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ABSTRACT 

To assess the impact of surgical stimulation on regulation of ventilation in anaesthetized man, 
we measured ventilation and the ventilatory responses to either hyperoxic hypercapnia or to 
isocapnic hypoxaemia in fifteen subjects anaesthetized with enflurane I. I MAC,just prior to 
and then during a surgical procedure. Anaesthesia alone reduced ventilation, increased Pac~..,, 
decreased the response to carbon dioxide and virtually abolished the response to hypoxaemia. 
The addition of operation at the same level of anaesthesia augmented ventilation and reduced 
Paco ~, but did not improve the anaesthesia-induced impairment of the responses to hypercar- 
bia and hypoxaemia. Over the range of Pco~ and Poz values studied, the effects of surgery were 
constant and independent of chemical drive. 

IN UNSTIMULATED SUBJECTS, halogenated 
anaesthetic agents are ventilatory depressants;  
they reduce minute ventilation, increase Pa~.o~ 
and impair ventilatory responses to added carbon 
dioxide, hypoxaemia and metabolic acidaemia, 
all in a dose-related fashion, t-5 Surgery acts 
commonly as a ventilatory stimulant, augmenting 
minute ventilation and reducing Paco., from 
values observed daring anaesthesia alone. 6.7 
Whether  surgical stimulation also affects che- 
moreflex activities such as the ventilatory re- 
sponses  to hypercarbia and to hypoxaemia has 
not been explored in man. Augmentation of  rest- 
ing ventilation during surgery does not necessar-  
ily imply a parallel improvement  in ventilatory 
chemoreflexes.  

METHODS 

The protocol for this study was reviewed and 
approved by an Ethics Committee of  the Univer- 
sity of  Western Ontario. Each subject gave writ- 
ten consent  to participate, after being informed of 
the nature of  the proposed study and the risks 
involved. 

There were 15 healthy subjects,  all of  whom 

A.M. Lam, M.D., Resident; J.L. Clement, R.N.; 
R.L. Knill, M.D., F.R.C.P.(C), Associate Professor; 
Department of Anaesthesia, University Hospital, Uni- 
versity of Western Ontario, London, Canada. 

This work was supported by the Medical Research 
Council of Canada, Development Grant 150.. 

Address reprint requests to Dr. R.L. Knill, Depart- 
ment of Anaesthesia, University Hospital, 339 Win- 
dermere Road, London, Ontario, Canada, N6A 5A5. 

Canad. Anaesth. Soc. J., vol. 27, no. 1, January 1980 

were about to undergo dental or peripheral or- 
thopaedic operations. Their mean age was 22 + 3 
years,  weight 66.8 ___ 12.7 kg, and height 170 + 
11 cm (mean 4" S.D.). All subjects were studied at 
enflurane 1.1 MAC, first without and then with 
operative stimulation. To reduce the duration of 
individual studies to a minimum, we arbitrarily 
divided subjects into two groups and measured 
only one chemoreflex response in the members  of  
each, in group 1 (n = 8), the response to hyper- 
capnia and in group II (n = 7), the response to 
hypoxaemia.  

All subjects were tmpremedicated and were 
supine. Anaesthesia was induced with enflurane 
in oxygen, employing a non-rebreathing system. 
Some inductions were supplemented with a small 
intravenous dose of thiopentone (1-2 mg. kg-J). 
With the aid of  intravenous succinylcholine 
I mg .kg  -t the glottis and upper trachea were 
sprayed with a topical lidocaine solution and the 
trachea was intubated with an 8 or8.5  mm cuffed 
tube. Administration of  enflurane in oxygen con- 
tinued for at least 45 minutes, with inhaled con- 
centrations adjusted to achieve end-tidal values 
equivalent to I. I MAC (i.e. 1.5-1.9 per cent) s. 
Before commencing tests,  we ensured that values 
of  end-tidal enflurane, PETco2 and minute venti- 
lation were all steady for at least 10 minutes. 

We first recorded a two-minute period of  ven- 
tilation and withdrew a sample of  arterialized 
blood from a free-flowing vein of the dorsum of 
the hand for determination of  carbon dioxide ten- 
sion. 9 Next,  in subjects of  group I, we induced 
hyperoxic hypercapnia by Read 's  rebreathing 
technique. L~ A circle rebreathing circuit of 10- 
litre capacity was flushed and filled with carbon 
dioxide 7 -9  per cent in oxygen,  along with 
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enflurane in a concentration appropriate to 
maintaining end-tidal enflttrane constant. The 
subject's airway was connected to this circuit 
and his lungs were inflated with four large vol- 
umes. Following the resumption of spontaneous 
breathing, the recordi ng of exhaled carbon dioxide 
concentration was examined for the appearance of 
a steady mixed venous "pla teau" ,  indicative of an 
equilibrium of carbon dioxide between mixed ven- 
ous blood, arterial blood and gas in the lung and 
rebreathing circuit. ~ With a plateau present, re- 
breathing was allowed to continue until the circuit 
carbon dioxide concentration had increased 
1,5-2.0 per cent (approximately 1.5-2.0kPa). 
This was usually achieved in four or five minutes. 
Subsequently, the subject was returned to the 
non-rebreathing circuit to re-establish control val- 
ues of ventilation and PETco.~. 

With ventilatory and end-tidal enflurane vari- 
ables steady, the surgical procedure began. To 
maintain end-tidal enflurane at the 1.1 MAC level 
during operation it was frequently necessary 
to reduce inspired enflurane concentrations 
slightly. After at least 15 minutes of surgery and 
when values of PET~.o2 became reasonably steady 
(+0.2 kPa) at a new level, we repeated the mea- 
surements made during anaesthesia alone. 

In subjects of group 1I, we measured the ven- 
tilatory response to isocapnic hypoxaemia in- 
stead of the response to hypercapnia. Hy- 
poxaemia was induced by a progressive and 
non-rebreathing technique, similar to that em- 
ployed by Well et al. tz Inhaled oxygen was re- 
placed with air and then with a mixture of air and 
nitrogen so that end-tidal oxygen concentration 
decreased to approximately 6 per cent (i.e. 6 kPa, 
45 torr) over a 6 to 10-minute period. The lowest 
level of oxygen tension was maintained constant 
for about 20 seconds. End-tidal carbon dioxide 
was monitored continuously, with carbon 
dioxide available for inhalation if needed to 
maintain end-tidal isocapnia. 

Exhaled gases were sampled continuously 
during all tests and were analyzed for carbon 
dioxide, oxygen and enflurane concentrations by 
a Perkin-Elmer #1100 mass spectrometer. The 
instrument was calibrated each testing day with 
oxygen and carbon dioxide standards from Cana- 
dian Liquid Air Company and an enflurane stan- 
dard from Scott Speciality Gases. Output signals 
were fed to a multi-channel time-based recorder, 
from which end-tidal plateau concentrations 
could be read. Values of dried end-tidal gas con- 
centrations were converted to tensions, employ- 
ing the measured barometric pressure of the day 

AND VENTILATORY CHEMOREFLEXES 23 

of testing and assuming water vapour saturation 
of end-tidal gas. 

Blood samples were capped and placed on ice 
immediately. They were analyzed within an hour 
for their carbon dioxide and oxygen tensions, 
using a Radiometer Copenhagen BMS III system. 
Arterialization of blood samples was considered 
adequate if Po2 exceeded 26.6 kPa (200 torr). 

Inspired volume was measured by pneu- 
motachography, with a pneumotachograph head 
incorporated in the inspiratory limb of each cir- 
cuit. The integrated signal (volume), was reg- 
ularly calibrated with an air calibration syringe, 
and correction factors were applied for the den- 
sity and viscosity of the various gas mixtures 
inhaled. Values of resting ventilation were the 
averages of one-minute re~:ordings of ventilatlon; 
values of instantaneous ventilation during che- 
moreflex testing were the averages of at least 
three consecutive breaths. All volume and venti- 
lation values were converted to B.T.P.S.. 

From each chemoreflex test, we collected 12 or 
more pairs of observations (Vi, Pex~.o._, or X~t, 
PETo,~ points). To represent the response to car- 
bon dioxide, we assumed a linear relationship 
between ventilation and PETco., and found the 
slope of its least-squares regression. To depict 
responses to hypoxaemia, we assumed that val- 
ues of ventilation related to PEro2 in a hyperbo- 
lic fashion, according to the following regression 
equation: 

~'l = VIo + A/PETo._, -- 30* 

We computed the parameter " A " ,  which is the 
slope of the least-squares hyperbolic regression, 
The value of " A " ,  with the units I. kPa/mln 
represents the shape of the Vt:PEIo2 curve and 
therefore the magnitude of ventilatory response 
to hypoxaemia.~Z In addition, we determined the 
"A~'[4s"; that is, the increment in ventilation 
between PEro, ., of 50kPa and 6kPa (approxi- 
mately 400 torr and 45 ton'). 

To detect possible differences between data 
collected before and during surgical stimulation, 
we employed a Student 's  t-test for paired data. P 
values of 0.05 or less were regarded as indicative 
of a significant difference. To compare our data to 
the awake state, we have included in our results 
the carbon dioxide and hypoxaemia responses of 
15 awake subjects who were matched closely to 

*The constant "30" represents the PETo~ at which 
the extrapolated slope of the ~']:P~Io2 curve ap- 
proaches infinity and the ~'Io represents the VI at high 
PETo2 where the extrapolated slope approaches zero. ~z 
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FIGURE I Pattern of ventilation of a typical subject 
anaesthetized with enflurane 1.1 MAC,just prior to and 
during surgical stimulation. Points represent the aver- 
aged v~dues of ventilation over successive 15-second 
intervals. Anaesthesia alone reduced ventilation to a 
steady value below predicted awake. Surgery aug- 
mented ventilation variably from moment to moment. 
The two peak values of ventilation (points above the 
shaded area) were associated with drilling of bone. 

our  anaes the t ized  subjects  for age, sex and body 
size. 
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RESULTS 

All subjects  recovered from anaes thes ia  and 
the surgical procedure  without complicat ions re- 
lated t o o u r  study.  

Compared  to expected awake values,  en- 
flurane l.I MAC reduced minute  ventilation, in- 
creased Pa(u2 and altered the pattern of  breath- 

ing to smaller  vo lumes  and increased frequen- 
cies (Table 1). 

Surgical s t imulation always augmented  venti- 
lation, but  the effect varied from moment  to mo- 
ment  (Figure I). Much of  the variation could be 
at tr ibuted to particularly potent  surgical stimuli,  
such  as incisions o f  oral mucous  membranes  and 
drilling of  bone. Typically,  these  stimuli pro- 
duced a sudden and large increment  of  ventila- 
tion, followed by a gradual diminution over  the 
minute  or so after cessat ion of  the s t imulus  
(Figure 1). The  basis for the remaining variabil- 
ity was not apparent .  

As the abrupt  increments  of  ventilation as- 
sociated with potent  stimuli made the determina- 
tion of ventilatory responses  to chemical  vari- 
ables difficult (see Discussion) ,  we limited our  
measu remen t s  and tests  to periods of surgery in 
which  these  stimuli were not  present .  Values of  
ins tan taneous  ventilation then fell within ranges 
o f  less than  one litre/min in all subjects  (e.g. 
shaded area of Figure 1). The ventilation and 
venti latory responses  reported are in effect mean  
values  from these ranges.  
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FIGURE 2 Effect of surgical stimulation on ventila- 
tory response to carbon dioxide at enflurane I. I MAC. 
(Mean data of group I subjects.) Circles represent val- 
ues of ventilation and Par,._, observed at rest. Lines 
depict the calculated slopes of ventilation: Pet), re- 
lationships. While surgery augmented ventilation and 
reduced Pa~..~, it did not alter the slope of the ventila- 
tory response to carbon dioxide�9 
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FIGURE 3 Effect of surgical stimulation on ventila- 
tory response to hypoxaemia at enflurane 1.1 MAC. 
(Mean data of group II subjects.) Circles represent 
mean ventilation at PET4)~ of 50, 13.3, 9.3, 6.7 and 6.0 
kPa (approximately 400, 100, 70, 50 and 45 torr). Lines 
were hand drawn through these points. During anaes- 
thesia, the ventilatory response to hypoxaemia was 
virtually absent. Surgery increased ventilation, but did 
not restore the hypoxaemic response. 

Surgery increased minute ventilation and tidal 
volume,  but did not alter ventilatory f requency.  
Pa<..~ decreased during surgery,  with individual 
reductions ranging from 0. i to 1.3 kPa (Table i). 
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TABLE ! 
VALUES OF VENTILATION AND Pac.,~ 
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GROUP1 GROUPII 

Anaes. Anaes. & Anaes. Anaes. & 
alone surgery alone surgery 

'V'l 3.55 4- 0.33 4.73 4- 0.34* 3.51 -F 0.39 5.11 -t- 0.67* 
(l/min) 

VT .20 4- 0.02 .27 4- 0.02* .23 4- 0.01 .31 __. 0.03* 
(litres) 

f 184- 1 17__, 1 154- 1 164- 1 

Paco~ 7.5 __. 0.4 6.5 4- 1.0' 7.4 4- 0.4 6.9 + 0.3* 
(kPa) 

All values  are mean _+ S .E .M.  

*Significantly different from values during anaes, alone (p < 0.005). 

TABLE 11 
VENI"ILATORY RESPONSES TO CO 2 AND HYPOXAEMIA 

Anaes. Anaes. & 
Awake* alone surgery 

CO2 response 
(Group I) 

Slope 
(Llmin/kPa) 

Hypoxaemic 
response 

(Group It) 
" A "  

(1' kPa/min) 
~t~QI45 

(l/rain) 

13.5 -t- 1.5 2.3 -4- 0.8 3.0 -F 0.8 

23 __. 2 2 __. I -0.3-1- I 

9 .9+0.8  0 .5+0.3  - 0 . 4 + 0 . 3  

All values are mean __. S.E.M. 
*Matched group of awake subjects. 

Enflurane 1.1 MAC alone reduced the slope o f  
the venti latory response  to carbon dioxide and 
virtually abolished the responses  to hypoxaemia  
(Table 11). With surgical s t imulation,  there was 
no statistically significant change in the reactivity 
to either chemical  s t imulus  (Table 11, Figure 2 
and 3). 

DISCUSSION 

While there is considerable information on the 
depress ive  effects of  anaes thes ia  on cardio- 
respiratory funct ion in man,  relatively little has  
been documented  on the impact  of  an operat ive 
procedure.  Anaes the t i s t s  know that  surgical 
s t imulation is a potent  s t imulus  to breathing and 
can somet imes  be useful in in i t i a t ingand  main- 
taining adequate spon taneous  ventilation in their 

patients .  6'7 The  aim of  this s tudy  was to quant i fy  
this effect of  surgery on both venti lat ion and ven- 
tilatory chemoref lexes  in heal thy subjects  at 
enflurane 1. I MAC.  

To s tudy  and character ize  regulat ion of  
breathing properly requires  that the  level o f  
anaes thes ia ,  the carbon dioxide tension and the  
vo lume of  ventilation shall all be cons tan t  for at 
least ten minutes  before making m e a s u r e m e n t s .  
These  " s t e a d y - s t a t e "  end-points  were achieved 
with relative ease during anaes thes ia  alone,  but  
surgical s t imulat ion presented  a problem.  Venti- 
lation (and thus  venti latory control)  varied from 
momen t - t o -momen t  in the course  of  surgery,  
especially during and immediate ly  following in- 
tense  surgical stimuli (Figure I). Swings o f  in- 
s t an taneous  ventilation were a problem particu- 
larly when super imposed  upon chemoref lex  re- 
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sponses; their presence made discernment of the 
effects of progressive chemical stimuli (hyper- 
carbia or hypoxaemia) nearly impossible. 

To reduce the problem considerably, we 
elected to study periods of surgical stimulation 
which excluded acute potent stimuli. This re- 
duced the variation of ventilation to much smaller 
and reasonably consistent ranges (such as the 
shaded area of Figure 1). Our methods of analysis 
in effect " 'damped" the remaining unsteadiness; 
we averaged values of resting ventilation over 
two-minute periods and computed mean 
parameters of chemical responsiveness from 
large numbers of data points collected over five to 
ten minutes of testing. 

The ventilatory effects of enflurane 1.1 MAC 
(Table I) were similar to those previously re- 
ported. -~,~3 When administered alone this agent is 
the most potent venlilatory depressant among 
inhaled halogenated agents. Surgical stimulation 
during enflurane anaesthesia increased mean 
ventilation 1.5 Itmin and reduced mean Paco2 by 
0.7 kPa (5 torr); a change in Paco~ approximating 
that observed during equi-potent anaesthetic 
doses of halothane, isoflurane, isoflarane-nitrous 
oxide or with a halothane or isoflurane-nitrous 
oxide-narcotic mixture. 1,6.7 

The reduction in Paco.., in our study was not as 
great as would be expected on the basis of the 
ventilatory response alone; ventilation increased 
approximately 30 per cent, while the mean Pac<~2 
decreased less than 10 per cent. This difference 
suggested additional effects of operation on 
non-ventilatory determinants of Pacu2 such as 
carbon dioxide output and/or physiological 
dead-space. We measured these variables in five 
subjects* and found that surgery increased car- 
bon dioxide output from 131 + 16 to 172 _+ 
17 ml/min (mean _ S.E.M., S.T.P.D., P <  0.05), 
while having little effect on physiological dead- 
space to tidal volume ratio, from 0.48 ___ 0.04 to 
0.44 + 0.04 (N.S.). This increment in carbon 
dioxide output during operation, which was 
similar in magnitude to values previously re- 
ported, 6 accounts for the reduced effect of the 
ventilatory response on Pacoz- 

The ventilatory responses to chemical stimuli, 
which are essential to the normal metabolic reg- 
ulation of breathing, were of particular interest in 
this study. The two which were tested, the re- 

*Carbon dioxide output  was determined from the 
carbon dioxide content of a five-minute collection of 
exhaled gas. Physiological dead-space to tidal volume 
ratio was found by Bohr ' s  method. 

sponses to hyperoxic hypercapnia and isocapnic 
hypoxaemia, represent the medullary 
chemoreceptor mediated response to Pco:/[H +] 
and the peripheral chemoreceptor mediated re- 
sponse to Po2, respectively. Details and limita- 
tions of our methods of testing have been outlined 
in other reports. 4's 

In agreement with previous findings, enflurane 
1. I MAC alone reduced the ventilatory response 
to carbon dioxide and virtually abolished the re- 
sponse to hypoxaemia 5 (Table Ii). Although sur- 
gical stimulation increased resting ventilation, it 
did not alter chemoresponsivcness. During oper- 
ation, the slope of the response to carbon dioxide 
was not detectably different from that during 
anaesthesia alone and there remained little or no 
ventilatory response to hypoxaemia. Stated 
anoiher way, the stimulus of surgery augmented 
ventilation by a similar magnitude at all levels of 
Pco2 and Poz that we tested. Thus, the impact of 
surgery was virtually independent of chemical 
drive (Table II, Figures 2 and 3). 

Bourke, e t a l .  ~4 studied the effect of surgery on 
the ventilatory response to carbon dioxide in 
subjects lightly anaesthetized with nitrous oxide 
and enflurane. Although their method of testing 
differed from ours (steady states of hypercarbia 
at only two levels of Paco._,), their essentlal finding 
was the same; surgical stimulation increased 
ventilation without altering the sensitivity, of re- 
sponse to carbon dioxide. To our knowledge, the 
effect of surgery on the hypoxaemic response has 
not been previously studied. 

What is the clinical importance of our results? 
We suspect that the quantitative findings, the 
magnitude of changes of ventilation and Pacne 
during surgery, may be closely dependent upon 
the conditions we studied (i.e. basal stimulation 
associated with particular operative procedures 
in healthy young subjects at a steady state of 
anaesthesia with enflurane 1.1 MAC) and may 
vary in other clinical circumstances. The obser- 
vation of greatest interest is that a surgical 
stimulus which augments ventilation during 
anaesthesia does not necessarily improve the ac- 
tivity of chemical reflexes. Thus a lightly anaes- 
thetized patient may have a ventilatory response 
to surgery which reduces carbon dioxide levels 
toward normal 6,7 and yet still retain the impair- 
ment ofchemoreflex associated with anaesthesia 
alone. The implications of obtunded responses to 
hypercarbia and hypoxaemia are an inability to 
compensate normally for added carbon dioxide 
or rebreathing and for episodes of hypoxaemia. 

The mechanism by which surgery stimulates 
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ventilation in the presence of  anaes thes ia  is un- 
certain. Nociceptive mechan i sms  in general  are 
poorly unders tood.  The rapidity of  venti latory 
changes  during operation suggest  that neurogenic 
mechan i sms  play a prominent  role. It is known 
that peripheral nerve fibres carrying painful 
stimuli,  such as small  d iameter  myel inated (A, 
delta) and unmyel inated (C) fibres, have exten-  
sive connect ions  with brain s tem reticular 
neurons,  ~5 where respiratory control mecha-  
nisms aJ'e located. When  these  peripheral fibres 
are st imulated electrically in anaes thet ized cats ,  
there is an abrupt incrcase in ventilation similar to 
that observed with electrical s t imulation of  the 
reticular neurons  themselves ,  which is thought  to 
be mediated by " r eve rbe ra t i on"  o f  reticular ac- 
tivating circuits. ~6-~s T hus ,  a plausible explana-  
tion for the venti latory effects of  surgery or 
nociceptive stimuli is s imply augmented  "neura l  
traffic" in the brain s t em reticular formation.  
Specifically where and how this additional 
" t raff ic"  might act on mechan i sms  of venti latory 
control is not clear. The  present  data sugges ts  
only that the action does not lnteract  with chemi-  
cal drive. Other  factors associa ted with surgery 
which might contr ibute  to its venti latory effects 
include increases  in ca techolamine  level, 
metabolic rate, carbon dioxide production and 
cardiac output ,  all of  which have been reported to 
be venti latory s t imulants .  ,9-2_, 
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ABBREVIATIONS 

Vr  
f 
Par 
PETco., 

PE'rt~ e 
~Vt45 

" A "  

B.T.P.S.  

inspired minute ventilation 
inspired tidal vo lume 
f requency of  breathing (breaths/rain) 
arterial carbon dioxide tension 
end-tidal carbon dioxide tension 
end-tidal oxygen  tension 
isocapnic change of inspired minute 
ventilation from hyperoxia  to a PETo~ 
of 6.0 kPa (45 torr) 
calculated variable of  hypoxic  respon-  
s iveness  (see Methods)  
body tempera ture  and ambient  pres- 
sure,  sa turated with water  vapour  

S .T.P .D.  s tandard tempera ture  and pressure ,  
dry 

S.D. s landard deviat ion 
S .E.M.  s t a n d a r d e r r o r o f t h e  mean  
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RI~SUMt2 

Dans le but d'6valuer l'influence de la stimulation chirurgicale sur le contr61e de la ventilation 
de I'humain sous anesthdsie, on a mesur~ la ventilation et la r6ponse ventilatoire b.l'hypercap- 
nie en hyperoxie et h I'hypox6mie en isocapnie chez 15 sujets anesth6si6s fi I'enflurane (I. I 
MAC). Les mesures ont 6t6 effectu6es juste avant la stimulation chirurgicale ainsi que durant 
la chirurgie. L'anesth6sie sans stimulation chirurgicale r6duisait la ventilation avec 616ration 
de la Pa~,,~, diminuait la r,~ponse au CO2 et abolissait virtuellement celle '~ I'hypox6mie. La 
chirurgie an m~me niveau d'anesth6sie s'accompagnait d'une augmentation de la ventilation 
avec diminution de la Pa~,~)= mais ne modifiait pas les r6ponses ventilatoires b. I'hypox6mie et b. 
l'hypercarbie produites par l'anesth6sie. L'influence de la chirurgie ~tait constante aux 
valeurs de Pco2 el de Po2 ~tudi~es. 


