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SUMMARYYL

1. The cerebral vascular responses in man to inhalation of 2.5% and
3.5% CO, have been studied in 21 subjects. The findings are compared with
those ogtained by others with higlier concentrations of carbon dioxide.

2. The vasodilator response to increase in arterial CO» tension appears
to be & threshold type of phenomenon. A mean increase in erial COp
tension of less than 4.7 mm. Hg does not affect cerebral blood vessels; each
increase spove this value is associated with progressive vasodilatation. No
data is availsble beyond su increase in pCO, of 14 mm. Hg. A mean increase
in arterial pCOs of 5.5 mwm. Hg produced a slight but, it is believed,
physiclogically significant vasodilatation.

3. With constant cerebral. metabolism, a reduction in cerebral blood
flow of approximately 30% would be required to raise end-capillary and
venous COp tension Lo tue vasodi.ator threshold. It is probable thet cere-
bral vessels dilate with a smaller reduction in blood flow, owing to the
combined effects of increased pCOp and reduccd pOp.

Lk, Carbon dioxide in 3.5% concentration has little effect on the blood
pressure in most patients when inhaled for periods up to 30 minutes. It
produces considerably less dyspnea than 5% CO2 and may have applications in
the treatment of certsin states of cerebral vascular insufficiency.

INTRODUCT ION

The level of carben dioxide in the blood is now generally accepted as
one of the major factors in the regulamiion of the cerebral circulation. It
was first shown in experimental animals that increase in blood carbon
dioxide exarts a vasodilator effect on cerebral blood vessels (1,2).

Similar effects were postulated in man by Lemncx and Gibbs (3) on the basis of
decrease in the cerebral arterioveuous oxygen difference. Concliusive
evidence of the effects of carbon dioxide on cerebral blood flow in man was
provided by the experiments of Kety and Schmidt with the nitrous oxiae
method., Reduction in arterial CO, through hyperventilation was shown to
produce a decrease in blcod flow %h) , Whereas increase in arterial COo
through inhalation of 5% and 7% carbon dioxide was found to cause a striking

increase in blood fluw (5).
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The sbove observations on man, vhich were coancerned with large-scale
effects, do not in themselves permit a preeise form:lation of the role of
carbou dicxide in the control of the ccrebral circulation. The minimal
changes in blocd COp vhich will evoke vascular responses must be known, to-
gether with the degrees of response which are produced by given increments
of chenge in CO2 beyond these threshold values. Knowledge of the minimal
increase in arterial CO2 required to dilate cerebral vessels has potential
therapeutic application in the treatment of certain states of severe impair-
ment of Llood flow Lu the brain. Carbon dioxide in 5% or greater concen-
tration has the disadvantages of raising blood pressure (5,6) and producing
uncomfortable djyspnea within a relatively few mimutes (7). It appearcd
possible, however, that some lower concentration of carbon dioxide might
prove more tolerable, while still retaining vasodilator properties.

L ML . AR e s n W e e o

The present studies vere concerned with the thresholds of response of -
the cerebral vessels of man to increase in blood carbon dioxide. Cerebral '
blood flow determinstions were made with the nitrous oxide method, employing ]
concentrations of 2. and 3.5% CO2 in the inspired gas. Data on the
associated chaages iz .iu.d gases and pH =re given.

- e

METHODS

The subjects for these studies were hospital patients convalescing from

9 a variety of illnesses in which the brain was not involved. Seven patients _{
; were given 2.5% COo and 1l patients 3.5% CO2 in the inspired gas. The mean "
eges of these two groups were 32 and 36 years, respectively. Cerebral blood

flow (CBF) before and during carbon dioxide inhalations was determined by

the nitrous oxide method (8) with slight modifications (3). Six of the 21

¥
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: patients were studied by measurements of cerebral arteriovenous gas differ- T
S «aces alone. Cerebral oiygen consumption {CMRO2) was determined from the R

% S o~ «eorel blood flow multiplied by the cerebrsl arteriovenous oxygen differ- g
el eve, {A-V)g,. The values for (A-V)q, were obtained from amalyses of S

arteriu. and“internal jugular blood sfmples drawn just before and just after
the cerebral blood flow procednre and pooled. The cerebral vascular resist- ’
= ance (CVR) was celculated by dividing tie blood flow into the mean arterial <&
' pressure, measured from either the femoral or brachial arteries with a
damped mercury manometer.

Control observations of the cerebral circulation were made with the :
standerd gas mixture for the nitrous oxile method (15% N-0, 21% Op, G4% No). T
Following this the paticnt was given a mixture containing either 2.5% or

1 3.5% CO,, with 219 0o and the remainder Np. At the end of 15 to 20 minutes o
P this mixture was chargnd ic gas containing the same percemtages of COp and »
0», together wiin 15% NoO, and the experimental blcod flow determination

carried out. g

The pocled blood samples of arterial and venous blood were analyzed
for rxyper and carbon dioxide content by the combined pirocedure for these e
gases described by Peters and Vam Slyke (10), as modified for the presence
of nitrous oxide by Kety and Schmidt (8). Oxygen capacity of the Hlood
ramples was determined by the method of Roughion and Derling (11). Blood

s,
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pH was measured with a Cambridge Model R. pH meter, with appropriate

corrections to body temperature (12). Carbon dioxide temsions (plOp) were

' obtained from the pH, C0o content and hematocrit by means of the nomogram

[ of Singer end Hastings (13). Venous oxygen tension was determined from the

i pH and the percent of oxygep saturation, using the oxygen-hemoglobin
dissociation curves of Dill (14). Observations were made on the character
of the subject's breathing, but respiratory minute volumes were not measured.

REGULYS

Inhalation of 2.5% cerbon dioxide produced very little change in “he
mean values of the cerebral blood flow, oxygen cousumption or vascular
resistance (Table I). The blood pH and gas tensions were not determined in
this group, but a comparable group of 7 subjects given 2.5% COs for 15
minutes shov=d e decrease in the mean velue for arterial pH from 7.37 to
T.34 and an increase in arterial pCOs from 41.3 to 45.6 mm. Hg. Dyspnea
and increase in rate or depth of the subjects' breathing were either slight
or not detectable. The sam: concentration of carbon diox'de was also well
tolerated by 10 patients with cerebral vascular accidents (7) for periods
of 30 minutes tC onec hour.

e ‘ Carbon dioxide in 3.5% concentration was associated with smell but
statistically insignificant increase in the cerebral blood flow (Table I).

- ) There was almost no change in either the cerebral oxygen consumption or

' cerebral vascular resistance. There were, however, decreases in the cerebral

arteriovenous oxygen difference. The mean values of (A-V);, for air and CO,

breathing in the patients studied by the nitrous oxide methGd were 5.8 and i

5.3 volumes percent, respectively. In the larger group of 14 subjects the

b wr—

mean value for (A-V)y, was 6.3 volumes percent with air and 5.3 volumes per-
' . cent with COp breathifig (p = .1). Nine of these subjects showed a fall in :
& = (A-V)O of 0.5 volumes percent or more; four showed little change: and only $ .
i one subject had an increase in this function (Table II). Changes in the v
B blocd gas tensions and pH in the five patients of the nitrous oxide group
= ; in whom these functions were studied differed only ..iightly from those in

i waad the larger group of nine subjects (Table II). In these nine individuals

E 2.5% carbon dioxide produced the following increases: arterial pCO,, 5.5 mm.

} Hg; jugular venous pCOp, 4.2 mm. Hg; jugular venous pOs, L.l mmn. Hg. Arterial

3 pH fell .O4 units and jugular venous pH .03 units with this concentration cof
carbon dioxide.

A definite deepening and slight increase in rate of respiration was

g usually observed 10 to 15 minutes after onset of inhalation of 3.5% 002“ i‘#
: 2 This was associated with slight dyspnea, whiczh in a few patients had become ;

definitely uncomfortable 30 mimutes after breathing the gas mixture.

The relation on the concentrations of COp in the iuspired gas to the

cerebral arteriovenous oxygeu differcnce ic shown in Figure . The deta

Riliacs g for 5% and 7% CO» are from the work of Kety and Schmidt (5). Supplementary
: observations made with 5% COp in our laboratory (7) in four patients with e
cercbral vascular accidents showed a decrease in (A-V), only slightly less
Te
.
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than that obtserved ty Kety and Schmidt in normal subjects. It is evident in
Figure 1 that a rather abrupt change in the slope of the curve occurs between
2.5 and 3.5% carbon dioxide. The striking tall in the arteriovenous cxygen
difference with each additional increment in the concentration of inspired

COp is also quite spparent.

In the ;;resent studies and those of ¥Xety and Schmidt the cerebral oxygen
remained unchanged éuring the inhalation of various concentrations of carbon

dicxide. Since CBF = CMBOE ", and with C!leo2 & censtant, the blood flow in

2

this group of subjects will vary as to reciprocal of the arteriovenous oxygen

difference., The relationship between 1 and the change in mean arterial

zA-V )02

CO, tension with the different inspired COp concentratioms is illustrated in

Figure 2. The data of Kety and Schmidt in this figure show a mean increase

in arterial pCO, of 7 mm. Hg with 5% CO,, and 1k mm. Hg with 7% carbon

dioxide. The value for 1 abruptly rises beyond an apparent threshold
ZA-V 50

value and contimues to rise rapidly with further increase in pCOs up to 14
mn. Hg. A doubling of bloed flow is predicted for a 10 to 11 mm. Hg in-
crease in COs tension. If the ascending part of the curve is extrapolated
downward, it crosses the horizontal portiom of the curve at 4.7 mm. Hg. A
similar plot of the cerebral blood flow, determined from the nitrous oxide
concentration, as a percentage of its control value yields an S-shaped
curve which crosses the control level (100%) at 5.3 mm. Hg. The CEFy g
points are lower than the corresponding 1 values in the 3.5% a.121d %

(A-V ;O

2

CO, observeticns, end higher in the case of the 5% COp studies.

DISCUSSICK

The findings with 2.5% COp clearly indicate that the threshold for
cerebral vasodilator effect lles beyond this inspired concentration and its
associated wean increase in arterial COo tension of 4.2 mm. Hg. This con-
clusion is based on the sbsence of changes in the cerebral blood flow,
vascular resistance and erteriovenous oxygen difference.

In regard to 3.5% CO, the question rmst first be considered as to which
determination possesses the greater validity, under the conditions of the
present experiment, for the detection of emall changes in blood Ilow: the
cerebral arteriovenous oxygen difference or the nitrous oxide method.
Actually, the validity of change in (A-V)o? as a megsure of change in CBF
rests upon the demonstration that cexrebral~oxygen consumption, as determined
by the nitrcus oxide method, is not altered by inhalation of carbon dioxide
over the concentration range of 2.5 to 7%. There seems little reasoa to
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question the constemcy of the CMRC, under these circumstances, since the
number of subjects in the present series combiped with those studied by Kety
- end Schmidt is relatively large. Random errors would tend tc be averaged
out, and even systzmatic errors would not preclude correct conclusions re-
garding the coustancy of cerebral metebolism. If the CMRC, is a constant,
blood flow will vary as 1 ___, and this function mey be used as a measure
(A-V 502

of change in flow. In a limited series of studales, such as the present

observations with 2.5 or 3.5% COp, the (A-V)y, determined by Van Slyke

gasometric analysis is probably the more aceufate measure of small changes

in blood flow. The nitrous oxide method in any given determination contains

more possibilities of error, since it involves multiple analyses, the ;

assumption of equilibrium in respect to nitrous oxide between the brain and

Jugular venous bleood, and other potential sources of error. In the present

studies, somewhat greater reliance will be placed on the srtericvenous !

oxygen difference, although similar conclusions except for quantitative HI
- ' differences can be drawn from the nitrous oxide data.

The relationships shown in Figure 2 indicate that the cerebrovasc
response to increase in arterial COs tension is a threshold type of pheno-

menon. This is demonstrated hy the gbsence of change in 1 over the
., AV
b 02
2 < TR iower range of increase in pCO,, then an abrupt change in the slope of the
. i e curve followed by progressive increase in 1 with further increase in
2 i

= arteriasl COp tension. Since mean arterial bl 33 pressure was unaffected by
2 ’ 3.5% co, (Teble I) and only slightly to moderstely affected by 5 =nd 7%
: COp (5), the rising curve of cerebral blood flow with incresse in arterial ;

. i COs tension beyond the threshold value must have been primarily due to pro- : 4
gresaive dilatation of cerebral blood vessels. i ixi
. Two types of threshold can usefully be defined for this phenomenon:
R (1) that value for increase in arterial pCOp below which there is no effect
SR ) on cexrebral vessels and above which there is increasing cerebral vasodilata- .
tion; and (2) that amount of pCOp increase which is accompanied ty changes
in the cerebral circulation of a significant or specified magnitude.

Pt o

R : The probsble mean threshold in the first sense can be obtained by extra-
polating the rising portion of the curve backward to its intersection with
the control (100%) level, which yields a& value of 4.7 mm. Hg. The arterio-
venous Op difference for the 5% COp cases (mean increase in arterial pCOp z
7 mm. Bg,) is significantly (p <.05) different frcm the comtrol value and Vi3 e
é‘
j

o e 4

falls just short of significance for the 3.5% COy group (mean increase in

arterial p0s> 5.5 mm. Hg). viously, the nearer a point on the curve of

Figure 2 1lies to the threshold value of pCO, change, the less will be the

statistical significance of the corresponding (A-V)02 or 1 compared
A-V 02

5 with their control values. A -

B
Fottma !
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- The threshold in the second sense is chosen as the average increase in
arterisl ;pt‘!()E which was produced by 3.5% carbon dioxide, nemely, 5.5 rm. Hg.
The couclusion that this mean increase of pCO, produced a slight but
physiologically significant vasodilatation is based on several conslderations.
As stated earlier, in the 14 subjects given this concentration of 3.5% COo,
the arteriovenous Op difference showed a decrease in nine instances, was
little changed in four, and increased in only one case. The standaxrd errors
of 1 for the points representing the mean increase in arterial pCO,
A-V o
2

produced by 2.5 sad 3.5% 002 do not overlap. The p value of 0.1 falls only
slightly short of significance (p = .05 or less). A further mean increase
of only 1.5 mm. Hg was associated with a statistically significant increase
in cerebral tlood flow and significant decrease in arteriovenous oxygen
difference {5). The L2% increase in 1 associated with 5% CO,
(Av ;O
2
) bresthing and its 7 mm. Eg mean increase in arterial pCOz is beyond the
small but physiologically significant change which we are seeking. Internal
Jugular venous pOs was raised by 4.1 mm. Hg during the COp breathing, a
finding consistent with vasodilatation.

- Although the thresholds defired sbove have been stated in terms of
change in arteriasl pCOp, it is possible that they actually represent thres.
| Mg S helds for the effects of associated change in hydrogen ion or bicarbonate
ion concentration. The work of Schieve and Wilson (15) eppears to rule out
o the H-ion as a possible vasodilator, but does not eliminate the HCO,-ion.
: ' The question must also be raised as to whether we are dealing with é "pure"
CO, threshold or whether sm increase in oxygen tension as a result of hyper-
o : ve%tilation was a factor. Cerebral vessels are only slightly constricted
_ by 50% oxygen (1€), which should produce an arteriel p0, of nearly 300 wm. T,
* o ad Hg, calculated from the alveolar equation (17) and an assumed alveolar- )
- Mo arterial gradient of 20 mm. of mercury. Since the inspired pOs itself

L was only 159 mm. Eg, the possibility that change in arterial pOp influenced =
i e the results seems remote. )
N The site of action of the carbon dioxide in these experiments was F%

i 2 probably the blood vessels themselves. Although a vasodilator ipmervation

4 ‘ has been demonstrated in the experimental animal (18), its functional

o . significance for man is unknown. It is of interest that recent experiments
) < suggest that a threschold ccmcentration of CO, is required for respiraiusy

gt

- stimlation (19). Observations have bteen made on the effect of an increase ey
' in blocd COo on other vessels of the body deprived of their vasomotor , b
innervation. The vessels in sympathectomized upper extremities in man (20) i S
§ and the hind limb vessels in dogs, given ganglionic-blocking dus=s 6y S
i 3 tetraethylammonium (21), respond alike by vasodilatation to e imoresse in ’

blood carbon dioxide. p

The GO, tension thresholds for ceretral vascular effect whi~h have been
reported in this paper are non-specific in the sense that they wo not in- T Wity
dicate which type of vessel is responding: arteries, arterioles, capillaries
or vemules. Since the increase in venous pCOo during 3.5% COp breathiag
(4.2 m. Hg) was almost as great as that of arterial pClp, the thresholds &3

6 = “Z
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|‘ given would not be greatly different, regardless of which type of vessels is
- ' dilating. As a corollary we may conclude that, if all of these vessels are
} responding, the tbreshold is very neerly the same throughout the grouwp. In
| the case of arteriosclerotic cerebral blood vessels, it might be anticipated
: that their threshald of response to COs change is different from normal
vessels. They have been shown to respord poorly to 5% COp inbalation {22).

| Studies on dogs by Gurdjian and co-workers (23) furnish evidence on the

' relationship between cerebral (A-V)O and arterial pCOs beyond the range of
2

| values availeble for acute experiments in man (Fig. 1). These workers found

that an actusl value of TO mm. Hg arterial pCOo, apparently was sufficient to

| . drive the cerebral vasodilator mechanism close to its limit of response. It

' ; seems reasonable to anticipate a similar leveling off of the vasodilator

r response in man with progressively higher values of arterial CO» tension.

In the intrinsic control of the cerebral circulation, carbon dioxide
and oxygen tension changes would operate similtaneously, either additively
or in competition. The threshold for combined fall in pOp, &nd rise in pCOp,
a situstion produced by decrease in cerebral blocd flow, may occur at a
lower pCOp than the threshold reported in this paper. From the Fick equation
R : and the blood namogrem {13}, it can be shown that cerebral blood flow must
T O fall by approximately 30% to raise venous pCOs» to the vasodilator threshold.

Actually, cerebral vessels dilate with & smaller reduction in blcod flow.

Studies on such combined thresholds, and cr the threshold of cerebial vas-
+ cular response to reduction in blood CO, tension, are obviously needed. The

data ir the existing literature on the combined effects of arterial pCOs and
PO, on cerebral blood flow has recently been worked into a useful nomogram
by Canron (24).

Tod Therapeutic applications of our findings remain to be explored. It
i e T would appear that 3.5% COs may be of value in *he treatment of cerebral
5 vascular manifestations produced by a reduction in blood flow. Although

s more weakly vasodilator than 5% COp, it is considerably more tolerable from
e o the standpoint of dyspnea and can be given for 30 minutes in most patients
s -~ without producing excessive dyspnea or changes in arterial blood pressure.
s Its use in selected patients with cerebral vascular insufficiency seems
' indicated.
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