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The nitrous oxide method for determining cere-
bral blood flow as originally described by Kety
and Schmidt (1) has been unsuitable for use in
children because of the fairly large amounts of
blood withdrawn in its performance and because
of its requirement of a greater degree of active
cooperation than can be expected from most chil-
dren under the circumstances of the procedure.
Although the integrated sample modification of
Scheinberg and Stead (2) permits a considerable
reduction in the amount of blood drawn, it loses a
valuable check on potential errors arising from
defects in the respiratory system or the presence
of extracerebral contamination of the internal
jugular venous blood. Furthermore, timing and
dilution problems associated with the Scheinberg
modification lead to errors unless extensive pre-
cautions are taken (3). Recently, Baird and Gar-
funkel (4) have employed a modification of the
original method in studies of the cerebral blood
flow in infants and children. Blood requirements
were reduced by the use of micro-gas analytical
techniques (5, 6), but the necessary cooperation
was achieved only by sedation with barbiturates.
Although these drugs, in semi-narcotic doses, have
been shown to be without effect on the cerebral
circulation and oxygen consumption in adults (7),
this has not been established in children. When
anesthetic doses are employed, a marked reduction
in cerebral oxygen consumption has been observed

1 This investigation was supported by research grants
from Playtex Park Research Institute, the Kirby Mc-
Carthy Fund, and United Cerebral Palsy.

2 Life Insurance Medical Research Fund Fellow 1951-
53.

3 Present Address: National Institute of Mental Health,
Bethesda, Maryland.

despite a slight increase in cerebral blood flow
(8), the latter change probably a secondary effect
of respiratory depression and consequent elevation
of blood carbon dioxide tension (9). It is diffi-
cult to estimate the extent to which the Baird and
Garfunkel method (4) is influenced by the seda-
tion, inasmuch as neither the doses of barbiturates
nor the values for blood carbon dioxide tension
are reported.

The present communication describes a modi-
fication of the original method which is suitable for
use without sedation in normal children. To test
its validity it has been applied to a group of nor-
mal young men for which comparative values ob-
tained with the original technique are available.
Values are then presented for cerebral blood flow
(CBF), cerebral oxygen consumption (CMRO,)
and cerebral vascular resistance (CVR) in normal
children.

METHOD

The changes in the classical procedure were directed
along two lines: 1) reduction in the amount of blood
drawn, and 2) achieving active cooperation of the child
by minimizing discomfort and anxiety.

Reduction in the amount of blood drawn. A micro
method was developed for the determination of nitrous
oxide in blood (10) which permitted the measurement of
nitrous oxide content in 0.2 ml. of blood and reduced the
total requirement for the estimation of cerebral blood
flow to 11 ml. To permit replicate determinations, the
actual volume of the blood samples was reduced only to
1 ml., but this reduction was sufficient to greatly enhance
the importance of dead space in the sampling system as
a source of error. Therefore, the multiple sampling mani-
fold and the standard luer connections of the original
technique were not employed. Small bore plastic tubing 4

4 "Tygon" (I.D. 0.034" X O.D. 0.050") was supplied
by U. S. Stoneware Co., Akron, Ohio.
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FIG. 1. APPARATUSUSED IN THE DETERMINATIONOF CEREBRALBLOODFLOw IN
CHILDREN

was attached directly to hub-free needles, the other end
being interchangeably connected to modified 1-ml. tuber-
culin syringes. Number 20 gauge stainless steel tubing,
1 cm. in length, was sealed into the glass tips of the
latter, thereby reducing their dead space to approximately
0.01 ml. (Figure 1).

Achieving cooperation. To avoid the anxiety associ-
ated with the use of an anesthesia mask, a transparent
acrylic plastic hemisphere, 24 inches in diameter,5 was
used to administer the nitrous oxide air mixture. This
permitted the child to watch motion pictures projected
upon the ceiling before and during the test period. To
minimize pain in establishing the sampling systems, me-
ticulously sharpened No. 23 gauge needles were used, the
bores of which were polished6 and coated with a sili-
cone solution7 to prevent clotting.

The actual procedure was as follows: After the child
had become familiar with the apparatus and the details
of the procedure, he was placed on a table covered with
a hard mattress. The legs were immobilized with elastic
bandages on a suitable board. The femoral artery punc-
ture was performed in the usual aseptic manner using the
needle with sterile tubing attached (Figure 1) after in-

5 Made by Farquhar Transparent Globes, Philadelphia,
Pa.

* TMis was done by using an aqueous suspension of
gamma alumina with rapid alternating movements of a
3-0 nylon suture threaded through the needle bore.

7 "Desicote" supplied by Beckman Instrument Co.

filtrating the superficial layers of the skin with a small
amount of 1 per cent procaine. The other end of the
tubing was then connected to a 5-ml. syringe pipette filled
with dilute heparin solution (2 mg. per ml.). After blood
had been allowed to flow into the syringe to clear the
system of air bubbles, heparin solution was flushed through
the tubing and needle by twisting the volume control
screw of the syringe pipette. Occasional quarter turns
of the latter served to prevent backflow of blood into the
needle. The puncture of the superior bulb of the internal
jugular vein was carried out in the usual manner (11, 12)
with the hub-free needle and attached plastic tubing
(Figure 1). Heparin solution was introduced into the
system as described for the femoral arterial puncture.
The length of the needle selected varied between 1% and
2 inches and was chosen according to the size of the child
so that there was the shortest possible length protruding
beyond the surface of the skin once it was properly in
place. This allowed free movement of the head and neck
without risking its displacement. After the sampling
systems had been established and flushed with heparin
solution, the dome was placed over the head and shoulders,
and plastic sheeting, glued to its free edge, was tucked
in tightly around the trunk. When used with adults, it
was more comfortable for the subject to have arm ports
provided in the hemisphere so that the hands might rest
folded on the abdomen. Until the start of the test period,
the dome was supported with a prop at the upper end, and
an electric fan circulated air through the opened chamber.
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TABLE I

Gas content, pH and pCO2 of arterial blood before and 6' - 8' after enclosure in dome *

KM S mu1
I I n -I

ean Values XAn Values Xem
Berore 63 - as Diffemate

C02 Aontaut

pa,q
PR°°

50.532

43.0

50.031

7.403

42.6

-o.50m

-0.4

TOFU

!0.40
±0.4

CHIT

GO2 content

pH

PCO2

47.OW

7.375

41.7

47.9e)

7.381

41.5

*o.ln

-0.2

!0.47

±0.4

* Vntilated with air at 20 - 30 Uters/uIut..
I As determined by the metbwd of paired omarisos.

A weather balloon,8 filled to 3 feet in diameter with the
usual gas mixture (15 per cent nitrous oxide, 21 per cent
oxygen, and 64 per cent nitrogen) and clamped at the
neck with an intestinal clamp, was connected to the
dome over an opening 13 inches in diameter. After
withdrawal of a blood sample to be used as the blank
for the nitrous oxide analyses, the dome was lowered, and
the balloon clamp released to permit a rapid washout of
the air in the dome. Simultaneously, drawing of the in-
tegrated first minute samples of arterial and cerebral ve-

nous blood was begun, the rate being 0.25 ml. every fifteen
seconds. Before the balloon had become completely de-
flated, a tank containing the gas mixture, and connected to
the dome by a rubber hose, was turned on at the rate of
20 to 30 liters per min. The number and timing of sub-
sequent samples were the same as in the original method
except that each was taken over a somewhat shorter
interval, i.e., 10 to 15 seconds. Before the withdrawal
of each blood sample, the tubing was first filled with
fresh blood by drawing back the barrel of the heparin
containing syringe. All sample syringes were capped
and kept in ice water until analyzed. The calculation of
cerebral blood flow was done as originally described after
plotting the nitrous oxide concentrations of the arterial
and jugular venous blood against time (1).

In the studies reported here, in which the above pro-

cedure was used, estimations of cerebral oxygen con-

sumption, cerebral respiratory quotient, and blood car-

bon dioxide tension were calculated in the usual manner

and required the measurement of the appropriate blood

8 Supplied by Seyfang Laboratories, Atlantic City, New
Jersey.

constituents. Blood oxygen and carbon dioxide con-

tents were determined by the manometric technique of

Van Slyke and Neill (13) as modified by Kety (14). He-

moglobin was estimated as cyanmethemoglobin (15) in a

Klett-Summerson photometer using the copper sulfate
standard (16). Blood pH was measured at ambient
temperature by means of a Cambridge pH meter and
micro glass electrode and corrected to 370 C. by the factors
of Rosenthal (17). Blood carbon dioxide tension was

computed by means of the nomogram of Peters and Van

Slyke (18).
The modified method for CBF determination was tested

on a group of normal, young male university students
drawn from the same population previously studied by
one of us (19). The children studied by this technique
included five boys and four girls between the ages of
3 and 11 years. This was a highly selected group of the
most cooperative children. Thirty-five others were origi-
nally selected for the procedure, but at one stage or an-

other in the preparation (usually just before the needle
punctures) became uncooperative. The two 3-year-old
children required some restraint at the time of the
needle punctures, but thereafter one went to sleep and
the other was content to lie quietly. The past medical
history of the children was negative for central nervous

system disease, except for occasional headaches in two

(J.H. and R.G.), and two febrile convulsions in one

(M.C.). The latter had had one such convulsion two
months prior to the study but no recurrence subsequently
over a three-year period. At the time of this writing
she was well and free of any signs of any central nervous

system disorder.

>0.2

>0.7

>0.3

>0.6

>0.2
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RESULTS

The large volume of dead space in the respira-
tory system employed in the modified technique
suggested the possibility of alterations in blood gas
tensions, particularly CO, tension, which might
alter cerebral blood flow (9). Therefore, arterial
CO2 content, pH, and pCO2 were determined in
nine adults and eleven children while breathing
room air and 6 to 8 minutes after being enclosed
within the plastic dome, which was ventilated with
the nitrous oxide air mixture at the rate of 20 to
30 liters per minute, the rate employed in the cere-
bral blood flow studies. As can be seen from
Table I, no significant changes were observed.
Also, three additional experiments were per-
formed (two adults and one child) in which the
carbon dioxide concentration in the inspired air
in the dome was determined by the method of
Scholander (20) after the subjects' enclosure
within it, the conditions being identical with those
of the cerebral blood flow studies. In these, the
carbon dioxide concentration was found to rise
to 0.4, 0.5, and 0.3 per cent, respectively, none
of these values approaching the 2.5 per cent level
which Patterson, Heyman, Battey, and Ferguson
(21) have found to be the threshold for alteration
of cerebral blood flow.

Data on blood constituents and the cerebral
circulatory functions obtained with the modified

method are tabulated in Tables II and III, re-
spectively. The results obtained in the children
are individually tabulated; only the mean values
and standard errors obtained in normal young men
are presented for comparison. It is apparent
from the latter values that the modified technique
yields values for cerebral circulatory and meta-
bolic functions comparable to those obtained with
the original method (1). Thus, cerebral blood
flow, vascular resistance, arteriovenous oxygen
difference, and respiratory quotient did not differ
significantly from the values reported by Kety
and Schmidt in a similar group of subjects (1).
Only the cerebral oxygen consumption, 4.2 ml.
oxygen per 100 Gm. per min., obtained with the
modified technique differed significantly from the
originally reported value (1), statistically signifi-
cantly exceeding the value 3.3 ml. oxygen per 100
Gm. per min. reported by Kety and Schmidt (p <
0.02).

Comparison of the results obtained in the chil-
dren and the young adults reveals some notable
differences. The differences found in pulse rate,
blood pressure, hemoglobin concentration, blood
gas concentrations, and blood pH were all to be
expected in view of the established normal values
for children (22, 23). The mean cerebral blood
flow in children, 106 ml. per 100 Gm. per min.,
was found to be considerably greater than the mean

TABLE II

Blood constituents in children and adults using the modified technique
1gb. Oxygen Content C02 Conteht

Sunbject Age grw % volmes % voloes Y
Arterial Venos Arterial Venous

Children - 9 cases

PR
Arterial Venous

C02 Tenion

Arterial Venous

J.Hl
M.C.
Q.J.
W.0.
N.ye
R.G.
A.K.
S.B.
T.E.

3 12.6
3 11.8
4 13.8
5 11.2
6 12.0
6 12.7
7 12.6

10 11.8
11 11.7

15.57
15.07
17.05
1U.49
13.73
16.16
16.13
15.60
16.48

10.40
9.75

11.92
10.25
9.12

11.03
11.49
11.05
11.60

43.20
46.76
49.U
46.85
43.01
44.66
46.00
49.75
47.84

47.12
51.88
54.47
50.91
47.36
50.39
50.29
54.39
52.54

7.35
7.34
7.36
7.39
7.33
7.45
7.37
7.39
7.41

7.31
7.31
7.30
7.36
7.29
7.40
7.34
7.35
7.37

40 46
43 52
46 56
38 46
41 50
34 42
41 47
42 49
38 46

mban 6.1 12.24 15.59 10.73 46.36 51.04 7.38 7.34 40.0 48.2
Stand. Error ±0.9 ±0.3 ±0.31 i0.31 $0.8 ±0.9 ±0.01 ±0.01 ±1.1 *1*4

Adults - 12 osom
mea 24.5 U4.91 18.74 11.75
Stand. Error ±0.8 t0.2 ±0.30 ±0.39
pi Value (0.001 <0.001 <0.001 <0.1>0.05

49.86 56.31 7.40 7.35 42.8
o0.72 ±0.71 ±0.01 40.01 ±0.6

<0.001 40.001 <0.1 > 0.05 50.1 ZID.l> 0.05

52.3
±0.8
<0-05

* Determined by the method of estisting the significance of the difference between two means.
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TABLE III

Comparison of data on cerebral circulatory functions in children and adults using the
modified technique

CVR
emo Car C%2 (A.V) muftg. Cereb..1e Pulse Rate MO. .g c./lOog./min. co./100g./Min. Vol%. oc./OOg.*/mi. R.Q.

Children - 9 cases

102 86 120
98 74 105

104 85 102
94 77 100
89 83 96

lU4 75 112

87 77 96
90 92 126
72 83 101

6.2 5.16
5.6 5.32
5.3 5.15
4.3 4.25
4.4 4.62
5.7 5.13
4.4 4.64
5.7 4.55
4.9 4.88

0.7 0.77
0.7 0.96
0.8 1.03
0.8 0.96
0.9 0.96
0.7 1.12
0.8 0.92
0.7 1.02
0.8 0.96

Mean 6.1 94.4 81.3 106.4 5.17 4.86 0.77 0.97
Stand. Error ±0.9 ±4.3 ±2.0 ±3.3 ±0.23 ±0.12 ±0.02 0.03

mean 24.5
Stand. Error ±0.8
pa Value <0.001

66.8 82.4
±1.5 ±1.3
<0.001 >0.5

Adults - 12 cases

60.1 4.18 6.99 1.42 0.94
*2.6 ±0.47 ±0.29 ±0.06 ±0.06

<0.001 (0.01 <0.001 <0.001 >0.6

Determined by the method of estimating the significance of the difference between two means.

value, 60 ml. per 100 Gm. per min., observed in the
young adults (p < 0.001). Also significantly
higher in children was the cerebral oxygen con-

sumption, the meanvalue being 5.2 ml. per 100 Gm.
per min. as compared to 4.2 ml. per 100 Gm. per

min. in the adults (p < 0.01). The cerebral vas-

cular resistance in the children was 0.8 mm. Hg
per 100 Gm. per min., which was statistically sig-
nificantly lower than the 1.4 mm. Hg per 100 Gm.
per min. observed in young adults (p < 0.001).
No difference in the cerebral respiratory quotient
(R.Q.) between the two groups was observed.

The results of repeated determinations of CBF,
CMRO2and CVR in a single child using the
modified method are seen in Table IV. The dif-
ferences reflect not only the errors of the method
but also, no doubt, some degree of physiological
variation. The variability is comparable to that
reported with the original procedure (24).

DISCUSSION

The modified method for measuring cerebral
blood flow was found to yield values for CBF in
normal young men comparable to those of the
original technique, but the calculated mean values
for CMRO2were found to be significantly higher.
Some evidence exists that anxiety may cause an

increase in CMRO2(25), but we have no reason

to suspect that there was any difference in the de-
gree of anxiety present in the two groups of young
men. The discrepancy between the two methods
with respect to CMRO2remains unexplained as

do also similar differences in results obtained
with other variations of the original method (26).
Indeed, one of us (L.S.) has recently completed a

series in normal young adults studied by the origi-
nal techniques without modification in which the
values for CBFand CMRO2are comparable to the
adult values reported here (27).

The possibility that the higher values for CBF
and CMRO2found in the children may have re-

sulted from specific conditions of the procedure
must be considered. In view of the report of
Schmidt and Hendrix (28) that light stimulation
of the retina results in an increase in blood flow
to the- visual cortex in cats, the projection of mo-

tion pictures, not done for the adults, might be
considered of importance in accounting for the
higher CBF in the children. However, the au-

thors of this study indicate that the increase in
CBF was confined only to a small, sharply de-
marcated area, and, therefore, it is unlikely that,
even if such an increase occurred it would have a

measurable effect on over-all cerebral blood flow.
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3
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4
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Furthermore, the studies in the children were con-
ducted in a dimly lighted room in order that the
picture, reflected from the painted ceiling, could
be seen, and, therefore, there was probably no
greater visual stimulation in this group than in the
adults. The films chosen were of vacuous content,
but of sufficient interest to hold a child's attention
without inducing anxiety. It is doubtful that they
were provocative of cerebration of comparable in-
tensity to that required in solving arithmetic prob-
lems, a form of mental activity which has been
shown not to be associated with measurable in-
creases in CBF or CMRO2(29).

An additional factor which must be considered
is the degree of anxiety in the children as com-
pared with that in the adults. Great pains were
taken to minimize this, and that it was not a major
factor is suggested by mean pulse rate and mean
arterial blood pressure readings which are not
above the normal resting level for children 6 years
of age (23). Also, in the child studied on four
separate occasions, there was no suggestion of a
decrease in his CBF and CMRO2as he became
thoroughly familiar with and, therefore, presum-
ably less anxious about the procedure. A sub-
jective evaluation of the subjects was that the
children were less anxious than the adults.

Garfunkel, Baird, and Ziegler (30) have re-
ported lower values for CBF and CMRO2in
children than obtained by us. However, most of
the subjects in their series had gross evidence of
neurological or mental defects. Current studies
in this laboratory (31) indicate that such abnor-
malities are frequently accompanied by reductions
in CBF and CMRO2. Furthermore, the mean
age of their group was 32 months as compared
with 6.1 years in our series. Although differences
in techniques and their use of sedation make any
conclusions only tenuous, their finding of a lower
CMRO2at this much younger age level is con-
sistent with the results of in vitro studies in the
rat (32, 33) and dog (34), where CMRO2was
found to be at a lower level in the very young
animal.

In view of the high total body metabolic rate
in childhood (35), it is, perhaps, to be expected
that the cerebral metabolic rate would also be
higher than in adult life. However, if this is re-
lated to growth, it is surprising to find that
CMRO2remains at a high level after the age

Date

12/52
3/53

l1/53
11/54

TABLE IV

Repeated determinations on one child t
car Cd2 CVR R.Q.

91 4.9 - 1.10
108 6.0 0.8 1.07

96 5.1 0.8 0.92
87 5.6 0.9 1.03

Mean 96 5.4 0.8 1.03
Stand. Error ±4.6 ±0.25 ±0.03 ±0.04

+ Because this child was subject to occasional generalized
seizures requiring low doses of anticonvulsant medication
for control he was not included in the series of norml
children.

of 6 when the brain has reached 95 per cent of its
mature size (36). Furthermore, in contrast to
total body metabolic rate, which decreases with ad-
vancing age throughout the pre-adolescent years,
CMRO2was found to have no significant correla-
tion either positive or negative with age between
the ages of 3 and 10 years (r = -0.21, p > 0.1).
Indeed, it was found to be relatively constant over
that age span. Consistent with this pattern of
change in CMRO2with growth are the in vitro
measurements in the rat (32, 33, 37), which to-
gether with our in vivo studies constitute further
evidence that the energy requirements for brain
tissue are determined independently from the body
as a whole (38) and that these are associated with
metabolic processes not directly related to incre-
ments in brain size. Gordan, Guadagni, Picchi,
and Adams (39) have suggested that the steroid
hormones may be of considerable importance in
the regulation of CMRO2and that our findings,
together with their observations of higher value
for CBF and CMRO2than normal in testicular
eunuchoidism and hypopituitrism, may be related
to an inhibitory action of certain of these agents
which has been observed in vitro.

Because of the special 'characteristics of cere-
bral maturation, a consideration of the high cere-
bral metabolic rate in childhood leads to an
intriguing corollary. For example, it can be cal-
culated 9 that in a young child the brain may ac-

9 A normal five-year-old child weighing 20 kilograms
has an average metabolic rate of 36 calories per hour
(25). Since the caloric value of oxygen is 4.8 cal. per

liter, the total body oxygen consumption is 7.5 liters per
hour or 125 ml. per minute, assuming a brain weight at
this age of approximately 1200 grams and a CMRO, of
5.2 ml. per 100 Gm. per min., the total cerebral oxygen
consumption equals 62 ml. per min. or half the total body
uptake.
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count for approximately one-half of the basal total
body oxygen consumption. This calculation re-

quires the assumption that the CMRO2in children
in the basal state is not significantly lower than the

values reported here, but the assumption is prob-

ably justified in view of the several reports of the
lack of change in cerebral metabolic rate in con-

ditions in which total body metabolic rate is
known to be altered (19, 29, 38).

SUMMARY

1. A modification of the original method for
measuring cerebral blood flow has been described
which is suitable for use in normal children. The
results obtained with the modified procedure
proved comparable to those derived using the
original technique.

2. In a group of normal children the cerebral
blood flow and the cerebral metabolic rate were

found to be significantly higher than in normal
young adults, and the cerebral vascular resistance
was significantly lower.
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