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Influences of Subanesthetic Isoflurane on

Ventilatory Control in Humans
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Background: The purpose of this study was to quantify in
humans the effects of subanesthetic isoflurane on the venti-
latory control system, in particular on the peripheral che-
moreflex loop. Therefore we studied the dynamic ventilatory
response to carbon dioxide, the effect of isoflurane wash-in
upon sustained hypoxic steady-state ventilation, and the ven-
tilatory response at the onset of 20 min of isocapnic hypoxia.

Methods: Study 1: Square-wave changes in end-tidal carbon
dioxide tension (7.5-11.5 mmHg) were performed in eight
healthy volunteers at 0 and 0.1 minimum alveolar concentra-
tion (MAC) isoflurane. Each hypercapnic response was sepa-
rated into a fast, peripheral component and a slow, central
component, characterized by a time constant, carbon dioxide
sensitivity, time delay, and off-set (apneic threshold). Study
2: The ventilatory changes due to the wash-in of 0.1 MAC iso-
flurane, 15 min after the induction of isocapnic hypoxia, were
studied in 11 healthy volunteers. Study 3: The ventilatory re-
sponses to a step decrease in end-tidal oxygen (end-tidal ox-
ygen tension from 110 to 44 mmHg within 3-4 breaths; du-
ration of hypoxia 20 min) were assessed in eight healthy vol-
unteers at 0, 0.1, and 0.2 MAC isoflurane.

Results: Values are reported as means *+ SE. Study 1: The pe-
ripheral carbon dioxide sensitivities averaged 0.50 = 0.08
(control) and 0.28 + 0.05 1: min™' - mmHg ™’ (isoflurane; P <
0.01). The central carbon dioxide sensitivities (control 1.20 +
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0.12 vs. isoflurane 1.04 + 0.11 1- min™'-mmHg™) and off-sets
(control 36.0 + 0.1 mmHg vs. isoflurane 34.5 * 0.2 mmHg) did
not differ between treatments. Study 2: Within 30 s of exposure
to 0.1 MAC isoflurane, ventilation decreased significantly, from
17.7 + 1.6 (hypoxia, awake) to 15.0 + 1.5 1-min™" (hypoxia,
isoflurane). Study 3: At the initiation of hypoxia ventilation
increased by 7.7 + 1.4 (control), 4.1 + 0.8 (0.1 MAC; P < 0.05
vs. control), and 2.8 £ 0.6 (0.2 MAC; P < 0.05 vs. control)
1-min~'. The subsequent ventilatory decrease averaged 4.9 +
0.8 (control), 3.4 = 0.5 (0.1 MAC; difference not statistically
significant), and 2.0 + 0.4 (0.2 MAC; P < 0.05 vs. control)
1-min~'. There was a good correlation between the acute hyp-
oxic response and the hypoxic ventilatory decrease (r = 0.9;
P < 0.001).

Conclusions: The results of all three studies indicate a selec-
tive and profound effect of subanesthetic isoflurane on the
peripheral chemoreflex loop at the site of the peripheral che-
moreceptors. We relate the reduction of the ventilatory de-
crease of sustained hypoxia to the decrease of the initial ven-
tilatory response to hypoxia. (Key words: Anesthetics, volatile:
isoflurane. Lungs, ventilation: acute hypoxic response; dy-
namic hypercapnic response; hypoxic ventilatory decrease.
Methods: dynamic end-tidal forcing; isocapnia. Receptors: ca-
rotid bodies; central chemoreceptors; peripheral chemore-
ceptors.)

IN humans halothane, at subanesthetic concentra-
tions, influences the metabolic control of breathing
by selectively affecting the peripheral chemoreflex
loop at the site of the peripheral chemoreceptors.
Knill and Clement observed that hypoxia-driven
minute ventilation (Vy) decreased by about 35%
within 1 min of exposure to halothane (0.15-0.30%
inspired concentration).' In another study they stud-
ied the effects of 0.1 minimum alveolar concentration
(MAC) halothane on the ventilatory response to acute
isocapnic metabolic acidosis via infusion of L-argi-
nine hydrochloride.? During normoxia they observed
a decrease of the Vi;—H" response by about 60%. In
previous studies we performed step decreases ifl end-
tidal oxygen tension (PETo,) at the background of a
constant end-tidal carbon dioxide tension (PETco,)
and step increases in PETco, during normoxia.”>* From
the hypercapnic responses we determined the por-
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ISOFLURANE AND CONTROL OF BREATHING

tions of the ventilatory carbon dioxide sensitivities
of the peripheral and central chemoreflex loops. At
0.05 and 0.1 MAC halothane the peripheral carbon
dioxide sensitivity decreased by 30% and 70%, re-
spectively, whereas the central carbon dioxide sen-
sitivity did not show a significant change.? Upon ex-
posure to hypoxia the ventilatory increase above
normoxic baseline at 0.05, 0.1, and 0.15 MAC halo-
thane was about 80%, 35%, and 25%, respectively.?*
These studies' ™ provide abundant evidence for the
selective site of action of subanesthetic halothane in
humans.

Currently, results from studies on the effects of iso-
flurane on ventilatory control are more ambiguous than
those on subanesthetic halothane. Whereas some in-
vestigators have found little or no effect of isoflurane
on the ventilatory response to hypoxia or hypercap-
nia,”~ others have found an appreciable depression
and concluded that isoflurane selectively impairs all
responses mediated by the peripheral chemorecep-
tors.*? We attribute these differences to variations in
study conditions and techniques.*®

The aim of our current studies is to determine the
influences of subanesthetic isoflurane on the metabolic
control of ventilation in healthy volunteers. First, with
the use of the ““dynamic end-tidal forcing”’ technique
we applied square-wave changes in PETco, against a
background of normoxia. The ventilatory responses,
measured on a breath-to-breath basis, then is partitioned
into a fast, peripheral component and a slow, central
component using a two-compartment model.*'%"?
Second, in analogy to the initial study by Knill and
Clement,' we applied step increases in end-tidal iso-
flurane concentration (~0.1 MAC)§ during sustained-
hypoxia driven steady-state V. This will allow us to
€xamine the effects of subanesthetic isoflurane on the
peripheral chemoreceptors when brain concentrations
(and sedative effects) of isoflurane are still nonsignif-
icant. Finally, we performed step decreases in PET,,
against a background of strict iso-normocapnia. Hyp-
OXia was maintained for 20 min. We determined the
ventilatory increase from baseline after 3-5 min of
hypoxia, the acute hypoxic response, and the subse-

§ 1 MAC isoflurane = 1.25% at ages 22-35 yr. Stevens WwWC, D()l;m‘
WM, Gibbons RT, White A, Eger EI 11, Miller RD, DeJong RH, Elashoft
RM: Minimum alveolar concentration (MAC) of isoflurane with and
Without nitrous oxide in patients of various ages. ANESTHESIOLOGY 42:
197-200, 1975,
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quent ventilatory decrease, the hypoxic ventilatory de-
crease.

Materials and Methods

Subjects and Apparatus

Eleven healthy, nonsmoking subjects (two women
and nine men, aged 22-35 yr) took part in the exper-
imental protocols, which were approved by the Leiden
University Committee on Medical Ethics. These were
“trained”’ subjects: all had participated in several other
studies on ventilatory control. All were unfamiliar with
respiratory physiology but received information on the
risks of the study and had given informed consent. The
subjects were asked to refrain from stimulants and de-
pressants for at least 12 h before the study.

During the study the subjects were in a semirecum-
bent position. An oronasal mask was fitted before the
experiment started. The airway gas flow was measured
with a pneumotachograph connected to a differential
pressure transducer (model 270, Hewlett-Packard, An-
dover, MA) and electronically integrated to yield a vol-
ume signal. This signal was calibrated with a motor-
driven piston pump (stroke volume 1 1, at a frequency
of 20/min). Corrections were made for the changes in
gas viscosity due to changes in oxygen concentration
of the inhaled gas mixture. The pneumotachograph was
connected to a T-piece. One arm of the T-piece received
a gas mixture with a flow of 50 1/min from a gas mixing
system, consisting of four mass flow controllers (F201,
F202, F203, Bronkhorst High Tec, Veenendaal, The
Netherlands) with which the flows of oxygen, carbon
dioxide, nitrogen, and isoflurane in nitrogen could be
set individually at the desired levels. Flows were cal-
ibrated with flow resistance standards (Godart, Bil-
thoven, The Netherlands). A Programmable Digital
Processor microcomputer (11/23, Digital Equipment
Corporation, Ireland) provided control signals to the
mass flow controllers, so that the composition of the
inspiratory gas mixture could be adjusted to force the
PETco, and PET,, to follow a specific pattern in time.
Part of the nitrogen (5 1/min) passed through the iso-
flurane vaporizer. During the initial part of the study
the vaporizer was kept in the off position.

The oxygen and carbon dioxide concentrations of the
inspired and expired gases were measured with a gas
monitor (Multicap, Datex, Helsinki, Finland) by para-
magnetic and infrared analysis, respectively. The gas
monitor was calibrated with gas mixtures of known
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concentrations. The isoflurane concentration was mea-
sured at the mouth with a Datex monitor (Ultima, Hel-
sinki, Finland). This monitor was calibrated with a gas
mixture of isoflurane (in air) of known concentration.
A pulse oximeter (Satellite Plus, Datex) continuously
measured the arterial oxygen saturation with a finger
probe (Spo,). Throughout the study the electrocardio-
gram was monitored. Vg, tidal volume, respiratory fre-
quency, Spo,, PETco,, and PET,, Were calculated and
stored on a breath-to-breath basis.

Study Design

The dynamic ventilatory response to carbon dioxide
(study 1), the response to 0.1 MAC isoflurane wash-in
on sustained hypoxia-driven steady-state Vi (study 2)
and the ventilatory response at the initiation of sus-
tained hypoxia (study 3) were determined on different
morning sessions, each at least 1 week apart. To force
dynamically the PET,, and PETco, tO follow a prescribed
pattern in time we used a “‘dynamic end-tidal forcing”’
system.'' Each session started with a 30-min relaxation
period. Thereafter, resting PET¢o, Was determined at
the end of 15 min of steady-state V[.; with no inspired
carbon dioxide. Subsequently the PET¢o, was increased
about 0.8-1.4 mmHg above the individual resting val-
ues (PETco,) and maintained constant at this level
throughout the session in studies 2 and 3. In study 1,
the initial steady-state VE was determined at PETco,.
PET¢o, Was determined for each experimental session.

Study 1: The dynamic ventilatory response to nor-
moxic hypercapnia. Eight subjects participated in this
study (two women and six men). The experiments were
performed at a background of normoxia (PETo, 110
mmHg). After the determination of resting values and
PETco, the experiments started. For each experiment
the PETco, was forced as follows: (1) 5-10 min at
PETco,; (2) a step increase of 7.5-11.5 mmHg within
3-4 breaths; this hypercapnic level was maintained for
6-8 min; and (3) a rapid decrease within 3—-4 breaths
to its original value and kept constant for another 6-8
min. Each subject performed two or three experiments
without isoflurane and two or three at 0.1 MAC isoflu-
rane. Control experiments always preceded isoflurane
experiments. The Vi—carbon dioxide responses during
isoflurane inhalation were performed after a 20-min
equilibration period (end-tidal isoflurane concentra-
tion 0.125%).

Study 2: Isoflurane wash-in during sustained iso-
capnic hypoxia. All 11 subjects participated in this
study. The PET,, was forced according to the following
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pattern: (1) 10 minat 110 mmHg; (2) a rapid decregse
to 45 mmHg; (3) maintenance at 45 mmHg for 2
min. After hypoxic Vi had reached a steady state (after
about 15 min of hypoxia) the isoflurane end-tida] con-
centration was increased from zero to the target leye|
(end-tidal fraction 0.125%) within 4—6 breaths.

Study 3: The ventilatory response to sustained iso.
capnic hypoxia. The eight subjects of study 1 partic;.
pated in this study. The PET,, was forced according to
the following pattern: (1) 10 min at 110 mmHg; (2)
a rapid decrease to 45 mmHg within 2 or 3 breaths;
(3) maintenance at 45 mmHg for 20 min; (4) a 10
min hyperoxic period (inspired fraction >0.7). Each
subject performed three experiments in the following
order: one control, one at 0.1 MAC and one at 0.2 MAC
isoflurane. Between experiments there was a 30-min
resting period. The end-tidal fraction of isoflurane was
brought to 0.125% (for the 0.1 MAC experiments) or
0.25% (for the 0.2 MAC experiments) within 5 min by
means of an ‘‘overpressure’’ technique. Thereafter a
20-min equilibrium period preceded the hypoxic
challenge.

Throughout the isoflurane trials, the end-tidal fraction
of isoflurane was maintained at the target level by ma-
nipulation of the isoflurane vaporizer by one of the
authors (A.D. or M.v.d.E.).

Data Analysis
Study 1. The steady-state relation of Vg to PETco, at
constant PET,, in man is described by:

Ve = (Gp + G¢) (PETco, — B) (8

where G, = the carbon dioxide sensitivity of the pe-
ripheral chemoreflex loop; G = the carbon dioxide
sensitivity of the central chemoreflex loop; and B =
the apneic threshold or extrapolated PETco, of the
steady-state ventilatory response to carbon dioxide at
Zero VE. The sum of Gp and G is the total carbon diox-
ide sensitivity (Gror).

For the analysis of the dynamic response of the ven-
tilation we used a two-compartment model®'*"%

7p d/dt VP(t.) = Gp(PETco,[t — Tp] — B) — V() (2)

7c d/dt Vc(t) = G¢(PETco,[t — Tc] — B) — V(;(t) &)

where 75 and 7¢ = the time constants of the P‘?ripheral
and central chemoreflex loops, respectively; Vp(t) and
V¢ (t) = the outputs of the peripheral and central C.hf-"
moreflex loops, respectively; PETco,[t — Te] = the sty
ulus to the peripheral chemoreflex loop delayed by g
peripheral transport delay time (Tp); and PETco,[t ~ Tc]
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= the stimulus to the central chemoreflex loop delayed
by the central transport delay time (T.).

To model 7 of the ventilatory on-transient (Ton) to
be different from that of the off-transient (Torr), 7¢ is
written as:

Tc = TonX + (1 — X)ToFr

(4)
where x = 1 when the PETco, is high and x = 0 when
PETco, IS low.

In most experiments a small drift in ventilation was
present. We therefore included a drift term (Ct) in our
model. The total ventilatory response Vi(t) is made up
of the contributions of the central and peripheral che-
moreflex loops, Ct, and a measurement noise term

(W()):

Vi(t) = Va(t) + Ve(0) + Ct + W(1) (5)

The parameters of the model were estimated by fit-
ting the model to the breath-to-breath data with a
least-squares method. To obtain optimal time delays
a “‘grid search’’ was applied, and all combinations
of Tp and T, with increments of 1 s and with i
Tc were tried until a minimum in the residual sum
of squares was found. The minimum time delay was
chosen, arbitrarily, to be 1 s, and 7, was constrained
to be at least 0.3 s.

Study 2. Mean values of the breath-to-breath Vi over
five identical time segments were evaluated and ex-
pressed as absolute values and percentage of awake
normoxic baseline V.. We calculated mean values for
the last 2 min of normoxia before hypoxia (the awake
normoxic data point) and for the 30-s period before
the isoflurane wash-in (the awake hypoxic data point).
During wash-in mean values were determined over pe-
riods 15-30, 30-60, 90-120, and 150-180 s after the
start of isoflurane inhalation.

Study 3. The experiments were evaluated by taking
mean values of the breath-to-breath Vi over identical
time segments: period A = the final 2 min of normoxic
Vi before the induction of sustained hypoxia; period
B'=min 3 and 4 of hypoxia; and period C = min 19
and 20 of hypoxia. The difference in Vi between pe-
tiods B and A is termed the acute hypoxic response,
and the difference between periods B and C is termed
the hypoxic ventilatory decrease.

Inclusion Criteria

At the start and end of experiments in studies 1 and
3We recorded the central nervous system (CNS) arousal
State of the subjects by applying a five-point scale: 0 =
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normal alertness; 1 = drowsy, open eyes; 2 = closed
€yes, opened by verbal command: 3 = closed eyes,
opened by touching the subject; and 4 = closed eyes,
unarousable.

Data were included for analysis if the subjects were
in scale 0 for the control, scale 2 for the 0.1 MAC and
scale 3 for the 0.2 MAC isoflurane experiments. Fur-
thermore, during the experiments the subjects were
continuously observed by one of the investigators (A.D.
or M.v.d.E.). Data from an experiment were discarded
when obstructive apnea or an apparent change of the
CNS arousal state occurred ( e.g., limb movement, eye
opening, restlessness).

Statistical Analysis

To detect the significance of differences between the
treatments of study 1, a two-way analysis of variance
was performed on parameters B, Gy, G, Gror, and Gp/
Gror using a mixed model. As the data were unbal-
anced, the variance components were estimated by
weighted means analysis.'?

A two-way analysis of variance was performed on av-
eraged V;: of the different periods (absolute and relative
values) of study 2, and the acute hypoxic response and
the hypoxic ventilatory decrease of study 3. Differences
between periods were tested with the Student-Newman-
Keuls test.

Probability levels <0.05 were considered significant.
All values are means * SE.

Results

Study 1

We obtained data from 19 control and 20 isoflurane
experiments. Two isoflurane experiments were dis-
carded because of arousal during the hypercapnic pe-
riod, in one case because of obstructive apnea. Gror
averaged 1.7 £ 0.1 1-min ' - mmHg ™' for the control
experiments. At 0.1 MAC isoflurane there was a signif-
icant decrease to 1.3 £ 0.3 |- min'-mmHg ' (P <
0.01; fig. 1, top). The apneic threshold did not differ
between treatments (control 36.0 = 0.1 mmHg vs. iso-
flurane 34.5 £ 0.2 mmHg). The model fits to a control
and an isoflurane experiment of one subject are shown
in figure 1 (middle and bottom). They demonstrate
that the contribution of the peripheral chemoreflex
loop was decreased during isoflurane inhalation with-
out much change of the contribution of the central
chemoreflex loop. Gp decreased from 0.50 = 0.08
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Fig. 1. (Top) The mean steady-state ventilatory response to
carbon dioxide without and with 0.1 MAC isoflurane of all
subjects. The inhalation of 0.1 MAC isoflurane reduced the
ventilatory carbon dioxide sensitivity by about 25% without
significantly affecting the extrapolated end-tidal carbon diox-
ide tension (PET,) at zero minute ventilation (Vg). (Middle)
Model fit to a control experiment of subject 429. Each dot = 1
breath. The model output is the sum of the output of the central
chemoreflex loop (Vc), output of the peripheral chemoreflex
loop (Vp), a trend term, and measurement noise (not shown).
The ratio of the ventilatory carbon dioxide sensitivity of the
peripheral chemoreflex loop (Gp) to total ventilatory carbon
dioxide sensitivity (Gror) = 0.2. (Bottom) Model fit to an ex-
periment at 0.1 MAC isoflurane in subject 429. Gp/Gyor is re-
duced to 0.1.
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(control) t0 0.28 0.051-min ' - mmHg ! (isoflurane,

P < 0.01); G¢ did not show a significant change (cop.
trol 1.20 + 0.12 wvs. isoflurane 1.04 + ¢,
1-min~'-mmHg ). The ratio Gp/Gror showed a 459
decrease from 0.37 + 0.04 (control) to 0.20 + (3
(isoflurane, P < 0.01). In figure 2 the mean values of
B, Gp, Gc, and Gp/Gror of each subject for the twq
treatments are shown in scatter diagrams.

Study 2

In figure 3 (left) the response of one subject is dis-
played. It shows the biphasic response to a step de-
crease in PET,, and the immediate ventilatory decrease
at the inhalation of isoflurane (end-tidal tension in-
creased from zero to about 0.9 mmHg in 4 breaths). A
biphasic response was observed in the initial (awake)
part of the experiments in all subjects. Peak ventilation,
determined between min 3-5 of hypoxia, was 153 +
11% of baseline \'/,.;. The new steady-state \"E reached
before isoflurane wash-in (7.e., the awake hypoxic data
point) was 127 + 7% of baseline V. The ventilatory
change due to isoflurane occurred significantly within
the first 30 s (fig. 3, right) of isoflurane wash-in. Vg
decreased to 107 = 7%, 108 + 8.1%, 104 + 7.2%, and
101 + 9% of baseline in Vy in periods 15-30, 30-60,
90-120, and 150-180 s of isoflurane wash-in, respec-
tively (fig. 3). The mean values of Vg, PETo,, PETco, and
the end-tidal isoflurane tensions of the different periods
are collected in table 1.

Study 3

All subjects completed this study without problems,
none of the experiments had to be discarded. In figure
4 the acute hypoxic responses at 0, 0.1, and 0.2 MAC
isoflurane from one subject are plotted indicating the
dose dependent depression of the acute hypoxic re-
sponse. We observed a decrease of baseline Vg at 0.1
and 0.2 MAC isoflurane compared with control (.P <
0.05) (table 2). The levels of Spo, and PETo, in periods
B and C and the changes in PETo,, Spo, and PETco; b'e—
tween periods B and A (A,—p) and B and C (Ap—c) did
not differ significantly among treatments. The mean
values of the parameters of periods A, B and C ar¢ col-
lected in table 2. The acute hypoxic responses averaged
7.7 = 1.4 I-min~" (the ventilatory response to acutc
hypoxia per percentage drop in Spo, = 0.44 = 0.08
l-min~"-%™") in the control experiments, 4.1%08
I-min~' (0.25 + 0.05 l-min~*-%"') in the 0.1 MAC
isoflurane experiments (P < 0.05 vs. control), and 2.8
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Fig. 2. Scatter diagrams of the mean values
in each subject of the apneic threshold (B)
(top left), central carbon dioxide sensitivity
(Gc) (top right), peripheral carbon dioxide
sensitivity (Gp) (bottom left), and the ratio
of G to total ventilatory carbon dioxide
sensitivity (Gror) (bottom right) for control
and isoflurane (iso) experiments. Each
subject is represented by the same symbol
in all diagrams.

$0.61-min”' (0.16 = 0.04 1-min~'-%"") in the 0.2
MAC isoflurane experiments (P < 0.05 vs. control).
The hypoxic ventilatory decrease was 4.9 + 0.8 for
control, 3.4 + 0.5 for 0.1 MAC isoflurane (difference
not statistically significant), and 2.0 = 0.4 1- min~ ! for
0.2 MAC experiments (P < 0.05 vs. control). The ven-
tilatory response to sustained isocapnic hypoxia (i.e.,

Fig. 3. (Left) Effect of a step increase in
end-tidal isoflurane tension (PET,,) from

o approximately 0.9 mmHg on sus-
tained hypoxia-driven minute ventilation
(Ve) in subject 415 at min 17 of isocapnic
hy_poxia. (Right) Mean effect of exposure
tisoflurane on sustained hypoxia-driven
Ve Data points are means + SE (n = 11) of
Prr,, and Ve (percentage of prehypoxic
flormoxic V). The last expiration without
'Soflurane was indexed at time 0. The lines
through the data points were drawn by

ha'nd_ 'P < 0.05 versus hypoxia awake
(cnrcles).
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the ventilatory increase after 20 min of hypoxia per
percentage drop in Spy,) was 0.16 = 0.07 for control,
0.04 £ 0.03 for 0.1 MAC isoflurane (P < 0.05 vs. con-
trol), and 0.04 = 0.02 1-min~"'- %! for 0.2 MAC iso-
flurane experiments (P < 0.05 vs. control).

In figure 5A we plotted the acute hypoxic response
against the hypoxic ventilatory decrease. There was a
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good correlation between both parameters for the con-
trol (r=0.8; P < 0.05; the outlier was omitted from
the analysis), 0.1 MAC (r = 0.7; P < 0.05) and 0.2
MAC responses (r = 0.9; P < 0.01). A regression anal-
ysis on the pooled data yielded a slope of 0.6 and an
intercept with the ordinate of 0.6 1+ min~! (r=0.9; P
< 0.001).

Discussion

Selective Site of Action of Subanestbetic

Isoflurane on Peripheral Chemoreflex Loop

In this study we demonstrated in healthy volunteers
that a subanesthetic concentration of isoflurane de-
creased the mean steady-state normoxic Gror by about
25% without affecting the apneic threshold (fig. 1).
Most studies in humans that examined the effects of
isoflurane on ventilation during carbon dioxide inha-
lation used high inspired concentrations of isoflurane.
Fourcade et al. determined the hyperoxic Ve—carbon
dioxide response with a steady-state method.'* They
observed a 70% reduction of the response slope at ~1
MAC and 80% at ~1.7 MAC. Knill et al.” and Lumb et
al.’’ observed a 70-75% reduction of the hyperoxic
carbon dioxide response slope at 1.1 and 1 MAC iso-
flurane, respectively, using a non-steady-state tech-
nique. Part of this reduction is related to the decrease
of the relative contribution of the rib cage to carbon
dioxide stimulated ventilation'® and part to a general
depression of the central respiratory neuronal drive.

A study in vagotomized paralyzed dogs demonstrated
a profound depressant effect at anesthetic isoflurane
concentrations on the inspiratory and expiratory med-

Table 1. Effects of Subanesthetic Isoflurane on Sustained Hypoxia-driven Ventilation

40 1
ISOFLURANE
30
contro|
T
£
E 201 4 0.1 MAC
I = / ‘\".U’;\/\ l‘
w gl Vel My
== ¥ k V0.2 MAC
B
[(E—
ST
0 100 200 300 350

time (s)

Fig. 4. The ventilatory responses to acute isocapnic hypoxia
of subject 429 at 0, 0.1, and 0.2 MAC isoflurane. Solid bars =
period A (2-min period before induction of hypoxia) and pe-
riod B (min 3 and 4 of hypoxia). V¢ = minute ventilation.

ullary neurons.'® Isoflurane MAC fractions >2.0 caused
complete cessation of phrenic nerve activity, irrespec-
tive of the arterial carbon dioxide tension. Hirshman
et al. observed in tracheotomized dogs that hypercap-
nia-induced augmentation of the hypoxic drive was
abolished by 1.5 MAC isoflurane."” These studies dem-
onstrate that the reduction in carbon dioxide sensitivity
(Gror) at anesthetic concentrations of isoflurane orig-
inates within the CNS and at peripheral sites (Z.e., at
one or more of the components of the peripheral che-
moreflex loop and at the processes between the con-
troller and ventilatory pump).

To locate the site of action of subanesthbetic isoflurane
we determined the steady-state characteristics and dy-
namics of the central and peripheral chemoreflex 100ps
using the noninvasive dynamic end-tidal forcing tech-

Period Ve (L/min) (:rEnTl%) (:fn:f*og’) (r:iﬁs);)
Normoxia awake
13.8 + 06 110 £ 0.5 44 + 0.7 =
Hypoxia awake
177 £1.6 44 + 0.2 44 + 0.7 e
Isoflurane wash-in (s)
15-30 15.0' % 1.5" 44 + 0.3 44 + 0.7 0.90 + 0.07
30-60 150 £ 156" 44 + 0.2 44 + 0.6 0.92 + 0.03
90-120 145 +1.5* 44 + 0.2 44 + 0.7 0.92 + 0.03
150-180 141 +1.7* 44 + 0.2 44 + 0.7 0.96 + 0.04

Values are mean + SE.
* P < 0.05 versus hypoxia awake.
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Table 2. The Effect of Isoflurane on the Ventilatory Response
to Sustained Hypoxia

Isoflurane
SRl ik .ol N PO
Control 0.1 MAC 0.2 MAC
Ve (L/min) A 145+09 108+05 99+05
B 222+19 149+07 127 +05
C 173+14 115+04 10.7 £ 0.5
Aucs 77 +1.4 41+0.8* 2.8 +0.6*
Ag_c 49+038 34+05 2.0 +0.4"
V; (ml/breath) A 848 + 37 683 + 37 638 + 42
B 1166 + 54 898 + 41 783 + 45
G 941 + 63 725 + 39 645 + 27
Aag 318 +50 215 + 40~ 145 + 46*
Ag.c 224 + 28 173 + 31 138 + 31*
f (breaths/min) A 17 + 1.1 16 + 0.8 16 +1.0
B 19+12 17 + 0.8 17 +1.2
C 19+09 16 = 0.8 17 £1.0
Aty 1.9+ 0.7 05+0.3 05+0.8
Ag o 04+0.7 04+02 —-025+05
PETco, (MMHG) A 44 + 0.8 44 + 1 45 + 1
B 44 + 0.8 44 + 1 45 + 1
(@ 44 + 0.9 44 +1 45 + 1
Aps —-03+01 —-0.4+0.1 —0.01 + 0.1
Age —-01+01 -02=+0.1 0.1+0.1
PETo, (NMMHg) A 112+05 111 +06 111 + 0.6
B 44 + 0.7 44 + 11 46 + 0.7
c 45 + 0.6 45+1.0 47 +1.3
SPo, (%) A 98 + 0.2 98 + 0.2 98 + 0.3
B 80 +0.4 81+06 81+0.5
G 79 + 0.3 79+ 0.4 79+ 0.5
PETso (MMHg) A = 0.97 + 0.00 1.86 = 0.02
B — 0.95 + 0.01 1.88 + 0.02
C = 0.96 + 0.01 1.86 + 0.01

Aas = period A to period B; Ag_c = period B to period C. *P < 0.05 versus
control.

nique.”'°"'* This technique involves the application
of steps in PET, ‘0, and a mathematical model to separate
the dynamic response into a fast and a slow ventilatory
component. The fast component is attributed to the
peripheral chemoreflex loop, the slow component to
the central chemoreflex loop. This method has been
validated extensively in cats.'>'®" We showed
previously® in humans that conclusions drawn from a
study on the effects of subanesthetic halothane on ven-
tilatory control with dynamic end-tidal carbon dioxide
forcing were consistent with those obtained from hyp-
oxic studies® " and from a study in which acute iso-
Capnic metabolic acidosis was induced by infusion of
L-arginine hydrochloride.” These observations strongly
Support the overall validity of the dynamic end-tidal
forcing technique in studying ventilatory control.
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The finding of a reduction of Gp and ratio Gp/Gror
with no effect on G in six of the cight subjects indicates
aselective effect of subanesthetic isoflurane on the pe-
ripheral chemoreflex loop in these subjects (fig. 2).
Other sites of action with respect to steady-state char-
acteristics of ventilation within the CNS (e.g., the cen-
tral chemoreflex loop, the respiratory centers in the
brain stem, supra-pontine structures) or the neuro-
mechanical link between brain stem and Va (e.g.,
phrenic and intercostal nerves, neuromuscular junc-
tion, intercostal muscles, diaphragm, pulmonary tissue
and receptors, airway resistance) are of minor impor-
tance, because an effect at these sites would have re-
sulted in a decrease of G also. To our knowledge only
the study by Knill and colleagues examined the effects
of subanesthetic isoflurane on the ventilatory response
to carbon dioxide inhalation.” They used a non-steady-
state technique at a background of hyperoxia and ob-
served no significant effect of 0.1 MAC isoflurane on
the Vy—carbon dioxide response slope. Because the ra-
tio Gp/Gror is reduced from 0.3 to about 0.1 from nor-
moxia to hyperoxia, these data by themselves provide
little information on the influence of isoflurane on the
peripheral chemoreflex loop.'” Furthermore, recent
studies have shown that results from investigations on
the effects of drugs on G using rebreathing techniques
are difficult to interpret.?!2?

The results of the isoflurane wash-in study are in
agreement with those of the dynamic hypercapnic study
and furthermore pinpoint the effect of subanesthetic
isoflurane at the site of the peripheral chemoreceptors.
After induction of isocapnic hypoxia and V; had
reached a new steady state, the isoflurane end-tidal ten-
sion was increased from zero to about 0.1 MAC within
4-06 breaths and maintained constant at this level for
3 min. Isoflurane caused a ventilatory change predom-
inantly within the first 30 s of wash-in. We assume that
the ventilatory effect of isoflurane depends on the tissue
tension at its site(s) of action and that there is no delay
for isoflurane pharmacodynamics. Our experimental
findings then indicate that the tissue isoflurane tension
at the site of action had reached a near-equilibrium
with the end-tidal tension after about 30 s. To deter-
mine the location of this rapid effect of isoflurane on
V,; we estimated carotid body and brain isoflurane ten-
sions in relation to the measured end-tidal isoflurane
tensions, using the model of Knill and Clement, which
they used in a study on the inﬂucnu-s of subanesthetic
halothane on hypoxia-driven Vi.' This model has been

described and discussed previously.' In short, the
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ISOFLURANE ENFLURANE

HVD (l.min™")
HVD (L.min™")

T -5 r T T
15 0 10 20 30
AHR (L.min™")
e Control v 0.07 MAC

AHR (L.min~")

e Control O 0.1 MAC v 0.2 MAC

1-min~%; r = 0.7, P < 0.05). Data from Dahan et al.*

3

model assumes that the isoflurane tissue uptake follows
first order, perfusion limited kinetics and that the de-
livery of isoflurane from the lung to the tissues is de-
layed by a circulatory transit time. We assumed that
the transport delay time from the lung to the carotid
bodies is 7 s and to the brain 14 s,| and that the time
constants for isoflurane uptake is 7 s for the carotid
bodies and 4 min for the brain."** The model may
overestimate the tissue tension of isoflurane because it
does not take into account any end-tidal-to-arterial
gradient for isoflurane or a diffusion time for isoflurane
into the tissues. The results of the estimations are shown
in figure 6. After 30 s of isoflurane inhalation, the ca-
rotid body isoflurane tension was estimated at about
90% of end-tidal, whereas the brain isoflurane tension
was estimated at about 8% of end-tidal. Taking into
account the limitations of the model, these estimations
indicate that the experimentally observed ventilatory
change, with respect to its dynamics, is well explained
by an effect at the site of the peripheral chemorecep-
tors. The findings of Ponte and Sadler?* in a study in
cats and rabbits that the exposure of isoflurane into the
inspired gases during normoxia and normocapnia
caused a marked decrease of spontaneous peripheral

|| Dahan A: The ventilatory response to carbon dioxide and oxygen
in man: methods and implications. Ph.D. Thesis. Leiden, Leiden Uni-
versity, 1990.
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40

0.3 1-min%; » = 0.8; P < 0.01) and 0.15 MAC halothane (dotted line) (n = 10; slope

HVD (l.min™")

HALOTHANE

® Control

10 15 20
AHR (Lmin™")
0 0.15 MAC

Fig. 5. Acute hypoxic response (AHR) versus hypoxic ventilatory decrease (HVP). (Lefi) Effects O.f isoflurane. The da}a points
and the linear regressions are plotted for control (solid line), 0.1 MAC (dotted lme)., and 0.2 MASZ 1soﬂuran‘e (d.ashed line). The
outlier in the control data (AHR = 15.2, HVD = 3.9 1-min~"') was omitted from the linear fegressxon analysis. Linear regression
on the pooled data yielded a slope of 0.6 and an intercept with the ordinate of 0.6 1-min™’ (r = 0.?; P < 0.001) (not shown).
Data from this study. (Middle) Effects of enflurane. Linear regression is shown through the data points for control (solid line)
(n =12; r=0.9; P < 0.001) and 0.07 MAC enflurane (dotted line) (n = 12; r = 0.8; P < 0.001). I}egr.essmn of the pooled data
yielded a slope of 0.5 and intercept with the ordinate of 1.2 1-min™'. Data from Nagyova et al>® (Right) Effects of halothane.
Linear regression is shown through the data points for control (solid line) (n = 10; slope = 0.4; intercept with the ordinate =

0.6; intercept with the ordinate = 1.7

Molecular

chemoreceptors discharge over the 1st min, further
strengthen our reasoning. The results of studies 1 and
2 lead to the conclusion that the effector site of sub-
anesthetic isoflurane with respect to ventilatory control
is located within the peripheral chemoreflex loop at
the peripheral chemoreceptors.

A noteworthy observation in our study is that two
subjects demonstrated relatively similar peripheral
drives during control and isoflurane carbon dioxide
experiments (fig. 2). Previously we performed steps
in PET(, during hyperoxia and determined the periph-
eral carbon dioxide sensitivities.'® We reported two
subsets of response: in some subjects the existence of
the peripheral component was doubtful or absent,
whereas in others it averaged about one fourth of Gror
These findings suggest that several populations of ca-
rotid body response to various stimuli exist. It may well
be that these differences in carotid body response ar¢
biologically determined. In a recent study Tankersley
et al.>® challenged eight inbred strains of mice t0 hy-
percapnia under normoxic and hyperoxic conditions.
Their results indicated that genetic determinants de-
termined the interstrain variation in ventilatory re-
sponses. Furthermore, hypoxic and hypercapnic ven-
tilatory responses appeared to be influenced by differ-
ent genetic mechanisms.
anesthetic action at the carotid bodies are necessary ©0
elucidate this matter.
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Fig. 6. Estimation of the carotid body and brain isoflurane
tension and the measured end-tidal tension during the first 3
min of isoflurane wash-in.

The Ventilatory Response to Hypoxia

The Acute Hypoxic Response. We demonstrated a
50% and 65% reduction of the acute hypoxic responses
at 0.1 and 0.2 MAC isoflurane, respectively. These ob-
servations are in agreement with the findings of Knill
etal’: at 0.1 MAC isoflurane they observed a 50% re-
duction of the ventilatory response to isocapnic hyp-
OXia. At first, this may seem surprising taking into ac-
count the difference in the stimulus waveform: Knill
et al’® applied a progressive decrease of the PETo, to
6% over an 8- to 10-min period; we applied a decrease
of the PET,, t0 5.9% within 2 or 3 breaths and kept this
hypoxic level constant. When isocapnic hypoxia is in-
duced as a step and sustained longer than 3-5 min, the
ventilatory response is biphasic. The initial ventilatory
increase, which is of peripheral origin, is followed by
aslow ventilatory decrease, originating within the CNS.
A slow progressive decrease in oxygen concentration
over 8-10 min will therefore yield a response that is
Contaminated by central effects. The similarity in results
of the studies of Knill et al.’ and ours may be explained
by the decrease of the magnitude of the central de-
Pressive effects of hypoxia by subanesthetic isoflurane.

Anesthesiology, v 83, No 3, Sep 1995

In two studies Temp et al.>° examined the sensitivity
of the acute hypoxic response to 0.1 MAC isoflurane
by applying a stimulus waveform similar to ours. In
both studies they did not find a significant effect of
subanesthetic isoflurane although they concluded that
a moderate reduction could not be excluded. We at-
tribute the difference in outcome of their and our in-
vestigations to the study conditions and the environ-
ment in which the subjects underwent the hypoxic
procedures: the subjects of Temp et al.>° were aroused
through touch, visual and auditory input to prevent
eye closure; our subjects performed the experiments
in quiet room with closed eyes and with rigid avoidance
of arousal during an experiment. In a previous study®
we tested the influence of audiovisual input on the
acute hypoxic response without and with 0.1 MAC iso-
flurane. A depressant effect of isoflurane was found only
when external input to the subjects was absent. We
argued that the audiovisual input activated conscious
or behavioral ventilatory control that made the proper
assessment of metabolic ventilatory control impossi-
ble.?

Sjogren et al.” studied the influences of isoflurane on
the ventilatory response to hypoxia without and with
PET¢(, control. At 0.6 MAC isoflurane they found a 50%
reduction of the isocapnic ventilatory response to hyp-
oxia compared with isocapnic control. These findings
indicate a much lesser depressant effect of isoflurane
than observed in our study (50% depression at already
0.1 MAC). Furthermore, the magnitude of their control
isocapnic hypoxic responses was half of that measured
in our group of subjects (~0.2 vs. 0.44 1-min '+ % ").
We relate these differences to variations in protocol.
Sjogren et al. performed experiments in patients await-
ing elective surgery. Apart from the effects of the un-
familiarity with the apparatus and procedure, the per-
formance of experiments before surgery may have had
an important influence on the study outcome because
of suprapontine mechanisms. Our subjects did appear
to be well accustomed to the apparatus and underwent
the experimental procedure several times before these
studies. Perhaps more important, in contrast to our
strict PET¢(,, control between treatments (table 2), Sjo-
gren et ul.: allowed a PET, increase of about 3.8
mmHg during the isoflurane experiments compared
with control.

Foo et al.”° investigated the interaction of subanes-
thetic isoflurane and domperidone (a selective dopa-
mine D, receptor antagonist) on the ventilatory re-
sponse to sustained isocapnic hypoxia in 20 male sub-
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jects. They observed a 17% reduction of the acute
hypoxic response at 0.1 MAC isoflurane. Although ad-
ministration of domperidone decreased the depression
of the initial response, a significant interaction with
isoflurane could not be demonstrated. Similar to our
study, they applied a square-wave change in Spo, from
100% to 80%. However, their subjects were asked to
remain awake and aroused with auditory and manual
arousal when they appeared “‘asleep.” With electro-
encephalographic monitoring they observed that the
time spent asleep was less than 5 min spread over their
20-min measurement period. The arousal may explain
the lesser magnitude of the depression of the acute
hypoxic response compared with our results. The au-
thors argue that the inability to observe an interaction
between isoflurane and domperidone suggests that the
mechanism of the depressant effect of isoflurane on the
acute hypoxic response is not mediated via dopamine,
a neurotransmitter in the carotid bodies.

The results of our studies®*® and those of Knill et
al.,’ Temp et al.,>° Sjdgren et al.,” and Foo et al.*®
demonstrate clearly that many seemingly small differ-
ences among protocols may affect the study outcome
significantly. When we consider in this perspective the
recent debate on the effects of subanesthetic concen-
trations of isoflurane on ventilatory control,>727%3 it
is indisputable that 0.1 MAC isoflurane, halothane and
enflurane profoundly affect ventilatory control in gen-
eral and the acute hypoxic response in particular via
their influence on the peripheral chemoreflex loop
when examined in a quiet laboratory with strict
PETco, control. However, in patients in the postoper-
ative period, when the depressant effects on the pe-
ripheral chemoreflex loop are still present, additional
drives may at times prevent a depressant effect of sub-
anesthetic isoflurane or any other volatile anesthetic
from becoming apparent (for instance because of pain
or stimulation from recovery room personnel). At other
times, when these drives are not present, residual an-
esthetics may lead to hypoventilation, hypercapnia,
hypoxia and lessened ability to overcome obstructive
apnea, all of which may be associated with significant
morbidity.

Hypoxic Ventilatory Decrease. The ventilatory re-
sponse to sustained isocapnic hypoxia shows an initial
ventilatory increase. The origin of this increase, the
acute hypoxic response, is at the carotid bodies. After

3-5 min, because of the central depressant effects of

hypoxia of longer duration ventilation decreases (hyp-
oxic ventilatory decrease).>* A new steady-state Vg is
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reacheq within 15-20 min, about 30% above prehy-
poxic V. The factors that determine the developmen,
of the hypoxic ventilatory decrease are not wel| un-
derstood. Part of it may be associated with an increage
of cerebral blood flow (CBF) during hypoxia. Kety anq
Schmidt showed a ~35% increase in CBF during hyp-
oxia (inspired oxygen concentration 10%).%> Because
of the increase in CBF, the carbon dioxide tension
within the CNS and hence the central ventilatory drive
are decreased. Suzuki et al. found in awake man a de-
crease of the gradient between jugular venous carbon
dioxide tension and arterial carbon dioxide tension of
about 1.5 mmHg when inducing hypoxia from room
air.>° This indicates that about one third of the venti-
latory decrease in awake humans is related to an in-
crease of CBE. The remainder is probably related to the
accumulation of inhibitory neuromodulators or trans-
mitters (e.g., y-amino butyric acid, adenosine) within
the brain stem.?” ™%’

In our study we observed that at 0.1 MAC isoflurane
the magnitude of the hypoxic ventilatory decrease
was decreased but did not quite reach the level of
significance. On the other hand, 0.2 MAC isoflurane
decreased the magnitude of the hypoxic ventilatory
decrease by 60%. This reduction may be caused by
an effect of isoflurane on CBF. However, it is im-
probable that isoflurane at the end-tidal concentra-
tions we have used altered (7.e., decreased) the CBF
response to hypoxia. The reduction of the hypoxic
ventilatory decrease may then be related to a decrease
in net concentration of inhibitory substances in the
brain stem. In humans changing the output from the
peripheral chemoreceptors changes the magnitude
of the hypoxic ventilatory decrease. Almitrine causes
an increase of the acute hypoxic response and the
hypoxic ventilatory decrease,’” whereas the reverst
is true for somatostatin.?® We showed that decreasing
the peripheral drive with isoflurane caused the re-
duction of the hypoxic ventilatory decrease. Fur-
thermore, at all three treatments the relation between
the acute hypoxic response and the hypoxic venti-
latory decrease remained present among subjects
with little difference in slopes and intercepts (&
5A). Nagyova et al.** made a similar observation with
0.07 MAC enflurane (fig. 5B). These findings suggest
that the afferent information from the carotid bodics
determines the magnitude of the hypoxic ventilatory
decrease due to “‘central’”’ modulation of the periph-
eral input into the release of inhibitory §L1bstanC€5
near sites within the CNS that determine Vi (suchs
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ISOFLURANE AND CONTROL OF BREATHING

facilitation of the release at high peripheral drives
[e.g., by almitrine] and the reverse at low drives le.g.,
by isoflurane]).*’

‘Halothan > at 0.15 MAC did not cause a reduction of
the hypoxic ventilatory decrease despite a reduction
of the acute hypoxic response by 65%.* This caused a
leftward shift of the relation between the acute hypoxic
response and the hypoxic ventilatory decrease (fig. 50).
Compared with control, 100% hypoxic ventilatory de-
crease during halothane inhalation was obtained with
65% less peripheral drive. Currently, we have no sat-
isfactory explanation for this difference in behavior be-
tween halothane and the other inhalational anesthetics.

In summary, we observed that subanesthestic isoflu-
rane had an important effect on the chemical control
of breathing in healthy volunteers. Isoflurane reduced
G with little influence on G¢. The ventilatory response
to acute hypoxia was affected proportionally to the Gy.
These findings provide ample evidence for a selective
effect of subanesthetic isoflurane on the peripheral
chemoreflex loop. Furthermore, the rapid ventilatory
decrease due to isoflurane wash-in on steady-state hyp-
oxic ventilation indicates that the site of action is lo-
cated at the peripheral chemoreceptors. Our studies,
together with those of others,'™** demonstrate that
subanesthetic isoflurane, halothane, and enflurane in
this respect behave in the same fashion.

The authors thank Cees Olievier for performing the statistical anal-
ysis and Ida Olievier for assisting with the experiments. The advice
of Dr. Richard Knill on the estimation of brain and carotid body
isoflurane tensions is acknowledged. The authors regret his untimely
death.
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