HYPOXIC VENTILATORY RESPONSES DURING THIOPENTONE SEDATION AND
ANAESTHESIA IN MAN

R.L. KNiLL, S. BRIGHT, AND P. MANNINEN

ANAESTHETIZED MAN is vulnerable to episodes
of hypoxia, both during anaesthesia and in the
recovery phase. Thus the activity of the usual
compensatory responses to hypoxia during
anaesthesia is of clinical interest. There has been
considerable investigation of the ventilatory
and cardiovascular responses to experimental
hypoxia in conscious man and in conscious and
anaesthetized animals."? However, until re-
cently, there was virtually no information on
these important chemorefiexes in anaesthetized
man. It is believed that there is considerable
species-specificity in the magnitude of hypoxic
responses of animals and man, both awake and
anaesthetized;>-% therefore, information derived
from anaesthetized animals cannot be confidently
applied to anaesthetized man.

We have recently observed that light halothane
anaesthesia totally abolishes the ventilatory re-
sponse to hypoxia in man, at dosages where rest-
ing ventilation and the ventilatory response to
carbon dioxide remain present and relatively
brisk.% In addition, halothane or nitrous oxide in
sub-anaesthetic dosages markedly depresses the
ventilatory response to hypoxia, with no detect-
able effect on either resting ventilation or the
carbon dioxide response.®’ Do these newly-
recognized effects of halothane and nitrous oxide
on the hypoxic chemoreflex represent a general
characteristic of anaesthetics in man?

This work examines ventilation and the ven-
tilatory responses to hypoxia and hypercarbia
in human subjects while awake and during seda-
tion or anaesthesia with thiopentone. During
thiopentone-induced sedation, values of ventila-
tion and responses to hypercarbia and hypoxia
were similar to the awake control. Thiopentone
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anaesthesia decreased both ventilation and the
carbon dioxide response to approximately 40 per
cent of awake controls. Similarly, anaesthesia
attenuated the ventilatory response to hypoxia to
a mean of 44 per cent of the isocapnic control.
The mean absolute hypoxic responsiveness of
our slightly hypercapnic anaesthetized subjects
was similar to that of normocapnic awake con-
trols.

METHOD

The subjects of this study were young (18 to 30
years of age), completely fit, on no medications
and fully agreeable to the investigation after being
fully informed of the nature, purposes and risks
involved. Altogether there were twenty subjects,
of whom twelve were males and eight females.
Their mean age (=S.D.) was 23 = 4 years, weight
68 + 9 kg and height 174 = 6 cm,

The five subjects for the sedation portion of the
study were physicians or respiratory tech-
nologists, all of whom were familiar with investi-
gations of ventilatory control. Each was studied
twice, while sedated and fully awake. The ten
subjects investigated during thiopentone anaes-
thesia were patients who were to undergo elec-
tive dental surgical procedures. None had previ-
ously served as an experimental subject. Five of
the anaesthetized patient subjects were re-
studied in the control awake state; five were not
available for awake study; their controls were
five additional non-medical volunteers. (Statisti-
cally, these controls were treated as unpaired.)

Subjects of the sedation group were studied in
our laboratory at a time of convenience. They
were permitted to eat on the day of testing, but
were requested to avoid caffeine-containing
drinks. Each was positioned supine with a blood
pressure cuff, electrocardiograph (EKG) monitor
and intravenous catheter in place. Sedation was
induced with sodium thiopentone 2-3 mg/kg ad-
ministered intravenously over four or five min-
utes and maintained with an infusion of thiopen-
tone 0.1 per cent at a rate of 0.1 t0 0.3 mg/kg/min.
To measure ventilation, a nose-clip was applied
and the subject held a mouthpiece. Tests were
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performed with each subject slightly drowsy but
still conscious and after ventilation and end-tidal
Pco, had been steady for five minutes,

Studies of anaesthetized volunteers took place
in an operating room laboratory during the one
hour before their planned surgical procedure.
Subjects had fasted overnight and were not pre-
medicated. Positioned supine, with an intrave-
nous established and blood pressure and electro-
cardiograph monitors in place, each received
sodium thiopentone 4 to 6 mg/kg intravenously,
to the point of abolishing the eyelash and eyelid
reflexes. Following succinylcholine | mg/kg and
topical lidocaine anaesthesia of the glottis and
upper trachea, the trachea was intubated with an
8 or 9 mm cuffed tracheal tube. With spontaneous
ventilation re-established and while inhaling 100
per cent oxygen, subjects received an intrave-
nous infusion of thiopentone 0.1 per cent at a rate
of 0.2 to 0.4 mg/kg/min, adjusted so that there
was a light level of anaesthesia with the eyelid
reflex suppressed and both regular ventilation
and a constant end-tidal Pco,. Achievement of
these end-peints usually required 10 to 15 min-
utes of infusion,

In both sedated and anaesthetized states, a
one-minute period of unstimulated ventilation
was measured while the subject continued to in-
hale oxygen from a non-rebreathing circuit. End-
tidal carbon dioxide tension was noted. Sub-
sequently, the ventilatory response to isocapnic
hypoxia was evaluated by the non-rebreathing
technique of Weil, ef a/.® Oxygen in the inspired
gas was gradually replaced with air and then a
mixture of air and nitrogen, such that the end-
tidal oxygen tension decreased to approximately
5.32 kPa (40 torr) over an 8 to 10 minute period.
The lowest level of oxygen tension was main-
tained for 20 to 30 seconds. Throughout the
hypoxic test, end-tidal carbon dioxide tensions
were held constant by adding carbon dioxide to
inspired gas as required. After completing the
test, the subject breathed oxygen again for at
least five minutes. With ventilation and end-tidal
Pco, again steady, progressive hypercarbia was
induced by the method of Read.® The airway was
connected to a closed rebreathing circuit (approx-
imate internal volume 10 litres), containing 7 per
cent carbon dioxide in oxygen. After four or five
large tidal volume exchanges with the circuit, the
subject breathed spontaneously while his carbon
dioxide ilevel progressively increased. The test
proceeded to a circuit carbon dioxide concentra-
tion of 9 to 9.5 per cent which was usually
achieved within flve or six minutes. A 5 to 10
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minute period of unstressed oxygen breathing fol-
lowed. Finally, four subjects of the anaesth‘etized
group received doxapram 0.4 mg/kg intrave-
nously as a bolus, while oxygen breathing con-
tinued. Ventilation was monitored over the 60
seconds following injection. During all tests, ven-
tilation and end-tidal gas tensions were continu-
ously measured and recorded.

Throughout the study periods, thiopentone in-
fusions continued to maintain as nearly constant
a state of resting ventilation and end-tidal Pco, as
was possible. The volume of intravenous fluid (5
per cent dextrose in 0.2 per cent saline) infused
ranged from 250 to 1000 ml.

Subjects of the sedation group were studied in
the control or awake state one to three hours
before receiving their sedation. Testing of the
anaesthetic group volunteers in the awake state
was conducted one to three weeks following their
anaesthetic and surgical procedure. Each awake

subject sat in a comfortable chair in a moderately
darkened laboratory and breathed through a
mouthpiece with a nose-clip in place. Ventilation
and responses to hypoxia, hypercarbia and
doxapram were determined by the methods
employed in the sedated and anaesthetized
states. In subjects of the anaesthetized group,
measurements of both ventilation and the re-
sponse to hypoxia were made at the end-tidal
carbon dioxide tension which had been present
during anaesthesia. In the five control subjects
who had not been anaesthetized, carbon dioxide
levels were matched to the mean anaesthetic
value of 5.72 kPa (43 torr). This somewhat ele-
vated carbon dioxide level was recreated in the
awake state by inhaling an appropriate amount of
carbon dioxide for a 10 to 12 minute equilibra-
tion period.

In all tests, airway gas was continuously sam-
pled and analyzed for its carbon dioxide and oxy-
gen tensions by a Perkin-Elmer ‘1100 mass
spectrometer. Dried gas concentration readings
were regularly calibrated with Canadian Liquid
Air Specialty Gases and converted to gas ten-
sions with daily measurements of barometric
pressure. During tests, carbon dioxide and oxy-
gen signal outputs from the mass spectrometer
were recorded on a time-based strip polygraph,
from which end-tidal plateau tensions were read.
In hypoxic tests, values of end-tidal oxygen ten-
sion were assumed to represent the arterial oxy-
gen stimulus, an assumption which introduces a
small and unimportant error in young conscious
and anaesthetized subjects during hypoxic test-
ing.® In hypercarbic studies using the method of
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Read, values of increasing end-tidal carbon
dioxide are believed to represent the increases in
brain or medullary carbon dioxide; that is, the
central carbon dioxide stimulus.'®

Inspired minute ventilation was measured with
a calibrated pneumotachograph placed in the in-
spiratory limb of each circuit and coupled with a
differential pressure transducer. Ventilatory fre-
quency was found from the recorded airflow sig-
nal and tidal volume from the recorded electronic
integration of that signal. Instantaneous ventila-
tion was computed from the averaged tidal vol-
umes and frequencies of at least three consec-
utive breaths. All values of ventilation are ex-
pressed at BTPS.

Hypoxic responses are reported as the
“*AVi,s'"; that is the increment in ventilation be-
tween two points in the response — the PET,, of
53.2 kPa (400 torr) and the PET,, of 5.99 kPa (45
torr). We also report the ‘*A’" parameter of the
entire hypoxic response, ‘A’ representing the
degree of rounding of the hyperbolic relationship
between inspired ventilation and PETg, 2 **A™" is
found by solving the regression equation

Vi = Vig +

Po, — 30’

inserting experimental values of V1 found at vari-
ous values of Po,. Values of both “*AVi,'* and
**A’ relate directly to the magnitude of hypoxic
response. Carbon dioxide responses are rep-
resented by the slope of the least squares linear
regression of ventilation as a function of Pco, and
the actual ventilation at a Pco, of 7.32 kPa (55
torr). The reported response to doxapram is the
maximum increment in instantaneous ventilation
during the minute following injection.

Student t-tests were employed to evaluate pos-
sible differences in thiopentone and control re-
sults. Sedation and control data were considered
paired; anaesthesia and control data unpaired. P
values of 0.05 or less were regarded as indicative
of a significant difference.

RESULTS

There were no serious untoward effects of
these studies. Two sedated subjects experienced
total amnesia for the study period and two who
had been previously tested during halothane and
enflurane sedation (0.1 MAC) remarked on the
greater ‘“hangover’’ effect of thiopentone seda-
tion. Anaesthetized subjects who received totdl
thiopentone dosages greater than one gram ex-
perienced prolonged post-anaesthetic drowsi-
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ness. Sedation produced no detectable changesin
blood pressure or pulse; anaesthesia reduced sys-
tolic and diastolic blood pressures 10 to 30 per
cent from awake levels, while increasing pulse
rate slightly. During hypoxic and hypercarbic
challenges, in all states, blood pressure and pulse
rate increased variably and only moderately; in-
dividual value of systolic pressure never ex-
ceeded 19.95 kPa (150 torr); pulse rate was never
in excess of 115 beats/min. There were no ar-
rhythmias observed.

Thiopentone sedation did not significantly alter
resting ventilation, end-tidal carbon dioxide ten-
sion, and ventilatory responses to isocapnic
hypoxia and hyperoxic hypercarbia (Table I).
Thiopentone anaesthesia reduced isocapnic ven-
tilation and the ventilatory responses to both
hypoxia and hypercarbia (Table I, Figure 1). Dur-
ing thiopentone anaesthesia, the mean increment
in ventilation (+S.E.M.) after the bolus injection
of doxapram 0.4 mg/kg was 5.0 + 0.7 I/min, a
value significantly less than the awake control of
16.1 = 0.7 l/min.

To compare the effects of sedation and anaes-
thesia on ventilation and each response tested,
we constructed a bar diagram depicting the mean
magnitude of each variable measured during se-
dation or anacsthesia as a percentage of control
or awake (Figure 2). Values employed for this
comparison were: for ventilation, the inspired
minute ventilation; for the carbon dioxide re-
sponse, the slope of the ventilation: Pco, rela-
tionship; for the hypoxic response, the AVi;
and for the doxapram response, the maximum
increment in ventilation. During sedation, no
variable changed significantly from control. Dur-
ing anaesthesia, there were approximately equiv-
alent depressions of isocapnic ventilation and
each of the three ventilatory reflexes tested.

DiscussioN

The hypoxic ventilatory reflex serves todefend
arterial oxygenation, particularly when oxygena-
tion is. threatened by reduced Fig, or defects in
intra-pulmonary gas exchange. It is initiated by
receptors in the phylogenetically very old pe-
ripheral chemoreceptors, which in man are the
carotid bodies.!! The entire reflex pathway has
been traditionally viewed as rugged and hearty
and, in contrast to the reflex response to carbon
dioxide, not readily attenuated by ventilatory
disease or drugs depressing the central nervous
system.''2 More recently, this hypothesis of
peripheral chemoreflex resilience has been chal-
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TABLE |
VENTILATION AND RESPONSES TO HYPOXIA AND HYPERCARBIA
Awake Sed’n. Awake Anaes.
Ventilation n=3 n=75 n=10 n=10
(L/min.) 6.6+ 0.8 7.6+ 1.1 15.9 + 2.0 6.9 4 (.9%*>
PE‘I'cv:o2
(torr) 41 + 0.9 41 + 1.2 44 + 1.2%* 43+ 1.5
Hypoxic Response
AVILs
(L/min.) 7.0+ 1.8 6.4+ 1.0 15,9+ 3.4 7.0% 1.6%*
By
(L-torr/min.) 119 + 27 102 + 18 289 + 73 131 4 28%+*
CO; Response
Slope
(L/minjtorr) 1.7+ 0.2 1.3+0.1 2.0+ 0.3 0.7 £ 0.2%%>
VI at Pco,55 torr
(L/min.} 20.2+ 2.0 21.1 &£ 1.1 201+ 4.5 12.3 & 1.6%**

Values are mean + S.E.M.
*Value of ventilation at PETCQ2 indicated.

**PETco, matched to anaesthetic value by inhaling CO,.
***Significantly different from awake value (p < 0.05).

lenged. Chronic obstructive pulmonary disease,
obesity and narcotic administration all reduce
hypoxic responsiveness, albeit only to the extent
of reduced ventilation and/or ventilatory re-
sponse to carbon dioxide.!?-'S We have recently
reported that light halothane anaesthesia totally
eliminates the normal ventilatory response to
hypoxia and, in some individuals, unmasks slight
ventilatory depression during hypoxia.® The im-
pact of halothane on the hypoxic chemoreflex is
far out of proportion to effects on ventilation and
the carbon dioxide response and represents the
most striking exception to the traditional view.
The aim of the present work was to assess
hypoxic responsiveness during thiopentone seda-
tion and anaesthesia in man.

To compare ventilation and multiple ventila-
tory reflexes in the same subject, a reasonably
steady state of ventilation is required. While this
can be achieved with relative ease in the con-
scious state and during inhalational anaesthesia
or sedation,® ‘‘states’ induced by intravenous
thiopentone present obvious problems. In pre-
liminary studies we found that the loading dose
and maintenance infusion sequence outlined in
Methods (derived from a pharmacokinetic model
of intravenous thiopentone distribution!®) pro-
vided fairly constant ventilation and end-tidal
Pco, over 30 to 45 minutes in most subjects. To
avoid long periods of testing in which large doses
of thiopentone would accumulate, brief tests of
the activity of ventilatory reflexes were required.
Our methods created hypoxic and hypercarbic

stimuli progressively, yielding a relatively large
number of data points in a short period of time.

The values of ventilation and responses to car-
bon dioxide which we observed were in accord
with the results of previous investigations. In
agreement with observations of normal subjects
sedated with pentobarbitone and secobar-
bitone,'”'¥ thiopentone sedation did not sig-
nificantly alter resting ventilation, resting end-
tidal carbon dioxide tension or the ventilatory
response to carbon dioxide (Table I, Figure 2).
Thiopentone anaesthesia reduced minute ventila-
tion, increased end-tidal Pco, (Table I) aad
shifted the ventilation: Pco, response to the right
as well as reducing its slope (Figure 1). In addi-
tion, anaesthesia altered the pattern of unstimu-
lated ventilation to one of smaller tidal volumes
and increased respiratory frequencies. All of
these effects of thiopentone are well-known.!%:2¢
(Note that in this study, conscious subjects were
studied seated, while sedated and anaesthetized
subjects were supine. This position difference
has no effect on control of ventilation in the con-
scious state,2! and therefore should not have
influenced our comparisons).

The important new information we are report-
ing is the influence of thiopentone on isocapnic
hypoxic ventilatory response. Thiopentone seda-
tion did not appear to alter this response (Table 1,
Figure 2). Hirshman, et al. studied ventilatory
responses to hypoxia in awake and pentobar-
bitone (2 mg/kg [.M.) sedated human subjects.
They observed no mean change in the ventilatory
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FiGuRe 1. A. Mean ventilatory response to iso-

capnic hypoxia of subjects anaesthetized with thio-
pentone {THIO), and awake controls (AWAKE). The
broken line represents the mean response of previously
studied subjects anaesthetized with halothane 1.1
MAC.® The mean PETco, values (=S5.E.M.) of awake,
thiopentone and halothane states were 44 + 1, 43 = 2
and43 = 1torr(5.85 £ 0.13,5.72 2 0.27and 5.72 £ 0.13
kPa) respectively. Each response is represented by four
points, the mean inspired ventilations (=S.E.M.) at
PeT,, values of 400, 100, 70and 45 torr(53.1, 13.3,9.31
and 5.99 kPa). Lines approximating the usuai responses
are hand-drawn through the points. Thiopentone anaes-
thesia reduced the ventilatory response to hypoxia;
however, the response was not totally abolished, as
with halothane.

B. Mean ventilatory response to hypercarbia of sub-
jects anaesthetized with thiopentone (TH10}, controls
(AWAKE) and subjects anaesthetized with halothane
1.1 MAC. Dots depict the mean ventilation (+S.E.M.)
ata PET g, of 55 torr (7.32 kPa) and lines represent mean
responses over the PETcq, range tested. Thiopentone
anaesthesia reduced the ventilatory response to carbon
dioxide by a magnitude similar to that previously ob-
served with halothane 1.1 MAC.

response to hypoxia during sedation, although
they point out that in a few individual subjects
there was a slight depression.!” We would attrib-
ute these individuat findings to failure to maintain
strict isocapnic conditions and/or the normal var-
iability of data associated with their method.?? In
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FiGURE 2. Ventilation and ventilatory responses
during thiopentone sedation and anaesthesia. Bars rep-
resent mean values of ventilation and parameters of
response to carbon dioxide, hypoxia and doxapram (see
text), all as a percentage of awake values. Thiopentone
sedation did not significantly alter ventilation or any
response tested. Thiopentone anaesthesia reduced
isocapnic ventilation and the ventilatory responses to
hypercarbia, hypoxia and doxapram. During anaes-
thesia, all mean values decreased approximately in
parallel.

our study, thiopentone anaesthesia produced a
clear reduction in the isocapnic ventilatory re-
sponse to hypoxia (Table I, Figure 1) by a mag-
nitude which closely paralleled anaesthesia in-
duced reductions in isocapnic resting ventilation
and the ventilatory response to carbon dioxide
(Figure 2). This proportionate depression applied
to both the mean group results and individual
values; there was a significant correlation be-
tween reductions of hypoxic response (AVi)
and resting ventilation of individual anaes-
thetized subjects (r = 0.63, P < 0.05).

Like the response to hypoxia, the ventilatory
response to a small dose of doxapram 0.4 mg/kg
is mediated by peripheral chemoreceptors in
man.?* Thiopentone anaesthesia reduced this
low-dose doxapram response in parallel with the
hypoxic response, and thus in parallel with venti-
lation and the carbon dioxide response {Figure 2).

In classical animal experiments, it was re-
peatedly shown that while barbiturate anaes-
thesia depressed minute ventilation and the car-
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bon dioxide response, it preserved a near normal
ventilatory reaction to hypoxia, even when
anaesthesia was quite deep.24-26 The difference
in the present human data could well be species-
related. However, there is another factor which
may be important. At the time of the interpreta-
tion of the older data, the influence of carbon
dioxide levels on hypoxic responses was not gen-
erally recognized and the activity of hypoxic re-
flexes of normocapnic conscious dogs was com-
pared with the activity of responses of hypercap-
nic anaesthetized dogs. Today, it is established
that hypercarbia potentiates the hypoxic che-
moreflex; hence the requirement for strict
isocapnic conditions in comparative studies. If
we were to compare our slightly hypercarbic
anaesthetic responses with those of a normocap-
nic awake group (e.g. the controls of the sedation
group in Table 1}, we, like the earlier inves-
tigators, might erroneously conclude that
thiopentone anaesthesia does not influence the
ventilatory response to hypoxia. The older
studies made the qualitative observation that in
deep thiopentone anaesthesia, when the carbon
dioxide response was totally absent, ventilation
continued solely on the basis of a still-active
hypoxic response.?* The present data do not
exclude the possibility that deep thiopentone
anaesthesia tn man might preserve a vestigial
hypoxic response when the carbon dioxide che-
moreflex is totally abolished.

During thiopentone anaesthesia in this study,
the mean changes in resting ventilation, pattern
of ventilation and response to carbon dioxide
were fortuitously almost identical to changes we
previously observed during halothane anaes-
thesia at 1.1 MAC.® Although thiopentone and
halothane anaesthesia were similar in these ven-
tilatory effects, each had a very different impact
on the ventilatory response to hypoxia. (Some of
the mean halothane 1.1 MAC data of the previous
study are included for comparison in Figure 1.)
Thiopentone anaesthesia reduced the hypoxic
reflex, but it did so only in proportion to areduced
ventilation and ventilatory response to carbon
dioxide. In contrast, halothane selectively
abolished the hypoxic response (Figure 1), Simi-
larly, thiopentone reduced the doxapram (0.4
mg/kg) response in proportion to overali ventila-
tory depression while halothane selectively elim-
inated this response t00.¢ The comparison sug-
gests a qualitatively different action of these two
drugs on components of ventilatory control in-
volved in mediating responses to hypoxia and
low-dose doxapram, that is the peripheral
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chemoreceptors, their immediate central neural
connections and neural circuits which modulate
chemoreceptor transfer functions and medullary
processing of chemoreceptor input.*

In absolute values, the response to hypoxia
during light thiopentone anaesthesia remained
brisk and quantitatively the same as that of
normocapnic awake controls (Table I). As previ-
ously noted, this “‘normal’’ absolute response
depended upon the concurrent hypercarbia pre-
sent during anaesthesia. From the clinical point
of view, it is reasonable to conclude that light
thiopentone anaesthesia, unlike halothane anaes-
thesia, does not critically impair this important
ventilatory reflex.

SUMMARY

We have assessed the impact of thiopentone on
the hypoxic ventilatory reflex, and on the re-
sponses to carbon dioxide and doxapram. Thio-
pentone sedation did not detectably alter any of
these aspects of ventilatory control. Thiopentone
anaesthesia reduced ventilation and the ventila-
tory responses to hypoxia, carbon dioxide and
doxapram, all approximately in parallel. We con-
clude that, in contrast to halothane, thiopentone
does not selectively reduce the ventilatory re-
sponse to hypoxia. During light thiopentone
anaesthesia, a reasonably brisk hypoxic response
is present.

RESUME

Nous avons évalué 'influence du thiopenthal
sur la réponse 'ventilatoire réflexe secondaire a
I’hypoxie, a des variations de Pco, et enfin au
doxapram. Les doses sédatives de thiopenthal ne
modifiaient pas significativement ces réflexes,
alors que des doses anesthésiques de cet agent
diminuaient de fagon paralléle la ventilation ainst
que la ventilation réflexe secondaire a I’hypoxie,
aux modifications de la CO, et au doxapram.
Nous concluons que le thiopenthal ne réduit pas
de fagon sélective laréponse ventilatoire réflexe 4
I’hypoxie; I'halothane exerce, par contraste, une
telle activité sélective. Sous anesthésie légere au
thiopenthal, laréponse a I’hypoxie est assez vive.
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ABBREVIATIONS

PETco, = end-tidal carbon dioxide tension

PET,, = end-tidal oxygen tension

Vi = inspired minute ventilation

AV = isocapnic increment of inspired
minute ventilation from hyperoxia
to a PeT,, of 45 torr

HAY = calculated variable of hypoxic
responsiveness (see Methods)

Fig, = inspired oxygen concentration

S.D. = standard deviation

S.E.M. = standard error of the mean

B.T.P.S. = body temperature and ambient

pressure, saturated
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