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THE propucTION of anesthesia with an in-
halational agent depends on the achievement
of an anesthetic concentration of the agent in
the brain. Likewise, the speed of induction
of or recovery from anesthesia is intimately
related to the rate of uptake or loss of the
anesthetic agent by the brain. Therefore,
measurement of the rate of brain uptake of
anesthetic gases is of considerable importance.
However, the kinetics of inert gas exchange in
the brain of man have not been well studied.

Ideally, the measurement of the rate of
brain uptake of an anesthetic agent should
begin with the induction of anesthesia. How-
ever, during induction alterations of cerebral
blood flow (CBF) can occur, either through
an effect of the anesthetic agent itself or
through secondary effects such as respiratory
depression and breath-holding.1»23  As an
alternative it was decided to measure brain
inert gas uptake after anesthesia was estab-
lished and CBF had become stable. This
measurement involves the inhalation of an
inert gas in subanesthetic concentrations (15
per cent N,O, or traces of Kr%%) during anes-
thesia produced by another agent.

Methods

Brain Kr®® uptake was studied in 13 normal
male volunteers whose age ranged from 21-
41 years. No premedication was adminis-
tered. They were anesthetized with halothane
in oxygen. Halothane was vaporized by means
of a calibrated Fluotec vaporizer and the in-
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spired concentration was maintained at 1.2
per cent. The trachea was intubated follow-
ing an intravenous dose of 60-80 mg. of suc-
cinylcholine and respiration was controlled
with a Bird respirator in a nonrebreathing
system using a Frumin valve. Ventilation was
kept constant at about 12 liters/minute in
each subject and arterial Py, was controlled
by varying the inhaled CO, concentration with
a gas ratiometer.* The studies were conducted
during hypocarbia (Pagp, ~ 23 mm. of mer-
cury), normocarbia (Pago, ~ 37 mm. of mer-
cury) and hypercarbia (Pagy, ~ 50 mm. of
mercury). Each subject was studied during
two of these three conditions. Twelve meas-
urements were made during hypocarbia, six
during normocarbia, and six during hyper-
carbia. Six of twelve measurements made
during hypocarbia were made without any
other drugs being administered. In all other
instances 40-60 mg. of d-tubocurare were
given intravenously in divided doses. When
measurements were made a steady state had
been present for at least 10 minutes, as indi-
cated by end-tidal CO, and halothane concen-
trations, which were monitored with appro-
priate infrared analyzers. Arterial Py, was
determined in a CO, electrode and minute

ventilation (Vy) was measured with a Wright
anemometer. CBF was measured with Kr%5 by
a modification of the inert gas method of
Lassen and Munck.? Pierce et al. have also
made measurements of CBF in subjects during
thiopental anesthesia using N,O as the inert
gas; suitable data were available in five sub-
jects from that study (subjects 5, 6, 11-13).2
Arterial and jugular venous concentrations of
Kr** and N,O were measured for periods of
up to 28 minutes in these two investigations.
These data have been used to calculate brain
uptake of those gases at various levels of CBF
in the manner outlined below.
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Tasre 1. Brain Kr#® Uptake During Halothane Anesthesia

Ve Pucoy CREF T's0 per cent
) . No. of (L min.) (. 1g) (ml., 100 g /min.) (min.)
Situation Vens. R o
Mean hA O Mean [N DN Mean EROR Mean RO
“_\'l)()(‘:ll“)i:l 12 12.0 0.5 23.4 0.9 25.1 1.6 6.0 0.3
Normoearbia 6 13.1 0.9 37.3 0.8 50.8 2.7 3.3 0.3
Hyperearbia 6 1.5 0.5 511 1.3 63.8 3.2 3.1 0.2

MeTop or CALCULATION

As Kety has shown,® if an inert gas is inhaled
during a steady state, and if approprinte measure-
ments of arterinl (1) and jugular venous (V) gas
conceentrations are made,

t
Cy, = (fl%l“[ (A-V)dt 40
where CBF represents cerebral blood flow in milli-
liters/100 g, brain/minute and Cg, is the
volume of gas accumulated to time ¢
100 g. brain ’
At any time, {:
Pereentage brain saturation
(,'11‘ 5
= = X 100 per cent (2)
Chy

where (g, represents brain inert gas conceentration
at infinite time.  Therefore, at any time, &

Pereentage saturation
(A V)t

f
(fl%l"[
= e s = X 100 per cent  (3)
(TBF/ AVt

where

. " .
ﬁ (A-V)ydt = / V)t +f’ (A-Vydt 4D
1 i I

{1 represents the time at which the final measure-
ments of arterial and venous concentrations are
made.  CBF, being constant, disappears from the

t 1y

vqll:ltion;[ (A=) dt and ‘[‘ (A=V) dt are ecaleu-
i

lated from the measured arterial and venous gas

concentrations.  The  ealeulation of the integral

j: (A-V)dt makes use of the fact that after
.
sufficient time* the arterial-jugular venous differ-
enees of both K% and NoO deerease in a predietable

*For Kr*® this holds only for ¢ > 6-9 minutes.
For N.O it scems to hold for ¢ > 3 minutes,

Vi = volume expired/minute; Puaco, = arterial Peos; CBF = cerebral blood flow; 70 per cent = time
for brain saturation to reach 50 per cent of final value,

exponential manner with time, such that:
(A-V) = RKe o« )

where (A V), represents the arterial-venous differ-
ence at any time, {, K is a constant, and « is the rate
constant.®7  Integration of equation 5 from ¢ to
infinity yiclds:

[ (A vy = GV ©)
t @

The value of « may be obtained from a semi-
logarithmie plot of the A=V differences as a function
of time and (A-V),. is measured.  Thus,
Percentage saturation at any time ¢

t
'/l—\ (A--V) dt

— e = = X 100 per cent (7
ty . 13 Vip ! ' (‘)
“@A-Vyde+ - ——
" (11
Equation (7) has been used to perform the ealeula-
tion of brain inert gas saturations in this study.

Results

Table 1 summarizes the pertinent respiratory
and circulatory data obtained in the study of
brain Kr* uptake. Vg did not differ signifi-
cantly among the three conditions imposed
during this study (P> 0.5). Arterial P,
was maintained at the desired levels by con-
trolling the inhaled CO, concentration. As
CBF increased, the time required for 50 per
cent equilibration of the brain, Tsy jop conts fell.

In Figure 1 the results of the calculations
of Kr*» uptake by the brain are shown as well
as the arterial and jugular venous concentra-
tions. In the nonrebreathing svstem employed,
arterial Kr* concentration reached its final
value about seven minutes after inhalation was
begun and jugular venous concentration lagged
behind the arterial value. At all three levels
of CBF the jugular venous concentrations con-
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%5 UPTAKE BY HUMAN BRAIN AT THREE LEVELS OF CEREBRAL BLOOD FLOW
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Fic. 1. Arterial, (iugular venous, and whole brain Kr® uptake at three levels of cerebral blood

flow

tinued to rise and arterio-venous equilibrium
was not obtained during the period of study.
Furthermore, brain Kr®® concentration ap-
proached its final value considerably more
slowly than did the jugular venous concentra-
tion. For example, after ten minutes of Kr*
inhalation during normocarbia, the brain
reached only 83.7 per cent of its final concen-
tration while the jugular venous blood had
attained 94.9 per cent of its final concentration.

The observed values of Tyg or cents Plotted
as a function of CBF, are shown in figure 2.
This relationship appeared to be hyperbolic
and a log-log plot yielded a straight line. A
linear regression could therefore be calculated
for log Ty per cont s a function of log CBF.
This line is defined by the expression: log
T50 per cent = 1.78 — 0.73 log CBF. The lin-
earity of this relationship is statistically signifi-
cant (P < 0.001) and the slope of the line is
significantly different from zero (P < 0.01).8
The curve representing this relationship of
T30 per cent to CBF at a mean Vi of 12.2 liters/
minute is depicted in figure 2.

Table 2 summarizes the information on the
uptake of N,O obtained from an analysis of
the data collected by Pierce et al. in the study
of CBF during thiopental anesthesia.? In that
investigation, arterial P.,, was controlled by

uring halothane anesthesia at constant pulmonary ventilation.

varying ventilation, and consequently V was
lower during normocarbia (4.7 liters/minute)
than during hypocarbia (14.9 liters/minute)
(P <0.001).

Figure 3 illustrates the arterial N,O values
obtained in that investigation. The concen-
trations continued to rise slowly after 15 min-
utes during both normocarbia and hypocarbia.
During normocarbia, the mean increase in
arterial N,O concentration from 15-25 min-

THE TIME FOR 50% WHOLE BRAIN Kr® EQUILIBRATION
AS A FUNCTION OF CEREBRAL BLOOD FLOW

Tsc e (min)

r Log Tgon = 178 -.73 log CBF B

L | L L L [
G 20 30 40 50 60 70 B 90 100
CBF (cc/100gm /min)

Fic. 2. A demonstration of the hyperbollc re-
lation between the rate of brain Kr* uptake and
cercbral blood flow during halothane anesthesia.
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TasLe 2. Brain N:O Uptake During Thiopental Anesthesia
Ve Paco, opro Observed Tso per cont
. ) No. of (1., min.) (mm. lg) (ml./100 . /min.) (in.) Predicted K
Situation Mens, | - T'50 per cont (min.)
Meun S E. Mean RROR Mean RRDR Mean N.1
Hypocarbia 5 149 1.7 16.6 0.5 14.1 0.7 7.9 0.3 8.7
Normocarbia 5 4.7 0.9 40.9 0.4 25.0 1.7 7.1 0.5 —

Predicted Kr¥ 50 per cent. during hypocarbia was obtained by extrapolation of Kr® data to a CBF of

14.1 ml./100 g./minute (fig. 2).

V. during thiopental anesthesin with normocarbia was much lower than during the study of brain Krss

uptake (table 1); therefore, predicted Kr®* 750 per cen
this phase.  (See table 1 for abbreviations.)

utes was 0.3 volume per cent (SE,, 0.03, P <
0.01); during hypocarbia the mean increase
was smaller (0.1 volume per cent, SE,, 0.02)
but statistically significant (P < 0.05). The
decreased V, during normocarbia is reflected
in the lower N,O concentrations obtained dur-
ing this stage. Despite the rise in CBF of
10.9 ml./100 g./minute during normocarbia
(P of difference < 0.001), T5 per cont did not
change significantly (P > 0.25). The value
of Ty per cont Obtained for N,O during hypo-
carbia is compared with the value extrapolated
from the equation relating Ty ep cont for Kits
to the rate of cerebral blood flow (fig. 2) and
good agreement is noted.

Discussion

The rate of inert gas uptake by the brain
is influenced by many factors, the most im-
portant of which are cardiac output, the rate
of cerebral blood flow, alveolar ventilation and
the solubility of the gas in blood and brain.®
This discussion will deal in detail with the
latter three factors.

Cerebral Blood Flow. The uptake of such
dissimilar agents as xenon and chloroform has
been demonstrated to be essentially a flow-
limited process in the dog brain.” Further,
several investigators have demonstrated that
inert gas uptake is not diffusion-limited. 11
The present calculations of Kr% uptake by the
human brain at three levels of CBF at a con-
stant ventilation extend these observations of
the flow dependence of inert gas uptake by
the brain. As CBF decreases below a normal
value of about 44 ml./100 g./minute,’* the
rate of brain equilibration decreases sharply.

¢ is not. compared with observed NaO Tso per cens during

An elevated CBF increases the rate of ap-
proach to brain equilibrium; however, since
the relation of CBF to the rate of brain satu-
ration is hyperbolic, an increase in CBF
changes the rate of brain equilibration less
than an equal decrease in flow rate.

As shown in figure 1, complete brain Kr%
equilibration is never achieved during the ex-
perimental periods of this study at any level
of cerebral perfusion observed, and brain satu-
ration lags behind venous saturation at all
times. Even in those subjects with the highest
blood flow, brain Kr** saturation reaches only
91 per cent after 14 minutes of inhalation,
while jugular venous blood is 98 per cent
equilibrated. This slow saturation of the brain
and its lag behind the jugular venous blood
is at variance with earlier experimental work
which indicated a more rapid saturation of the
brain with an inert gas.™ However, there is
reason to believe that mean whole brain satu-
ration should follow the pattern found in this
investigation. Jones and also Pittinger and
his co-workers found evidence that the cere-
bral circulation was at least a two-compartment
system.? 1% 14 Tater, Kety and his associates
elegantly demonstrated that brain flow is het-
erogeneous and varies greatly from one region
to another.? Although there is a wide range
of flow rates throughout the brain, in general
one may assume two compartments, gray mat-
ter with the highest rate of flow and white
matter, the more slowly perfused compartment.
Therefore, the difference between whole brain
and venous saturation (fig. 1) is accounted for
by the early equilibration of the rapidly per-
fused areas of the brain; the failure of the

20z ludy g1 uo 3senb Aq ypd°20000-00010%96L-2¥S0000/1 L9282/ LE/LISZ/Pd-0l011E/ABOjOISBUISBUE/LIOD JIBYDIBA|IS ZESE//:d)Y WOl papeojumoq



Volume 25
Number 1

KRYPTON®5 AND NITROUS OXIDE UPTAKE OF THE HUMAN BRAIN 41

ARTERIAL N,O CONCENTRATION
MEAN VALUES IN § SUBJECTS

Fic. 3. Arterial N:O
concentration values ob-
tained by Pierce et al. in
the study of cerebral
blood flow during thio-
pental anesthesia.?

N2O CONCENTRATION ( Vol. %)

HYPOCARBIA
Vg=14.9 L/min
6k 4
\ b 3
e — 2
— ~
—— \
NORMOCARBIA 4
Vg=4.7 L/ min
G 1 1 1 1 1 1 1 1 1 1 1 L
! 3 5 9 1l 13 15 17 19 21 23 25
TIME (minutes)

whole brain to attain complete equilibrium
even at a very high level of CBF after 14 min-
utes of Kr** inhalation may be explained by
the incomplete saturation of slowly perfused
areas.

Alveolar Ventilation. The lack of change
in Tgy por cent for N,O between hypocarbia and
normocarbia illustrates the interaction of al-
veolar ventilation and CBF on brain N,O
uptake. During normocarbia CBF increased
75 per cent and this would tend to increase
the rate of brain N,O uptake. It should be
noted, however, that V5 in the normocarbic
phase was decreased approximately 70 per
cent from the level imposed on the hypo-
carbic subjects. As Kety has shown this de-
crease in Vy would be expected to slow the
rate of rise of arterial N,O content® The
arterial uptake of N,0 was indeed slower
during normocarbia (fig. 3). The slowed ar-
terial uptake would tend to depress the rate

of brain N,O equilibration. Thus during nor--

mocarbia the expected increase in brain N,O
uptake with a more rapid CBF has been offset
by the decrease in alveolar ventilation. A fall
in cardiac output during hypocarbia would
also produce a slower rise in arterial N,O con-
centration similar to the pattern seen in figure
3.8 Although the increased positive pressure
ventilation used by Pierce et al. to produce
hypocarbia may have reduced cardiac output,
no data on this parameter are available.
Blood and Brain Solubility. Although the

brain/blood coefficients of N,O and Kr% are
similar (1.0 and 1.1 respectively), N,O is
approximately 10 times more soluble in blood
than is Kr85.5 1315 In order to evaluate the
effect of blood solubility on the brain uptake
of these two gases, comparisons must be made
under conditions of comparable pulmonary
ventilation and CBF. Vj in the hypocarbic
phase of Pierce’s study is comparable to the
level of Vj imposed in the present study. The
value of Tgg per cont for N,O at a CBF of 14.1
ml./100 g./minute (hypocarbia) is 7.9 min-
utes while the extrapolated value of T 54 per cent
for K% at a similar level of CBF is 8.7 min-
utes. Thus, the rate of brain uptake of these
two gases seems similar despite the difference
in their blood solubility.

Clinical Implications. The fact that both
brain blood flow and alveolar ventilation affect
cerebral gas equilibration has clinical import,
An anesthetist may attempt to hasten brain
gas uptake or elimination by increasing pul-
monary ventilation since arterial equilibration
is cnhanced by a rise in alveolar ventilation.
Under usual clinical conditions, however, an
increase in ventilation decreases arterial P,
and hence cerebral blood flow is lowered.
This diminished brain blood flow could com-
pletely negate or even reverse the desirable
effects produced by increased pulmonary ven-
tilation. However, hyperventilation can be
used to produce a rapid alteration of brain
inert gas concentrations if approximately 4 per
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cent CO, is maintained in the inspired anes-
thetic mixture to prevent a reduction in ar-
terial Py, and a fall in CBF. This inspired
CO, concentration might be maintained either
by direct addition to the inspired gases or in-
directly by removing the CO, absorber from
the anesthetic circuit in a semiclosed system
with the appropriate flow rates. Under these
conditions, the production of pulmonary hyper-
ventilation while preventing a reduction in
CBF would permit a rapid, efficient change
in brain inert gas content. Such a method
would be particularly advantageous during the
administration of the more soluble anesthetics
such as halothane, diethyl ether, trichloroeth-
vlene or chloroform, if the possible elevation of
arterial P(‘(,: was shown not to be otherwise
harmful.

Summary

A method of calculating whole brain inert
gas uptake during periods of stable cerebral
blood flow (CBF) has been developed. This
method has been used to calculate brain Kr%
uptake at three levels of CBF in 13 human
subjects during halothane anesthesia at constant
pulmonary ventilation. In addition, brain N,O
uptake has been calculated in 5 humans dur-
ing thiopental anesthesia at two levels of CBF.
The rate of whole brain Kr% uptake was
shown to vary in a hyperbolic manner with
CBF. In addition, alveolar ventilation was
demonstrated to be an important determinant
of the rate of brain inert gas uptake. At com-
parable levels of alveolar ventilation and CBF,
the rate at which brain N,O uptake proceeded
did not differ markedly from the rate of brain
Kr#® saturation. Whole brain Kr$® saturation
lagged behind jugular venous saturation at all
times. Complete whole brain Kr* equilibra-
tion was never achieved during the experimen-
tal periods of this study even at high levels
of CBF.

This work was supported (in part) by Grants
RG-9070 and 2G-215 (C4) from the United
States Public Health Service, National Institutes
of Health,
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