 8 Ia Ve sD 1o Yivo sD
Nitrous oxide
(6 dogs)
20 mm Hg
1 0.280 0.18¢ 0.063 — —
3 0.132 0.115 0.037 _ —
5 0.094 0.080 0.023 - —
10 0.064 0.071 0.038 — —
20 0.054 0.052 0.020 — -
30 0.044 0.035 0.006 —_ -
40 mm lg
1 0.468 0.312 0.091 —_ —
3 0.252 0.186 0.033 — —
35 0.182 0.152 0.045 — —
10 0.12¢ 0.108 0.034 — —
20 0.096 0.071 0.026 —_ —
30 0.082 0.067 0.024 — —
80 mm Hg
1 0.668 0.569 0.097 —_ —
3 0.440 0.420 0.117 — —
5 0.344 0.338 0.093 —_ -
10 0.238 0.272 0.098 —_ -
20 0.180 0.197 0.090 —_ —_
30 0.154 0.128 0.042 — —
Halothane
(6 dogs)
20 mm Hg
1 0.596 0.507 0.051 — —
3 0.508 0.450 0.054 — —_
E 0.452 0.412 0.047 — —
10 0.360 0.328 0.049 — —_
20 0.281 0.243 0.051 - —
30 0.258 0.208 0.052 — —
40 mm Hg
1 0.731 0.664 0.078 — -
3 0.668 0.607 0.057 — —
5 0.620 0.547 0.066 —_ —
10 0.528 0.501 0.063 — —
20 0.440 0.427 0.058 —_ -
30 0.404 0.366 0.026 - —
80 mm Hg
1 0.858 0.872 0.083 - —
3 0.816 0.797 0.064 — -
5 0.780 0.762 0.066 — —
10 0.716 0.689 0.060 - _—
20 0.640 0.609 0.066 — —
30 0.604 0.575 0.051 —_ —_

* The corresponding analog ratios are also shown. Fg/FEois the alveolar gas tension at each time in
recovery divided by the alveolar gas tension at the start of recovery. Fa/Fao is the corresponding ratio
derived from arterial methoxyflurane concentrations. Pacos, is the alveolar carbon dioxide tension at each
ventilation studied.

Figure 3 illustrates the impact of exposure At a constant ventilation (4 Y/min) the im-
time (15, 30, 60, 120, 240 minutes of anes- pact of exposure time decreased as the solu-
thesia and total-body equilibration) on the bility decreased.
rate at which the alveolar concentration falls. In figure 4 methoxyflurane alveolar recovery
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TaBLE 1.—Conlinued
Paco: Minutes postos In Vi sD I Yivo sp
Methoxyflurane
(5 dogs)
20 mm Hg f
1 0.868 0.707 0.080 0.886 0.038
2 0.854 0.660 0.106 0.869 0.039
4 0.830 0.578 0.047 0.827 0.055
6 0.804 0.589 0.069 0.795 0.071
10 0.768 0.558 0.071 0.764 0.022
20 0.704 0.486 0.075 0.676 0.023
30 0.664 0.459 0.046 0.623 0.017
40 mm Hg
1 0.924 0.738 0.043 0.926 0.031
2 0.918 0.726 0.087 0.917 0.030
4 0.898 0.692 0.061 0.881 0.058
[ 0.886 0.718 0.043 0.877 0.043
10 0.860 0.671 0.036 0.859 0.063
20 0.820 0.621 0.067 0.792 0.058
30 0.796 0.580 0.048 0.761 0.087
80 mm Mg
1 0.964 0.827 0.030 0.930 0.028
2 0.958 0.804 0.041 0.918 0.016
4 0.948 0.793 0.023 0.902 0.030
6 0.940 0.771 0.055 0.874 0.030
10 0.928 0.776 0.045 0.889 0.030
20 0.888 0.719 0.076 0.858 0.047
30 0.861 0.717 0.050 0.837 0.052

Fic. 1. In vivo alveolar recovery curves (dashed lines) following equilibrium at_ventila-
tions controlled to maintain alveolar Pco: values at 20, 40 and 80 mm Hg, are plotted during
30 minutes of recovery. The solid lines rep the corresponding analog recovery curves
at alveolar ventilations of 2, 4 and 8 }/min. The in civto Fz/Fr. ratios for nitrous oxide and
halothane were derived from alveolar gas values, while arterial concentrations were used for
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methoxyflurane ratios. Fr/Fz. is the ratio of alveolar gas tension at each time in recovery
divided by the alveolar gas tension at the start of recovery.
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curves derived from alveolar gas and arterial
samples are compared. At each ventilation,
the curves derived from the alveolar gas sam-
ples fell more rapidly than the arterial recov-
ery curves. As illustrated in figure 1, the ar-
terial curves followed the analog curves closely.

Discussion

Our data show that the alveolar anesthetic
concentration on recovery is the inverse of
that found during induction, and that the
same factors which affect alveolar concentra-
tion on induction also affect recovery. During
recovery alveolar concentration decreases in
proportion to the volume of ventilation. As
solubility of the inhalational agent increases,
the rate of decrease in alveolar concentration
is delayed.

The effects of changes in ventilation and
solubility on recovery depend in part on the
duration of anesthetic administration. Let us
first examine the effects of different ventila-
tions after total-body equilibration (a long
anesthetic). An increase in ventilation quick-
ens the rate at which the alveolar concentra-
tion falls. The extent to which this produces
a separation between the curves for any one
anesthetic is a function of time and anesthetic
solubility (fig. 1). With a poorly soluble anes-
thetic (nitrous oxide) the greatest separation

4 and 8 I/min) after 15, 60 and 240 minutes of anesthesia.

8l0
IN MINUTES

the effects on recovery of alveolar ventilation
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or spread occurs early in recovery (1-3 minZ:
utes). With a moderately soluble agent (halo®
thane) the spread reaches a maximum beE.
tween 10 and 30 minutes, while with a very‘*’
soluble agent (methoxyflurane) the ma.\'xmumg
spread is not reached for several hours. W&o
note that the maximum spreads, 30-40 pexg
cent, were similar for all three anesthetics [:g
30 per cent spread for methoxyflurane is pre{
dicted from the analog data (curves were notS
determined in vivo over a long enough penotg
to reach this point)]. The separation 1%
slightly greater with lower solubility. The(s
duration of maximum or near-maximum sepa-3
ration due to differences in ventilation also3
varies with anesthetic solubility (fig. l)§
With nitrous oxide it is brief, lasting but twog
to three minutes; with halothane it lasts t\voo
to three hours; with methoxyflurane, sevem]%’
hours. =3
The clinical implications of these observa<
tions are that in the immediate postanesthetic®
period (60 minutes), a noticeable accelera-22
tion in the fall of alveolar anesthetic concen-S
tration by augmentation of ventilation is ob-3
tainable with halothane but not with nitrous>
oxide or methoxyflurane. In general, the ef—%
fect of augmentation is too brief with a poorlyQ
soluble agent, too delayed with a very soluble™
agent, but “just right” with an agent of inter-
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Fic. 3. Analog alveolar recovery curves illustrating the effects of the duration of anesthesia %

( equilibrium, 15, 30, 60, 120 and 240 minutes) and solubility on the rate of recovery at a con- @
stant alveolar ventilation (4 1/min). 2
g

mediate solubility. This is in contrast to in- takes only six minutes; when ventilation is 8 g’
duction, when augmentation of ventilation has V/min it takes three minutes. With methoxy- %

the greatest effect on the rise in the alveolar
concentration of the most soluble agent?
These observations ignore the effects of vary-
ing Paco, values on cerebral blood fHow.1°
With increased ventilation, and hence lower
Pacg,, cerebral blood flow is reduced and the
reduction in alveolar anesthetic concentration
achieved by the augmented ventilation is not
as quickly reflected in a reduced cerebral con-
centration. However, the effect is relatively
brief, producing but a few minutes delay in
any case.

Let us now examine the effect of augmenta-
tion of ventilation on recovery when total-
body equilibration is not present (fig. 2).
The results are similar to those found after
equilibration, but the maximum or near-
maximum separations of the alveolar concen-
trations occur sooner and are smaller and
briefer. Except for the reduction in size of
the separation, the qualitative effect is the
same as that resulting from a reduction in solu-
bility of the anesthetic. For example, after
15 minutes of anesthesia the reduction of alve-
olar concentration by two-thirds requires less
than three minutes with nitrous oxide at 2
1/min ventilation. With halothane at a ven-
tlation of 4 1/min, a two-thirds reduction

flurane at 4 1/min ventilation a two-thirds re-
duction takes 19 minutes; when ventilation is 3
8 I/min it takes 14 minutes. Note that t}xeg
values for halothane obtained after 15 minutes &
of anesthesia are similar to those found after S
total-body equilibration with nitrous oxide.g
Similarly, the methoxyflurane recovery times at &
different ventilations are within the range of §
those following equilibration with halothane.
However, the time separations for methoxy-
flurane recovery are not nealy as great (in
the above examples, 14 and 19 minutes after ©
15 minutes of methoxyflurane vs. 12 and 908
minutes after equilibration with halothane). &
In summary, as the duration of anesthesia islg
shortened, the impact of variations in ventila-8
Gon on recovery is decreased. As mnoted3
above, the decrease is in terms of both theg
effect (i.c., the maximum separation of the 2
alveolar curves) and the duration of the effect. 3
As noted by Mapleson, an increase in dura-5
tion of anesthesia produces a delay in recov-g
ery for any one anesthetic and type of venti-g
Iation+ (fig. 3). This effect varies with the®©
solubility of the anesthetic. With a poorlyTE
soluble anesthetic the delay is small, but withg
increasing solubility duration of anesthesia isX
of progressively greater moment. For exam-
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Fic. 4. In vivo alveolar (dashed lines) and ar-
terial methoxyflurane (solid lines) recovery curves
obtained from samples drawn concomitantly.

ple, suppose we wish to know how long it
takes to achieve a two-thirds reduction of the
alveolar concentration at an alveolar ventila-
tion of 4 I/min. After 15 minutes of nitrous
oxide anesthesia, a two-thirds reduction takes
two minutes and is extended to just less than
three minutes by a nitrous oxide anesthetic of
infinite duration. After 15 minues of halo-
thane anesthesia, a two-thirds reduction takes
six minutes, but after a two-hour anesthetic,
12 minutes. With methoxyflurane the spread
is still greater. After a 15-minute anesthetic
a two-thirds reduction takes 19 minutes, but
after two hours of anesthesia it takes more
than 120 minutes. In summary, rapidity of
recovery is not greatly influenced by solubility
after a short anesthetic but is affected consid-
erably after a long anesthetic. The greater
the solubility, the more the duration of anes-
thesia affects the rate of recovery.

Our data regarding the persistent differ-
ence between arterial and alveolar partial
pressures of methoxyflurane on recovery (fig.
4) parallel the results of Holaday et al., who
observed similar differences on induction.
These data underline the inadequacy of alve-
olar samples as a reflection of arterfal partial
pressure when a large inspired-to-end-tidal

R. K. STOELTING AND E. L. EGER, I
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partial pressure difference exists.2* They alsg’
suggest that halothane data in vivo and
nitrous oxide data obtained early may be lowﬂ%
than the true arterial partial pressures of thesg_
anesthetics. Raising these values would brin
them closer to the values predicted by tha
analog.

The halothane for these studies was contribut
by Averst Laboratories; the methoxyflurane wil
donated by Abbott Laboratories.
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