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ABSTRACT: A recently developed CO, pu.lse technique was used to test for 
ventilatory sensitivity to C01 In four normal men following 2 mJn voluntary 
hyperventilation down to an end-tidal C0

1 
tension (P&Tco

1
) of 20 mmHg (2.7 

k.Pa). Pure C0
2 

was Injected Into the Inspiratory limb of a breathing circuit 
at 0.4 I ·mln'1 for 30 s and any small ventllatory response was detected against 
background noise by ensemble-averaging of multiple runs. 

Following hyperventilation, ventilation was initially often above control and 
apnoea was not seen. In one subject, the veotiJatory response to the C01 pulse 
was barely detectable either before or after hyperventilation. In another sub· 
ject, there was a response to pulses given before hyperventilation and 3 and 
5.5 min after hyperventilation but not 30 s after hyperventilation when PETco

1 
was about 25 mmHg (3.3 kPa) a.od rising. In the two remaining subjects 
ventilatory responses were seen to C0

1 
pulses started 30 s after hypervent· 

iJation, although PETco
1 

following the pu.lse remained some 5 mmHg (0.7 kPa) 
below baseline. 

We conclude that In some subjects the PETC0
1 

threshold lies well below the 
normal PETC01• The technique Is ted.ious for the experimental subject because 
of the large number or repetltloos required and, therefore, unsuitable for a 
study on a large number of subjects. 
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In hypoxia the ventilatory response to carbon diox
ide shows threshold behaviour [1] . Early reports of 
apnoea following hyperventilation [2] suggested that 
such thresholds also exist in normoxia but it now 
seems that apnoea following voluntary hyperventilation 
seldom occurs in normal awake humans [3]. This 
absence of apnoea means that col can be given 
during the recovery from hyperventilation when alveo
lar carbon dioxide tension (PAco2) values are below 
normal and we thought that such an approach might 
enable us to demonstrate the presence or absence of 
Pco2 threshold in normoxia. We knew that to keep 
below any putative threshold only small amounts of 
C0

2 
could be given and that to detect any ventilatory 

response would require averaging of large numbers of 
runs. 

pneumotachographs on both the inspiratory and 
expiratory sides. Ventilation was derived from the 
inspiratory signals, the expiratory pneumotachograph 
being used for the computer detection of the begin
ning and end of inspiration. Gas at the mouth was 
sampled continuously with a mass spectrometer. The 
data were analysed off-line using a PDP 11/23 
computer. An event marker enabled several runs to 
be accurately time aligned, merged and bin-averaged. 

Methods 

Experiments were performed on four healthy men 
aged 32-48 yrs. 

The apparatus consisted of a mouthpiece attached to 
a low resistance breathing valve which separated the 
inspiratory and expiratory tubing. On the inspiratory 
limb was a 1.2 l mixing chamber, into which pure 
C02 could be added via a rotameter. There were 

The apparatus and its calibration have been 
described in detail previously [ 4, 5]. 

Protocols 

Each study involved giving small pulses of C0
2 

(0.4 /·min·1 for 30 s) at various times in relation to a 
2 min period of hyperventilation down to an end-tidal 
Pco

2 
of 20 mmHg (2. 7 kPa). The command given to 

the subject at the end of hyperventilation was "Stop 
hyperventilating now". The experiments were not per
formed at any particular time of day but when con
trol runs were performed they were always paired with 
an experimental run. 

Study 1. Two subjects (M and S) took part. After 
the subject had been breathing on the apparatus for 5.5 
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min a 30 s C0
2 

pulse was delivered. From 10-12 
min the subject byperventilated and an identical C02 
pulse was started 30 s after the end of hypervent
ilation. A third CO pulse was given 5.5 min after 
hyperventilation and tte subject continued breathing on 
the mouthpiece for a further 4 min. Subject M 
performed 11 such runs alternating with control runs 
when no C0

2 
was given. Subject S performed 10 

experimental runs only. 

Study 2. After 4 min breathing into the apparatus, 
subject M hyperventilated for 2 min. Three pulses of 
C02 were injected 30 s, 3 min and 5.5 min after hy
perventilation. Ten such runs were performed each 
lasting 15 min. Again they were alternated with con
trol runs when no C02 was given. 
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second pulse delivered 30 s after hyperventilation 
did not. The response was restored by the time the 
third pulse was given 5.5 min after hyperventilation. 

Figure 2 shows the results for subject S. In this 
subject even before hyperventilation the ventilatory re
sponse to C0

2 
was barely detectable. Furthermore, 

after hyperventilation there was profound hypopnoea 
so that PETco2 rose close to control by the time of the 
first posthyperventilation CO~ pulse. Both of these ob
servations made this subject unsuitable for our 
purposes and he was not studied further. 

Studies 2 and 3. In study 2 (subject M), an additional 
pulse was interposed midway between the two 
posthyperventilation pulses in order to see at what 
point during the recovery from hyperventilation C0

2 

EmJt 
C02 pulse 

10 12 . 14 16 18 20 22 

Time min 
Fig. 1. - Subject M, ventilatlo.n and PE'rco2 during study 1. Eleven experimental runs (solid llnes) and 7 control runs (broken lines) averaged 
in 15 s bins. C02 pulses started at 5.5, 12.5 and 17.5 min. Hyperventilation (HV) from 10-12 min. Standard errors In this and subsequent 
figures were around 0.7 I ·min·1 for ventilation and 0.3 mmHg for PErco2• PETC02: end·tidal carbon dioxide tension. 

Study 3. This was as for study 2 except that only 
the last two C02 pulses were given and there were no 
control runs. 

Study 4. Subjects A and V took part. After 3 min 
breathing into the apparatus they hyperventilated for 
2 min. C02 pulses were given 30 s and 5.5 min 
after hyperventilation. Seven experimental runs and 
seven control runs, when no C0

2 
was given, each 

lasting 14 min were performed. 
The protocol was approved by the local Ethical 

Committee. 

Results 

Study 1. The bin-averaged results for subject M are 
presented in figure 1. Apnoea was not seen following 
hyperventilation. In fact hyperpnoea continued 
after the command to stop, ventilation falling gradu
ally to below the starting ventilation. As expected, the 
first pulse of C0

2 
given before hyperventilation 

produced a detectable ventilatory response but the 
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Fig. 2. • Subject S, ventilation and Pnco2 during 1tudy 1. Data 
averaged from 10 runs in 15 a blna. Hyperventilation (HV) from 
10-12 min. C02 pulaea started at 5.5, 12.5 and 17.5 min. No control 
runs performed. hrco2: end·tidaJ carbon dioxide tension. 
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responsiveness returned . Figure 3 shows that a 
ventilatory response was detectable when the pulse was 
given 3 min after hyperventilation but comparison with 
the control runs suggests that the preceding pulse 
might have elevated the Pcol more rapidly towards the 
threshold. A similar phenomenon is apparent in 
figure 1. However, when in study 3 only the final 
two pulses were given, the PBTC0

2 
still returned to 

normal by 3 min after hyperventilation and a 
ventilatory response was clearly seen in response to a 
C0

2 
pulse given at this time (fig. 4). 
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In summary, of the four subjects studied, one 
(subject S) had hardly any ventilatory response to 
the C0

2 
pulse whether given before or after 

hyperventilation. This subject also showed profound 
hypopnoea after the end of the period of over· 
breathing whereas the other three subjects all contin
ued overbreathing after the command to stop. In two 
of these subjects (A and V) there were ventilatory re
sponses to C02 pulses given 30 s after hyperventila
tion when PBTCo was between 5 and 10 mmHg below 
baseline as we\1 as to pulses given at 5.5 min. 

8 10 12 14 16 
Time min 

Fig. 3. - Subject M, ventilation and PBTco1 during study 2. Ten experimental runs (solid lines) amd 10 control runs (broken lines) averaged 
in 15 s bins. Hyperventilation (HV) from 4-6 min. eo, pulses started at 6.5, 9 and 11.5 min. PI!TC02: end·tidal carbon dioxide tension. 
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Fig. 4. - Subject M, ventilation and PBrco2 during study 3. Data from 10 runs averaged in 15 s bins. Hyperventilation (HV) from 4-6 min. 
eo, pulses started at 9 and 11.5 min. No controls. PBrco,: end·tidal carbon dioxide tension. 

Study 4. Figures 5 and 6 show the results for the 
two subjects (A and V). Here, the flrst C02 pulse was 
started when PETC0

2 
was over 10 mmHg (1.3 kPa) 

below control and, despite this, clear ventilatory 
responses are seen comparable in size to those 
occurring later when PBTco2 had returned towards its 
baseline. 

Despite a comparable degree of hypocapnia subject M 
showed no definite ventilatory response to col given 
at 30 s though there were responses to the later pulses 
administered 3 and 5.5 min after hyperventilation. For 
subject M the responses at 3 min and 5.5 min occurred 
whether or not a pulse had been given at 30 s but in 
both cases by then PETco2 bad returned to baseline. 
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Fig. S. - Subject A, ventilation and PETco1 during study 4. Seven 
experimental runs (solid lines) and 7 control runs (broken lines) 
averaged in 15 s bins. Hyperventilation (HV) from 3-5 min. C01 
pulses sta.rtcd at 5.5 and 11 min. P£tco1: end-tidal carbon dioxide 
tension. 

Subject V Study 4 
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Fig. 6. - Subject V, ventilation and PErco2 during study 4. Seven 
experimental runs (solid lines) and 7 control runs (broken lines) 
averaged in 20 s bins. Hyperventilation (HV) from 3-5 min. C02 
pulses started at 5.5 and 11 min. PETco1: end-tidal carbon dioxide 
tension. 

Discussion 

The limitations of the metabolic hyperbola mean that 
the ventilatory response to CO cannot easily be meas
ured below the normal arteriaf carbon dioxide tension 
(Pacoz). When ventilation is driven by some other 
stimulus, such as hyperthermia, ventilation appears to 
become unresponsive to the prevailing Pco2 [6] but 
stimulus interactions of this sort may not be quite the 
same as direct measures of C0

2 
responsiveness below 

the normal control point. An attractive way to 
investigate the presence of a threshold is by C02 
unloading. This has been exploited in patients with 

renal disease on dialysis [7], though comparison with 
normal subjects may not be entirely appropriate. 
Although the amount of CO~ unloaded in this study 
was not large, and Paco2 dechned by only 2-3 mmHg 
(0.3~.4 kPa) ventilation decreased on a background 
Paco of 35 mmHg (4.7 kPa) or less. The overall 
ventifatory threshold in these patients must presumably 
be below this point, as in our own subjects A and V. 

DUFPIN and eo-workers (8, 9] have made estimates 
of col thresholds for peripheral and central chemo
receptors using a rebreathing technique and obtained 
valu~s of about 39 and 45 mmHg (5 .2 and 6.0 kPa) 
respectively. The rebreathing technique was originally 
devised to obtain equilibration between Pco2 levels in 
the rebreathing bag, brain and blood but, to get down 
to threshold values, rebreathing imme-diately follows 
a period of voluntary hyperventilation. In these cir
cumstances, CO~ stores in brain and body compart· 
ments are changmg at rates that are difficult to predict 
and we have some reservation about the meaning of 
the bag Pco2 values. CASTELE et al. (10] used a posi
tive-pressure respirator to hyperventilate conscious sub· 
jects to a Pco

2 
of 30 mmHg (4.0 kPa) and then gave 

inspired C02 to raise PETco2 gradually. The first sign 
of added inspiratory effort appeared at a mean value 
of 40 mmHg (5.3 kPa), suggesting a Pco

2 
threshold 

at that level. 
We also used hyperventilation to bring the Pco

2 
down and, to test for C02 responsiveness during the 
recovery, we applied a newly developed co1 pulse 
technique. Administering the C02 depenaed on 
ventilation continuing despite the hyperventilation. 
We were careful to instruct our subjects to "stop 
hyperventilating" rather than to breathe normally but, 
despite this, not only was there no apnoea, but in three 
of the subjects ventilation continued for a while above 
control. The mechanism of the increased ventilation 
during the recovery from hyperventilation is not clear 
but the phenomenon is well recognised in man [3, 11 ], 
and the dynamics have been explored in detail in cats 
(12]. 

To keep the Pco2 below any possible threshold only 
a small amount of carbon dioxide could be given. 
This had the advantage that the subjects were not able 
to detect when the C02 had been given and there was 
unlikely to be any important secondary change in 
cerebral blood flow . However, the resulting 
ventilatory response was so small that, in a single run, 
it could not be distinguished from the normal varia
tions in breathing. Separating the response from the 
background noise was achieved by ensemble
averaging multiple runs. In the event, large numbers 
of runs were required to detect pulse responses on 
background of rapidly changing ventilation and Pco

2
• 

Eighty six runs of between 14-22 min provided the 
results reported here. The technique is, therefore, 
unsuitable for a study on large numbers of subjects. 

Subject S (fig. 2) gave an unusual response to 
hyperventilation in that ventilation fell immediately 
to about SO% of control values. We did not see such 
a profound or rapid decrease in the other subjects. 
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It is interesting that the C02 sensitivity in this sub
ject seemed low in that a ventilatory response was 
barely detectable during normal breathing. We see no 
reason to associate these two observations, but have 
been unable to pursue the matter in this subject 
(e.g. by using more conventional C02 response 
techniques). 

In two of the subjects (A and V), we demonstrated 
a ventilatory response to a pulse of carbon dioxide 
given 30 s after hyperventilation when PETCo2 was 
5-10 mmHg (0. 7-1.3 kPa) below its baseline. 
This suggests that if there is a Pco2 threshold in 
normoxia, in these subjects it must lie at least 5 
mmHg (0.7 kPa) below the normal control point. 
In subject V the size of the ventilatory response when 
PBTC02 was low was at least as great as the response 
to the later pulse, suggesting that the threshold was 
perhaps at least 10 mmHg (1.3 kPa) below baseline. 
The hypocapnia following hyperventilation by subject 
M was comparable with that following subjects A and 
V but a definite ventilatory response was not seen 
following the first pulse of C02 after hyperventilation. 
While this may suggest that in this subject the PETC02 
fell below a threshold, failure to demonstrate a 
ventilatory response is less helpful as the responses 
being detected are very small and despite the power 
of the averaging technique may be difficult to detect. 

We conclude that if there is indeed a Pco2 thresh
old in normoxia, in. some subjects, at least, it must lie 
well below the normal Pco

2 
and that the normal 

control point and the threshold do not necessarily 
coincide. The relationship between possible drives to 
breathe below the normal control Pco2 level remains 
a matter of controversy. Wakefulness appears to 
confer a certain level of ventilation, possibly independ
ent of chemical factors • the so-called wakefulness 
drive. Any stimulated and sustained increase in 
ventilation appears to generate future ventilation when 
the stimulus is removed • "short-term potentiation" 
[12]. Thus, ventilation after a period of hyperventi
lation may relate not only to prevailing C02 but to 
time after cessation of hyperventilation. The meaning 
of "threshold" in these circumstances is itself difficult. 
For example, a C0

2 
threshold might be apparently 

present, but only because post-stimulus potentiation 
had raised ventilation above that expected from a 
normal CO~ response at the prevailing low Pco2 level. 
In a highly controlled animal preparation 
BERKBNBOSCH et al. [13] showed that a C02 response 
was present to levels of Pco~ approaching zero. 

At present, experiments usmg rebreathing techniques 
[9] and mechanical hyperventilation [10] suggest an 
overall threshold at about 40 mmHg (5.3 kPa) which 

could fit with our finding in subject M. C0
2 

unload
ing in patients with renal failure [7] and our results 
in two subjects (A and V) suggest a significantly 
lower threshold. It is not clear whether this disagree
ment is due to differences in technique or differences 
between subjects. We feel that information from 
further animal experiments will be needed to design 
better protocols in man. To distinguish between 
events at peripheral and central chemo-receptors, for 
example by their differing dynamic behaviour, will be 
very difficult. 
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