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Three groups of young, healthy males underwent positron emission tomography of the 

head, using 18fluoro-2-deoxyglucose as the uptake tracer. During the uptake, one group (n 

= 8) did an abstract reasoning test (Raven's Advanced Progressive Matrices [RAPMI); 

another (n = 13) performed a visual vigilance task (Continuous Performance Test [CPT] 

task); and the other (n -- 9) simply watched flashing visual stimuli (CPT no task). 

ANOVA revealed that both the RAPM and the CPT groups activated the right hemi- 

sphere. A priori and exploratory t-tests indicated some specific left-hemisphere areas of 

activation for the RAPM, especially posterior cortex. Performance on the RAPM showed 

significant negative correlations with cortical metabolic rates. CPT performance showed 

few significant correlations with cortical metabolic rate. Although this study does not 

strongly implicate any one brain region in performance of the RAPM or CPT task, the 

inverse glucose/RAPM performance correlations suggest that some individual differences 

in cognitive ability may be related to efficiency or density of neural circuits. 
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tween certain cognitive abilities and relatively large brain regions have been 

inferred classically from the neurological abnormalities of patients with brain 

injury (Brain, 1941; Brain, 1945; Hecaen, 1962). The results of such studies are 

often confounded by the uncertainty regarding what brain regions are primarily 

or secondarily affected by the damage. 

More recent studies have correlated psychometric data with regional cerebral 

blood flow ([rCBF] see reviews by Risberg, 1980, 1986), which provides low 

resolution information about cortical function and little information about sub- 

cortical structures. Some investigators have examined changes in cerebral blood 

flow concomitant with basic*sensory and motor functions. For instance, auditory 

input increases rCBF in the posterior part of the superior temporal gyrus bilat- 

erally, and rhythmical movement of one hand increases blood flow to the con- 

tralateral primary sensorimotor area (Lassen, Roland, Larsen, Melamed, & Soh, 

1977). Others have studied changes in rCBF concomitant with performance of 

cognitive tasks (Ingvar & Risberg, 1967; Risberg & Ingvar, 1973; Risberg, 

Maximilian, & Prohovnik, 1977). These studies have reported elevations in 

cerebral blood flow in areas throught to be associated with task performance. For 

example, the left parieto-occipital area showed higher rCBF during problem- 

solving tasks like the Raven's Progressive Matrices (RPM) than during rest 

(Risberg et al., 1977). 

Positron emission tomography (PET) with 18fluoro-2-deoxyglucose (FDG), a 

glucose analog tracer, allows detailed, direct, and noninvasive determination of 

cortical and subcortical glucose metabolic rates. This can be used to determine 

which brain areas are metabolically activated during specific task performance or 

stimulus perception. For example, visual stimuli in one visual field increase 

glucose metabolic rate in the contralateral occipital cortex, and auditory stimuli 

to one ear activate the contralateral temporal cortex (see Reivich, Alavi, & Gur, 

1984). Reivich et al. (1984) also examined changes in glucose metabolism 

concomitant with cognitive tasks. Subjects (n = 4) performing a spatial task 

(Benton's Line-Orientation Test) showed a larger right greater than left hemi- 

spheric glucose metabolic asymmetry in inferior parietal and superior temporal 

regions than those (n = 4) performing a verbal task (the Miller Analogies Test). 

Correlation studies between psychometric intelligence and brain metabolic 

rate have been carried out in clinical patient populations, but no study has 

previously explored this in normals. Ferris et al. (1980) found significantly 

positive correlations between measured intelligence and frontal and temporal 

lobe metabolic rates measured with PET in 7 patients with senile dementia, 

Alzheimer's type (SDAT). Chase et al. (1984) found significantly positive cor- 

relations between WAIS verbal subtest scores and left parasylvian cortical meta- 

bolic rate and between WAIS performance subtests and right posteroparietal 

metabolic rate in a mixed group of 5 normal controls and 17 patients with SDAT. 

Butler, Dickinson, Katholi, & Halsey (1983) correlated regional cerebral blood 

flow with WAIS raw scores in five groups containing 12 subjects each: young 
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normals, aged normals, patients with cerebrovascular disease without dementia, 

dementia with cerebrovascular disease, and degenerative brain disease. Again, 

there were significantly positive correlations between rCBF and measured intel- 

ligence with the five groups combined. Risberg and Ingvar (1973) correlated 

rCBF with digit span backwards (n = 9) and a visual spatial reasoning test (n = 

8) in patients treated for alcohol abuse. No significant correlations with task 

performance were found. Ingvar and Franzen (1974) used the RPM, a nonverbal 

test of abstract reasoning, during rCBF in young schizophrenics and controls, but 

no analyses with individual scores were done. 

The purpose of this study was to examine regional brain glucose use during a 

test of abstract reasoning in normal young adult males. Luria (1973) has impli- 

cated the left parieto-occipital region in abstract thinking and "spatial syn- 

theses" which are important in completing a test like the RPM. Piercy and 

Smyth (1962) found that patients with leftsided lesions and constructional dys- 

praxia perform poorly on the RPM. This study seeks evidence of brain metabolic 

changes in the left parietal lobes and other cortical areas concomitant with the 

performance of the RAPM (Raven, J.C., Court, & Raven, J., 1983) to further 

delineate the brain sites of abstract reasoning. The RAPM is a nonverbal, diffi- 

cult test of abstract reasoning highly correlated to the WAIS and Spearman's g 

(Paul, 1985). Correlations between test performance and cortical metabolic rate 

also are of interest because the relationship between individual differences in 

cognitive ability and overall metabolic rates may be clues to basic structural 

patterns of brain organization. To help interpret glucose/RAPM relationships, 

similar glucose metabolic data during a test of attention and a control test are 

included for comparison. 

Methods 

Subjects. Thirty normal, righthanded young men volunteered to receive PET 

scans as controls for various ongoing tesearch projects. All were screened medi- 

cally with a physical exam and laboratory tests and were found to be in good 

health. Each also was interviewed by a psychiatrist to rule out any history of 

emotional or psychiatric problems. Each subject performed one of three tasks 

during FDG tracer uptake: either CPT task (target, button press), CPT no task 

(target, no button press), or the RAPM. These tasks are described below. The 

number of subjects performing each task was determined based on the require- 

ments of other studies; subjects were randomly assigned to each task. Thirteen 

subjects were scanned in the CPT task condition (M +- SD age = 23.6 --- 5.7), 9 

in the CPT no-task condition (M +- SD age = 23.9 +-- 5.9), and 8 in the RAPM 

task condition (M +-- SD age = 22.4 +-- 2.3). 

Scan and Task Procedure. The PET technique is conceptually simple. A 

special radioactive analog (in this case, FDG) is injected into the subject. This 

FDG is taken up by the brain during the next 30 min. During that time, those 
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areas of the brain that are most active take up the most FDG. The injected FDG is 

special in that it is metabolically fixed after uptake so that those brain areas that 

use the most will be the most radioactive. The resulting distribution of FDG 

throughout the brain remains "f rozen" for several hours. The radio-labeled 

glucose is positron emitting. The positrons spontaneously collide with electrons 

and decay into gamma rays at 180 ° angles to the point of collision. When the 

subject's head rests in the PET scanner, a ring of crystals detects the gamma rays 

and the origin of the decaying positron can be calculated. After several hundred 

thousand such events, which occur in a matter of minutes, a high resolution 

picture of a plane of brain ~ssue can be computed much like a Computerized 

Axial Tomography (CAT) scan. The major difference is that a CAT scan shows 

only structure; a PET scan shows metabolic activity during the 30-min uptake 

period. Note that the uptake period need not occur while the subject is in the 

scanner because the glucose is metabolically fixed at the time of uptake. The 

scanning is performed after the uptake period. 

The subjects, who had all fasted for at least 4 hr, were seated in a darkened 

isolation room. An intravenous line of 0.9% saline drip was inserted into the 

subject's left arm for blood sampling, and another line was inserted into the right 

arm for isotope injection. The left arm was wrapped in a hot pack for arterializa- 

tion of venous blood and was extended through a slit in a 6-ft-high black curtain 

to screen blood sampling activity. Intravenous lines were started well in advance 

of glucose injection. 

The RAPM test consists of 36 items and the practice test consists of 12, each 

item containing nine elements arranged in a 3 x 3 matrix. The elements form a 

pattern, but one element is always missing. The task is to infer the pattern and 

select the missing element from eight possible choices. The difficult advanced 

version of the test was chosen for this study to ensure that the problems were hard 

enough to maximize abstract reasoning and to increase the variance in the sample 

for individual difference analysis. 

Each RAPM subject had the test, contained in a looseleaf notebook with one 

item per page, resting in his lap. Each subject completed 10 practice items within 

2 hr prior to tracer injection. Two to 3 min before the injection, the subject began 

with the last two problems from the practice series of the RAPM. The FDG was 

so injected during the performance of these practice items that the commence- 

ment of the standard 36 items of the RAPM coincided with the end of the 

injection. Subjects worked at their own pace for the 30-min uptake period, 

turning the page and recording their answers with a check mark with their right 

hands. They were instructed to go back and check each item if they finished 

before tile 30 min. They were not spoken to during the uptake period, and all 

remained quiet and cooperative. All subjects worked on the items for the full 

uptake period; only one finished early, and he spent the remaining time checking 

his answers. 

The subjects who received the degraded-stimulus CPT (Nuechtedein, Para- 
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suraman, & Jiang, 1983) looked at a screen during the 30 min following injection 

of FDG. There, single digits (0 to 9) were projected for 40 ms at a rate of one 

every 2 s. This was done silently, by rear projection, with a Kodak carousel slide 

projector fitted with an Ilex No. 4 synchro-electronic shutter and blurred to a 

degree that requires a 2.8 diopter increase in lens power to refocus sharply. The 

blurting was intended to make numbers barely recognizable, increasing the diffi- 

culty of the task. 

CPT task subjects were told to respond by pressing a button with their fight 

hand each time they detected the digit 0. They were instructed that it was just as 

important to respond to zeros as it was not to respond to nonzeros. Targets were 

presented irregularly, with a probability of occurrence of 0.25. These subjects 

were instructed just before injection time and were given a trial run of the CPT to 

ensure their understanding of the task. 

CPT no-task subjects viewed the same stimuli as the CPT task subjects but 

were instructed to watch only the flashes of light; they were not asked to respond 

to them in any way. 

All subjects received 4 to 5.2 mCi of FDG. After 30 min of CPT task, CPT no 

task, or RAPM, subjects were transferred to the scanning room. By this time, 

about 80% to 90% of the FDG had been taken up by the brain. Nine planes (CTI 

NeuroECAT IV) parallel to the canthomeatal line (CM) were scanned between 

45 to 100 min after FDG injection. Inside the scanner, two sets of lead shields 

screen out radiation extraneous to the computation of the slice being imaged. For 

the RAPM subjects, all slices were done with shadow shields and septa shields 

in, a configuration with measured in-plane resolution of 7.6 mm and axial 

resolution of l0 mm. Most of the CPT subjects were also scanned with the same 

shield configuration, although, in order to match other studies in progress, some 

of them were done with septa shields out of the top three slices. The slices started 

at 95 mm above the CM line and were done at 10 mm increments, resulting in 

95, 85, 75, 65, 55, 45, 35, 25, and 15 mm slices. A calculated attenuation 

correction and medium resolution filter were used in image reconstruction. 

Scans were transformed to glucose metabolic rate according to the model of 

Sokoloff et al. (1977), using our adaptation of a program developed by Sokoloff. 

Kinetic constants and the lumped constant described by Phelps et al. (1979) were 

used. Glucose data are reported as micromoles glucose/100g brain/minute. 

Scan Slice Selection 

To survey the cerebral cortex, three of the nine slices obtained in all subjects 

were chosen exactly as in previous publications (Buchsbaum et al., 1982; 

Buchsbaum et al., 1984). We selected three slice levels parallel to the can- 

thomeatal (CM) line (i.e., drawn from the comer of the eye to the ear hole) in a 

standard brain atlas (Matsui & Hirano, 1978) as our prototypes. These slices, 

shown in Figure 1, are: 
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upraventricular 

 :'J-Midventricular 
41°/o 

......... Infraventricu la r 
29% 

FIG. 1. This lateral brain outline shows the location and plane of each of the three slices used in this 

study as a proportion of head height measured from the CM line (i.e., the line connecting the comer 

of the eye with the ear hole). Each slice is divided into four equal sectors per hemisphere containing 

25% of the hemisphere's cortex, as shown in Figure 2. Note that each slice is parallel to the CM line 

(partially shown in the lower left). 

Supraventricular slice: 61% of head height above the CM line and contains 

the frontal, temporal, and occipital cortex. 

Midventricular slice: 41% of head height above the CM line and contains 

frontal cortex and the high uptake regions around the insula and the 

Sylvian fissure. Mesial to that are the basal ganglia and the thalamus. 

Posterior to it is the visual cortex. 

Infraventricular slice: 29% of head height above the CM line and contains 

the lower frontal cortex, the tips of the temporal lobes (about gyrus 

temporalis inferior), and parts of the cerebellum. 

Because of differences in both head height and brain proportion, PET slices 

for analysis were chosen based on resemblance to the prototype atlas levels. 

They were selected by a rater without knowledge of task group membership. 

Cortical Peel Method 

For each slice, the outer brain contour was outlined with a boundary-finding 

technique developed for skull on CT scans, as described elsewhere (Buchsbaum 

et al., 1984 [see Figure 2]). Next, a vertical meridian was computed by fitting a 

straight line using least-squares fit to the midpoints of a series of horizontal lines 

connecting the left and right sides of the slice outline. A horizontal meridian 

bisecting the vertical meridian at 90 ° was calculated next, and their intersection 

formed the brain-slice center point. This corrects for minor axial rotation of the 
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QUADRANTS IDENTIFIED CORTEX PEELED 

FIG, 2. Technique for measurement of regional glucose level. Positron Emission Tomography 

(PET) image is outlined by boundary-finding algorithm (top) and vertical and horizontal meridians 

fitted by least squares. Next, radial scan from their intersection defines 2.3-era-thick peel, which is 

divided into four sectors in each hemisphere, termed L1, L2, L3, and L4 for left and Rl, R2, R3, and 

R4 for the right. Analyses are carried out on the glucose use within each of the eight peel sectors 

(absolute data) or on the glucose use within each sector divided by whole-slice glucose use (relative 

data). Note the plane of the image shows the frontal lobes at the top and the occiput at the bottom. In 

this study, cortical peel sectors were measured for the three slices shown in Figure 1. 

head. An analysis of the outer rim of the brain slice (mainly cortex) was done by 

connecting the brain outline and corresponding center point for a radial scan of a 

2.2-cm-wide strip within and bordering the brain outline. This cortical peel was 

divided into segments, two for each quadrant, forming a frontal, midanterior, 

midposterior, and posterior section on each side (see Figure 2). Each subject thus 

yielded four sectors of approximately 20 cm 3 for each slice for each hemisphere 

(24 sectors per subject). Analysis was carried out on absolute metabolic rate 

within each sector, as well as on relative metabolic rate (i.e., peel-sector meta- 

bolic rate divided by mean-glucose metabolic rate in whole slice). However, 

absolute metabolic-rate comparisons were not done for the supraventricular slice 

because of differences in shield configuration at that level between the task 

groups. Dividing sector glucose use by whole slice use (i.e., relative data) helps 

correct for the wide range of overall brain-glucose use found in normals. This is 

useful for comparison of small regional differences that could be obscured by the 
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large variation of glucose use among individuals. Relative data, however, work 

against identifying individual differences. 

Statistical Analysis 

The standard data set for each individual consists of nine slice arrays, containing 

about 3,000 pixel values each. To organize this overwhelming amount of data 

into functionally relevant and manageable parcels, we define regions of neu- 

roanatomical interest as described above. 

Our strategy in statistical analysis is to allow for four elements: (a) testing of a 

priori brain region hypothes-l~s, (b) control of type I error across multiple regions 

with a standard sequence of multiway ANOVA, t-tests on collapsed dimensions 

if interactions are significant, and ANOVA using the simple interaction ap- 

proach, (c) complete data reporting to allow future replication and comparisons 

on structures reported or in the process of being reported by other investigators, 

and (d) some exploratory t-tests and correlations for the generation of new 

hypotheses and to allow the reader with neuroanatomically specific findings from 

other disciplines to compare results. 

Glucose data were first analyzed using repeated measures analysis of variance 

(ANOVA) (BMDP 2V, Dixon, 1981). ANOVA was chosen because it was used 

in our previous studies and because multiple determinations within each subject 

arranged in discrete dimensions are obtained from the peel method (e.g., left and 

right hemisphere). This was followed by (a) ANOVA on simple interactions 

where three-way or higher interactions were found, (b) t-tests on collapsed 

means following significant interactions, (c) t-tests on parieto-occipital regions 

which were selected a priori, (d) t-tests on all other cells, identified as explorato- 

ry analyses, and (e) correlations between task performance and regional and 

absolute metabolic rates for both a priori and exploratory regions. 

Results 

Task Performance. RAPM scores ranged from 11 to 33 (36 maximum possible 

score) with a M +- SD = 23.1 --- 7.1. CPT performance was summarized as d ' ,  a 

signal detection index calculated from errors and hit rate (Sostek, Buchsbaum, & 

Rapoport, 1980). For the CPT task group, the d' Mean - SD was 2.59 - 0.88 

and the range was 1.15 to 4.1. By definition, no performance scores were 

obtainable from the CPT no-task condition. 

Regional Differences. A four-way ANOVA (task group x hemisphere x 

slice level ! cortical peel sector position) showed a task group ! hemisphere x 

cortical peel sector interaction (F = 3.10; Huynh-Feldt adjusted df = 5.96, 

80.51; p -- .0088) for relative metabolic rate. Higher metabolic rates were found 

in the right hemisphere for both the RAPM and the CPT groups (see Table l). 

Simple interactions were evaluated with two three-way ANOVAs, one on right- 

hemisphere and one on left-hemisphere data. These group x cortical peel sector 
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Cortical Peel Data: Sector/Whole Sflce Mean Metabolic Rates a 
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Sfice Level 

Cortical RAPM CPT Task CPT No Task 

Peel 
Sector Left Right Left Right Left Right 

Mean across all three levels 

Supra 61% 

Mid 41% 

Infra 28% 

1 1.10 1.13 1.11 1.16 1.14 1.15 

2 1.07 1.14 1.04 1.16 b 1.07 1.11 

3 1.00 1.04 0.96 1.050 0.97 0.97 

4 1.05 c,a 1.09 1.00 1.04 0.98 1.03 

1 to 4 mean 1.06 1.10 1.03 1.10 1.04 1.06 

1 1.07 1.09 1.10 1.15 1.11 1.13 

2 1.13 1.17 1.09 1.18 1.10 1.12 

3 1.03 b,c 1.07 a 0.96/ 1.04b 0.98 0.97 

4 1.11 !.13 1.08 1.13 1.05 1.09 

1 1.10 1.13 1.11 1.13 1.12 1.12 

2 1.14 1.24 a 1.11 b 1.23 d 1.14 !.16 

3 0.96 e 1.01 0.94f 1.06 d 0.97 0.96 

4 0.98 b.¢ 1.04c 0.91f 0.96 0.90 0.99 

1 1.15 e 1.17 1.14 1.21 1.18 1.21 

2 0.95 1.02 0.94 1.05 0.98 i .05 

3 1.00 1.04 0.98 1.06 0.97 0.98 

4 1.07 1.09 1.01 1.04 1.00 1.01 

"Four-way ANOVA (task group x hemisphere x slice level ! anteroposterior sector) shows a 
task group by hemisphere by anteroposterior sector interaction; F = 3.10, Huynh-Feldt adjusted 
df = 5.96, 80.51; p = .0088. Task group x hemisphere interaction, F = 4.27, p = 0.02; 2, 27 dr. 

bDiffers from CPT no-task group, two-tailed t-test, p < .05. 
CDiffers from CPT task group, two-tailed t-test, p < .05. 
dDiffers from CPT no-task group, two-tailed t-test, p < .01. 
eDifiers from CPT task group (less asymmetry by t-test on right-left differences; two-tailed, 

p < .05). 
fDiffers from CPT no-task group (more asymmetry by t-test on right-left differences; two-tailed, 

p < .05). 

in te rac t ions  d id  not  r each  s ign i f i cance .  T h e  m e a n s  for  each  sector  ave raged  for  

all th ree  s l ice leve ls  were  c o m p a r e d  by  t-test;  the  R A P M  group  s h o w e d  increased  

m e t a b o l i c  ra te  in the  left  occipi ta l  cor tex  (p < .05) c o m p a r e d  to bo th  C P T  and  

no- t a sk  g roups  (see T a b l e  1). A pr ior i  t- tests  revea led  that  the  R A P M  group  

s h o w e d  an  e l eva t ed  re la t ive  me tabo l i c  ra te  at  the  left  pa r ie to - temporo-occ ip i ta l  

j u n c t i o n  ( supra leve l ,  Sec to r  3) c o m p a r e d  to bo th  the  C P T  task and  C P T  no- task 

g roups  (bo th ,  p < .05).  A pr io r  t- tests  on  the  r ight  par ie to - temporo-occ ip i ta l  

j u n c t i o n  ( supra leve l ,  Sec to r  3, see T a b l e  1) c o n f i r m e d  e leva ted  act ivi ty in that  

r eg ion  for  b o t h  the  R A P M  (p < .01) and  C P T  task (p < .05) groups  compared  to 

the  C P T  no- t a sk  g roup .  

Ex p lo r a to r y  t- tests  r evea l ed  that ,  c o m p a r e d  to bo th  the C P T  task and  the C P T  

no- t a sk  sub jec t s ,  the  R A P M  subjec t s  had  grea te r  re la t ive  g lucose  metabo l ic  rates 
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in the left occipital  lobe (Sector 4) at the midventricular slice (p < .05). In 

addition, the RAPM group showed higher relative metabolic rates in the right 

occipital  lobe (Sector 4, p < .02) at the midventricular level compared to the 

CPT task group and higher right middle temporal (Sector 2, midventricular level, 

p < .01) relative metabolic rates compared to the CPT no-task group. 

Hemispheric differences were explored further by subtracting each left sector 

from the corresponding right sector (e .g. ,  R I - L 1 ,  R 2 - L 2 ,  etc.) and computing 

t-tests on the four resulting difference scores at each slice level. The CPT com- 

pared to the no-task group showed significantly larger difference scores for 

Sector 3 at the supraventricular level and for Sectors 3 and 4 and the mid- 

ventricular level (p = .04, ~ .0003, and .003, respectively, two-tailed). The 

RAPM group compared to the CPT showed significantly smaller difference 

scores for Sector 3 at the midventricular slice and for Sector 1 at the infra- 

ventricular slice (p = .05 and .04, respectively; two-tailed). This pattern implies 

that the CPT produces more asymmetry than the RAPM in these areas (see Table 

1). 

TABLE 2 

Correlations between Cortical Absolute Metabolic  Rates 

and RAPM Score a 

Cortical Pearson's  r 

Peel 

Slice Level Sector b Left Right 

Supraventricular 1 -0.75 * -0.75 * 
2 -0.62 -0.67 

3 -0.84** -0.76* 
4 -0.67 -0.62 

Whole-slice mean -0.77* 
Midventricular 1 -0.44 -0.57 

2 -0.68 -0.63 
3 -0.75* -0.79*** 
4 -0.70 -0.74* 

Whole-slice mean -0.67 
Infraventricular 1 - O. 54 - 0.58 

2 -0.48 -0.48 

3 -0.77* -0.73* 

4 -0.72* -0.76* 

Whole-slice mean -0.75* 

an = 8 subjects. 
bSee Figures 1 and 2. 

*p < .05, two-tailed. 
**p < .Ol, two-tailed. 

***p < .02, two-tailed. 
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A four-way A N O V A  (task group x hemisphere ! slice level x cortical peel 

sector position) done on absolute glucose rate also showed a task group x 

hemisphere x cortical peel sector interaction (F  = 2.63; df = 6, 81 ;p  = .022). 

However,  only the midventricular and infraventficular slices were included in the 

analysis because a different shield configuration was used at the supraventricular 

level in some of  the CPT task and CPT no-task subjects. Two-way ANOVAs,  

one for right hemisphere and one for left, were not significant, the fight hemi- 

sphere just  missing (p = .06). Post hoc t-tests showed no absolute metabolic rate 

differences among groups at either level or for the two levels averaged. The 

group ! hemisphere interaction was significant (F  = 3.53, p = .04, df = 2.27). 

Hemisphere difference scores (r ight- lef t )  were significant for the CPT task/no- 

task comparison at Sectors 3 and 4 (midventricular); p = .0009 and p = .007, 

two-tailed t-tests, respectively. None of  the difference scores was significant in 

the C P T / R A P M  comparisons (midventricular sector 3, p = .052; infraventricu- 

lar sector l ,  p = .065). 

Metabolic Rate~Performance Correlations. Cortical glucose metabolic rates 

were correlated with the scores on the RAPM. All  significant correlations were 

negative (see Table 2), and of  the 11 significant cortical peel sector correlations, 

9 were in the parieto-temporal  (Sector 3) and occipital lobes (Sector 4), the only 

exceptions being the left and right frontal lobes (Sector 1) at the supraventricular 

level. Two of  the three correlations between whole-slice mean metabolic rates 

and performance were also significant (at the supraventricular and infraventricu- 

TABLE 3 

Correlations between Cortical Relative Metabolic Rates 

and RAPM Score 

Cortical Pearson's r 

Peel 

Slice Level Sector a Left Right 

Supraventricular 1 0.10 0.21 

2 0.19 0.68 
3 -0.24 -0.17 
4 -0.32 -0.08 

Midventricular 1 0.51 - 0.01 

2 -0.09 -0.06 
3 -0.20 -0.04 

4 -0.50 -0.35 
Infraventricular 1 0.60 0.43 

2 0.31 0.49 
3 0.01 -0.35 

4 -0.09 -0.27 

"See Figures 1 and 2. 
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TABLE 4 

Correlations between Cortical Absolute Metabolic Rates 

and CPT Score ° 

Cortical Pearson's r 

Peel 

Slice Level Sector b Left Right 

Midventricular 1 0.37 0.34 

2 0.29 0.33 

3 0.51 0.50 

4 0.36 0.37 

Whole-slice mean 0.35 

Infraventricular 1 0.41 0.36 

2 0.58* 0.48 

3 0.53 0.42 

4 0.52 0.40 

Whole-slice mean 0.47 

°n = 13 subjects. Supraventricular (61% atlas) level data omit- 

ted because different shield configurations were used at that level in 

scanning different subjects. 

bSee Figures 1 and 2. 

*p < .05, two-tailed. 

TABLE 5 

Correlations between Cortical Relative Metabolic Rates 

and CPT Score ° 

Cortical Pearson's  r 

Peel 

Slice Level Sector b Left Right 

Supraventricular 1 -0 .02  -0 .09  

2 0.08 -0 .33 

3 0.37 0.17 

4 0.20 0.22 

Midventricular ! 0.20 -0 .06  

2 -0 .43 -0 .32  

3 0.38 0.57* 

4 0.02 0.27 

Infraventricular 1 -0 .08 -0 .22  

2 0.16 0.G3 

3 0.16 -0 .02  

4 0.21 -0 .06  

°n = 13 subjects. 

bSee Figures 1 and 2. 

*p < .05, two-tailed. 
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lar levels). No relative glucose metabolic-rate correlations with the RAPM were 

significant (see Table 3). A comparison of absolute glucose use for the subjects 

with the highest and the lowest RAPM score, shown in Figure 3 (p. 213), 

demonstrates the inverse relationship. 

Cortical absolute and relative glucose metabolic rates also were correlated 

with CPT d'. Correlations with absolute glucose at the supraventricular level 

were omitted because a different scanner shield configuration was used in some 

of the CPT task subjects. All correlations with absolute metabolic rate were 

positive (see Table 4), although only one, the left middle temporal lobe (Sector 

2) at the infraventricular level was significant (p < .05). Correlations of d' with 

regional cortical relative metabolic rates showed a less uniform pattern. Only one 

area showed a significant correlation, the fight inferior temporal lobe (Sector 3) 

at the midventricular level (p < .05, see Table 5). 

DISCUSSION 

The major finding of this study is the inverse correlation between absolute 

glucose use and performance on the RAPM. Because the original intent of the 

study was to examine regional correlates of the task, however, we will discuss 

these findings first. 

Regional Differences among Tasks 

All but one of the five regions which show elevated relative metabolic rates 

during RAPM compared to the CPT task and/or CPT no-task groups (see Table 

1) are in the posterior half of the brain. Studies based on clinical assessment of 

patients with brain lesions (Costa, Vaugh, Horwitz, & Ritter, 1969; Luria, 1973; 

Oxbury, Campbell, & Oxbury, 1974; Piercy & Smyth, 1962) suggest that the 

posterior half of the brain is important for abstract reasoning (left parieto-oc- 

cipital region) and visuospatial reasoning (right parieto-temporo-occipital junc- 

tion). The regional cerebral blood-flow studies of Risberg and Ingvar (1973) and 

Risberg et al. (1977) showed rCBF elevations in the posterior half of the brain 

and the left frontal lobe during performance of the RPM. Thus, our between- 

group comparisons of relative metabolic rate are consistent with these clinical 

and rCBF studies. 

The paucity of differences between the RAPM and CPT task groups in the 

fight hemisphere may be the result of the activation of some right hemisphere 

sectors by the CPT task group. The CPT may activate the right hemisphere 

because the identification of the blurred digit is partially a visuospatial task. 

Also, the RAPM and the CPT both require attention, which Mesulam (1981) 

suggested is primarily a function of the right parietal cortex. The RAPM involves 

abstract reasoning which requires left parieto-occipital function (Luria, 1973), 

whereas CPT task probably does not involve any abstract thinking. Also, the 

RAPM group may have used some verbal mediation in its problem solving, that 
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is, silently talked the problem out, activating the left (language-dominant) hemi- 

sphere. This kind of problem solving is unlikely to be useful for the CPT task. 

Another consideration is that the CPT task group had more practice, resulting in 

cortical specialization to the right hemisphere. Part of the practice effect may be 

the subject's noticing that the task is performed more easily when the blurred 

digit is in the left visual field and, therefore, processed by the right hemisphere. 

It should be noted that other literature on the RPM (a simpler version of the 

RAPM) and brain lesions is equivocal regarding hemispheric differences (see 

Lezak, 1983, for a review). 

Our study of a larger group of subjects performing the CPT task and no task 

(including some of the subjects in this study) reveals right frontal-lobe elevations 

in relative metabolic rate in the CPT task group (Buchsbaum et al., submitted for 

publication). The absence of such a finding in the group included in the present 

study may be due to reduced sample size or to the exclusion of women and older 

subjects in this study. 

Regional differences among the task groups are difficult to interpret. In addi- 

tion to the problems already discussed, ANOVA works against regional hypoth- 

eses unless there are strong interactions. Perhaps most important is that the 

cortex sectors we define algorithmically may not be adequate to measure small, 

anatomically distinct, brain areas salient for the tasks. 

Correlation of  Metabolic Rates with Task Performance 

It is not unreasonable to expect that those subjects who excel in task performance 

increase metabolic activity in regions necessary for doing the task, whereas those 

who are poor performers use the salient areas less. Therefore, any regions that 

are involved in a good cognitive strategy for task performance might show 

relative metabolic rates that are positively correlated with task performance, and 

regions whose activity interferes with task performance (i.e., are involved in a 

poor cognitive strategy) might show negative correlations. However, one might 

also hypothesize that a negative correlation between regional metabolic rate and 

performance indicates that a region is important for task performance but is more 

efficient in those who perform the task well, that is, use less energy. Because we 

found no significant correlations between the relative metabolic rates and RAPM 

performance, even in those sectors significantly elevated during performance, 

there is apparently no significant relationship between regional metabolic activity 

and task performance. The lack of strong regional correlations may be because 

several cognitive strategies were used by good and/or poor performers, resulting 

in glucose increases in many brain areas. The only significant correlation of CPT 

d' with relative metabolic rate was positive, and the same region, the right 

inferior temporal lobe at the midventricular level, showed a higher relative 

metabolic rate in CPT task than in CPT no-task subjects (p < .01, see Tables 1 & 

4). These findings suggest that this region is important for CPT performance and 

that it is greater activation of the area which results in improved task perfor- 
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FIG. 3. Supra and midventricular level PET scans are shown for the highest (right) and the lowest 
(left) scoring subjects on the RAPM. The scale for all four slices is in micromoles of glucose/100g 
brain tissue/minute so that the metabolic rates are directly comparable. 

mance. However, the other areas showing significant elevations in CPT task 

subjects showed no uniform pattern of  positive or negative correlations with d ' .  

The significant correlations between RAPM performance and brain absolute 

metabolic rate may account for the heterogeneity of  overall brain absolute meta- 

bolic rates in the normal population (see Reivich, Alavi, & Wolf, 1982). Be- 

cause the correlations are widespread regionally, some general factor is impli- 

cated. The finding suggests a possible association between psychometric 

intelligence and overall brain activity. This pattern of  activity may be a reflection 

of  a very basic difference in brain organization among individuals and could 

account for considerable variance in cognitive ability. 

The negative direction of  the correlation is especially noteworthy because 

previous studies correlating absolute metabolic rate or rCBF with intelligence 

have found positive correlations (Butler et al., 1983; Chase et al., 1984; Ferris et 

al., 1980). However, those studies primarily involved older subjects combined 

with patients with dementia; no such study looked at age-matched normal con- 

trols, alone. Those studies also involved resting PET and rCBF studies, with the 

intelligence testing occurring independent of  the imaging. These studies indicate 

that damage to specific brain areas reduces their absolute metabolic rates and 
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cerebral blood flow and also impairs the ability to perform tasks which require 

the normal function of  those regions. 

Our study indicates that, in those normal young adults for whom a cognitive 

task is difficult (i.e., low RAPM scorers), more cortical activity throughout the 

brain is necessary to perform the task. This may be because, as opposed to those 

with lower intelligence due to brain damage and neuronal death, these poor- 

performing normal subjects have inefficient neural circuitry. This inefficiency 

may be due to the use of more energy by each neuron and/or the use of more 

neurons to perform the task. The inefficient neural circuits are used intensively to 

try to solve the problem ~ are unable to do so, possibly because extraneous, 

irrelevant cirettits are used. Less-efficient circuits are used either because all of  

the subjects' circuits are inefficient, because the proper circuits do not exist, or 

because the subject does not aceess them when attempting to solve the problem. 

Conversely, the subjects who perform well on the task either have more efficient 

circuits in general or access the circuit which is most appropriate for performance 

of the task, requiring a minimum amount of energy utilization. Although the lack 

of correlations between RAPM and relative metabolic rates argue a~ain.c,t region- 
al locations for RAPM performance, i t  should be noted that the largest correla- 

tion between RAPM perform and absolute glucose (r = - . 84 )  was found in Left 

Sector 3 (supralevel). This same sector showed significant metabolic elevation 

compared to both CPT task and no-task groups according to exploratory t-test. 

Our findings are consistent with the reports of increased glucose metabolic 

rate in young patients with Down's Syndrome (Schwartz, Duara, Haxby, & 

Grady, 1983), and adults with autism (Rumsey et al., 1985), both groups of 

lower cognitive ability without obvious regional cerebral pathology. Schwartz et 

al. (1983) suggest a series of possible reasons for increased metabolism including 

increased neural activity in redundant circuits. 

This hypothesis is interesting in light of studies which have found that brain 

activity as measured by amplitude and duration of the delta EEG of deep (Stage 

4) sleep (Feinberg, 1974) and by cerebral oxygen consumption (Chugani, 

Phelps, & Mazziotta, 1986) decreases markedly during or shortly after adoles- 

cence (Feinberg, 1987). This change in brain activity may be related to increased 

efficiency of brain circuits, due to some change in intemeuronal connections, as 

evidenced by a decrease in the density of synapses in the human frontal cortex 

that occurs during the second decade of life (Huttenlocher, 1979). Individual 

differences in the maturation process might account for differences in intel- 

ligence in that those with a continued excess of synapses are less efficient in 

problem solving. 

Evoked potential (EP) studies putatively have provided evidence that mea- 

sured intelligence may correlate with the efficiency of stimulus processing 

(Haier, Robinson, Braden, & Williams, 1983; Hendrickson & Hendrickson, 

1980; Schafer, 1982). The validity of comparing the results of these EP studies to 

PET results is not established, however. 
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Perhaps even more relevant is work showing that pupillary dilation during 

mental activity, an index of  cognitive capacity, is smaller in more intelligent 

subjects (Ahem & Beatty, 1979). The authors suggest that intelligence is not a 

function of  more brain activity, but rather efficiency of  brain processes relevant 

to the particular task. 

Our findings and their interpretation are tentative. The sample size is small. 

We also do not know what the resting glucose metabolic rates of  the subjects 

were, so we do not know how performance relates to resting glucose metabolism 

or to the difference between resting and task glucose metabolic rate. A signifi- 

cant negative correlation between task performance and resting glucose meta- 

bolic rate would imply brain inefficiency in poor performers regardless of  cog- 

nitive activity. A negative correlation between performance and the difference 

between RAPM and resting metabolic rates would imply that the inefficiency 

occurs during the performance of  certain kinds of  tasks. 

An alternate interpretation for the inverse correlations between absolute meta- 

bolic rate and RAPM performance is that those who did more poorly on the 

RAPM were not concentrating on the test as much as, or were more anxious 

than, those who did well. Reivich et al. (1983) did find a curvilinear association 

between anxiety ratings and increased glucose use, but in the frontal lobes, not in 

the posterior areas found here. Observations of  our subjects doing the RAPM, 

moreover, did not indicate any anxiety, distractions, or inattention to the task. 

Brain size may also be an important variable. Hatazawa, Brooks, Di Chiro, & 

Bacharach (1987) reported an inverse relationship between global glucose use 

and brain size in 23 normals (males and females together). This may be due to 

individual differences in neuron density and raises the possibility that neuronal 

density, as well as percentage of  cells activated, can affect metabolic rate. 

Whether intelligence is associated with proportionately more glial support cells, 

more neurons, or more efficient neural networks, remains to be determined. 

In conclusion, our search for regional brain metabolic correlates of task per- 

formance demonstrates the strengths and weaknesses of  this application of  PET. 

The results obtained confirm that parieto-occipital regions are important for 

abstract reasoning and suggest that there is an inverse relationship between 

abstract reasoning and glucose use in the brain as a whole. 
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