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Since the work of Kety and Schmidt in 1948
(1), it has been apparent that the carbon dioxide
tension of the arterial blood is an important factor
in the control of cerebral blood flow in man.
These workers showed that hyperventilation, with
its consequent hypocapnia and alkalosis, is asso-
ciated with a decrease in cerebral blood flow and
an increase in cerebral vascular resistance. Con-
versely, hypercapnia, induced by inhalation of
carbon dioxide, resulted in an increase in cerebral
blood flow and a decrease in cerebral vascular
resistance. Only the effects of marked alterations
in carbon dioxide tension were reported. Since
this work appeared, it has become evident that the
cerebral vessels are commonly confronted with,
and can respond to, smaller changes in carbon
dioxide tension. Previous studies in this labora-
tory (2) have defined the threshold and pattern
of response of the cerebral vessels to induced hy-
percapnia. Observations on the cerebral vascular
response to reduction in arterial carbon dioxide
tension over a wide range, with special emphasis
upon the early phases of this response, form the
basis of the present report.

METHODS

The subjects were normal adult male volunteers with
a mean age of 38 and an age range of 30 to 50 years.
All studies were done in the forenoon with subjects in
the supine position.

I. Cerebral blood flow was measured in six subjects
by the nitrous oxide technique of Kety and Schmidt (3)
as modified by this laboratory (4). The subjects breathed
the gas for 10 minutes. Paired blood samples for N.O,
O, and CO, contents and pH were withdrawn from in-
dwelling needles placed percutaneously in the brachial
artery and in the internal jugular bulb after’ local anes-
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thesia. After a control resting cerebral blood flow de-
termination, the subjects hyperventilated for 15 minutes,
and the second cerebral blood flow determination was
carried out during the last 10 of these 15 minutes. Pul-
monary minute ventilation was measured by pneumo-
graphs on the lower thorax and epigastrium calibrated
on the subject against a spirometer at the time of the
experiment, or by a recording Tissot gasometer collecting
the expired air. Arterial pressure was recorded with a
Statham P23D, or P23G strain gauge and a Sanborn
Polyviso recorder from the indwelling brachial arterial
needle. Mean pressures were obtained by electronic in-
tegration or by adding one-third of the pulse pressure to
the diastolic pressure.

The N,O content of the blood was determined by the
method of Kety and Schmidt with slight modifications
(4). The O, and CO, contents of arterial and jugular
venous blood were determined by the gasometric tech-
nique of Peters and Van Slyke (5) as modified for the
presence of N,O by Kety and Schmidt (3). Arterial pH
was measured with a Cambridge model R pH meter with
appropriate corrections to body temperature (6). CO,
tensions were obtained from the pH, CO, content and
hematocrit by the nomogram of Singer and Hastings (7).

The cerebral oxygen consumption was calculated as
the product of cerebral blood flow and the cerebral ar-
teriovenous difference for oxygen, and the cerebral vas-
cular resistance was calculated by dividing the mean ar-
terial pressure by the cerebral blood flow.

II. The series of experiments described above estab-
lished that cerebral oxygen consumption was not altered
by voluntary hyperventilation (see Results, I). Since,
by the Fick equation, cerebral oxygen consumption is
equal to the cerebral blood flow times the arteriovenous
oxygen difference, and since cerebral oxygen consump-
tion was unaltered by hyperventilation, it follows that
cerebral blood flow is proportional to the reciprocal of
the arteriovenous oxygen difference, or CMRo, = CBF X
(A-V)o, or CBF = CMRo,/(A-V)o, but CMRo, =K.
Thus CBF o 1/(A-V)o..

The percentage change in cerebral blood flow may then
be calculated as the experimental 1/(A-V)o, divided by
the control 1/(A-V)o,. Since (A-V)o, and percentage
O, saturation are linearly related, the (A-V)o, may be
expressed as percentage O, saturation rather than con-
verted into difference in O, content expressed as volumes
per cent. In the second series of experiments, 11 sub-
jects were studied on 19 separate occasions, by means of
brachial arterial and internal jugular venous oxygen
saturations, determined oximetrically by drawing blood
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through 2 Waters oximeter cuvets with a syringe-pump.
Readings were taken from double-scale oximeter galva-
nometers. Repeatedly in this laboratory it has been
shown that a single individual can accurately read 2
double-scale galvanometers equipped with transmittance
scales at a rate greater than 4 times per minute. Optical
density scales have been found to be more difficult to
read rapidly with accuracy. The readings were re-
corded by a second individual, who also called the time
for the next reading. After control arterial and venous
oxygen saturations were recorded and control arterial
blood samples drawn for CO, tension and pH, various
levels of hyperventilation were maintained by the sub-
jects until the new oximeter readings had stabilized
(usually 2 to 3 minutes). At this point arterial blood
samples were again drawn. Blood pressure was re-
corded just before and between the 2 arterial samples by
the method described above. The level of hyperventila-
tion was then altered and additional oximeter readings
and arterial blood samples were taken. In these ex-
periments, the CO, tension was determined by the bubble
equilibration technique of Riley, Proemmel and Franke
(8). Ventilation was measured as described in the pre-
ceding section. Alveolar ventilation was calculated, as-
suming a dead space of 150 ml.

Statistical methods. A trial plot was made relating
percentage of control cerebral blood flow on the ordi-
nate and decrease in arterial CO, tension on the abscissa.
The mean values of percentage cerebral blood flow and
CO, tension for each 2.5 mm Hg decrease in CO, tension
were then calculated and plotted (shown as open circles
in Figure 1) and a curve was visually fitted to these
mean points. A flattening out of the curve occurred at
larger decreases in CO, tension, suggesting a logarithmic
relationship. In addition, trial plots of the data from
individual subjects on a given day on semilogarithmic
paper also suggested a general logarithmic relation with
a threshold as expressed by Equation 1:

y=at+bxr+te [1]

where 3 = CBF expressed as per cent of control, a = y-
intercept, b = slope which measures individual responsive-
ness of CBF to #, # =log(— APco,) and e =a random
component representing physiological variation from
moment to moment as well as errors of measurement.
This equation was written for mathematical convenience
in the following form:

y=m+blx —2) +e [2]
where m = mean CBF value for the individual and
Z = arithmetic mean of x values for the individual. Since
the % is a mean, the original a is replaced by a mean CBF
value or m in Equation 2.

The threshold value of APco; can be derived from Equa-
tion 2 by setting y = 100 per cent to yield:

100 = m + blog (— APCO3)hreshola — b % [3]
Rearranging and dividing by b gives:

m — 100

log (— APCO2)threshola = % + — [4]
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Taking the antilog of both sides of the equation yields:

(APCOQ)threshold =—- antil(’g z+ 1-_b—‘loo) [5]

Equation 2 was fitted to the data from each individual
by the method of least squares, i.e., estimates for m and
b were determined so as to minimize the sigma ¢*. The
curve for a “typical” subject was defined as that curve
given by the mean estimates. The arithmetic means of
the individual values for m and b were inserted in Equa-
tion 2. The error (¢) was dropped to give the typical
curve. Approximate confidence limits for the typical
curve are easily derived from large-sample theory utiliz-
ing the observed variances and covariances of the estimated
m’s and b’s. The approximate 95 per cent confidence
limits, calculated by standard methods (9), for the esti-
mated typical curve are presented in Table I. We may
suppose that the true “typical” curve lies somewhere
between these confidence limits (this statement is made
with 95 per cent confidence) and the “best guess” as to
its exact location is given by the estimated typical curve.

RESULTS

I. The results of the first series of experiments
(Table II) show that, with a mean increase in
total minute ventilation of 5 L. per minute and an

“alveolar ventilation of 2.9 L per minute, there

was a resultant decrease in mean arterial CO,
tension of 6.3 mm Hg and a rise of pH of 0.06 U.
Associated with these changes there was a mean
decrease in cerebral blood flow to 79 per cent of
the control level. The cerebral vascular resistance
increased significantly while mean arterial blood
pressure changed insignificantly. On the other
hand, the cerebral oxygen consumption was not
altered by the act of voluntary hyperventilation.
II. In the second portion of this study, the per-
centage change in cerebral blood flow was calcu-
lated from the change in (A-V)o, expressed as
per cent of control cerebral blood flow. The in-
dividual data are presented in Table III. A

TABLE 1

95 Per cent confidence limits for
calculated mean curve

95% Confi-
APaco: Mean CBF dence limits
mm Hg % control

-5 84 78-89
—10 75 70-81
—15 70 63-77
—20 66 58-75
—-25 63.7 53-74
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TABLE II
Cerebral blood flow, pulmonary ventilation and related functions *
Resp. Alv. vent. pH CO: content Pco:
rate per (V1 —0.15)
Tot. vent. minute rate Venous Arterial Venous Arterial Venous Arterial
Subjects C E C E C E C E C E C E C E [} E C E
L/min L/min 20l % 0l %, mm Hg mm Hg
1 9.5 13.9 16 20 71 109 7.32 736 738 745 51.35 49.52 45.81 4237 49.2 46.6 41 33
2 4.96 5.80 6 3 4.1 54 735 736 741 7.41 5349 52.65 47.62 4594 50.8 47.0 405 38.0
3 15.4 16.1 24 19 118 132 736 7.40 740 7.48 51.51 50.45 43.75 40.21 48.7 41.7 37.5 29.5
4 9.6 17.3 19 30 6.7 138 736 7.40 7.42 744 53.09 51.70 43.58 42.82 489 450 35 33.5
5 7.87 13.27 15 17 56 107 734 7.45 7.38 7.44 4999 49.42 4523 4037 489 39.0 39.0 31.2
6 16.7 26.8 14 17 146 242 736 749 7.38 7.53 51.58 51.38 45.21 44.23 469 329 379 28
Mean 10.67 15.53 16 18 83 13.0 735 741 740 746 51.84 50.85 45.28 42.66 489 42.0 385 32.2
O: content
Mean Pulse
Venous Arterial art. BP per minute CBF CBF CMRo: CVR
Subjects [} E C E C E C E C E N:O (A-V)o: C E C E
20l % vl %, mm Hg ml/100g/min Yo control ml/100 g/min  mm Hg/ml/
100 g/min
1 10.19 10.06 16.92 16.96 87 88 69 68 38.29 38.75 101.2 97.5 2.58 2.67 2.27 2.27
2 11.06 10.31 17.65 17.86 79 82 63 61 46.58 38.45 82.5 87.3 3.07 2.90 1.70 2.14
3 10.41 9.52 17.87 18.18 88 89 90 90 55.88 42.49 76.0 85.5 4.17 3.68 1.62 2.09
4 11.39 9.66 16.51 17.43 107 102 72 73 57.1 40.1 70.2 65.9 2.92 3.12 1.88 2.56
5 10.34 8.87 15.76 16.53 80 87 68 68 67.46 47.09 69.8 66.5 3.66 3.61 1.19 1.84
6 12.18 9.07 17.57 18.01 86 89 72 72 64.92 49.37 76.0 59.8 3.50 3.94 1.23 1.62
Mean 10.93 9.58 17.05 17.50 88 90 72 72 55.04 42.71 79.3 771 3.32 3.32 1.65 2.09

* C =control period, quiet breathing; E =period of voluntary hyperventilation; CBF =cerebral blood flow; CMRO2 =cerebral oxygen con-

sumption; CVR =cerebral vascular resistance.

graph (Figure 1) was constructed relating per-
centage of control cerebral blood flow on the ordi-
nate to decrease in arterial CO, tension on the

periments provided 2 to 4 points on the figure.
The percentage of control cerebral blood flow was
obtained from oximeter data as previously de-

abscissa. With two exceptions, individual ex- scribed. The plotted change in arterial CO, ten-
TABLE 1II
Individual data APco, vs cerebral blood flow (CBF) as percentage of
control determined by arteriovenous oxygen difference
Pco: (mm Hg) CBF (% control)
Subjects Observations 1 2 3 4 1 2 3 4

1 —14.1 —27.6 76.6 62.0

2 —-12.9 —13.3 64.0 64.5

3 —-11.0 —19.0 73.1 67.0

4 —19.2 —20.4 —23.5 73.2 69.8 714

5 —-21.3 —21.6 —21.6 86.1 71.6 70.5

6 -2.5 —12.0 91.1 76.6

7 —18.1 —24.3 —-12.0 79.0 60.8 88.3

8 —-5.1 —6.6 89.8 75.9

9* -5.3 96.9
10 —4.1 +1.2 —6.0 87.5 71.8 77.8
11 -3.1 -3.5 —-19 -2.3 +108.0 101.0 107.0 90.9
12 —5.6 —-5.4 —17.8 82.6 78.8 91.2
13* -29 95.3
14 —-3.8 —5.0 -1.5 —-9.4 87.5 86.0 84.5 98.0
15 -1.1 —6.6 —-1.5 —-0.0 102.1 86.7 91.5 98.0
16 —-1.2 —-2.1 —-1.1 —-1.7 91.0 86.0 84.0 94.0
17 —15.6 -9.7 —15.9 68.7 84.2 77.0
18 —18.1 —12.2 -21.1 —23.4 59.0 61.3 55.4 61.8
19 —-3.6 —19.6 —22.0 83.0 64.0 '62.0
20 —22.0 —25.0 —14.7 —23.1 69.3 64.6 83.4 58.2
21 —3.8 —13.2 -5.9 -3.1 76.5 66.1 66.5

* The statistical method employed (see Methods) precluded the use of the data from these individuals.
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Fi1c. 1. RELATION OF CONTROL CEREBRAL BLOOD FLOW

TO INCREASE IN ARTERIAL CARBON DIOXIDE TENSION. On
the ordinate is the per cent of control cerebral blood
flow as measured by the reciprocal of the arterial-internal
jugular venous oxygen difference. On the abscissa is
the observed decrease of arterial CO, tension from the
control value (zero). Each solid circle represents a
single observation. The average values for cerebral
blood flow and APco, (open circles) for each 2.5 mm Hg
decrease in CO, tension are included for reference. The
mean curve was determined as described under Statistical
Methods. '
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Fic. 2. CEREBRAL VASCULAR RESPONSE TO ALTERATIONS
IN ARTERIAL CARBON DIOXIDE TENSION. The ordinate is
the percentage of control cerebral blood flow as meas-
ured by the reciprocal of the arterial-internal jugular
venous oxygen difference. On the abscissa is the ob-
served decrease or increase in arterial CO, tension. The
curve in the lower left quadrant is the mean curve from
Figure 1. The curve in the upper right quadrant is de-
rived from previous data from this laboratory (2) to
which new data in the higher CO, ranges were added.
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sion is the difference between the control and ex-
perimental values. The equation for the com-
posite curve, calculated as described under sta-
tistical methods was: y =776+ (—29.1) (» —
0918). A reduction in cerebral blood flow was
initiated by a reduction in arterial CO, tension of
only 2 mm Hg. With further reduction in CO,
tension, the blood flow fell rapidly but with dimin-
ishing response per unit change in CO, tension.
A 25 mm Hg reduction in arterial Pgo, was asso-
ciated with a 34 per cent reduction in cerebral
blood flow, and extrapolation of the curve sug-
gests that the vasoconstrictor response would not
exceed a value of 40 per cent reduction in cere-
bral blood flow.

DISCUSSION

A graph of the full range of cerebral vascular
response to alterations in arterial CO, tension
may now be plotted (Figure 2). Using the tech-
nique of arterial and internal jugular venous ox-
imetry, 14 points from three subjects breathing
various concentrations of CO, were added to the
previously reported data defining the pattern of
cerebral vasodilation in response to hypercapnia
(2). There is a striking difference in the re-
sponse to hypocapnia as contrasted with the re-
sponse to hypercapnia. With decrease in arterial
CO, tension, there appears to be a small (ap-
proximately 2 mm Hg) threshold, beyond which
further decrease in tension is accompanied by a
sharp decline in cerebral blood flow. Since ar-
terial blood pressure changes were negligible dur-
ing these experiments, the curve of the phenome-
non serves as an index of cerebral vasoconstriction.
As the arterial CO, tension declines further,
there is a decreasing response per unit of diminu-
tion in arterial CO, tension. In response to hy-
percapnia, however, after a threshold of about
4.5 mm Hg, there is a nearly linear response of
cerebral blood flow to the increase in arterial CO,
tension throughout the observed range. In one
subject cerebral blood flow increased to a peak
value 3.5 times control.

Teleologically, the pattern of response is for-
tunate, Cerebral vasoconstriction with resultant
diminution in cerebral blood flow imposes a hazard
to vital cerebral function. Studies by Finnerty,
Witkin and Fazekas (10) have shown that a
reduction in cerebral blood flow of 40 per cent is
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associated with obvious symptoms of cerebral
ischemia. It is of interest that the curve of Fig-
ure 2, when extrapolated, suggests that the vaso-
constrictor response will not exceed this 40 per
cent level of reduction in flow. Lesser degrees of
reduction of cerebral blood flow are associated
with a demonstrable diminution in mental ability
(11). The diminishing response of the cerebral
vasculature to progressive hypocapnia can be ex-
plained by the body’s introduction of physiologi-
cally antagonistic mechanisms tending to produce
vasodilation, which become increasingly power-
ful as hypocapnia increases. Since the cerebral
metabolic rate for O, remains constant in hyper-
ventilation and since cerebral blood flow de-
creases significantly, each milliliter of blood tra-
versing the brain will reach the venous end of the
- capillary after a greater amount of O, has been
extracted and a larger amount of CO, added.
Both hypoxemia and hypercapnia are potent cere-
bral vasodilators (1). It is not known if end-
capillary or venous gas tension changes affect ex-
clusively, or even primarily, the caliber of the
vessels which are at the site of these changes.
The authors, like many others, have speculated
regarding some retrograde mechanism, such as
the axon reflex, whereby the arterioles “feel” the
effects of changes of gas tensions occurring down-
stream. To our knowledge no direct evidence
is as yet available. In addition, akalosis, induced
by hyperventilation, has a moderate vasodilator
effect (12). The slight increase in arterial O,
tension which occurs with voluntary hyperventila-
tion during air breathing would have little or no
vasoconstrictor effect (1). On the other hand,
there is little physiological antagonism to the vaso-
dilator effect of hypercapnia. With hyperventila-
tion induced by inspiring gas mixtures of high
CO, content in air, there is again a slight increase
in arterial O, tension. In addition, the increase
in cerebral blood flow with constant cerebral O,
consumption allows the capillary and venous blood
to have a further increase in O, tension but, as
already noted, even a marked increase in arterial
O, tension has only a weak vasoconstrictor effect
(1). The role of the acidosis which accompanies
hypercapnia remains unclear, although it is known
that ammonium chloride infusions are associated
with weak vasoconstriction in the cerebral vascu-
lar bed (12). The shape of this curve, then, is
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fortunate since serious cerebral hypoxemic symp-
toms would result if the trend of the early re-
sponse to hypocapnia persisted; on the other
hand, the physiological price to be paid for vaso-
dilation in response to hypercapnia is small.
Since cerebral oxygen consumption remains
constant during the extremes of natural sleep and
intense mental activity (13), any change in cere-
bral blood flow must result in a change in the con-
tent of O, and CO, and in the pH of the blood in
the cerebral capillaries. The intact normal organ-
ism, however, maintains arterial CO, tension
within a very narrow range. In view of this sta-
bility of arterial CO, tension and in view of the
threshold type of response of the cerebral vascu-
lature to alterations in CO, tension, it would ap-
pear that under normal circumstances little change
in cerebral vascular resistance could be expected
as a result of fluctuations in arterial CO, tension.
On the other hand, should there be marked
changes in perfusion pressure, this mechanism
for control of cerebral circulation would become
operative. From the Fick equation, and the blood
nomogram (7) or the physiological CO, absorp-
tion curve (14) and the venous-arterial Pgo, in-
crease across the brain, the change in cerebral
blood flow required to bring end-capillary and ve-
nous Pco, to the vasodilator or vasoconstrictor
threshold can be calculated. Such calculation
shows that a decrease of cerebral blood flow by 30
per cent would cause an elevation in end-capillary
and venous cerebral CO, tension to the level at
which initiation of cerebral vasodilation would
occur. This would represent a compensatory
response to the reduction in cerebral blood flow
(2). TIn addition, the simultaneous reduction in
end-capillary and venous O, tensions would cause
further vasodilation. It might be anticipated that
the combined action of the O, and CO, tension
mechanisms would produce protective vasodilation
in response to a decrease in cerebral blood flow of
significantly less than the 30 per cent required for
the CO, mechanism alone. Conversely, by similar
calculations, it can be shown that if cerebral blood
flow were to increase by 27 per cent, the decrease
in end-capillary and venous CO, tension resulting
from constant cerebral metabolism should initiate
the CO.-induced vasoconstriction demonstrated
in the previous sections. The function, then, of
the CO, control of cerebral vasculature in re-
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sponse to alterations in cerebral perfusion pres-
sure is not extremely sensitive, but would be
protective in cases of marked alterations.

In contrast to the mild influence of CO, ten-
sion in response to alterations in cerebral per-
fusion is the major role which this mechanism
must occupy in primary alterations of arterial
CO, tension. During short periods of asphyxia
or hypoventilation the increase in arterial CO,
tension, and to a lesser extent the decrease in ar-
terial O, tension, would serve to cause cerebral
vasodilation and thereby increase cerebral blood
flow.

There are large numbers of commonly encoun-
tered clinical states which are associated with
significant hypocapnia. It is striking that in
almost all of these, signs of cerebral dysfunction
are occasionally or frequently seen. These con-
ditions include pulmonary congestion as a result
of congestive heart failure (15), pulmonary in-
farction (16), pneumonia (17), alveolar capillary
block (18), highly febrile states (19), certain
acute cerebrovascular accidents (20), hepatic pre-
coma and coma (21), intoxication with salicylates,
dinitrophenol and sulfanilamide (22) and, most
commonly, acute anxiety reactions (23). A rela-
tively small change in pulmonary ventilation can
produce significant lowering of arterial CO, ten-

ALVEOLAR VENTILATION (L/Min.)
VS

ARTERIAL pCO2

ARTERIAL pCOp (mmHg)

2 3 4 5 6 7T 8 9 10
ALVEOLAR VENTILATION (L/Min.)

F16. 3. EFFECT OF CHANGES IN ALVEOLAR VENTILATION
ON ARTERIAL CARBON DIOXIDE TENSION. Arterial CO,
tension (ordinate) is plotted against alveolar ventilation
(abscissa). Note that an increase in alveolar ventilation
of 2 L per minute reduces arterial Pco, 10 mm Hg (re-
plotted from Figure 14, Reference 24).
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sion. For example (Figure 3), increasing al-
veolar ventilation by only 2 L per minute will
lower the arterial CO, tension by 10 mm Hg.
This in turn will induce sufficient cerebral vaso-
constriction to reduce cerebral blood flow by 25
per cent. Such degrees of reduction in cerebral
blood flow are associated with demonstrable de-
terioration in mental capacity. The potential
danger of hyperventilation in aviation has been
recognized (25) and studied (11). Balke and
Lillehei (26) found that significant psychomotor
impairment could be regularly produced by vol-
untary hyperventilation, and in some of their sub-
jects marked impairment accompanied mild hy-
pocapnia. In view of the demonstrated sensitivity
of the cerebral vessels to hypocapnia, it is probable
that the impairment in mental function is related,
at least in part, to deficient cerebral blood flow.
Recent animal studies have further stressed the
importance of the hypoxia in brain tissue which
accompanies hyperventilation, even with 100 per
cent oxygen as the inspired gas (27, 28).

SUMMARY

The pattern of vasoconstrictor response of nor-
mal cerebral vessels to reduction in arterial car-
bon dioxide tension has been delineated.

The response of the cerebral vasculature to hy-
pocapnia was in sharp contrast to the vasodilator
response to hypercapnia. Following a 4.5 mm
Hg increase in arterial CO, tension required to
initiate cerebral vasodilation, the increase in cere-
bral blood flow per unit increase in CO, tension
followed a curve which was steep and nearly
linear.

Reduction in arterial CO, tension beyond a
small (approximately 2 mm Hg) threshold value
initiated vasoconstriction. Further decrease in
CO, tension resulted in a progressively small re-
duction in cerebral blood flow per unit of CO,
change. The data suggest that a diminution of
cerebral blood flow to 60 per cent of its control
value is the approximate limit of the vasoconstric-
tor response to hypocapnia.

In the regulation of the cerebral circulation,
the chemical control is based primarily on changes
in end-capillary and venous blood gas tensions
which occur secondary to changes in blood flow,
which in turn are the result of changes in perfu-
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sion pressure. Calculations show that the vas-
cular responses to CO, would be initiated by a
change in blood flow of approximately 30 per cent
in either direction. Simultaneous changes in O,
tension probably increase the sensitivity of this
chemical control mechanism.
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