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Chemical regulation 
of ventilation during 
isoflurane sedation 
and anaesthesia 
in humans 

To assess the effects of isoflurane on chemical regulation 
of ventilation, we stgdied the ventilatory responses to (1) 
hyperoxic hypercarbia. (2) isocapnic hypoxaemia, and 
(3) a single half vital capacity breath of carbon dioxide 20 
per cent in oxygen in 12 human subjects, awake and 
sedated or anaesthetized with isoflurane, 0.1 or 1.1 MAC. 

Sedation did not alter ventilation nor the ventilatory 

response to hypercarbia but reduced the responses to 

hypoxaemia and to the half vital capacity breath of C02. 
Anaesthesia reduced ventilation and the response to 
hypercarbia and nearly abolished the responses to 
hypoxoemia and to the breath of C02. The results indicate 
that isoflurane reduces ventilatory responses to several 
chemical drives aim that it selectively impairs those 
responses mediated by peripheral chemoreceptors. In 
these respects, isoflarane is similar to halothane and 
enflurane. 
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General anaesthetic agents that depress ventilation 
have two fundamental effects on the chemical regu- 
lation of ventilation. First, they cause ventilation to 
be totally dependent upon chemical stimulation - 
since reduction of stimuli below a critical threshold 
with passive hyperventilation results in apnoea. 
Second, they reduce ventilatory responses to added 
chemical stimuli. 

Isoflurane, in anaesthetizing doses, depresses 
ventilation, 1-3 renders ventilation dependent upon 
chemical stimuli 2 and reduces the ventilatory re- 
sponse to added carbon dioxide. ~ However, its 
effect on responses to other chemical stimuli, in 
particular the response to hypoxaemia, is not 
known. Activity of the hypoxaemia response is of 
some interest, since halothane and enflurane impair 
it markedly, 4"5 with important clinical implica- 
tions .6 

The purpose of this study was to examine the 
effects of a sedating and an anaesthetizing dose of 
isoflurane on the ventilatory responses to hyperoxic 
hyperearbia, isocapnic hypoxaemia and a single 
breath of carbon dioxide. The first of these responses 
is mediated primarily by central chemoreceptors, 
the remaining two by peripheral chemoreceptors. 

Methods 
The protocol for this study was approved by the 
Human Research Committee of the University of 
Western Ontario. 

We studied 12 fit subjects while they were awake 
and while in a steady-state of either isoflurane 
sedation 0.1 MAC (n = 5) or isoflurane anaesthesia 
1 . /MAC (n = 7).* Subjects who were sedated 
were either anaesthetists or anaesthetic residents. 

*The isoflurane MAC value used was 1.28 per cent. 
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FIGURE 1 The single breath carbon dioxide test and its analysis. The upper trace is a typical spirogram record showing resting 
ventilation, the half vital capacity breath consisting of CO220 per cenl in oxygen and the subsequent hyperpneic response. The broken 
lithe of the graph is a diagrammatic represerttati~n of the response based upon a breath-by-breath determinatkm ~3f irtstamaneous 
venlilation. The "A~tco~" was the average increment of instantaneous ventilation above control in those breaths taken within 12 seconds 
of the breath of CO2, excluding the first (indicated by shaded area). 

Subjects who were anaesthetized were patients who 
had agreed to an extra period of anaesthesia before 
undergoing an elective orthopaedic or dental surgi- 
cal procedure. There were seven males and five 
females. Together, their ages, heights and weights 
were respectively 27 -+ 5 years, 172 +- 8 cm and 68 
+- 12kg (means -'- S.D.). 

For the awake study, each subject relaxed in a 
comfortable chair in a darkened room and breathed 
through a mouthpiece with a nose-clip in place. He 
began by inhaling oxygen from a non-rebreathing 
system. When values of  ventilation and end-tidal 
carbon dioxide concentration had been steady for 
five minutes, we recorded ventilation for a one 
minute period. 

Next, the ventilatory response to each of the three 
chemical drives was tested. Individual tests were 
separated by at least five minutes. We induced 

hyperoxic hypercarbia progressively, using the 
Read rebreathing technique 7 and allowing the equi- 
librated airway COz concentration to increase 2.0 
per cent. We induced isocapnic hypoxaemia by the 
method of Weil, reducing end-tidal oxygen concen- 
tration to 6.0 per cent over 8 -10  minutes, s 

The response to a single breath of carbon dioxide 
was tested with a modification of the method of 
Sorensen e t  a l .  9 (Figure 1). The subject initially 
breathed quietly from a non-rebreathing system to 
establish his resting values of ventilation and 
end-tidal CO2 concentration. At the end of an 
expiration, he voluntarily and quickly inhaled a 
volume equivalent to half his measured vital capac- 
ity, the achievement of this volume being indicated 
by an audio signal activated by the pneumotacho- 
graph. He then exhaled to his end-expiratory posi- 
tion and relaxed. Circuits and valves were arranged 
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so that the half vital capacity breath was 20 per cent 
carbon dioxide in oxygen and all other breaths were 
oxygen. The response was monitored for 30 sec- 
onds. This test was repeated twice. 

Isoflurane sedation was induced and maintained 
with sub-anaesthetic concentrations of isoflurane in 
oxygen while the subject sat comfortably in the 
same darkened room. After 25 minutes of inhala- 
tion and with end-tidal isoflurane steady at 0.1 MAC, 
we repeated ventilatory measurements and tests as 
in the awake state, 

Each subject to be studied during anaesthesia was 
positioned supine. Anaesthesia was induced with 
isoflurane in oxygen. The glottis and upper trachea 
were sprayed with lidocaine four per cent and the 
trachea was intubated with an 8 or 9 mm cuffed 
orotraeheal tube. Inspired isoflurane concentrations 
were set to achieve 1.1 MAC end-tid',d, allowing 40 
minutes to reach equilibrated and steady anaesthetic 
and respiratory states. The subject breathed spon- 
taneously from a non-rebreathing system through- 
out. Five per cent dextrose in 0.2 per cent saline wa~ 
infused as necessary to keep systolic arterial pres- 
sures at least 70 per cent of awake values. 

When ventilation and end-tidal concentrations of 
isoflurane and carbon dioxide had been constant for 
ten minutes, we recorded a one minute period of 
ventilation. Duplicate samples of arterial blood 
were withdrawn anaerobically for determination of 
arterial isoflurane tension w and arterial blood gas 
values. Ventilatory responses to chemical stimuli 
were then tested, using minor modifications of the 
procedures employed in studies of the awake and 
sedation states. 4'S During induction of hypoxaemia 
in anaesthetized subjects, we monhored arterial 
haemoglobin saturation continuously, using a Hewlett- 
Packard #47201A ear oximeter, to prevent satura- 
tion from falling below 70 per cent.It To assess 
more precisely the relationship between end-tidal 
and arterial oxygen tensions during hypoxaemia, 
samples of arterial blood were withdrawn at inter- 
vals throughout hypoxaemia tests for subsequent 
blood gas analysis. The single half vital capacity 
breath of carbon dioxide was delivered from a 
collapsible bag under positive pressure. 

During all tests in all states, exhaled gas was 
contitauously sampled from a port close to the 
airway and analyzed for its carbon dioxide, oxygen 
and isoflurane concentrations by a Perkin-Elmer 
#1100 mass spectrometer, calibrated as in our 

previous studies. 4'5 End-tidal concentrations were 
read from a time-based recording and were conver- 
ted to tensions, using the measured barometric 
pressure of each testing day. Arterial isoflurane 
tension was determined using a multiple gas phase 
equilibration technique I~ and a Hewlett-Packard 
#5730 gas chromatograph. Arterial blood gas 
values were determined with a Radiometer Copen- 
hagen BMS 3 System calibrated with Canadian 
Liquid Air Specialty Gases. The values of duplicate 
samples were averaged. 

Inspired ventilation was measured with a pneumo- 
tachograph calibrated as previously described. 4,5 
Values of instantaneous ventilation, determined in 
the responses to hypercarbia and hypoxaemia, were 
based upon the averaged tidal volumes and respira- 
tory cycle lengths of three consecutive breaths. 
Values of instantaneous ventilation, determined in 
the single breath CO2 responses, were based upon 
breath-by-breath calculations. All ventilatory vol- 
umes were expressed at body temperature and 
ambient pressure, saturated. 

To depict the response to hypcroxic hypercarbia, 
we calculated the slope of the linear ventilation: 
PETco~ relationship, using the method of least 
squares. The hypoxaemia response was represented 
by values of instantaneous ventilation found at 
PE'ro~ values of 53.2, 13.3, 9.3 and 6.0 kPa (400, 
100, 70 and 45 mmHg) and also by the "AVI4s," the 
measured increment of instantaneous ventilation 
between PETo2 values of 53.2 kPa and 6.0 kPa. To 
depict the response to the single breath of carbon 
dioxide, we calculated the "AVIco~" (see Figure t). 
Results of repeated single breath tests were averaged, 

To check for possible differences between awake 
and sedation states, and between awake and anaes- 
thesia states, we compared observations made in the 
same subjects using the two-tailed t-test for paired 
data. We considered a p value of 0.05 or less as 
indicative of a significant difference. 

Results 
There were no important complications of these 
studies. Induction of anaesthesia with isoflurane 
was frequently accompanied by episodes of sneez- 
ing, coughing and/or breath-holding. However, 
these episodes were minor and short-lived. A 
steady-state of anaesthesia reduced systolic blood 
pressure modestly (average drop from awake to 
lowest stable anaesthetic value, 2.5 kPa) and in- 
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TABLE 

Isoflnrane 0.1 MAC (n = 5) 

A wake Sedation 

Vi (L,miu -~ ) 6.9_+0.4 6.5_+0.4 
VT(L) 0.62_+0.04 0.52_+0.04 
f 11-4-1 13---2 
PETco: (kPa) 5.5--0.1 5.3_+0.1 

(mmHg) (41 --+ 0.7) (40 • 0,7) 

Responses: 
Hypercarbia, slope 
(L.min-l-kPa -I) 15,0• 19.5_+6.0 
(L. rain -L mmHg -~) (2.0 = 0.4) (2.6 "t" 0.8) 
Hypoxaemia, AVe5 
(L'min -]) 9.7 -r I.I 4.1 + 1.1* 
Single breath CO~, AVtccu 
(L-min -t) 7.7-+ 1.0 5.6--.0.8* 

Isoflurane 1.1 MAC (n = 7) 

A wake A anesthesia 

Vi (L.min -t) 
Vr (L) 
f 
PErco: (kPa) 

(mmHg) 
Pacoz (kPa) 

(mmHg) 

6.8• 4.9+0.4 * 
0.54• 0.17 -+ 0.01" 

13-+ 1 29-=2* 
5.1Z0.1 5.9• 
(38--+0.4) (44--_2.8) 

6.5 • 0.4 
(49 - 2.7) 

Responses: 
Hyperearbia, slope 
(L'min-LkPa -j ) 13.5• 4.5 -+ 0.7 * 
(L'min-h mnIHg -i ) (1.8• (0.6-+0.1) 
Hypoxaemia, AVI4~ 
(L'min -~ ) 11.4• 2.2 0.3-+0.3 * 
Single breath CO2, AVlcoz 
(L.min -I) 8.4 • 1.7 1.2 • 0.5*r 

All values mean • S.E.M. 
*Significantly different from awake values p < 0.05. 
t n = 5 .  

creased heart rate slightly (average increase from 
awake to stable anaesthetic value, 6beats/min). 
During anaesthesia, end-tidal and arterial tensions 
of isoflurane were respectively 1.30 -+ 0.1 and 1.26 
--+ 0,4 kPa (9.8 - 0.1 and 9.5 • 0.3 mmHg, means 
+ S.E.M.). 

Ventilatory findings are summarized in the Table 
and in Figures 2 and 3. Sedation did not detectably 
alter minute ventilation, tidal volume, breathing 
frequency nor values of PETco 2. Anaesthesia re- 
duced minute ventilation and tidal volume, increased 
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FIGURE 2 Vemitato~ responses to hypercarbia of subjects 
sedated with isoflurane (0. t MAC) and anaesthetized with iso- 
fluraue (1.1 MAC). Dots represent mean values of ventilation at 
mean resting PErco~ values of awake and sedated subjects and 
at mean resting Paco 2 values of anaesthetized subjects, Bars are 
• S.E.M. Lines extending from dots depict mean slopes of 
responses to hyperc~bia. The awake response is that of the 
sedation group. 

breathing frequency and elevated values of Pzrco ~. 
During anaesthesia, there was a modest P(Er-a)co 2 
gradient. 

Sedation did not detectably alter the vemilatory 
response to hyperoxic hypercarbia, but reduced the 
responses to hypoxaemia and to the single breath of 
CO2. Anaesthesia reduced the response to hyper- 
oxic hypercarbia, virtually abolished the response 
to isocapnic hypoxaemia and markedly reduced the 

response to the single breath of CO2. 
During anaesthesia and tests of the response to 

hypexaemia, differences between end-tidal and ar- 
terial tensions of oxygen were as follows: at PETo2 
values 13.0-13.6 kPa (98-102 mmHg), 1.4 --- 0.2 
kPa (11 --- 2 mmHg); at PE'ro~ values 9 .0-9 .6  kPa 
(68-72 mmHg), 0.3 -4- 0.3 kPa (2 • 2 mmHg); and 
at PETo2 values 6 .0-6 .7  kPa (45-50 rnmHg), 0.1 - 
0,1 kPa (1 --+ 1 mmHg) (means • S.E.M.). 
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FIGURE 3 Ventitatory responses to isocapnic hypoxaemia of subjects sedated with iso- 
flurane (0. I MAC) and anaesthetized with isoflurane (1.1 MAC). Dots represent mean values 
of ventilation at PETe2 values of 53.7, 13.3, 9.3 and 6.0 kPa (400, 100, 70 and 45 mmHg). 
Bars are -+ S.E.M. Lines through dots were hand drawn. The awake response is that of the 
sedation group. 

D i s c u s s i o n  

Experimental conditions were identical for studies 
of awake and sedation states, but there were several 
variables added during anaesthesia. These included 
the supine position, tracheal intubation, and, of 
potential relevance to testing responses to hypox- 
aemia, increased differences between end-tidal and 
arterial tensions of oxygen and elevated values of 
PETco ~. We doubt that any of these affected our 
results in an important way. The supine position 
does not alter ventilation and ventilatory responses 
to chemical stimuli in awake subjects. ]~' t3 Tracheal 
intubation does not affect the response to hyper- 
carbia in subjects lightly anaesthetized with halo- 
thane, '~ Increased end-tidal to arterial oxygen ten- 

sion differences during anaesthesia might have 
decreased the validity of the end-tidal value as the 
measured stimulus of the response to hypoxaemia. 
However, at end-tidal tensions of 9.6 kPa and less, 
where the ventilatory response to hypoxaemia is 
normally observed, these differences in anaesthe- 
tized subjects were small and quite similar to those 
found in awake subjects. 8 An elevated carbon 
dioxide tension, as was present during anaesthesia, 
may have augmented the response to hypoxaemia. 8 
However, such an eflect would have acted only to 
underestimate the magnitude of the depressive 
effect of isoflarane. 

Isoflurane anaesthesia 1.1 MAC in our subjects 
reduced ventilation and tidal volume, increased 



612 CANADIAN A N A E S T H E T I S T S '  SOCIETY JOURNAL 

breathing frequer~cy and elevated values of PETco,.. 
The relative magnitudes of these effects were 
similar to those previously reported.~-3 Isoflurane 
sedation 0.1 MAC had no detectable effect on 
values of ventilation and PETCO :. 

The ventilatory response to progressive or steady- 
state hyperoxic hypercarbia is effected by two sets 
of CO2-[H § ] sensitive receptors, the central chemo- 
receptors located in the medulla and the peripheral 
chemoreceptors located in the carotid bodies of 
man. However, the contribution of the peripheral 
receptors is normally small C<30 per cent of 
total)~4' IS and, accordingly, the response is consid- 
ered to he primarily central chemoreceptor med- 
iated. Isoflurane anaesthesia 1.1 MAC in our sub- 
jects reduced the response to progressive hyperoxic 
hypercarbia modestly, in keeping with previous 
observations. 1 lsoflurane sedation 0. l MAC had no 
detectable effect. In this respect, isoflurane is 
similar to several other anaesthetic agents. 16 

The increment of ventilation in response to 
isocapnic hypoxaemia is mediated exclusively by 
peripheral chemoreceptors. 14.ts This response was 
selectively and markedly impaired by isoflurane. 
Sedation 0.1 MAC, which had no detectable effect 
on ventilation and the response to hyperoxie hyper- 
earbia, reduced the hypoxaemia response to less 
than half of awake values. Anaesthesia I. 1 MAC 
virtually abolished it. Halothane and enflurane 
produce a similar disproportionate impairment of 
the response to hypoxaemia in human subjects) "4 
Interestingly, other anaesthetics, such as thiopen- 
tone and nitrous oxide, do not.16 

The ventilatory response to a single large breath 
of carbon dioxide has been proposed as a test of the 
peripheral chemoreceptor mediated response to 
CO2-[H +] that excludes a central chemoreceptor 
mediated contribution. 9'x7 In this test, the subject 
voluntarily inhales a single large breath of CO2 and 
the result is an immediate, large and transient 
increment of CO2 in the blood. The added carbon 
dioxide is delivered sooner and much more rapidly 
to peripheral than to central chemoreceptors, due to 
different circulatory lag times and rates of local 
blood flow. Accordingly, the initial 11-15 seconds 
of the response can be considered to be mediated 
primarily, if not entirely, by peripheral chemo- 
receptors. 9"17-~9 As originally described, the test 
requires that the subject inhale a full vital capacity 
breath of carbon dioxide 15 per cent in oxygen. 9~ ~7 

Because a vital capacity breath cannot be delivered 
safely in anaesthetized subjects, we reduced the size 
of the breath to one half a vital capacity and 
increased its CO2 concentration to 20 per cent.* 

The effect of isoflurane on the response to a 
single breath of CO2 was similar to its effect on the 
response to hypoxaemia. Sedation 0.1 MAC dimin 
ished it moderately; anaesthesia 1.1 MAC reduced 
it markedly. The results suggest that the depression 
of the single breath response may have been slightly 
less than the impairment of the response to hypox- 
aemia. However, this difference was not statisti- 
cally significant. Whatever the relative magnitude 
of effect, isoflurane appears to be a potent depres- 
sam of both these physiological ventilatory reflexes 
mediated by peripheral chemoreceptors. 

The results of the present study, together with 
other data, indicate that modern halogenated anaes- 
thetics may be powerful depressants of several 
peripheral chemoreceptor mediated ventilatory re- 
flexes in humans. Halothane, entlurane and isofl ur- 
ane, in light anaesthetizing doses, virtually abolish 
the hyperpneic response to hypoxaemia. 4'5"16 Halo- 
thane reduces file ventilatory response to hyperox- 
aemia and delays the response to a sudden CO2 
stimulus generated by an intravenous bolus of 
sodium bicarbonate in a manner that suggests no 
contribution from peripheral chemoreceptors. L9 Iso- 
flurane greatly impairs the peripheral chemorecep- 
tor mediated response to a single breath of CO2. 
Halothane and enflurane severely reduce the re- 
sponse to a pharmacological stimulus of peripheral 
chemoreceptors - a small dose of doxapram. 4"s 
Thus, in several respects, human subjects anaesthe- 
tized with halogenated agents behave almost as if 
lacking peripheral chemoreceptors. Although halo- 
thane is a direct and potent depressant of carotid 
body chemoreceptors in the cat, TM the site and 
mechanism of action of these agents on the periph- 
eral ehemoreflex pathway in humans remains un- 
known. 

We conclude that with respect to chemical 
regulation of breathing, isoflurane is similar to 
halothane and enflurane. It reduces ventilatory 

*Although these changes may have altered the magni- 
tude of the stimulus and the response, they did not affect 
the essential nature and the validity of this test. This 
modification of the singl.e breath test was used through- 
out this sludy. 



Knill etal.: C H E M I C A l .  R E G U L A T I O N  O F  V E N T I L A T I O N  613 

responses to several chemical stimuli, especially 
those responses mediated by peripheral chemo- 
receptors. 

The most important clinical implications of these 
findings relate to the effect on the response to 
hypo• 6 Abolition or marked depression of 
this reflex is a serious hazard to spontaneously 
breathing patients since it permits hypoxacmia to 
develop more readily, more quickly and to a more 
severe level than would otherwise be the case. 
Furthermore, loss of the hyperpneic response to 
hypoxaemia means loss of a useful clinical sign. 
These implications apply not only to patients 
anaesthetized with isoflurane, but also to patients 
recovering from isoflurane anaesthesia for as long 
as sedating doses of the agent persist. 
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Rgsum6 
Afin d't~tudier les effets de l'isoflurane sur la rdgutation 
chimique de la ventilatlon nous avons 6tudi~ la r~ponse 
ventilatoire d: 1) l' hypercarbie hyperoxique ; 2) l' hypoa~- 
mie isocapnique; 3) t'in~piration d'un melange gazeu.r 

contenant 20 pour cent de C02 duns l'oxyg~ne, La 
quantitE de ce melange inhal6 dtait dquivalente d la moiti~ 
de la capacit6 vitale inspir~e en une seule fois. 

Ce travail a dtd effectu~ chez 12 volontaires d'abord 
~veillds, ensuite sous sddation et enfin anesthesias f~ 

t'isofluron~ fi 0,1 et 1,1 MAC. 
La sddation it I' isoflurane n'a pas modifid la ventila- 

tion, non plus que la r~ponse ventilatoire d l' hypercarbie 
mais a rdduit ta r~ponse d l'hypoxdmie et d r inspiration 
de haute concentration de C02. Pour sa part, l'anes- 
thEsie a r~duit la ventilation etla rdponse d l'hypercarbie 

et, d toutes fins utiles, a aboli la @onse  d l'hypoxdmie et 
d l'inspiration de C02. Ce r6sultat indique que l'iso- 
flurane dimiaae la r6ponse ventilatoire d plusieurs des 

stimulants chimiques et qu' il prdvient de fafon sdlective 
les rdponses qui s'effectuent par les chdmordgepteurs 
pOriph6riques. En ceci, l'isoflurane est sembtable d 

l'halothane et d r enflurance. 


