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Changes in cerebral blood flow with age have been of long-standing interest. A study 
of 20 normal, healthy, right-handed volunteers 20-100 years old using a noninvasive 
method is reported. Local cerebral blood flow (LCBF) and partition coefficients (LA) 
were measured during inhalation of 35% stable xenon gas and serial computed tomo­
graphic (CT) scanning (CT-CBF). Throughout CT-CBF measurements, subjects lay com­
fortably at rest, with eyes closed and ears unplugged. Environmental stimulation was 
limited to ambient light and only those sounds unavoidable during CT scanning. LCBF 
values were correlated with advancing age by cross-sectional analysis. Relatively higher 
LCBF values were measured bilaterally in the cortex of occipital and frontal lobes; no 
significant differences were noted between left and right hemispheres. Significant age­
related declines in LCBF values were observed for all cortical and subcortical gray and 
white matter regions of interest examined (p < 0.001 for all three regions). Age-related 
declines were steepest in the cortex of the frontal lobes, particularly prefrontal cortex, 
caudate, putamen, and lentiform nuclei. Speech and visual cortical regions, functionally 
active throughout the normal life span, showed less age-related decline compared with 
all other regions, particularly prefrontal. So-called "hyperfrontality," ratio of mean flow 
values for frontal cortex to mean pooled values for total cortex, became progressively 
reduced with age (p < 0.01). 

Reductions in cerebral blood flow (CBF) have long been correlated with normal 
aging. The well known review of the world literature by Kety [1] in 1956 was the 
first attempt to assess relations between advancing age and declines in CBF and 
metabolism. His study suggested there are rapid decreases in CBF values during 
early adolescence, followed by slow but progressive declines throughout later 
adolescence and adult life. Early measurements in CBF in relation to aging were 
based on the nitrous oxide inhalation technique, a method that provides average 
values for CBF and metabolism. The method is invasive and requires both arterial 
and internal jugular venous puncture. It has a reproducibility error exceeding 10% 
and provides no regional information. To circumvent some of these methodologic 
disadvantages, a number of different modifications of the Fick principle have been 
evaluated over the ensuing 35 years. 

The first methods assessed were the intracarotid injection of radionuciides 85Kr 
[2] and 133Xe [3]. Later techniques included intracarotid injection of hydrogen [4] 
and intravenous injections of 133Xe [5]. Each technical improvement had different 
advantages and disadvantages. The greatest limitation of all these methods, when 
considering application of CBF measurements to elderly volunteers, was that all 
were relatively invasive, requiring carotid and/or jugular puncture or antecubital 
venous catheterization . Carotid and/or jugular puncture are usually limited to 
hospitalized patients undergoing concurrent angiographic examinations. Even the 
use of repeated antecubital intravenous 133Xe injections may be found stressful 
among elderly volunteers. For these reasons, these methods have not been 
considered applicable among large groups of healthy volunteers representative of 
normal aging populations. 
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The l 33Xe inhalation method [6, 7] for measuring regional 
CBF (rCBF) has the advantage of being completely noninva­
sive, but it also has the disadvantage of assuming that tissue­
blood partition coefficients (LA) remain normal, and it provides 
relatively poor resolution because of Compton scatter, tissue 
absorption, and tissue overlap. These disadvantages have 
been overcome by the introduction of the stable xenon CT­
CBF method, which has high resolution (circa 80 mm3) and 
measures both LA and local CBF (LCBF) for each region of 
interest (ROI). 

A recent modification of the l33Xe inhalation method for 
measuring rCBF has been used by Younkin et al [8]. Meas­
urements with it indicate the high preadolescent CBF values, 
measured by others and included in Kety 's data [1] , were 
considerably overestimated by the nitrous oxide method. 
Excluding these overestimates for rCBF during adolescence, 
many other investigators [9-13] have confirmed reductions 
in CBF with advancing age among normal healthy adults, 
consistent with Kety's original conclusions. 

Measurement of regional cerebral blood flow and metabo­
lism has been made possible by positron emission tomogra­
phy (PET) using l50-labeled O2 and CO2 and infusions of 
lSFlabeled fluorodeoxyglucose. PET has the limitation of being 
enormously expensive, circa 4 million United States dollars 
for cyclotron and PET equipment, and it requires not only a 
cyclotron but a dedicated and sizable team of nuclear experts. 
The best resolution of PET is about 1 cm3, whereas that of 
CT is less than 0.2 cma Nuclear magnetic resonance has 
similar resolution, but reliable methods for CBF measurement 
with that equipment have yet to be attained. 

Because of the two-dimensional nature and poor spatial 
resolution of the l 33Xe inhalation method, certain questions 
remain unanswered with respect to normal aging: Do LA 
values change with advancing age? Do LCBF values for white 
matter and subcortical regions of the brain share in age­
related declines? Since LCBF values are calculated as the 
product of LA and the slope of clearance for xenon, if LA 
were to decrease with advancing age, this might spuriously 
account for apparent age-related declines of CBF. To clarify 
these issues, LCBF and LA were measured by the stable 
xenon CT -CBF method in normal healthy volunteers 20-100 
years old. Seven to eight serial CT scans were obtained 
before and during inhalation of 35% stable xenon gas for 8-
10 min. CT-CBF methodology takes advantage of the radi­
ographic contrast properties of freely diffusible xenon and the 
high resolution and three-dimensional capabilities of the CT 
scanner [14-17] . 

Subjects and Methods 

Subjects 

The subjects comprised 20 normal, healthy, right-handed volun­
teers (15 men, five women) 20-100 years old: 20-30 years old (one 
subject); 31-40 (five); 41 - 50 (three); 51-60 (three); 61-70 (two); 71-
80 (four); and 81-100 (two). Volunteers in good health were recruited 
from the Houston neighborhood by articles describing the project in 
local magazines and contacting local associations for the elderly. The 

subjects were all highly motivated, cooperative, self-supporting, and 
were carefully screened to confirm that they were all in excellent 
mental and physical health. All were free from any risk factors for 
stroke (hypertension, diabetes mellitus, hyperlipidemia, heart disease, 
or evidence of peripheral arteriosclerosis). None were taking drugs 
at the time of CBF measurement. None used addictive or "street 
drugs," were heavy smokers (i.e., nonsmokers or smoked less than 
one-half pack of cigarettes per day), or were consumers of alcohol 
(i.e., did not drink or consumed less than two drinks per month). All 
were found to be within normal limits after detailed general physical, 
neurologic, and psychologic examinations and standard laboratory 
tests. Psychologic testing was by the mini-mental scale or abbreviated 
modifications of it [18]. LCBF and LA measurements were carried 
out with the subjects awake but eyes closed and ears unplugged in 
a room with ambient low-level light. The examining room was quiet 
other than the noise of the CT scanner. Minimal encouragement and 
instructions by the investigators were carried out before CT. 

Conversation with the subjects during the test was avoided. The 
electroencephalogram (EEG) was monitored throughout CT scanning 
and showed alpha and beta activity and confirmed the absence of 
sleep. The subjects were requested not to move or speak during the 
study. However, conversation with all subjects was active 15-18 min 
before the CT-CBF measurements. Efforts were made to acquaint 
each subject with the goals of the study and the nature of the 
methods and equipment involved. Informed consent was obtained in 
writing before participation. The informed consent and protocol de­
scribing these studies were approved by the Institutional Review 
Boards of Baylor College of Medicine and Veterans Administration 
Medical Center, Houston. Every effort was made for the subjects to 
feel relaxed and comfortable in an otherwise unfamiliar environment. 

Methods 

Detailed descriptions of methods used for measuring LCBF and 
LA values in small homogeneous volumes of gray or white matter 
using the EMI1 01 0 CT scanner and 35% stable xenon inhalation 
have been described [14-17]. Oxygen was inhaled for 15 min before 
xenon inhalation to denitrogenate the body. After three serial scans 
before xenon inhalation, three to five xenon contrast scans were 
obtained beginning 2 min after inhalation of 35% stable xenon gas 
mixed with 65% oxygen. The xenon mixture was inhaled over an 
interval of 8-10 min. Concentrations of xenon were used that pro­
vided gradual and progressive buildup of alveolar xenon concentra­
tions , but limitation to 35% minimized any subanesthetic effects. 

Since xenon gas, like iodine, has a high atomic number, it absorbs 
x-rays, but, unlike iodine, it is a freely diffusible contrast agent. Tissue 
enhancements in selected voxels of interest, 80-220 mm3

, were 
directly measured by recording serial changes in Hounsfield units 
from the same selected voxels of homogeneous gray or white matter 
during the xenon buildup. End-tidal xenon gas concentrations (PxeS

) 

were recorded throughout inhalation on a polygraph using a ther­
moconductivity gas analyzer. Since end-tidal and arterial gas concen­
trations have been shown to be in equilibrium, end-tidal xenon meas­
urements were converted directly to Hounsfield units for blood using 
previously determined proportionality constants that corrected for 
different hematocrits. 

LA and LCBF values were then calculated using a single-compart­
ment analysis model and a computer program that provided least­
square fitting to infinity of the saturation curves for both end-tidal 
(arterial blood) and brain tissue Hounsfield values, which were ob­
tained from the measurements of both input functions. Blood pres-
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TABLE 1: Mean LCBF Values in Normal Healthy Volunteers 

No. of LCBF % Relative to 
Region Subiects (ml/l00 g L~' Hemispheric 

brain/min)" Meant 

Cortical gray matter . . . . . . . . . 20 73 .1 ± 9.5 0.86 ± 0.04 
Frontal cortex . . . . . . . . . . . . . 19 73 .9±12.1 0.86 ± 0.06 +1.09 
Prefrontal cortex . . . . . . . . . . . . 12 76.0 ± 14.0 0.88 ± 0.07 +3.97 
Motor and premotor areas . 12 74 .0 ± 8.2 0.84 ± 0.06 +1 .23 
Anterior speech area . ...... . . . 11 77.2 ± 8.1:j: 0.85 ± 0.06 +5.61 
Parietal cortex 9 69 .6 ± 6.4:j: 0.87 ± 0.08 -4.79 
Temporal cortex . . . .. ... . . ... 19 70.7 ± 10.4 0.85 ± 0.05 -3.28 
Posterior speech area . . 12 73.6 ± 8.4 0.87 ± 0.06 +0.68 
Occipital cortex ............. 19 74.0 ± 9.4 0.84 ± 0.05 + 1.23 
Visual cortex ..... . . ... 17 74.7 ± 9.2 0.85 ± 0.05 - 2.19 
Subcortical gray matter . 17 69 .7 ± 10.4 0.88 ± 0.06 -4.65 
Basal ganglia . . . . . . . . . . . . . . . . . 16 70.3 ± 13.0 0.86 ± 0.05 -3.83 
Thalamus . .. . ....... 17 69.4 ± 9.4 0.89 ± 0.06 - 5.06 
White matter . . . . . . . . . . . . . . . 20 26 .0 ± 4.9 1.38 ± 0.06 
Frontal white matter ....... ... 15 25 .8 ± 6.2 1.42 ± 0.07 
Parietal white matter . ....... . . 3 23.6 ± 0.7 1.32 ± 0.02 
Temporal white matter .. . . .. . .. 15 26 .9 ± 5.2 1.38 ± 0.07 
Occipital white matter . ....... . . 19 25 .9 ± 4.1 1.37 ± 0.06 
Internal capsule 15 24 .6 ± 5.2 1.40 ± 0.09 

. ~m LCBF (mU)/n. where mLCBF(mL~) = mean of LCBF(L!.) values for all individual regions of interest for each sUbiect: n = number 
of subiects. 

t Calculated by subtracting mean cortical (gray matter) flow values (73.1) from the mean values for each individual gray matter ROI 
and dividing the difference by the hemispheric mean values (73.1) and expressing results as percentage by multiplying by 100. 

lP < 0.05. 

sure, end-tidal partial pressure of carbon dioxide and oxygen , and 
electrocardiogram (ECG) and EEG were concurrently recorded on 
the polygraph. 

Anatomic identification of various brain structures was performed 
with the aid of both neuroanatomic and CT atlases [19-23] . Cortical 
function ROls were measured: prefrontal cortical area-Brodmann 
areas 9, 10, 11 , and 12; motor and premotor area- areas 4 and 6; 
anterior speech area (Broca area)-areas 44 and 45; posterior 

speech area (Wernicke area)-area 22; and visual cortex-area 17. 
Data were analyzed on the basis mean ± SO and Student t test or F 
test. 

Results 

Mean Regional Patterns 

Relatively high LCBF values were measured in the frontal 
and occipital cortices. Parietal cortex showed lower LCBF 
values than other regions of cortical gray matter under the 
recording conditions. LCBF values were higher for anterior 
speech ROls compared with parietal cortex, where mean 
values were relatively reduced (p < 0.05) (table 1). 

Mean LCBF values for subcortical gray matter showed 
trends to slightly lower values than cortical gray matter, but 
such differences did not reach levels of statistical significance. 
There were also no significant differences in mean LCBF 
values for different ROls for white matter, although parietal 
white matter LCBF values also showed trends toward re­
duced values compared with other ROls. 

Mean LA values ± SO for cortical gray matter were 0.86 ± 
0.04; for subcortical gray matter, 0.88 ± 0.06; and for white 
matter, 1.38 ± 0.06. There were no significant differences 
among gray matter LA values for different ROls (table 1). 

Interhemispheric Differences 

As shown in table 2 there were no significant differences in 
mean LCBF values obtained from homologous ROls in left 
and right cerebral hemispheres. This was a consistent finding 
for the entire series of ROls measured from cortical gray 
matter, subcortical gray matter, and white matter for each of 
the hemispheres. A trend approaching statistical significance 
for increased regional LCBF values was noted between the 
anterior speech area on the left and corresponding Brodmann 
areas 44 and 45 of the right hemisphere by the paired t test 
(p < 0.1). 

Analysis of Relations between Age and Mean LCBF Values 

Figure 1 illustrates cross-sectional analysis of relations 
between advancing age and mean LCBF values for cortical 
and subcortical gray matter and white matter. All three regions 
showed highly significant negative correlations (p < 0.001). 
The slope of the regression line for mean white matter LCBF 
values was significantly less than for cortical gray matter (p 
< 0.005) and subcortical gray matter (p < 0.001) by the F 
test. There were no changes of LA values with advancing age 
in any ROls. For example, the mean ± SO (0.86 ± 0.01) for 
gray matter in the 100- and 92-year-old male volunteers was 
the same as that measured among all the younger volunteers. 

Table 3 displays regression lines correlating decreases of 
mean LCBF values with advancing age for different ROls. In 
all ROls except parietal white matter, significant age-related 
LCBF declines were apparent. Rates of decline with advanc­
ing age were most marked for both frontal lobes (particularly 
the prefrontal cortex, Brodmann areas 9, 10, 11 , 12) and 
basal ganglia compared with declines in other regions. The 
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TABLE 2: Comparison of Mean LCBF Values between Left and Right Hemispheres in Right­
Handed Volunteers 

Mean LCBF (ml/ 100 g brain/min) 
Region No. of Subjects Left/Right 

Left Hemisphere Right Hemisphere 

Cortical gray matter 20 73.3 ± 10.1 72.8 ± 9.0 1.01 
Frontal cortex . . . . . . . . . . . . . . . . . 16 74.4 ± 10.0 73.5 ± 11 .0 1.01 
Prefrontal cortical area · . . . . . . . . . 8 71.9 ± 13.8 69.4 ± 13.6 1.04 
Motor and premotor areas . 10 67.4 ± 9.9 69 .5 ± 8.7 0.97 
Anterior speech area . . . . . . . . . . . . 9 78.3 ± 8.6 75.4 ± 7.9 1.04 
Parietal cortex . . . . . . . . . . . 7 69.0 ± 14.4 71 .6 ± 5.6 0.96 
Temporal cortex . . . . . . . . . . 17 71 .3 ± 12.3 70.6 ± 10.4 1.01 
Posterior speech area . 7 75.6 ± 5.3 74.6 ± 9.0 1.03 
Occipital cortex · . . . . . . . . . 18 74.3 ± 8.7 74.2 ± 9.6 1.00 
Visual cortex 14 76.2 ± 10.7 75.8 ± 9.7 1.01 
Subcortical gray matter . 17 69.4 ± 10.9 70.1 ± 10.7 0.99 
Basal ganglia ............ . . 14 73.0 ± 12.7 70.4 ± 12.9 1.04 
Thalamus . ' . . .. .. . 14 68.7 ± 10.8 70.0 ± 10.0 0.98 
White matter ............ . .. 17 25.7 ± 4.6 26.1 ± 4.9 0.98 
Frontal white matter . . . . . . . . 8 24.6 ± 8.0 25 .6 ± 5.7 0.96 
Parietal white matter . . · . . . . . . . 3 25.6 ± 3.8 22 .7 ± 1.9 1.13 
Temporal white matter · . . . . . . . . . 11 25 .9 ± 6.2 27 .5 ± 5.4 0.94 
Occipital white matter . . 11 25.7 ± 4.7 25.0 ± 4.3 1.03 
Internal capsule 11 25.7 ± 5.2 26.4 ± 5.5 0.97 

Note.- No significant differences were apparent between left and right hemispheres in the resting nonactivated state by paired t test 
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Fig. 1.- Age-related declines for LCBF values of cortical and subcortical 
gray matter and white matter in healthy volunteers 20-100 years old. Rate of 
decline for white matter is significantly less than for cortical (p < 0.005) and 
subcortical (p < 0.001) gray matter analyzed by F test. 

decline with age in prefrontal cortical areas was significantly 
greater compared with the slopes for posterior speech regions 
and for visual cortex (p < 0.05 and p < 0.01 , respectively). 
Age-related rates of LCBF decline for basal ganglia were 
significantly greater than those measured in parietal cortex, 
occipital cortex, and thalamus (p < 0.05, p < 0.01, and p < 
0.05, respectively , estimated by the F test). The anterior and 
posterior speech areas together with the visual cortex 
showed least decline with advancing age. Likewise, age­
related rates of LCBF declines for white matter were less 
prominent in the occipital lobe compared with rates of LCBF 
decline for other ROls of white matter throughout both hem­
ispheres. 

Quantitative estimations of any enlargement in ventricular 
size and of cortical atrophy by measurements in designated 

regions are in progress to correlate them with measurements 
of LCBF. Estimates of the ventricular and/or cortical atrophy 
were made by three of the authors on a grading scale: 0 = 

no evidence of atrophy; 1 = mild; 2 = moderate; and 3 = 
severe. None showed severe cortical atrophy. Three, ages 
72, 72, and 100 years (mean, 81 years), showed moderate 
atrophy; six, ages 31 , 49, 63, 68, 78, and 91 (mean, 63 years), 
showed mild atrophy; and 11 , ages 20, 33, 34, 34, 39, 43, 
46,55, 56, 58, and 80 (mean, 45 years) , showed no atrophy. 
There is some preliminary evidence that brain atrophy with 
advancing age correlates with the decline in CBF. However 
there were many normal subjects up to age 80 without any 
brain atrophy, and there were some young individuals (aged 
31) with brain atrophy. The decline in CBF with age appears 
to be more predictable than the usual estimates of brain 
atrophy made in routine interpretations of CT. 

Effects of Advancing Age on "Hyperfrontality" 

"Hyperfrontality" of CBF was originally described by Ingvar 
and Schwartz [24] , who noted higher flows in the frontal 
region of resting human subjects measured by the 133Xe 
method. Figure 2 illustrates the decline and eventual disap­
pearance of hyperfrontality with advancing age, where the 
index of hyperfrontality has been expressed as a ratio of 
frontal cortex LCBF values to mean total cortical LCBF val­
ues. 

Figure 3 illustrates, for an example, LCBF and LA values 
measured in the 100-year-old normal, healthy, right-handed 
male volunteer. LCBF values for caudate nuclei and frontal 
cortex are reduced compared with the high CBF values 
measured in similar ROls among young healthy volunteers. In 
brief, the hyperfrontality of young normal subjects is no longer 
seen among the elderly. 
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TABLE 3: Regression Lines Showing Decreases of LeBF Values with Advancing Age for 
Different Regions of Interest 

Region 
No. of Sub-

Regression Line 
Correlation Coeffi-

Significance (P) jects cient (f) 

Frontal cortex ............ . . 19 Y = 101.8 - 0.50x -0.91 < 0.001 
Prefrontal cortical area 12 y = 103.5 - 0.54x -0.90 < 0.001 
Motor and premotor areas 12 y= 97.0 - 0.39x -0.90 < 0.001 
Anterior speech area . . . . . . . . . . 11 y= 94.6 - 0.34x -0.67 < 0.05 
Parietal cortex .. . . . .. .. . 9 y= 94.0 - 0.37x -0.87 < 0.001 
Temporal cortex . 19 y= 92.1 - 0.40x -0.81 < 0.001 
Posterior speech area . ... . . . . . ... 12 y= 90.5 - 0.32x -0.81 < 0.005 
Occipital cortex · . . . . . . . 19 y= 93.1 - 0.35x -0.83 < 0.001 
Visual cortex 17 y= 92.2 - 0.31x -0.70 < 0.005 
Basal ganglia . .... . . . ... . . . 16 Y = 103.3 - 0.57x -0.92 < 0.001 
Thalamus . . . . . . . . . . . . - . . . . 17 y= 92.7 - 0.39x -0.88 < 0.001 
Frontal white matter . ... . . . . . . . . . 15 y= 36.2 - 0.19x -0.74 < 0.005 
Parietal white matter . · . . . . . . . 3 -0.16 NS 
Temporal white matter · . . . . . . . . . 15 y= 37.6 - 0.19x -0.78 < 0.005 
Occipital white matter . 19 y= 32.4-0.11x - 0.57 < 0.02 
Internal capsule 15 y= 36.6 - 0.20x -0.80 < 0.001 

Note.-Rates of LCBF decline with advancing age afe more marked for frontal lobes. particular1y prefrontal cortex, and basal ganglia 
compared with rates of declines for other regions. NS = not significant. 
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Fig. 2.-Disappearance of hyperfrontality with advancing age. Indices of 
LCBF hyperfrontality were calculated as ratios for frontal cortex to mean pooled 
values for total cortical LCBF values. 

Discussion 

Relative high mean LCBF values for frontal cortex, with 
relatively low mean LCBF values for parietal cortex, have 
been demonstrated by the CT -CBF method in normal healthy 
volunteers when recorded in the awake, quiet, resting state 
with both eyes closed and both ears unplugged. These find­
ings are consistent with previous reports measured by the 
133Xe inhalation method [25-27]. 

In addition, occipital cortex, particularly visual cortex, 
showed relatively high mean LCBF values despite the fact 
that the eyes were closed. This is taken to mean that meas­
urements made in a lighted room, even with both eyelids 
closed, result in some stimulation of visual pathways. This is 
consonant with the well known EEG phenomenon where 
photic driving of EEG activity in the occipital cortex is best 
shown with the eyes closed . 

In our study, interhemispheric LCBF asymmetries for ho­
mologous regions were not detected. Previous studies from 
this laboratory have reported similar symmetries of hemi-

~., -4~8<l/'-rj..MI"t~~-
('\ "'0.18) 

(Ao: O.'5) 

Fig. 3.-LCBF and LA values measured in 100-year-old normal, healthy, 
right-handed male volunteer resting in decubitus position with eyes closed in 
lighted laboratory with occasional verbal reassurance. End-tidal Pco, = 33.03 
mm Hg; blood pressure = 150/90 mm Hg. Lower (left) and upper (right ) 
sections. Neurologic and mental status were normal. There were no risk factors. 
All LA values are normal. LCBF values are diffusely reduced but to relatively 
greater degree in caudate and frontal cortex when compared with values for 
young normal volunteers. Hyperfrontality of CBF characteristic of young normal 
subjects is not seen . 

spheric flow under similar resting conditions measured by 
133Xe inhalation [26] . However, under conditions of behavioral 
activation, including visual and auditory stimulation such as 
talking and listening to others speak, marked asymmetric 
rCBF increases resulted. The most marked increases were 
seen in the visual cortex and dominant speech regions. Like­
wise, increases in motor regions during exercises of the hand 
have been measured by both 133Xe and stable xenon CT-CBF 
methods [9, 16, 26]. 

Earlier studies of CBF [9, 13, 25-30] and/or metabolism 
[28, 31-33] in normal subjects measured in the "resting" state 
have produced conflicting reports with respect to left-right 
hemispheric asymmetries. Some investigators reported no 
significant differences between left and right hemispheres 
[13, 25-27 , 29-32] and others found significant asymmetries 
[9,28, 33]. Inconsistencies of such findings are best explained 
by differences in the so-called "resting states. " For example , 



144 T ACHIBANA ET AL. AJNR:5, Mar/Apr 1984 

resting CBF values are different whether the eyes are open 
or closed or whether there are repeated verbal instructions 
during the measurement. The resting conditions during rCBF 
or LCBF measurements by different authors vary with respect 
to amount of ambient light, noise, use of eye patches, use of 
ear plugs, degree of subject preparation and assurance, 
handedness, state of relaxation, state of motor activity, and 
motivation [30] . Conditions under which resting cerebral blood 
flow and metabolic patterns are measured should always be 
carefully defined, since LCBF and local metabolic patterns 
have been shown to vary under different conditions of sensory 
input, cognitive processing , and motor activity. 

Age-related declines of mean cortical gray-matter flow val­
ues previously reported by the 133Xe inhalation method [9-
12] are confirmed by present CT-CBF measurements. Fur­
thermore, validity is now provided for assumptions that LA 
values remain unchanged with advancing age. In addition, 
significant declines of mean LCBF values for subcortical gray 
and white matter associated with normal aging are now 
reported . LCBF for cortical and subcortical gray matter and 
for white matter are decreased, respectively, by 0.39, 0.46, 
and 0.19 ml/100 g brain/min/year with advancing age. Rates 
for gray-matter flow reduction per year of advancing age 
obtained by 133Xe inhalation method were estimated to be 
0.53 ml/100 g brain/min [9] , which is comparable to mean 
CBF declines per year now reported by the CT-CBF. 

Age-related declines for CBF measured in the gray matter 
of the cortex and subcortex are steeper than those measured 
for white matter. Lenzi et al. [34] likewise reported differences 
in the rates of decline of CBF and in the cerebral metabolic 
rates of O2 for gray and white matter between younger and 
older groups of volunteers. The declines were greater for gray 
matter than for white matter. These conclusions were based 
on measurements made by the oxygen-15 inhalation method 
during PET scanning . Kuhl et al. [35] have also reported age­
related declines in cerebral glucose utilization for cortex, 
caudate, thalamus, and white matter among normal subjects. 
These authors used the 1B[F]-2-fluoro-2-deoxyglucose 
method during PET scanning and reported that the rates of 
decline for gray and white matter glucose consumption with 
advancing age were less than for oxygen consumption. This 
is not surprising, since, as suggested by Kuhl et al. [35], 
oxygen and glucose consumption do not remain tightly cou­
pled, and substrates other than glucose may be metabolized 
by the brain . There are also metabolic differences between 
gray and white matter. However, under normal circumstan­
ces, CBF is tightly coupled to cerebral oxygen consumption 
and functional activity. 

When flow declines for different ROls were compared, it 
was apparent that declines in gray matter flow are not ho­
mogeneous throughout the brain. Normal, age-related LCBF 
declines are most marked in the frontal lobes, particularly 
prefrontal regions, and basal ganglia, putamen, globus palli­
dus, and caudate nuclei. Regions resistant to LCBF declines 
associated with aging were the speech area and visual cortex. 

Accelerated LCBF declines for prefrontal regions associ­
ated with normal aging have been reported by both cross­
sectional and longitudinal analysis [12] using the 133Xe inha-

lation method. Assuming that LCBF declines in frontal cortex 
and basal ganglia are associated with some functional impair­
ment, they should correlate with minor decreases in judgment, 
insight, and speed of motor performance, which are known 
to be present in normal elderly people [37] and were recog­
nizable, to a minor degree, in the older volunteers under 
discussion. 

Age-dependent but selective degeneration of neuronal pop­
ulations is known to occur in normal aging. Brody [37] re­
ported ·from cross-sectional analysis of brains studied at 
autopsy from normal subjects that there were significant age­
related neuronal losses in superior frontal gyrus, precentral 
gyrus, temporal gyrus, and striate cortex, but not in postcen­
tral or inferior temporal cortex. Other workers [38] reported 
decreases in neuronal populations with advancing age in 
frontal poles, precentral gyrus, striate area, and cingulate 
gyrus. 

These neuropathologic correlates are substantially conso­
nant with measurements reported here, except that age­
related LCBF declines for the visual cortex were not promi­
nent. This exception may be accounted for by the recording 
conditions, which included unintentional visual stimulation. An 
alternative and/or additional explanation is that CBF reduc­
tions associated with advancing age are not necessarily from 
neuronal loss alone, but also from decreases in functional 
activity associated with altered neurotransmitter synthesis, 
which have been shown to decline with advancing age and 
to occur before neuronal loss [39]. 

To recapitulate , reductions of LCBF associated with normal 
aging may be considered to reflect not only numeric reduc­
tions of neuronal populations but also functional declines and 
decreases in metabolism in those that remain. Further, sub­
clinical atherosclerosis of cerebral vessels is known to occur 
with advancing age and may contribute to CBF declines as 
well [10] . 

It is tempting to speculate regarding the relative resistance 
to age-related declines in LCBF measured in the visual cortex 
and speech areas. This may be accounted for by the contin­
uing high functional activity of remaining cerebral neurons by 
continuing visual activity and frequent verbal communication, 
which are normal accompaniments of optimum healthy aging . 
Diamond [40] has reported that rat models raised in an 
enriched environment and supplied with numerous stimuli not 
only learn to solve maze tasks faster, but show measurable 
increases of brain weight plus dendritic branching at necropsy 
compared with age-matched, unstimulated controls. Evidence 
such as this may be adduced to advance the hypothesis that 
declines of LCBF values in normal aging may be minimized 
by sustained activity and optimal stimulation [41,42] . 

Other regions showing prominent declines of LCBF with 
advancing age are the basal ganglia. Normal aging is known 
to be accompanied by slowness in performance of motor 
tasks and decreased motor dexterity [43,44]. This correlates 
with age-related decreases in LCBF of basal ganglia, which 
in turn may well reflect declines in neurotransmitter synthesis, 
as reported by Carlsson [39] and McGeer et al. [45]. Ingvar 
[25] suggested that the hyperfrontal rCBF patterns noted 
under normal resting conditions reflect increased activity of 
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frontal lobes associated with stimulation of future behavior in 
response to anticipated tasks . Mazziotta et al. [31] reported 
that metabolic "hyperfrontality" was greatest in states of 
sensory activation and was least during sensory deprivation. 

Declines of hyperfrontality associated with advancing age 
reported here are believed to reflect declines in neuronal 
function of both prefrontal cortex and basal ganglia. It is 
postulated that these declines may be enhanced by restricted 
activity and withdrawal commonly observed among the el­
derly. 
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