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EFFECTSOF HYPOXIA ANDHYPERCAPNIAON PERCEPTIONOF
THERMALCUTANEOUSPAIN
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(From the Department of Physiology, Harvard Medical School, Boston)

(Received for publication June 20, 1947)

Asphyxia, which combines depletion of oxygen
(hypoxia) with accumulation of carbon dioxide
(hypercapnia), is known to modify sensation.
While prolonged, mild hypoxia impairs vision and
certain other sensations (1), its effect on the per-
ception of thermal pain has not been described.
Similarly, severe hypercapnia produced by breath-
ing 30 per cent carbon dioxide produces anes-
thesia (2, 3), but the analgetic effects of lower
concentrations have received only brief consider-
ation (4, 5). The present studies were under-
taken to determine whether hypoxia or hyper-
capnia is responsible for the analgesia of asphyxia.
The results led secondarily to a comparison of
carbon dioxide and nitrous oxide with respect to
their quantitative effects on pain perception and
their site of action.

SUBJECTSANDMETHOD

Observations were made on 14 healthy male subjects
between the ages of 20 and 45 years. Eleven were medi-
cal students, and three were members of the teaching staff.

Apparatus and methods were quite similar to those de-
scribed by Hardy, Wolff, and Goodell (6) except for two
minor modifications of technique. Stimuli, consisting of
graded radiant heat, from a 1000-watt bulb and lens,
previously calibrated by a radiometer, were applied for
exactly three seconds to 3.5 square centimeters of black-
ened skin on the forehead and in some experiments on
the forearm. "Threshold for pain" was taken as the
lowest rate of heating, expressed in gm. cal. per cm.' per
sec., which produced a clear, "sticking" pain, i.e., a sen-
sation of sharp, needle-like penetration into the skin, as
described by Chapman and Jones (7).

Two slight modifications were introduced (a) because
of the rapid changes in blood gases produced by modi-
fying the composition of inspired air, and (b) because it
was necessary to measure changes in threshold quickly to
avoid unduly prolonged exposure to abnormal gas mix-
tures. Stimuli were, therefore, applied for three seconds
out of each 30 seconds instead of each one or two minutes
as advised when more slowly developing changes are fol-
lowed, e.g., effects of drugs. For reasons described below
it was found very important under these conditions to

1 Student Research Fellow, Life Insurance Medical
Research Fund.

prevent local ischemia. Therefore, the exposed skin
rested against a radially ridged celluloid plate, rather
than immediately against the edges of the aperture itself.

Gas mixtures were prepared in a bank of Tissot re-
cording spirometers (capacity of each 100 liters) from
which the subject breathed out to the atmosphere. A
three-way valve permitted shifting from one mixture to
another without the knowledge of the subject. The
mouthpiece and nose-clip were carefully adjusted to avoid
discomfort. Arterial blood pressure, heart rate, respira-
tory minute volume and respiratory rate were recorded
during the observations on hypoxia and hypercapnia.

OBSERVATIONS

1. The effect of local ischemia and its avoidance

The necessity in these observations of determin-
ing changes in threshold rapidly has been men-
tioned. As illustrated in Figure 1 (left) stimuli
were applied every 30 seconds and reported by the
subject as "clear sticking pain" (solid dots),
"doubtful" (half shaded circles) and "not pain-
ful"' (open circles). The intensity of stimulus
was changed frequently so that the accuracy of
each threshold stimulus was verified by one or
more sub-threshold stimuli in close proximity.
In Figure 1 (left) all the readings taken are in-
cluded to show general procedure, but in other
charts only the threshold values themselves are
given. In this manner five or more verified de-
terminations of threshold could usually be obtained
in 7% minutes as shown by the solid dots con-
nected by solid lines.

Control observations with such stimulation every
30 seconds yielded results which were at first con-
siderably more variable than those described for
stimulation every one to two minutes. This vari-
ability appeared to be related in part to the degree
of firmness with which the subject pressed his
forehead against the edges of the aperture. As
shown in Figure 1 (left) the threshold observed
when the forehead was resting lightly against the
head rest was measurably higher than when the
subject purposely held his forehead in place with
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EFFECT OF HYPOXIA AND HYPERCAPNIAON PAIN PERCEPTION

firm, but not painful, pressure. An observation in
reverse order is shown to the right of Figure 1.

It is a common observation that water at 44.50
C. is usually not painful to the extremities when
circulation is normal but may become intolerably
painful when circulation is arrested and convec-
tion of heat by blood thereby eliminated. There-
fore it seemed likely that pressing the skin of the
forehead against the edge of the aperture might,
particularly in the mid-line, produce local ischemia
and thereby change threshold. In addition, stimu-
lation at intervals of 30 seconds afforded less op-
portunity for interim cooling by radiation and air
convection than is provided by conventional stim-
ulation every one or two minutes.

Lewis and Pochin (8) showed that prolonged
local asphyxia is required to modify several types
of cutaneous pain sensation, the late changes be-
ing a diminution and loss in pain sense. With
heat, however, Bigelow et al. (9; see Figure 3,
p. 507) observed in the forearm first a fall in
threshold for both burning pain and pricking pain
followed after 10 to 20 minutes by analgesia.
Likewise, in our experiments local interference
with circulation was associated with a reduction
of pain threshold (Figure 1). This observation
was verified by other studies on the forearm
(Figure 4) in which painless arrest of blood flow
with a pneumatic cuff on the upper arm reduced
threshold by 20 per cent. In repeated thermal
stimulation of one skin area the effect of local
ischemia on pain threshold must be due in part to
reduced dissipation of heat by the circulation, but
the simultaneous effect of local asphyxia of the
stimulated nerve endings may also play a role
(9).

Whenever the forehead was used, errors from
this "ischemia artefact" were avoided by placing
around the aperture a circle of celluloid with six
radiating spokes 2 mm. high. Pressing the fore-
head firmly, but painlessly, against these supports
did not affect threshold presumably because blood
continued to flow through blood vessels between
the spokes, and interim cooling was more effective.
Even when this artefact was excluded thresholds
were still not entirely constant because most sub-
jects showed some adaptation to repeated thermal
stimulation, both acutely and chronically. In
each series of 60 exposures (compare initial and
terminal control periods in Figures 2, 3 and 4)

threshold rose slowly and by varying amounts.
Repeated experiments once or twice weekly on the
same subjects over a period of five weeks also
revealed a slow rise of threshold averaging less
than 15 per cent. This slow adaptation did not
affect perceptibly the acute changes produced by
experimental procedures. It could not be elimi-
nated but it was controlled by keeping the total
number of exposures constant for each observa-
tion.

2. The effects of hypoxia

Figure 2 illustrates a typical experiment in
which the subject breathed (a) room air for a
control period of 7.5 minutes, (b) 10 per cent oxy-
gen in nitrogen for 7.5 minutes, (c) 100 per cent
oxygen for a like period and finally room air again
for a terminal control period. The results in a
total of six subjects are summarized in Table I.

TABLE I

Comparison of the effects produced by hypoxia, hypercapnia,
voluntary hyperventilation and nitrous oxide

Average percentage increase of
Num- - _ _ _ _ - ___-_ _ _

Procedure ber of Min-Sub.
er

Blood Mt. Pain
jects erate prwe Vol- thresh.

wtdis.ume ol

Hypoxia
10% 2 in Ns 6 26 0/0 37 0

Hypercapnia
5%C02 in 02 9 6 15/9 280 13
7.5% C02 in 02 9 13 23/21 380 28

Voluntary
hyperventilation
Roomair 2 12 4/0 310 4

30% N20 in 02 4 27

Anoxia sufficient to increase heart rate by an
average of 26 per cent and ventilation by an aver-
age of 37 per cent had no significant effect on
threshold for thermal pain.

Figure 2 shows also the apparent fluctuations
in threshold which demonstrate the subject's in-
ability to differentiate between changes of stimulus
intensity amounting to less than 5 per cent. The
gradual rise in threshold is characteristic of adap-
tation and not related to the period of hypoxia.
It appears, therefore, that hypoxia affects pain
sensation far less than certain other sensations,
e.g., vision (10).
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3. The effects of hypercapnia
In striking Contrast to hypoxia, moderate hy-

percapnia produced by breathing mixtures of 5
and 7.5 per cent CO2 elevated threshold signifi-
cantly in all subjects. The response of subject ST
to 7.5 per cent CO2 is shown in Figure 3 and the
data on nine subjects are averaged in Table I.
In each subject threshold rose abruptly by at least
9 per cent while 5 per cent CO2was breathed and
by at least 18 per cent while 7.5 per cent CO2 was
breathed. The average effects were a 13 per cent
and a 28 per cent rise in threshold, respectively.
Simultaneously blood pressure and heart rate in-
creased moderately while minute volume rose
markedly.

Before concluding that the rise in threshold was
due solely to a direct analgetic effect of CO2 it
was necessary to exclude the possibility that other
physiological responses to hypercapnia were in-
volved. (a) The mild to moderate sweating,
which hypercapnia produces, can be excluded be-
cause it has been shown that profuse sweating does
not influence the threshold for thermal pain (7).
(b) Though breathing carbon dioxide produces
vasodilatation in the finger tips (11) blood flow to
the skin of the forehead is not likely to be affected
by inhalation of carbon dioxide because flow is al-
ways rapid and not subject to vasoconstrictor in-
fluences. The breathing of carbon dioxide did
not change skin temperature of the forehead
measured by thermocouple in experiments similar
to those in Figure 3 except for omitting the-inter-
mittent application of radiant heat. (c) Though
several subjects mentioned the distraction and mild
discomfort experienced during the period of hy-
perpnea, voluntary hyperventilation to match the
hyperpnea produced by CO2 did not affect thresh-
old significantly (Table I). It may be concluded
that carbon dioxide can produce specific analgesia
and that in early asphyxia pain sensation is af-
fected more by the accumulation of carbon dioxide
than by depletion of oxygen.

4. The central vs. the peripheral action of carbon
dioxide

Carbon dioxide might conceivably produce its
effects either by acting upon sensory end organs
in the skin, or upon more centrally located parts of
the nervous system. In order to distinguish be-

tween these two possibilities an area of skin on
the flexor surface of the forearm was blackened
and exposed to heat stimuli (a) with normal cir-
culation, (b) during total occlusion of blood flow
by inflating a pneumatic cuff on the upper arm to
250 mm. Hg and then (c) with added inhalation
of 5 per cent CO2. This procedure permitted the
inhaled CO2 to reach the central nervous system
but not the end organs in the ischemic forearm.
It has already been mentioned that very prolonged
ischemia is necessary to change pain sensation by
direct action on peripheral receptors (8).

Figure 4 illustrates the type of response ob-
served in three subjects. Superimposed upon the
fall in threshold to be expected from arrest of
blood flow (see also Figure 1), the inhalation of 5
per cent CO2 produced the usual rise of threshold.
Shifting the subject to room air permitted thresh-
old to fall again to the level characteristic of is-
chemia alone and restoring blood flow elevated the
threshold to normal. This indicates that the
analgetic effect of carbon dioxide is not peripheral,
but chiefly central.

DISCUSSION

It is interesting to compare the side effects of
carbon dioxide with those of intermediate concen-
trations of nitrous oxide which are known to be
definitely analgetic (12). In three subjects 30
per cent nitrous oxide elevated threshold by an
average of 27 per cent in agreement with previous
work (12). While breathing this concentration
of nitrous oxide subjects described euphoria, dis-
sociation with their surroundings and ringing in
the ears. Inhalation of 7.5 per cent CO2 elevated
threshold by a similar amount, 28 per cent, but the
sensations were otherwise limited to the increase
in respiratory movement with transient headache
in some instances during or immediately following
the experiment. Additional studies, similar to
those illustrated in Figure 4, showed that nitrous
oxide, like CO2, produces analgesia by central,
rather than peripheral, action.

SUMMARY

Threshold for thermal pain was determined in
healthy male subjects during moderate hypoxia
and hypercapnia. An "artefact" from ischemia
is described. This consists of a lowering of thresh-
hold which is produced when arrest of circulation
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interferes with the convection of heat away from
the stimulated area by blood flow and with blood
supply to the pain endings in the area being tested.
It is particularly important when stimuli are re-
peated at short intervals.

Breathing 10 per cent oxygen did not affect pain
threshold significantly while 5 and 7.5 per cent
carbon dioxide elevated threshold by an average
of 13 to 28 per cent, respectively. These effects
were found to be due to central action rather than
to any peripheral effect on the pain end organs.
Nitrous oxide in 30 per cent concentration af-
fected pain threshold similarly and also acted
centrally.

The analgesia of early asphyxia appears to be
due to the central action of accumulated carbon
dioxide, not to lowering of oxygen tension, though
the latter in sufficient grade is known to produce
disorientation and sudden unconsciousness even-
tually.
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