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A relation between reduced cerebral oxygen
uptake (CMRO2), measured by the inert gas
method of Kety and Schmidt (1), and impaired
mental function has been described in many clini-
cal conditions. In patients with chronic degen-
erative cerebral diseases, such a relationship was
first noted by Freyhan, Woodford and Kety in
their study of aged psychotic patients (2). This
finding has since been confirmed by many in-
vestigators studying related clinical problems
(3-7). In general, a reduction of CMRO2was
found to be associated with a proportionate re-
duction of the cerebral blood flow (CBF).

These studies showed considerable overlapping
between the values obtained in the deteriorated
patients with organic brain disease and in the
normal control patients. Recently, Lassen,
Munck and Tottey reported a study of CBF and
CMRO2in middle-aged patients with mental im-
pairment due to diffuse, degenerative brain dis-
eases (8). Compared to normal control sub-
jects of similar age, all patients with organic
dementia had subnormal CMRO2, while the CBF
showed some degree of overlapping. Further-
more, the degree of reduction of CMRO2corre-
sponded roughly with the degree of mental de-
terioration. Psychological tests were employed
to assess mental abilities in this study, while the
krypton85 method was used to measure CBF
and CMRO2bilaterally, employing simultaneous
sampling from the right and left internal jugular
veins. These relatively minor variations of Kety
and Schmidt's method (1) were found to be of
value, as they appeared to increase the accuracy
of the individual observations.

The demonstration of a close correlation be-
tween mental and metabolic deterioration in cere-

* Visiting scientist; present address: Medical Dept. B.,
Bispebjerg Hospital, Copenhagen N.V., Denmark.

bral function is of importance for the understand-
ing of the pathophysiology of organic dementia.
Since only 19 subjects were studied by Lassen
and associates (8) it was considered desirable
to collect more data of this kind. The present
report is concerned with clinical and cerebral
metabolic data from 25 subjects. The technique
and the overall design of the study were similar
to that used by Lassen and co-workers. It in-
volved the independent physiological and psycho-
logical assessment of the subjects, data being
compared only after completion of the entire study.

METHODS

Cerebral blood flow and oxygen uptake. The inert
gas method of Kety and Schmidt (1) was used with
the modification described by Lassen and Munck (9).
This modification employs a radioactive isotope of
krypton (Kr') as the inert gas instead of nitrous oxide.

Each study had a duration of about 16 minutes dur-
ing which time the subject breathed atmospheric air
containing 0.1 ,uc Kr' per ml. A closed circuit system
of 80 L was used. Blood samples were drawn from
indwelling needles in the femoral artery and in both
internal jugular veins. Twelve samples of 3 cc each
were drawn anaerobically from each source for Kr'
analysis (Figure 1). These 36 samples and a blank sam-
ple drawn before Kr" inhalation were transferred into
mica-walled cuvets and the radioactivity measured auto-
matically by 4 Geiger-Muller tubes (9). In order to
avoid errors due to variations in erythrocyte sedimenta-
tion in the cuvets, the analyses were performed on he-
molyzed blood; triton X-100 was used as the hemolytic
agent (10). After about 4 minutes of Kr' inhalation,
samples were drawn for manometric 02 and CO2 analy-
ses (11), pH, and spectrophotometric 02 saturation de-
terminations (10). The arterial hematocrit was also
measured and was used to calculate the partition co-
efficient for Kr" (9).

The calculation of the unilateral (right or left side)
values of the cerebral blood flow (CBF) was carried out
according to the principle of Kety and Schmidt (1) as
modified by Lassen and Munck (9). Extrapolation to
infinity was used, but no correction was made for the
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FIG. 1. Two STUDIES IN THE SAME SUBJECT. An in-
terval of several weeks separated the studies. The open
circles represent the venous curves for the left side.

mean circulation time of the brain (9). Though theo-
retically sound, this correction cannot be made ac-

curately, and it was thought preferable not to use it in
the present study. For this reason the infinity values
of CBF and CMRO2reported in this paper are about 10
per cent lower than those reported by Lassen, Munck
and Tottey (8). The unilateral CBF values also were

calculated to an experimental duration of 10 minutes.
These values can be compared directly to those obtained
by the original nitrous oxide method. The bilateral
values were calculated with the assumption that both
internal jugular veins carry the same volume of blood.
Therefore, the means of the two venous krypton curves

and the means of the oxygen contents were used in these
calculations.

Clinical data and psychological mnethods. Twenty-five
white male subjects were studied: 11 young normal sub-
jects (Y) of average age 24 years; 5 old normal sub-
jects (0) of average age 72 years; and 9 aged, mentally
deteriorated subj ects (D) of average age 74 years.
The young normal subjects were medical students. They
were not examined clinically as it was assumed that none

suffered from chronic brain disease of a degree suffi-
cient to impair intelligence.

The two groups of aged subjects were selected and
evaluated by a psychiatrist (I.F.) who was not made
aware of the circulatory and metabolic data until com-

pletion of the entire study. The grouping of these sub-

jects as normnal or deteriorated mentally was made on
the basis of the overall clinical impression: the results
obtained by psychometric tests were evaluated in rela-
tion to past history, emotional status (cooperativeness)
and possible neurological defects. The aged subjects were
selected so that the normal aged group was mentally well
preserved and alert, whereas the deteriorated subj ects
all manifested behavioral changes which clearly sug-
gested chronic brain derangement (dementia), with
signs of "senility" and confusion (see below).

The examination included: a) psychiatric interview;
b) Wechsler's Adult Intelligence Scale (WAIS) (12);
c) Raven's Progressive Matrices (13) (including adult
and children's forms) ; d) Bender Motor Gestalt (14);
and e) a digit memory test designed to reveal fluctua-
tions in performance (described in Reference 8). Some
clinical data are given in Table I and test scores are
listed in Table II. It will be noted that regarding
school training and life occupation, no apparent differ-
ence existed between the normal and the deteriorated aged
subj ects, an impression confirmed by the more detailed
interviews.

Three of the five mentally normal aged subjects were
paid volunteers (0, 02 and 04), and two were patients
from the Geriatrics Ward of Saint Elizabeth's Hos-
pital, Washington, D. C. (03 and 05). These two pa-
tients were hospitalized primarily because they had no
one to care for them in the community. One of them
(O6) had physical infirmity, whereas the other (0,)
was admitted because of mental depression and exces-
sive use of alcohol following his wife's death. Shortly
after this patient's participation in the present study he
was discharged from the hospital. The clinical im-
pression of well preserved mental function in these
five subjects was confirmed during the detailed inter-
views and by the results of the psychometric tests
(Tables I and II).

The nine mentally deteriorated aged subj ects were
patients hospitalized on the Geriatrics Wards of Saint
Elizabeths Hospital. Patients were sought whose hos-
pital diagnosis was chronic brain syndrome and who
manifested the characteristic symptoms of this illness,
in the absence of focal neurological signs. A loss of
memory more marked for recent than remote events was
considered the distinguishing feature of organic brain
disease. Emotional lability, defects in orientation, in
comprehension and in judgment frequently accompanied
the memory impairment. In addition, an attempt was
made to exclude patients with a history of or with pres-
ent evidence of such stigmata of functional mental illness
as delusions, hallucinations, ideas of reference, and de-
personalization. The endeavor to meet these ideal cri-
teria in a hospital devoted primarily to the care of com-
mitted patients was not entirely successful. Thus one
subject (D2) had a past history of auditory hallucina-
tions and was considered to show minimal signs of resid-
ual schizophrenia in addition to organic deficit. Two
others (D, and D,) had vague unsystematized paranoid
notions regarding their families; however, both had ade-
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CMRO2AND MENTALFUNCTION

TABLE I

Descriptive data for populations tested*

Duration of
Age hospitalization Scholastic achievement Occupation

yrs yrs

Young normal subjects None College graduates Medical students
N = 11 22-29
Mean = 24.2

Old normal subjects
01 75 None College graduate Marine insurance (U. S. Govt.)
02 66 None College graduate Civil engineer
03 79 3 Tenth grade Florist clerk
04 72 None Eighth grade Engraver (U. S. Govt.)
.5°6 69 1 1 Year college Telegraph operator
Mean = 72.2

Subjects with organic dementia (chronic brain syndrome)
DI 67 1 High school graduate Commander, U.S.N.
D2 69 2 College graduate (LL.B.) Lawyer
Da 77 2 High school graduate Unknown
D4 74 1 First grade Laborer (U. S. Govt.)
D5 73 2 Ninth grade Insurance salesman
D6 72 1 High school graduate Engraver (U. S. Govt.)
D7 75 2 Sixth grade Post Office clerk
Ds 84 3 High school graduate Clerk (U. S. Govt.)
D9 77 1 High school graduate Clerk (U. S. Govt.)
Mean = 74.2

* Positive findings on neurological examination: D4 had moderate Parkinsonism and left homonymous visual field
defect; D7 had moderate Parkinsonism; and D9 had aphasia and apraxia, but no other neurological symptoms or signs.

quate histories of work and family adjustment. Finally,
two additional patients presented focal neurological
signs (Tables I and II). Although none was capable
of managing his affairs outside the hospital, three pa-

tients had ground parole privileges. The remaining six
subjects were so confused as to require assistance in the
simple tasks of everyday life; they were unable to find

their way about, to dress themselves, and were usually
disoriented in all spheres. Two of the deteriorated sub-
jects, D. and D,, were considered to be more severely
affected than the others. These two subjects were de-
liberately chosen in order to include in the study some

subjects with an extreme degree of impairment. None
of the patients was a behavior problem and all except

TABLE II

Scores on psychometric tests

WAIS subtests (standard scores)

Informa- Compre- Arith- Similari- Digit Vocabu- Digit Picture Block Picture Raven's
tion hension metic ties span lary symbol complet. design arrang. matrices*

01 17 15 11 16 7 17 7 12 8 7 49
02 19 18 17 1 12 18 8 13 12 13 64
03 9 10 10 7 7 10 5 9 8 6 32
04 14 19 13 11 9 15 8 12 12 7 46
05l 16 17 15 11 12 19 7 11 10 6 59
Di 17 18 15 15 14 14 6 14 6 6 38
D2 14 14 13 10 14 17 7 9 7 7 41
D3 13 10 9 12 14 19 NTt NT 9 NT NT
D4 5 7 5 4 6 2 0 5 0 1 0
D5 5 8 10 4 9 11 7 6 9 6 39
D6s 9 9 15 8 11 11 3 7 5 5 34
D7 9 6 8 2 1 10 NT 7 5 0 24
Ds 7 8 4 5 6 9 NT NT NT NT NT
De Untestable on all tasks

* Total items correct on combined children's and adult forms.
t Not tested.
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one, D., were capable of performing at least some vascular ("arteriosclerotic") etiology for cognitive
psychological tests. changes observed. The role of cerebral vascular in-

The etiology of the chronic brain syndrome in these sufficiency cannot, however, be entirely excluded on this
patients was obscure. No subject had a history of syph- basis.
ilis, apoplexy, severe cerebral anoxia, trauma, or any of RESULTS
the other usual causes of diffuse cerebral disease. Only
two patients presented findings suggestive of cerebral CBFand CMRO2in the various clinical groups.
vascular insufficiency, and none suffered from severe Table III lists the unilateral and bilateral CBF
arterial hypertension. These facts and the insidious, and CMRO, values for each subject, and the
gradually progressive nature of the mental derangement
would seem to argue against a general presumption of means of these values in the three clinical groups.

TABLE III

Bilateral cerebral blood flowmand oxygen uptake in 25 subjects

10 Minute values* Infinity values*

CBF CMRO2 CBF CMRO2
Subjects Age R L Bil. R L Bil. R L Bil. R L Bil.

yrs
l. Young normal subjects

Y1 28 62.4
Y2 29 42.2
Y3 24 52.7
Y4 22 42.9
Y5 23 47.7
Y6 22 49.7
Y7 25 50.3
Y8 28 49.0
Y9 24 54.5
Y10 21 42.5
Y11 24 49.4

Meant 24.2 48.09
SD 4.29

II. Old normal subjects

0° 75 37.2
02 66 45.2
03 79 42.2
04 72 62.2
O5 69 59.1

Mean 72.2 49.18
SD 10.91

63.3 62.8
45.0 43.6
65.6 58.4
48.2 45.4
58.2 52.4
46.5 48.0
52.2 51.2
52.2 50.5
61.9 58.0
52.3 46.9
48.8 49.1
53.09 50.35

6.78 4.91

39.0 38.1
53.7 49.1
45.6 43.8
72.1 66.8
48.0 53.0
51.68 50.16
12.57 10.86

5.45
3.83
3.37
3.35
3.34
3.65
3.75
3.35
3.47
2.72
3.26
3.409
0.310

5.20 5.33
4.07 3.95
4.09 3.69
3.80 3.56
4.10 3.68
3.06 3.34
3.64 3.70
3.13 3.24
3.63 3.55
3.53 3.08
2.92 3.09
3.597 3.488
0.439 0.289

3.57 3.66 3.62
2.94 3.87 3.36
3.15 3.34 3.24
2.84 3.12 2.97
3.32 2.60 2.93
3.164 3.318 3.224
0.293 0.494 0.286

56.8 54.9
34.5 39.4
44.4 57.3
36.8 42.3
39.5 49.7
43.9 42.8
42.2 40.8
44.0 46.8
44.8 47.3
38.3 45.1
42.0 41.5
41.04 45.30

3.58 5.32

31.7 29.1
38.0 42.8
35.2 38.9
55.8 65.2
53.1 40.6
42.76 43.32
10.94 13.30

55.8
36.8
50.0
39.4
44.0
43.3
41.5
45.4
46.0
41.4
41.7
42.95

3.69

30.3
40.3
37.0
60.1
46.0
42.74
11.24

4.96 4.51
3.13 3.57
2.84 3.58
2.88 3.33
2.77 3.50
3.23 2.81
3.15 2.84
3.01 2.81
2.85 2.78
2.45 3.04
2.77 2.49
2.908 3.075
0.231 0.390

3.04 2.73
2.47 3.08
2.63 2.85
2.54 2.82
2.98 2.20
2.732 2.736
0.261 0.326

4.73
3.33
3.16
3.09
3.09
3.01
3.00
2.91
2.82
2.72
2.62
2.975
0.213

2.88
2.76
2.73
2.67
2.54
2.716t
0.125

III. Subjects with organic dementia (chronic brain syndrome)
Di 67 50.7 51.4 51.0 3.09 2.89 2.99
D2 69 34.0 39.2 36.4 2.87 3.57 3.19
D3 77 34.8 31.5 33.1 3.00 2.43 2.71
D4 74 33.8 32.5 33.1 3.19 2.54 2.85
D5 73 39.0 34.6 36.7 3.01 2.56 2.77
D6 72 58.7 44.0 50.3 3.45 2.49 2.90
D7 75 41.0 36.1 38.4 3.08 2.65 2.85
D8 84 42.8 36.6 39.5 2.63 2.08 2.34
D9 77 32.0 25.9 28.6 2.23 1.57 1.86

Mean 74.2 40.76 36.87§ 38.57 2.950 2.531§ 2.718§
SD 8.91 7.43 7.59 0.350 0.543 0.395

IV. Repeat studies in three subjects with organic dementia
D2-II 68 40.0 41.6 40.8 3.02 3.40 3.21
D2-III 68 28.5 42.9 34.2 2.16 3.91 2.86
Dr-II 73 37.3 30.9 33.8 3.14 2.30 2.68
D7-II 73 41.2 39.7 40.4 2.39 2.58 2.48

41.1 45.5 43.2
26.6 30.6 28.5
32.3 29.1 30.6
30.6 27.1 28.7
33.3 32.0 32.6
51.1 35.3 41.8
33.3 28.9 30.9
36.7 30.9 33.6
23.9 18.9 21.1
34.32 30.92 32.33

8.07 7.07 6.79

33.0 30.6 31.8
23.1 34.8 27.8
32.5 24.6 28.0
31.0 30.5 30.7

2.51 2.56 2.55
2.25 2.78 2.50
2.78 2.25 2.50
2.89 2.12 2.47
2.57 2.37 2.46
3.00 1.99 2.41
2.50 2.12 2.30
2.26 1.76 1.99
1.66 1.15 1.37
2.491 2.122§ 2.281§
0.405 0.474 0.380

2.49 2.50 2.50
1.75 3.17 2.32
2.74 1.83 2.22
1.79 1.98 1.89

* Values are expressed in cubic centimeters per 100 g per minute.
t Mean value of subjects Y2 to Y11 (cf. the text).
t Significantly lower than in young normal adults (p < 0.05).
§ Significantly lower than in old normal subjects (p < 0.05).
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FIG. 2. SCATTERGRAMOF CMRO2 VALUES IN THE VARIOUS CLINICAL GROUPS.

Note that the bilateral values distinguish most sharply among the groups.

The probability levels for the pertinent differ-
ences are also indicated. These levels are based
on the application of the t test with correction for
nonhomogeneous variances (15).1 Case Y, was

unusual because the values for CMRO2were much
higher than in any other young normal subject
studied. The ratio of the sums of squares in
cases Y2 - Y1o/Y1 -Y1 was 0.127. This ratio
(16) indicates that Case Y, differs significantly
from the remainder of the cases (p < 0.01), and
this case has therefore not been included in com-

putation of the mean and standard deviation for
the young normal group. The basis of this de-
viant value was not readily apparent.

Compared with young normal adults, the aged
normal subjects showed a significant (p < 0.05)
reduction of the bilateral CMRO2value calculated
to infinity. In young normals a mean value of
3.0 cc per 100 g per minute was found as com-

pared to 2.7 in aged normals. The bilateral 10
minute values of CMRO2were not significantly

1 We wish to thank Dr. Seymour Geisser, Biometrics
Section, National Institute of Mental Health, for statisti-
cal advice.

different at the 5 per cent level of confidence.
The unilateral CBF and CMRO2values, as well
as the bilateral CBF values, failed to distinguish
between these two normal groups at either the
10 minute or infinity values.

The nine aged deteriorated subjects differed sig-
nificantly from the aged normal controls with re-

spect to several parameters. The bilateral and
left side unilateral values for CMRO2were sig-
nificantly reduced (p < 0.05) in the deteriorated
group, whereas the CMRO2values for the right
side were not significantly different. The cerebral
blood flow values did not differ significantly in
the two groups with the exception of the 10
minute CBF value on the left side; this was sig-
nificantly reduced (p < 0.05) in the deteriorated
subjects. It may also be noted that cases D, and
D9, who clinically appeared most deteriorated,
also had the lowest CMRO2values.

In the present study, the bilateral CMRO2val-
ues provide a more clear-cut separation of the
clinical groups than do either the right or left side
values. This is clearly shown in Figure 2, in
which the three sets of values are plotted for each
group.
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TABLE IV

Correlations of cerebral oxygen uptake with psychometric
data listed in Table II

CMRO2(infinity values)

N Right Left Bilateral

1. Picture arrangement 10 -0.13 0.77* 0.71*
2. Picture completion 10 0.00 0.62t 0.68t
3. Digit symbol 9 0.38 0.57 0.40

"Perception" factor: 10 0.13 0.78* 0.74*
4. Digit span 13 0.04 0.32 0.29
5. Arithmetic 13 0.13 0.57* 0.57*
6. Block design 12 0.22 0.63t 0.55t

"Immediate memory" 13 0.01 0.58t 0.52t
factort

7. Similarities 13 0.15 0.60t 0.64t
8. Information 13 0.04 0.61t 0.60t
9. Vocabulary 13 0.04 0.41 0.44

"Verbal" factorl 13 0.08 0.59t 0.59t
Raven's matrices 10 0.18 0.44 0.56t

* One-tailed test, p < 0.01.
t One-tailed test, p < 0.05.
t Based on combining weighted scores of the three pre-

ceding subtests. For the "perception" factor, D7 was
prorated for Test 3 on the basis of Tests 1 and 2; for the
"immediate memory" factor, D8 was prorated for Test 6
on the basis of Tests 4 and 5.

CBF and CMRO2compared with psychometric
data. Table IV lists correlation coefficients and
their levels of significance calculated from the
extrapolated CMRO2 values and the psycho-
metric data of the aged normal and the aged de-
teriorated group. The raw scores were corre-
lated for individual subtests of the WAIS. The
three factors isolated from the Wechsler-Bellevue
Scale by Birren (17) among aged subjects were
correlated by combining weighted scores of the
WAIS subtests. D9 was untestable and was not
included in any computations. D3, D4 and D8 did
not complete every test (D3 and D, because of
impaired vision, and D4 because of transient un-
cooperativeness). The N's for the various corre-
lations therefore vary. It will be seen that there
are high and significant correlations between
CMRO2values on the left side and the psy-
chometric data. The correlations between bi-
lateral CMRO2and the psychometric data were
of a similar value and significance. None of the
correlations for the right side reaches significance
and they are all close to zero. Calculations using
the CMRO2values corresponding to an experi-
mental duration of 10 minutes showed much the
same results. The cerebral blood flow showed a
distinctly lower degree of correlation with the
psychometric data than did CMRO2.

DISCUSSION

In young normal adults, the average cerebral
blood flow was 50 cc per 100 g per minute, and
the cerebral oxygen uptake was 3.5 cc per 100 g
per minute, when calculated to 10 minutes of in-
ert gas inhalation. These values are similar to
those reported by investigators using the nitrous
oxide method (9, 18-22). The extrapolated val-
ues, however, are somewhat lower with average
values of 43 cc per 100 g per minute for cerebral
blood flow and 3.0 cc per 100 g per minute for
cerebral oxygen uptake.

As is evident from Table III, extrapolation
caused a drop in calculated cerebral perfusion in
all studies in normal subjects as well as in pa-
tients with organic dementia. An average de-
crease of about 15 to 20 per cent occurred, with
subjects of lower perfusion showing the greater
relative decrease. This decrease does not reflect
a change in true cerebral perfusion since all stud-
ies were carried out in the steady state. More-
over, in all studies the cerebral venous oxygen
saturation was measured on an additional blood
sample collected at about the eleventh minute of
inert gas inhalation; in no case was a marked
change (decrease) noted when this value was
compared to that obtained from the sample col-
lected at about the fourth minute. Since the de-
crease in calculated cerebral perfusion value with
increasing experimental duration is unrelated to
changes in cerebral perfusion, it must be attributed
directly to the method of study-the inert gas
method.

The theory of inert gas uptake at the tissues,
as reviewed by Kety (23), enables us to under-
stand this decrease. Declining values during an
experiment carried out in the steady state stem
from differences of inert gas uptake rates within
the organ studied. Animal studies by Kety et al.
(24) indicate that the white matter of the brain
has a much lower perfusion rate than does the
grey matter, and consequently has a slower gas
uptake rate. Therefore, the brain itself may be
the source of the observed heterogeneity of Kr85
uptake. Extracerebral contamination of internal
jugular blood would also be expected to result
in heterogeneous inert gas uptake. This contami-
nation is probably of the order of only a few
per cent in the average case (25). Hence, it can-
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not readily account for the 15 to 20 per cent drop
in calculated perfusion rate produced by extra-
polation.

Whatever the origin of the observed uneven-
ness of tissue Kr85 uptake, only extrapolation can
give a theoretically valid estimate of the blood
flow of the tissues. The extrapolation, however,
must be correct, i.e., it must comprise the satura-
tion characteristics of all tissues not yet saturated
at the end of the experiment at 16 minutes of
inert gas inhalation. The procedure we employ
undoubtedly corrects to some extent the errone-
ously high 10 minute values due to uneven per-
fusion and the resultant difference between the
average inert gas tension of the tissues and the
jugular blood. Therefore, the extrapolated values
will approximate more closely the "true" blood
flow. But since it is possible that not all slowly
saturating tissues have been adequately repre-
sented by the present technique of extrapolation,
the values derived can only approximate this
ideal. Moreover, extrapolation increases the ran-
dom experimental error of the method. Thus it
may be said that the values determined on the
basis of an experimental duration of 10 or 16 min-
utes are more reliable than extrapolated ones, even
though the latter give more valid estimates of true
blood flow. In the following discussion both 10
minute and infinity values are mentioned, no
special significance being attached to either. In
most cases the same conclusion may be reached
when using either set of values. It is worth no-
ticing, however, that in the group of old normal
subjects the extrapolated value for cerebral oxy-
gen uptake was significantly reduced (p < 0.05),
while the reduction of the 10 minute value just
fell short of reaching statistical significance (0.05
> p < 0.10). While this difference may be due
to chance it may also reflect the possibility that
extrapolation actually gives a better estimate of
the parameter sought.

The discussion above implies that in many stud-
ies employing an experimental duration of 10
minutes, the normal rate of cerebral blood flow
and oxygen uptake has been overestimated by
about 15 per cent. The values in subjects with
low cerebral perfusion have been overestimated to
an even greater extent.

The scatter of cerebral oxygen uptake values
in the group of young normal adults is of some

theoretical interest. In the present series, the
standard deviation of extrapolated bilateral
CMRO2values was 0.2 cc per 100 g per minute
or 7 per cent of the mean CMRO2of 3.0 cc per
100 g per minute. The same value was found in a
previous study using the same bilateral technique
(26). In order to compare this value to that of
unilateral series the bilateral standard deviation
must be corrected for the greater number of analy-
ses involved, and a factor of 1/0.87 = 1.15 may
appropriately be used (26). The resulting cor-
rected standard deviation of about 0.25 cc per 100
g per minute is significantly lower than that of
about 0.5 cc per 100 g per minute reported in vari-
ous unilateral series utilizing both the Kr85 method
(9, 26), and the nitrous oxide method (18-20).
On this basis, it may be concluded that the coeffi-
cient of variation of the random experimental er-
ror of determining cerebral blood flow and oxy-
gen uptake in normal man is of the order of 7 per
cent or less when the present bilateral method is
employed. A maximum estimate of the random
experimental error may also be obtained from the
results of repeated bilateral studies. Combining
the results of the three subjects in the present
study with five cases reported previously (26),
a coefficient of variation of 6 per cent is obtained.

The coefficients of variation mentioned above
suggest a remarkable constancy of cerebral oxygen
uptake; this parameter varies little when the same
subject is studied repeatedly over a period of
months. Moreover, in young normal adults no
marked inter-individual differences seem to exist.

Before commenting on the results obtained in
the two aged groups, it is worth noting that the
side-to-side differences of cerebral blood flow and
oxygen uptake (average 14 and 19 per cent, re-
spectively) are in agreement with previous find-
ings in bilateral studies (cf. References 1 and 26,
and the discussion in 27).

Normal old age. The aged normal subjects
had nearly the same average CBF as the young
normal subjects, while the average bilateral
CMRO, (infinity value) was 9 per cent lower
than in young normal subjects. This decrease of
CMRO2was statistically significant (p < 0.05).
Other investigators, using unilateral techniques,
have found a moderate (21, 22) to severe (3)
reduction of CMRO2with age. However, the
criteria of normality adopted in these studies are
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not explicitly stated, and it is possible that the
aged groups studied may have included some sub-
jects whom we would have classified as deterio-
rated.

A study of CMROin young and aged normal
subjects was recently completed in this laboratory
by Sokoloff (28) and Dastur and associates (29).
These investigators found no significant reduc-
tion of CMRO2in their aged group. However,
their methods differed in that they used the uni-
lateral N2O technique without extrapolation, and
their criteria of normality were more stringent
than our own. (They would have rejected 03
and 05 solely on the basis of having been hospital-
ized.) For these reasons, this study cannot be
directly compared with the present report.

Considering our own findings in the light of
the evidence available in the literature, we would
suggest that a small but definite reduction in
CMRO2per 100 g of brain tissue occurs in nor-
mal persons of age 70 or more. A reduction in
brain weight, not measurable with the present
technique, would produce a still greater reduction
in total cerebral oxygen uptake. We would
further suggest that this reduction in CMRO2
represents a physiological correlate of the well
established decline in intellectual function with
advanced age. Four out of five of the present
group of aged normal subjects spontaneously re-
ported recent changes in their intellectual func-
tion, primarily difficulties in remembering names
and recent events. While such changes cannot
be demonstrated with the tests employed, they
are nevertheless quite real and are consistent
with the interpretation of a mild degree of chronic
brain syndrome or, perhaps, "incipient dementia."

The pathoanatomical basis of the metabolic
and mental deterioration in advanced age is pre-
sumed to be a degenerative process which dif-
fusely involves the cerebral cortex (cortical
atrophy). This interpretation is consonant with
the reduction in CMRO2(see the discussion in
Reference 8). While these interpretations are by
no means novel, what is new is the suggestion that
CMRO2may represent an objective and quanti-
tative measure of certain major cerebral changes
in old age.

Organic dementia. The patients with organic
dementia had bilateral cerebral oxygen uptake
values which were markedly lower than those

found in young normal subjects. The separation
of the demented subjects from the aged normal
control subjects was not as sharp; however, the
latter may be considered to be cases of borderline
chronic brain syndrome according to the above
discussion. The various observations in the
group of mentally deteriorated patients gave no
indication of the etiology of the presumably de-
generative cerebral affliction causing the fully
developed chronic cerebral syndromes. As noted
in the description of the patient material, no
clinical clues existed either. There was, in par-
ticular, no reason to suspect cerebral vascular dis-
ease to be of general etiological importance. For
a more extensive discussion of the etiological role
of cerebral arteriosclerosis in organic dementia
the reader is referred to a recent review (27).
Thus it is possible that the group of senile de-
mented patients were actually suffering from
cerebral involutive processes of the same nature.
but of more pronounced intensity, as those oc-
curring in normal old age.

Disregarding etiological considerations, how-
ever, there seems to be no reason to emphasize
the age of the mentally deteriorated subjects.
The results obtained by Lassen, Munck and Tot-
tey (8) in a group of middle-aged demented sub-
jects of average age 55 years (range 42 to 64
years) are very similar to those obtained in the
present group of senile patients of average age
74 years (range 67 to 84 years). Thus both
studies found severe mental impairment associated
with a 40 per cent reduction in cerebral oxygen
uptake, whereas less pronounced degrees of de-
mentia were associated with a 20 per cent reduc-
tion in cerebral oxygen uptake. It is likely that
a reduction in brain weight occurred in many of
the patients in both studies, reducing total cerebral
oxygen uptake even more than is indicated by the
inert gas studies.

The fairly close correlation between degree of
dementia and reduction of the average rate of
cerebral oxygen uptake of the whole brain sug-
gests that intellectual processes involve the func-
tion of large parts of the hemispheres. When cor-
relating the CMRO, to the raw scores of the
psychometric tests, the unilateral values on the
left side showed as high a correlation as the bi-
lateral values, whereas no significant correlation
was noted with the unilateral values of the right
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side. This finding is presented more extensively
elsewhere (30). It may signify some degree of
gross localization of cognitive function, so that a
left-sided cerebral lesion is of greater consequence
for the development of dementia than is a com-
parable right-sided lesion.

SUMMARY

Cerebral oxygen uptake was determined in 11
young normal adults, 5 aged normal subjects,
and 9 aged subjects suffering from organic de-
mentia. The bilateral Kr85 modification of the
inert gas method was employed. Mental function
was assessed in the two aged groups by means of
psychiatric interview and psychometric tests.
The following results were obtained:

1. In the young normal adults the cerebral oxy-
gen uptake was in average 3.5 cc 02 per 100 g of
brain per minute when the values were calcu-
lated corresponding to 10 minutes of inert gas
inhalation. This result is in agreement with the
findings of previous investigators. However,
employing extrapolation to infinity, a mean value
of 3.0 cc 02 per 100 g per minute was found.
Similar differences between 10 minute and extra-
polated values were found in the two aged groups.
The causes of these differences were discussed.

2. The aged normal subjects had an average
age of 72 years and an average cerebral oxygen
uptake which was 9 per cent below the level in
young normal subjects (p < 0.05). This small
reduction in cerebral oxygen uptake is consid-
ered to be a metabolic manifestation of an incipi-
ent degenerative cerebral disorder whose func-
tional expression is the decline in mental function
in normal subjects with advanced age.

3. The nine subjects with organic dementia (av-
erage age 74 years) had a cerebral oxygen uptake
which was significantly reduced below the level
in the young and aged control groups. The two
subjects with the greatest degree of mental impair-
ment also had the lowest values for cerebral oxy-
gen uptake-values about 40 per cent below the
level in young normal adults. The seven subjects
with less severe mental defects had a more mode-
rate reduction in cerebral oxygen uptake- in av-
erage, about 20 per cent below the level in young
normal adults.

4. The reduction of cerebral oxygen uptake is
considered to be a rough quantitative measure of

cerebral degenerative lesion revealed functionally
by the dementia.
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CORRECTION

Through an error in the editorial office, on page 2052 of the
paper, "Chronic Progressive Myopathy with Myoglobinuria: Dem-
onstration of a Glycogenolytic Defect in the Muscle," by Rudi
Schmid and Robert Mahler (J. clin. Invest. 1959, 38, 2044), PAS,
periodic acid-Schiff reaction, was incorrectly defined as para-
aminosalicylic acid.
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