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Common Blood Flow Changes across Visual 
Tasks: I. Increases in Subcortical Structures 
and Cerebellum but Not in Nonvisual Cortex 

Gordon L. Shulman, Maurizio Corbetta, Randy L. Buckner, 
Julie A. Fiez, Francis M. Miezin, Marcus E. Raichle, and 
Steven E. Petersen 
Washington University School of Medicine 

Abstract 

Nine positron emission tomography (PET) studies of human 
visual information processing were reanalyzed to determine 
the consistency across experiments of blood flow increases 
during active tasks relative to passive viewing of the same 
stimulus array. N o  consistent blood flow increases were found 
in cerebral cortex outside of the visual system, but increases 
were seen in the thalamus and cerebellum. Although most tasks 
involve increases in arousal, establishing an intention or behav- 
ioral goal, setting up control structures for sequencing task 
operations, detecting targets, etc., these operations do not pro- 
duce blood flow increases, detectable with the present meth- 
ods, in localized cortical regions that are common across tasks. 
Common subcortical regions, however, may be involved. 

A left cerebellar and a medial cerebellar focus reflected mo- 
tor-related processes. Blood flow increases in these regions 
only occurred in experiments in which the subject made an 
overt response and were largest when the response was made 
in the active but not passive condition. These motor-related 
processes were more complex than simple motor execution, 
however, since increases were still present when the response 
was made in both the active and passive conditions. These 
cerebellar increases may reflect processes related to response 

INTRODUCTION 

Although many studies have found that specific regions 
of the brain are activated during particular tasks, it is also 
possible that some brain regions perform very general 
functions and are active across a wide variety of tasks. 
The arousal and effort associated with most cognitive 
tasks (Kahneman, 1973), for example, may involve spe- 
cific brain regions. Pardo, Fox, & Raichle (1991) have 
reported a variety of right-hemisphere increases that 
occur in vigilance tasks, which require sustained atten- 
tion. Conversely, right-hemisphere lesions decrease the 
ability of patients to maintain alertness, as manifested by 
an overall slowing in reaction time (Ladavas, 1987) that 
is particularly marked in the absence of a warning signal 
(Posner, Inhoff, Friedrich, & Cohen, 1987). 
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selection.Blood flow increases in a right cerebellar region were 
not motor-related. Increases were not modulated by the pres- 
ence or absence of motor responses during either the active 
or passive conditions, and increases were sensitive to within- 
experiment variables that held the motor response constant. 
Increases occurred in both language and nonlanguage tasks 
and appeared to involve a general nonmotor process, but the 
nature of that process was difficult to specify. 

A right thalamic focus was sensitive to variables related to 
focal attention, suggesting that this region was involved in 
attentional engagement. Right thalamic increases were also 
correlated over conditions with increases in the left and medial 
cerebellum, perhaps reflecting additional contributions from 
motor-related nuclei receiving cerebellar projections. 

Blood flow increases in a left thalamic focus were completely 
uncorrelated over conditions with increases in the right thala- 
mus, indicating that it was involved in different functions. Both 
the left thalamus and right cerebellum yielded larger blood 
flow increases when subjects performed a complex rather than 
simple language task, possibly reflecting a language-related 
pathway. Blood flow increases in the left thalamus were also 
observed, however, during nonlanguage tasks. 

Task preparation may also involve specific brain re- 
gions. A warning signal preceding the onset of an impera- 
tive stimulus triggers a preparatory state of alertness 
(Posner, 1978) and/or motor readiness (Gaillard, 1977). 
Appropriate response selection rules may be activated 
(De Jong, 1995) as well as the instructions for the se- 
quence of operations that comprise the relevant task 
(i.e., a task memory/controller). Components of a pre- 
paratory state are thought to be indexed by a scalp 
potential, the contingent negative variation (CNV) (Wal- 
ter, Cooper, Aldridge, McCallum, & Winter, 1964). Both 
cortical (Rosahl & Knight, 1995) and subcortical struc- 
tures (Gazzaniga & Hillyard, 1973) have been implicated 
in the generation of the CNV 

Many tasks show attentional limitations (i.e., perform- 
ing the task generates interference with other tasks). 
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Interference between tasks may reflect “local” causes 
such as the use of similar input (i.e., vision) or output 
(Le., manual responses) systems (McLeod, 1978; Treis- 
man & Davies, 1973) but may also reflect a general 
component common to all tasks (Posner, 1978) that 
involves a particular brain region. Posner and Petersen 
(1990) have suggested that the anterior cingulate is part 
of an anterior attention system that is involved in target 
detection and controls posterior areas involved in spatial 
orienting (Posner et al., 1987). 

We have analyzed PET data from a large number of 
studies of human visual information processing (Tables 
1 and 2) in order to determine if there are any brain 
regions that showed blood flow increases which gener- 
alized across tasks. Each study involved a set of active 
conditions, in which subjects performed a variety of 
tasks upon a stimulus, and a passive condition, in which 
the same stimulus was presented, but the subject was 
not given a task. A comparison of active and passive 
conditions therefore isolated neural processes that were 
task contingent, while holding constant automatic proc- 
esses triggered by the presence of a stimulus. Any brain 
region that generalized over tasks should be revealed in 
an image that averages active minus passive blood flow 
changes across the tasks in all studies. 

RESULTS 
The first set of analyses determined if an “overall mega- 
image,” which averaged the active minus passive scan 
pairs from all nine experiments, contained any reliable 
or large magnitude blood flow increases (Replication 

Analyses, Analyses of Additional Blood Flow Changes). 
Although this megaimage should include any increases 
that generalized over tasks, it may also contain increases 
that were confined to a subset of experiments but were 
sufficient in size to produce statistically significant ef- 
fects. In four of nine experiments, for example, subjects 
made motor responses in the active but not passive 
conditions, producing large motor-related increases. A 
second set of analyses (Between-Experiment Analyses) 
therefore examined the consistency over experiments of 
the increases identified from the first set of analyses. 

Replication Analyses 

Blood flow increases were identified in a megaimage 
based on a hypothesis-generating (generate) group of 
scan pairs and tested for reliability via a one-sample t test 
in a nonoverlapping hypothesis-testing (test) group of 
scan pairs. Both the generate and test groups included 
scan pairs from all nine experiments. 

Cortical Foci 

Sixteen cortical foci were observed in the generate 
megaimage that passed the selection criteria: (1) the 
magnitude exceeded 10 PET counts, (2) the foci were 
adequately sampled (N > 50), and (3) foci were not 
located in occipital cortex (see (Shulman, Corbetta, et al., 
1997) for an analysis of increases in early visual cortex)’ 
(Table 3). Eight foci replicated at a 0.05 significance level, 
with six of these passing a 0.05 level, Bonferroni- 
corrected for the number of comparisons (p c 0.003). 

Table 1. Sample sizes for all experiments. For those experiments in which subjects contributed scan pairs to both the 
generate and test groups, the sum of the generate and test group subjects (total) exceeded the total number of subjects in the 
experiment. The last column indicates whether a manual (m), vocal (v), or no response (-) was made in the active and passive 
conditions. 

Generate Test Total Response 

Scan Scan Scan 
Study Subjects Pairs Subjects Pairs Subjects Pairs Active Passive 

1 .  Same-Different Discrimination 10 22 10 21 10 43 m m 

2. Visual Search 1 10 17 12 24 13 41 - - 

3. Visual Search 2 14 27 14 40 14 67 m m 

4. Visual Search 3 15 35 15 37 15 72 m m 

5. Spatial Attention 14 17 14 20 18 37 m - 

6. Language 6 6 7 17 13 23 V - 

7. Practice Language 12 32 13 39 13 71 V - 

8. Memory 10 16 13 32 23 48 V 

9. Cross-modal Imagery 6 10 7 14 13 24 m m 

Total 97 182 105 244 132 426 
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Table 2. Display Characteristics and Task Descriptions for Individual Experiments. 

Experiment Display Task 

Successive Same- 
Different Discrimi- 
nation (Corbetta, 
Miezin, Shulman, et 
al., 1991) 

Visual Search 1 
(Corbetta et al., 
1990,1991) 

Visual Search 2 
(Corbetta et al., 
1990,1991) 

Visual Search 3 
(Corbetta et al., 
1995) 

Spatial Attention 
(Corbetta et al., 
1993) 

Language (Petersen 
et al., 1989) 

Practice Language 
(Raichle et al., 
1994) 

Memory (Buckner et 
al., 1995) 

Cross-Modal Imagery 
(Fiez et al., 1995) 

Two 400-msec arrays of 
moving, colored rectangles, 
separated by 200 msec. 

Four colored squares, each 
at 17", 100-msec duration 
Four colored rectangles, 
each at 17', 100-msec 
duration 

Same as Visual Search 1 but 
eccentricity = 5". 

Four winows of moving, 
colored dots. Each window 
at 4", 500-msec duration. 

Bilateral horizontal array of 
10 boxes. Asterisk appears 
for 150 msec in each box, 
in a predictable sequence. 

Noun printed in uppercase 
letters, 1" below fixation, 
150-msec duration. 

Noun printed in uppercase 
letters, 1" below fixation, 
150-msec duration. 

Three-letter word stem 
presented in uppercase 
letters 1' below fixation, 
3sec duration. 

Word presented in 
uppercase letters 1" below 
fixation, 150-msec duration. 

1. Color: Do colors in two arrays match? 
2. Motion: Do speeds in two arrays match? 
3. Shape: Do rectangles in two arrrays match? 
4. Divided: Do colors, speeds, and rectangles in two arrays match? 
(Note: 2choice manual unspeeded response in active tasks; alternating 
keypress on successive trials in passive condition.) 

1 & 2. Color: Does array contain particular color? Target color present 
on 5% or 50% of trials. 
3 & 4. Color-form: Does array contain oriented rectangle of particular 
color? Target rectangle present on 5% or 50% of trials. (Note: No overt 
response during either active or passive condition. In active tasks, 
subjects report an approximate target percentage after scan.) 

1 & 2. Color: Same as Visual Search 1. Target frequency 5 and 45%. 
3 & 4. Color-form: Same as Visual Search 1. Target frequency 5 and 45%. 
(Note: 2-choice manual unspeeded response in active tasks; alternating 
keypress on successive trials in passive condition.) 

1 & 2. Color: Is particular color present? Target frequency 20 and 80%. 
3 & 4. Motion: Is particular speed present? Target frequency 20 and 80%. 
5 & 6. Conjunction: Is conjunction of color and speed present? Target 
frequency 20 and 80%. 
(Note: 2choice manual speeded response in active tasks; alternating 
keypress on successive trials in passive condition.) 

1. Left field/left direction: Detect asterisk moving in left field and 
direction? 
2. Left field/right direction: Detect asterisk moving in left field, right 
direction? 
3. Right field/left direction: Detect asterisk moving in right field, left 
direction? 
4. Right field/right direction: Detect asterisk moving in right field and 
direction? 
(Note: Simple speeded manual response in active tasks; no response in 
passive condition.) 

1. Read: Subject reads the noun. 
2. Verb-generation: Subject names a verb appropriate to the noun. 
(Note: speeded vocal response in active tasks; no response in passive 
condition.) 

1. Read naive: Subject sees list of nouns for first time. 
2. Verb-generation naive: Subject sees list of nouns for first time. 
3.Verb-generation practice: Noun list has been practiced 10 times. 
4. Read practice: Noun list has been practiced 10 times. 
5. Verb-generation novel: Task conducted with new list. 
6. Read novel: Task conducted with new list. 
(Note: Speeded vocal response in active tasks; no response in passive 
condition.) 

Subjects see study list of words prior to each condition and indicates 
how much they liked each word. 
1. Baseline: Subjects complete word stems. 
2. Priming: Subjects complete word stems; 50% of words from study list. 
3. Cued-recall: Subjects recall words from study list; 50% of words from 
study list. 
(Note: Speeded vocal response in active tasks; no response in passive 
condition.) 

1. Orthographic: Does word contain lowercase ascender (i.e., d)? 
2. Phonological: Does word contain long vowel? 
(Note: 2choice manual speeded response in active tasks; alternating 
keypress on successive trials in passive condition.) 
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Table 3. Active minus passive increases from the overall megaimage. The first column shows the number of each focus 
displayed in Figure 1. Succeeding columns on the left show the coordinates of each replicated focus from the generate group 
and the magnitude and 1-tailed p value for the replication of that focus in the test group (ns refers to p > 0.05). Columns on 
the right show the nearest focus in the generate plus test group for each replicated generate focus as well as all generate plus 
test foci with a magnitude exceeding 10 PET counts. Some replicated foci from the generate group did not show distinct foci 
in the generate plus test group and therefore do not have corresponding entries in the right panel of the table (e.g., right BA 
6). Conversely, two foci in the generate plus test megaimage from BA 6 did not produce distinct foci in the generate 
megaimage and therefore do not have corresponding entries in the left panel. 

Generate 
coordinate Test Generate plus Test 

Area Focus # X Y Z Mag p value X Y Z N Mag. Z-score 

Frontal Lobe 

L 6 (superior 
precentral gyrus) 

Medial 6 (SMA) 

L 4 (central sulcus) 

L 6/4 (precentral gyrus) 

L 6 (precentral gyrus) 

R 6/4 (precentral gyms) 

L 44 

R 45/44 

R 4 (central sulcus) 

R 6 (precentral gyrus) 

Parietal Lobe 

L 3  

Subcortical 

L thalamus/caudate 

L thalamus 

R thalamus 

L cerebellum 

Medial cerebellum 

R cerebellum 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

-1 

-45 

-59 

61 

-57 

33 

35 

47 

1 

-13 

-1 

-5 

13 

19 

-2 1 

-5 

-7 54 101 13 4.83 -43 

56 25 <0.0001 

38 14 < 0.0001 -45 -15 40 132 19 6.03 

30 16 < 0.0001 -51 -3 30 132 19 5.64 

-29 -3 28 132 11 4.37 

26 19 < 0,0001 59 -5 28 132 20 6.70 

18 10 < 0.001 -61 11 20 132 13 4.60 

14 3 ns 31 23 10 131 11 3.64 

54 9 c 0.005 

40 14 < 0.0005 

-51 -15 56 7 <0.005 

16 132 14 5.78 -19 -23 20 12 < 0.0001 -17 -25 

-7 -17 8 14 < 0,0001 -5 -17 8 132 16 5.39 

11 -15 8 16 < 0.0001 11 -21 12 132 18 6.77 

15 -31 12 14 < 0.0001 

-23 -59 -12 31 <0.0001 -23 -61 -14 113 31 8.12 

-5 -75 -10 28 < 0.0001 -3 -69 -8 129 39 8.21 

25 -59 -18 22 <0.0001 33 -63 -18 97 25 6.73 

Four of the six foci had a corresponding focus in the 
generate plus test megaimage that combined the gener- 
ate and test groups (right-hand panel of Table 3). These 
four foci (see Figure 1) occurred in the left central sulcus 
(Brodmann area, BA 4), the left and right precentral 
gyrus (BA 6/4), and left frontal cortex (BA 44). The left 
frontal (BA 44) focus plotted on the boundary of the 
brain and may have been artifactual.* 

Subcortical Foci 

The generate megaimage contained eight subcortical 
foci that met the selection criteria. Seven foci replicated 
in the test group at a Bonferroni-corrected 0.05 level, 
and six of these had a corresponding focus in the gen- 
erate plus test megaimage. These six foci were localized 
in the right and left thalamus, the border between the 
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Figure 1. Active minus passive blood flow increases from the overall megaimage. Each numbered focus exceeded a magnitude threshold of 
ten PET counts in the overall megaimage. SMA (focus no. 2) did not produce a separate focus within this megaimage but merged with a more 
superior focus. It is included for completeness. The magnitude scale for z = -18 is different from the scale for the other slices since the cerebel- 
lar increases were larger in magnitude. Increases within cerebral cortex (nos. 1 through 8) are evident at several frontal areas, but as discussed 
in the text, these increases were genemlly confined to experiments in which a response was made in the active but not passive condition. Sub- 
cortical (nos. 9 through 11) and cerebellar (nos. 12 through 14) foci, however, were consistent across experiments. Foci nos. 9 and 10 appear 
merged in the image but are separate at slices corresponding to their peak magnitudes. 

superior left thalamus and overlying regions of the cau- 
date nucleus, the medial cerebellum, and the left and 
right cerebellum. 

cortex (BA 6) were new. Since these foci were not tested 
for replication, their reliability is uncertain, but they are 
included in subsequent analyses for completeness. Of all 
cortical foci less than 10 counts, only one had a z- 
score > 3.08. It plotted near right premotor cortex (BA 
6), roughly homologous to focus no. 5 in left premotor 
cortex. 

Analyses of Additional Blood Flow Increases 

Since the replication analysis may have been conserva- 
tive, the generate plus test megaimage was inspected for 
all well-sampled foci (N > 50) exceeding 10 PET counts. 
Seven foci, all in cortex, met these criteria. Although five Between-Experiments Analyses 

- 

of these foci were previously observed in the generate 
megaimage [one of these five (right BA 45/44) had not 
replicated in the test group], two foci in left premotor 

The above analyses established that the overall mega- 
image contained four replicable cortical foci, three addi- 
tional cortical foci from the magnitude screen, and six 
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Figure 2. Each graph shows 
the active minus passive mag- 
nitude (in PET counts) across 
experiments at a single focus 
defined by the overall 
megaimage. The p value for a 
1-factor ANOVA with Experi- 
ments as the factor is shown 
for each focus. The four experi- 
ments involving language-re- 
lated processes are shown on 
the right of each graph, while 
the five nonlanguage experi- 
ments are on the left. Experi- 
ments in bold type involved a 
motor response in the active 
conditions hut no response in 
the passive conditions. Three 
of these experiments were lan- 
guage-related (Language, Prac- 
tice Language, and Memory) 
and involved a vocal response 
in the active task, while the 
fourth (Spatial Attention) was 
nonlanguage related and in- 
volved a manual response. 

p<.OOol 
lo01 
75 

50 
a 

25 
B 

0 

-25 

100 

75 

v) 

5. c n 5 0  
E 
o 25 
P! 

- 
c c 
0 

9. 
A 

0 

-25 

Focus #4 p<.ooo1 

T 

50 

25 

0 

50 

p<.OOol 

r T ,  

25 

0 

-25 

replicable subcortical foci (Figure 1). The next set of 
analyses assessed the consistency across experiments of 
these increases. 

Cortical Foci 

Figures 2 and 3 show the increases (in PET counts) 
across experiments for the seven generate plus test foci 
from Table 3, plus a well-sampled SMA focus from the 
generate megaimage that had merged in the generate 
plus test group with a more superior, poorly sampled 
focus. The four blood flow increases in Figure 2 reflected 
motor-related processes and were not consistent across 
experiments. Three areas, the left central sulcus and left 
and right precentral gyrus, only showed increases when 
the active task involved a vocal response (with no re- 

sponse in the passive), while the SMA showed increases 
during tasks involving either vocal (Language, Practice 
Language, Memory) or manual responses (Spatial Atten- 
tion). None of the remaining four foci showed good 
consistency across experiments. Figure 3 shows the in- 
creases across experiments in left superior precentral 
gyrus, left premotor cortex (BA 6), and left (BA 44)  and 
right (BA 44/45)  frontal cortex. Perhaps the most consis- 
tent increase occurred in right frontal cortex (BA 44/45).  
This focus, however, did not replicate, and in four of the 
nine experiments, the blood flow changes were within 
1 standard error of zero. 

The inconsistency across experiments of the observed 
blood flow changes in the overall megaimage was confir- 
med by a 1-factor between subjects ANOVA, with Experi- 
ment as the factor. The analysis yielded significant 
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Figure 3. Each gmph shows 
the active minus passive mag- 
nitude (in PET counts) across 
experiments at a single focus 
defined by the overall 
megaimage. See Figure 2 
caption for details. 

pe.0005 Focus#5 

Focus #7 pe.0005 Focus #8 ns 

60 60 

340 3 3 4 0  
a 
A 2 0  a20 

6 
t 

c 
K 

0 0 

-20 -20 

differences between experiments for six of the seven 
generate plus test foci from Table 3, as well as for SMA 
(the p value for this ANOVA is shown in Figures 2 and 
3). The only nonsignificant effect in the ANOVA occurred 
for the focus in right frontal cortex (BA 44/45). 

This absence of cortical foci that were consistent 
across experiments might reflect several artifacts. First, 
motor-related blood flow changes in the overall mega- 
image, such as SMA, might have masked nonmotor-re- 
lated foci in adjacent cortical areas, such as the anterior 
cingulate. This possibility was tested with a “matched- 
motor” megaimage that combined the five experiments 
in which the motor demands of the active and passive 
conditions were equivalent (Table l), eliminating motor- 

related increases3 Any masked foci should have been 
revealed in the matched-motor megaimage, but no foci 
were observed that generalized over tasks. 

Second, in four of the nine studies, subjects in the 
passive condition responded on each trial to control for 
motor-related foci in the active tasks. The passive condi- 
tion therefore became an “active” task in which subjects 
detected the presence of a stimulus and then pressed a 
key. Although these task requirements were minimal, 
they may have masked blood flow increases in the active 
conditions that generalized over task. An analysis was 
therefore restricted to the five studies in which no 
response was made in the passive condition, forming a 
“no response in passive” megaimage. No cortical 
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Figure 6. Each graph shows 
the active minus passive 
blood flow increases (in PET 
counts) across experiments at 
a replicated cerebellar focus 
from the overall megaimage. 
See Figure 2 caption for 
details. 

pc.0005 
l o 0 l  Focus#12 

7 5 1  

pc.0001 '"1 Focus#13 T 

Focus #14 ns 

foci were found, other than those already described 
above. 

Subcortical Increases 

Figure 4 shows the active minus passive magnitudes at 
each experiment for the three cerebellar foci. A 1-factor 
ANOVA yielded highly significant differences at the me- 
dial and left cerebellar foci. Significant experiment- 
experiment contrasts (Table 4) largely reflected greater 
increases in the three language experiments that in- 
volved a vocal response in the active task and no re- 
sponse in the passive condition. In several cases, 
experiments in which the same overt response was 
made in both the active and passive conditions (e.g., 
Cross-Modal Imagery) showed larger increases than Vis 
ual Search 1, which did not involve any overt responses 
and showed no increase. The right cerebellar focus 

showed a more consistent magnitude profile across ex- 
periments, with no significant differences across experi- 
ments. Magnitudes in Visual Search 1, which did not 
involve any overt responses, were roughly comparable 
to magnitudes in many of the other experiments. 

The magnitude profiles in Figure 5 suggest that the 
right thalamus showed the most consistent thalamic 
increases, but the 1-factor ANOVA yielded no significant 
differences across experiments at any of the foci. 

In summary, several subcortical, but no cortical foci, 
generalized over tasks. A left and medial cerebellar foci 
appeared to involve motor-related processes, since in- 
creases were larger for experiments involving overt re- 
sponses in the active but not passive condition, and no 
increase was found in Visual Search 1, which involved 
no overt responses. Since increases also occurred for 
experiments in which responses were made in both the 
active and passive conditions, however, these motor- 
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Table 4. Significant contrasts (p < 0.05) between experiments for those subcortical foci yielding a significant F ratio in an 
ANOVA comparing active minus passive increases across experiments. The numbers show the difference in active minus 
passive magnitudes between experiments, with the larger magnitude specified by the column experiment. For example, in the 
left cerebellum, the magnitude in the Practice Language (Prac.Lang.) experiment was 24 counts greater than the magnitude in 
the Successive Same-Different experiment (SD). SD = Successive Same-Different Discrimination, VS 1-3 = Visual Search 1-3, 
Sp.Att. = Spatial Attention, Lang. = Language, Prac.Lang. = Practice Language, Mem = Memory, Cross-modal = Cross modal 
Imagery. Experiments in bold type involved a motor response in the active conditions but no response in the passive 
conditions. These experiments, particularly the three involving a vocal response (Iang., Prac.Iang, and Mem.), often showed 
greater blood flow than experiments in which the motor requirements of the active and passive conditions were the same 
(regular type). 

Experiment 

Area SD VSI VS2 VS3 Sp.Att. Lang. PracLang. Mem. Cross-Modal 

L. Cerebellum 

SD 

vs 1 

vs2 

vs3 

Sp.Att. 

Lang. 

Prac.Lang. 

Mem.  

Cross-Modal 

Medial Cerebellum 

SD 

vs 1 

vs2 

vs3 

Sp.Att. 

Lang. 

Prac.Lang. 

Mem.  

Cross-Modal 

33 

26 

33 

28 24 

49 45 

31 27 

39 35 

23 

23 

44 

71 

37 

60 

38 

38 

65 

32 

54 

32 

36 30 

42 

24 

32 

31 

58 

46 

24 

27 

35 

related processes did not only involve simple response 
execution. A right cerebellar focus appeared to involve 
nonmotor processes, since the presence or absence of 
an overt response in the active or passive tasks did not 
significantly affect blood flow. 

Single-Process Analyses 

Since the above analyses suggested that several subcor- 
tical foci generalized over experiments, the consistency 
of these foci across broadly defined processes (e.g., lan- 
guage-related or nonlanguage processes) was examined. 
Four megaimages were constructed from subsets of ex- 

periments in which a particular process was absent or 
present (Table 5): 

1. A matched-motor megaimage, consisting of all ex- 
periments in which the overt motor demands of the 
active and passive conditions were the same. Any in- 
crease in the overall megaimage that was also present in 
the matched-motor megaimage could not have been 
caused solely by processes related to simple motor 
execution. 

2. An unmatched-motor megaimage, consisting of all 
experiments in which overt responses were made in the 
active but not passive condition. 

3. A nonlanguage megaimage, consisting of all the 
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Figure 5. Each graph shows 
the active minus passive blood 
flow increases (in PET counts) 
across experiments at a repli- 
cated thalamic focus from the 
overall megaimage. See Figure 
2 caption for details. 

Focus #9 ns 

60 60 

40 40 

9 UJ 

5 2 0  z z 
1 2 0  
5 
J a 
m 

0 0 

-20 

nonlanguage experiments. Increases in the overall 
megaimage that were also present in the nonlanguage 
megaimage could not have been caused solely by lan- 
guage-related processes. 

4. A language megaimage, consisting of all the lan- 
guage-related experiments. 

Increases were present at alI subcortical foci from the 
overall megaimage in all four megaimages (the left tha- 
lamic increase was modest in the matched-motor 
megaimage but replicated when a separate replication 
analysis was applied to that megaimage), indicating that 
these foci did not require the engagement of processes 
specific for language, nonlanguage, or simple motor 
execution. * 

Increases at many foci were larger for experiments 

involving a language or motor factor (the last column of 
Table 5 shows the results of an unpaired t test compar- 
ing the magnitudes in the relevant megaimages), with 
particularly strong effects at the medial and left cerebel- 
lum foci, but these between-experiments comparisons 
must be treated cautiously. The experiments in the 
dataset differed along a number of variables that were 
often correlated. Three of the four experiments that 
included overt responses in the active but not passive 
condition, for example, also involved language-related 
tasks. Similarly, the language-related experiments all in- 
volved foveal stimuli, while the nonlanguage experi- 
ments involved large-field, parafoveal, or peripheral 
stimuli. In addition to these confounds, post-hoc con- 
trasts are only warranted for those foci showing sig- 
nificant differences in the overall ANOVA. 
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Table 5. Sample sizes, magnitudes, and zscores for blood flow increases at the overall megaimage foci for those experiments 
that involved a response in the active but not passive condition (Unmatched-motor) or the motor requirements of both 
conditions were the same (Matched-motor) or which involved language-related (Language) or nonlanguage-related 
(Nonlanguage) processes. The last column shows the two-tailedp value for an unpaired t test comparing the magnitudes of 
the increases for the unmatched- and matched-motor experiments and the language and nonlanguage experiments. 

Unmatched-motor Matched-motor 

Area N Mag. z-score N Mag. z-score p value 

L thalamus/caudate 67 19 4.94 65 9 2.94 < 0.05 

L thalamus 67 24 4.81 65 9 2.60 < 0.02 

R thalamus 67 24 5.90 65 1 1  3.20 < 0.01 

L cerebellum 57 43 7.79 56 19 4.95 < 0.0001 

Medial cerebellum 65 56 8.21 64 22 4.92 < 0.0001 

R cerebellum 50 31 5.29 47 18 4.24 < 0.05 

Area 

~~ 

Language Nonlanguage 

N Mag. z-scow N Mag. z-score p value 

L thalamus/caudate 62 19 4.61 70 10 3.35 = 0.053 

L thalamus 62 22 4.40 70 1 1  3.15 = 0.07 

R thalamus 62 25 5.61 70 12 3.52 < 0.05 

L cerebellum 55 43 7.84 58 19 4.94 < 0.0001 

Medial cerebellum 60 58 7.77 69 23 5.59 < 0.0001 

R cerebellum 51 34 5.83 46 14 3.59 < 0.005 

Within-Experiment Analyses 

Analyses were conducted to determine whether the sub- 
cortical blood flow increases at the megaimage foci sig- 
nificantly varied across the conditions within each 
experiment (Table 6). No significant effects were found 
in the left cerebellum. The medial cerebellum showed 
larger increases during a task in which subjects searched 
for a conjunction of color and form than when the 
search was based only on color. This effect, however, was 
artifactual and reflected the spread of activity from 
nearby occipital cortex, which showed stronger in- 
creases during the conjunction task. 

The right cerebellar and left thalamic regions showed 
significant effects on the same variables. Active minus 
passive magnitudes were larger in both areas during the 
verb-generation task, in which subjects saw a noun and 
said an appropriate verb (book-read), than the read task, 
in which subjects read the noun. Magnitudes were also 
larger for both regions when subjects shifted their atten- 
tion in the right rather than left visual field. This latter 
effect was weak and reflected a small blood flow in- 

crease for the right visual field and a small decrease for 
the left visual field. 

The right thalamic focus showed significant effects on 
a completely different set of variables. Increases were 
larger for a task involving the detection of a conjunction 
of motion and color features rather than the features in 
isolation and were larger during a task involving a fine 
shape discrimination. Increases were also larger when 
subjects completed word stems that began previously 
seen letter strings. 

These results support the suggestion that the right 
cerebellar focus functionally differed from the left and 
medial cerebellar foci. The significant effects for the right 
cerebellum occurred between conditions in which the 
motor response was held constant, while these effects 
were not found for the medial and left cerebellar foci. 
The similar effects for the left thalamic and right cere- 
bellar focus indicate a functional similarity that might 
reflect a functional connectivity, while the complete 
separation between the variables producing effects in 
the leEt and right thalamus indicate that they mediate 
different functions. 
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Table 6. Within-experiment comparisons passing a p value threshold of 0.025 at Coordinates from the overall megaimage. 
P values for marginal comparisons are shown with an = sign. F tests were conducted for factors with three conditions. If the 
test was significant, individual contrasts were evaluated. Significant contrasts are listed in the table with the appropriate 
F statistic. Test statistics with a superscript a were evaluated using a 50% sampling criterion. 

Area Experiment Condition I Condition 2 Mag. I Mag. 2 DiZ Statistic p value 

Medial 
cerebellum 

R cerebellum 

R cerebellum 

L thalamus 

L thalamus 

L thalamus] 
caudate 

R thalamus 

R thalamus 

R thalamus 

Visual 
Search 2 

Language + Practice 
Language 

Spatial Attention 

Language + Practice 
Language 

Spatial Attention 

Visual Search 3 

Visual Search 3 

Same-Diff. 

Memory 

Color-form 

Generate 

Right field 

Generate 

Right field 

Color 

Conjunction 

Conjunction 

Shape 

Shape 

Shape 

Priming 

Memory 

Color 

Read 

Left field 

Read 

Left field 

Motion 

Motion 

Color 

Color 

Motion 

Divided 

Baseline 

Baseline 

53 

65 

15 

27 

47 

21 

18 

18 

36 

36 

36 

41 

42 

12 

14 

-17 

3 

6 

-5 

-1 

-3 

8 

6 

-5 

16 

16 

41 t(12) = 6.77 

51 t(l7) = 5.85 

32 t(9) = 2.74a 

24 t(19) = 4.02 

41 t(l0) = 2.23 

26 F(1, 20) = 7.59 

19 F(1,20) = 5.46 

21 F(1, 20) = 6.50 

28 F(1,24) = 5.54 

30 F(1,24) = 6.73 

41 F(1, 24) = 12.2 

25 F(1, 16) = 9.9 

26 F(1, 16) = 11.1 

< 0.0001 

< 0.0001 

< 0.025 

< 0.0005 

= 0.05 

< 0.025 

= 0.03 

< 0.025 

= 0.027 

< 0.025 

< 0.005 

< 0.01 

< 0.005 

Correlations between Foci 

For each pair of subcortical increases from the overall 
megaimage, the correlation was computed across the 35 
different active tasks of the entire dataset. The right 
thalamus showed a significant correlation with the left 
and medial cerebellum (Table 7, Figure 6). The left thala- 
mus showed a more modest correlation with the right 
and medial cerebellum, which was largely carried by the 
verb-generatiowread variable in the Language and Prac- 
tice Language experiments. Correlations between the 

ipsilateral thalamus and cerebellum were smaller than 
the contralateral correlations and were nonsignificant. 
The left and right thalamic loci were uncorrelated. 

Significant correlations across conditions were also 
evident between all three cerebellar loci. The most pro- 
nounced correlation was between the medial and left 
cerebellar focus, but the medial focus also correlated 
with the right focus. The medial-lateral correlations may 
have been caused in part by the spread of large blood 
flow increases to adjacent locations. Spread, however, 
cannot explain the correlation between the left and right 

Table 7. Correlation matrix for coordinates from the overall megaimage, where each correlation is taken across the active 
minus passive magnitude in each condition (N = 35) of the dataset. 

L. Cereb. Med. Cereb. R. Cereb. L. Thal. L. Thal./Caud. R. Thal. 

L. Cereb. - 

Med. Cereb. 0.83*** - 
R. Cereb. 0.51** 0.65*** - 
L. Thal. 0.31 0.38* 0.39* - 

L. Thal/Caud. 0.31 0.25 0.08 0.06 - 

R. Thal. 0.56*** 0.46** 0.28 0.07 0.26 - 

' p  < 0.05, **p  < 0.005, ***p< 0.0005. 

Shulman et al. 635 



I 0 0 
0 

0 

oo 0 

0 0 0  8 0  
490 8 O 

00 

0 
0 0  

0 O 0  op 
0 

o o  

0 

-20 0 20 40 60 

L Cerebellum 

Figure 6. Scatterplot showing the relationship between magnitudes 
(in PET counts) at the right thalamic and left cerebellar foci. Each 
point represents the magnitude for a condition (N = 35) within an 
experiment, summed over subjects. 

cerebellar foci, which may have reflected the confound- 
ing of motor and linguistic variables across experiments. 
Three of the four language-related experiments involved 
vocal responses in the active conditions but no re- 
sponses in the passive condition. The right cerebellar 
focus may have been increased during the language- 
related processes (as in the verb-generation task), while 
the left focus may have been increased by motor-related 
processes in the same experiments. 

These correlational analyses indicated that increases 
in the medial and left cerebellum were functionally 
related to increases in the right thalamus and also sup- 
ported the suggestions from the within-experiment 
analyses that increases in the right and left thalamus 
were unrelated. 

Passive Minus Fixation Analyses 

Covert Task Processing 
Subjects may have covertly performed the active task on 
the displayed stimulus during the passive condition, re- 
ducing the magnitude of active minus passive increases 
and obscuring foci (e.g., in cortex) that generalized over 
tasks. This possibility was examined by analyzing the 
passive minus fixation scans (the stimulus was absent in 
fixation scans). 

Table 8. Blood flow increases from the passive minus fixation megaimage. See Table 3 caption for details. 

Generate coordinate Test Generate plus Test 

Z Mag. p value X Y Z N Mag. z-score Area X Y 

Frontal Lobe 

L 32 (anterior cingulate) 

L 24 

R 24 

6 (SMA) 

R 4  

L6 

R 6 (medial frontal gyrus) 

R 6 (precentral gyrus) 

L 45 

L 47/10 

Temporal Lobe 

R 21 

Subcortical 

R cerebellum 

L cerebellum 

-9 

-19 

25 

-7 

33 

-29 

39 

-5 1 

-4 1 

35 

23 

27 

-7 

-15 

5 

-27 

-1 

-9 

23 

46 

-53 

-7 1 

32 

46 

34 

56 

57 

58 

54 

4 

-7 

2 

-16 

12 < 0.05 

12 < 0.005 

12 < 0.05 

17 < 0.01 

19 < 0.01 

2 ns 

11 < 0.05 

11 < 0.05 

11 ns 

9 ns 

9 < 0.05 

-7 

23 

-7 

31 

-27 

13 

37 

-49 

-4 1 

37 

23 

-3 1 

27 

-15 

5 

-23 

-1 

1 

-9 

23 

47 

-55 

-67 

-75 

30 

32 

56 

54 

54 

52 

48 

12 

-2 

6 

-12 

-16 

79 

79 

65 

63 

67 

71 

75 

79 

57 

79 

72 

63 

15 

11 

19 

21 

14 

13 

15 

13 

11 

12 

22 

15 

3.38 

3.36 

4.16 

2.74 

3.38 

3.07 

3.79 

2.78 

2.31 

2.81 

5.10 

2.90 
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Twenty-two well-sampled foci in cortex exceeding 10 
counts were found in a generate passive minus fixation 
megaimage (Table 8). Two cingulate foci (left BA 32 and 
right BA 24) and one left frontal focus (BA 45)  replicated 
at a 0.05 significance level (no focus survived a Bonfer- 
roni correction) and were present in the generate plus 
test megaimage. Several reliable foci were also found in 
right hemisphere motor and premotor areas presumably 
related to the left-hand response made in three of the 
seven studies. The magnitude screen for identifying ad- 
ditional increases yielded only one cortical focus, also in 
right premotor cortex (BA 6). 

Any covert task processing in the passive condition 
was presumably less than in the active tasks. Each ex- 
periment, for example, produced substantial active mi- 
nus passive increases, indicating more task-relevant 
activity during the active condition. If the above nonmo- 
tor, cortical increases reflected covert processing, rather 
than automatic processes triggered by the stimulus, then 
increases at these foci should also have occurred in the 
active minus passive megaimage. No increases were 
found (left BA 32, magnitude = 0; right BA 24, magni- 
tude = 0; left BA 45, magnitude = -1). These results 
indicate that the absence of cortical increases that gen- 
eralized across tasks was not caused by covert processes 
in the passive condition. 

Effects of Simple Motor Execution 

The passive minus fixation data were also used to test 
whether processes related to simple motor execution 
could increase blood flow at the subcortical foci pre- 
viously identified from the active minus passive mega- 
image. Although manual responses were made in the 
passive condition of four of the seven experiments, no 
responses were made in any of the fixation conditions. 

A passive minus fixation megaimage from these four 
experiments (unmatched-motor) was compared to the 
passive minus fixation megaimage based on the three 
experiments in which no response was made in the 
passive (matched-motor). 

Table 9 shows the magnitudes from each of these 
passive minus fixation megaimages at the coordinates 
from the active minus passive megaimage (e.g., the co- 
ordinates from Table 3). Between subjects t tests on the 
response variable indicated that passive minus fixation 
magnitudes were significantly greater when subjects 
made a response in the passive condition for the medial 
cerebellum, left cerebellum, and left thalamuskaudate, 
with a marginal effect in the right thalamus. Inspection 
of the passive minus fixation images indicated that the 
peak of the passive minus fixation blood flow increases 
in the medial (-13, -55, -10, magnitude = 30, z = 3.43) 
and left (-27, -47, -14, magnitude = 23, z = 3.22; -19, 
-55, -26, magnitude = 31, z = 3.70) cerebellar regions 
occurred 14 to 17 mm from the active minus passive 
increases. The passive conditions involved manual re- 
sponses, while the active conditions involved a mixture 
of manual and vocal responses. Interestingly, however, an 
analysis of foci from individual experiments did not 
indicate any systematic differences in the location of the 
medial and left cerebellar increases produced by vocal 
or manual responses during the active tasks. 

These analyses support the interpretation that the left 
and medial cerebellar foci were motor-related since 
blood flow increases at those locations could be pro- 
duced simply by making a manual response. These proc- 
esses were more complex than simple motor execution, 
however, since the peak of the blood flow increase was 
displaced from the active minus passive increases. 

Table 9 also suggests that blood flow at the thalamic 
foci may have been greater during the fixation than 

Table 9. Passive minus fixation magnitudes at coordinates specified by the active minus passive megaimage. The left 
panel shows the magnitudes in a set of passive minus hation scans in which a response was made in the passive 
(Unmatched-motor). The middle panel shows the magnitudes from a set of passive minus fixation scans in which no response 
was made in the passive (Matched-motor). The right panel shows the results of unpaired t tests comparing the magnitudes in 
the other two panels. 

Unmatched-motor Matcbed-motor Unpaired t Tests 

DiTerence 
Area N Mag. z-score N Mag. z-score score Statistic p value 

~~ ~ 

L thalamus/ 33 7 1.23 46 -15 -2.88 22 t(77) = 2.94 < 0.005 
caudate 

L thalamus 33 -7 -1.01 46 -13 -2.20 6 t(77) = 0.68 ns 

R thalamus 33 1 0.10 46 -15 -2.73 16 t(77) = 1.86 = 0.066 

L cerebellum 31 21 3.17 38 -4 -0.88 25 667) = 3.36 c 0.005 

Medial cerebellum 33 22 3.01 44 -13 -2.17 35 t(75) = 3.94 c 0.0005 

R cerebellum 26 13 2.11 30 5 0.94 8 654) = 1.04 ns 
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passive conditions. Baseline shifts between the passive 
and fixation conditions could be caused by covert task 
activity and/or automatic processing of the stimulus dur- 
ing the passive condition. It is not clear, however, why 
these processes would decrease blood flow in the pas 
sive conditions. 

Cerebellar Blood Flow Increases 
Medial and Left Cerebellum 
The increases across experiments at these two foci were 
strikingly similar and suggested that both foci were re- 
sponse-related. Increases were often larger in experi- 
ments involving a vocal response in the active conditions 
and no response in the passive condition (Table 4) than 

Additional Analyses of Cerebellar Blood Flow 
in experiments involving the same response in both the 
active and Dassive conditions. Furthermore, no increase 
was seen in Visual Search 1, which involved no responses 
in any condition. 

Two results suggested, however, that increases at these 
foci were not related to simple motor execution. First, 
passive conditions involving a maflUal response pro- 
duced passive minus fixation foci that were displaced 
from the active minus passive foci. The medial cerebellar 
focus from the passive minus fixation megaimage, for 

Increases 

Since the left and medial cerebellar foci appeared to 
reflect complex response-related processes, analyses 
were conducted to assess the effects at these foci of 
overall reaction time and the speeded nature of the 
active tasks. 

Eflect of Overall Reaction Time 

There was little evidence that reaction time predicted 
the magnitude of the cerebellar increases within an 
experiment. Reaction times were significantly longer in 
the verb-generation than read tasks, but increases at the 
two cerebellar foci were only marginally different for the 
two tasks (medial cerebellum: F(1, 19) = 3.72,p < 0.07; 
left cerebellum:F(l, 19) = 2.19,p > O.lO).Reaction times 
were also longer in a conjunction search than feature 
search task, but increases for the two tasks were not 
different at either focus (medial cerebellum: F(2, 18) = 
0.58; left cerebellum: F(2, 14) = 1.18). 

Speeded versus Unspeeded Experiments 

Time pressure was more evident in the active than pas- 
sive conditions, particularly since several experiments 
involved explicit measurement of reaction time. Of the 
four experiments in which a choice manual response 
was made in the active task, two involved an explicit 
reaction time criterion (Visual Search 3, Cross-Modal 
Imagery), while two involved the measurement of accu- 
racy (Successive Same-Different Discrimination, Visual 
Search 2). There was no evidence for larger blood flow 
increases in the reaction time experiments. 

DISCUSSION 

Active minus passive increases in cortical regions did not 
generalize over tasks (with the caveat that high superior 
parietal and inferior orbito-frontal regions were not well- 
sampled), but consistent increases were observed in the 
thalamus and cerebellum. This section first discusses 
possible functions of the thalamic and cerebellar foci 
and then considers the implications of the results for 
processes that generalize over tasks. 

example, was more anterior and lateral than the active 
minus passive focus and was very similar to that re- 
ported by Fox, Raichle, and Thach (1985) for finger 
movements. Simple motor movements produced foci 
displaced from the active minus passive foci. 

Second, active minus passive increases were present 
under conditions in which the same motor response was 
made in the active and passive conditions. Interestingly, 
the one experiment in which a manual response was 
made in the active but not passive condition (Spatial 
Attention) yielded blood flow increases roughly equiva- 
lent to those in which manual responses were made in 
both conditions (Figure 4). The standard motor control 
of requiring a keypress in the passive condition did not 
eliminate motor-related increases at these cerebellar loci. 

Motor-related factors involved in preparing speeded 
responses or long-latency responses did not account for 
the data. Increases were similar in experiments that 
measured reaction time or accuracy, while within-experi- 
ment analyses yielded little evidence that increases were 
affected by overall reaction time. The greater complexity 
of the response selection process in the active than 
passive conditions might account for the increases, al- 
though a PET study of response-selection (Deiber et al., 
199 1) did not report cerebellar changes with stimulus- 
response mappings of different complexity (e.g., push a 
joystick forward in response to a tone versus push the 
joystick in one of four directions, depending on which 
of four tones was presented). 

Several authors have suggested that the structure of 
the cerebellum is well-suited for associating movements 
with particular contexts (Albus, 1971; Marr, 1969). Al- 
though these contexts are sometimes considered in mo- 
tor terms, as in sequential movements, the contexts may 
also be stimulusrelated (Thach, 1996; Thompson, 1990). 
An explicit associative role for the cerebellum has been 
suggested, for example, by studies of classical condition- 
ing (Thompson, 1990). The cerebellum may be involved 
in some aspects of response-selection. 
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Right Cerebellum gion that plays one role during verbal tasks may play a 
completely different role during nonverbal tasks. 

The results for the right cerebellum were very different 
from those for the medial and left cerebellum and sug- 
gested a role in nonmotor processes. The between-ex- 
periments ANOVA was not significant. Visual Search 1, 
which did not involve any overt responses, produced 
increases of roughly the same magnitude as the other 
nonlanguage experiments, and there was no significant 
difference in the passive minus fixation subtraction be- 
tween passive conditions that did or did not involve a 
response. Furthermore, the within-experiment effects for 
the right cerebellar focus concerned conditions that 
involved the same motor response (e.g., the read and 
verb-generation tasks, left and right visual field condi- 
tions), and these effects did not occur for the left and 
medial cerebellar foci. While the location of the left 
cerebellar focus was consistent with the intermediate 
cerebellar region, the right cerebellar focus plotted more 
laterally in the cerebellar hemisphere. Anatomical con- 
nections (Middleton & Strick, 1994), lesion-behavior cor- 
relations (Akshoomoff, Courchesne, Press, & Iraqui, 1992; 
Fiez, Petersen, Cheney, & Raichle, 1992; Ivry & Keele, 
1989), and neuroimaging studies (Kim, Ugurbil, & Strick, 
1994; Petersen, Fox, Posner, Mintun, & Raichle, 1989; 
Raichle et al., 1994) suggest that the lateral cerebellar 
hemispheres are involved in some nonmotor tasks 
(Leiner, Leiner, & Dow, 1993). 

Although there was some suggestion that the right 
cerebellar increase was greater for language-related proc- 
esses (while the between-experiments ANOVA was not 
significant, increases were larger in the four language- 
related experiments), this focus was clearly modulated 
by nonlanguage processes. When the five nonlanguage 
experiments were combined into a nonlanguage mega- 
image, an increase was observed at the overall mega- 
image focus (Table 5) as well as a nearby focus in the 
nonlanguage megaimage (27, -57, -22; z = 4.09). Al- 
though it is possible that the language and nonlanguage 
experiments increased different regions of the right 
cerebellum, an analysis of the foci from individual ex- 
periments indicated no obvious clustering of the two 
groups. While we cannot say that the same region or sets 
of neurons were involved in language and nonlanguage 
tasks, both types of tasks increased similar cerebellar 
regions. 

Several authors have suggested roles for the cerebel- 
lum in cognitive processes that generalize over tasks 
(Akshoomoff & Courchesne, 1994; Fiez et al., 1992; Keele 
& Ivry, 1991). Fiez et al. have proposed, for example, that 
the cerebellum is involved in error detectioderror 
checking, while Akshoomoff and Courchesne have sug- 
gested that the cerebellum is involved in switching from 
one task to another or to different components of a task. 
It is also possible that the cerebellum may have multiple 
uses depending on the current task environment. A re- 

Thalamic Blood Flow Increases 

The thalamus contains many nuclei with distinct func- 
tions that are spatially adjacent. It is therefore difficult to 
assign a single function to a megaimage increase, since 
it may sum increases from adjacent nuclei that are en- 
gaged in different conditions. 

Left Thalamus 

The left thalamus showed no significant differences 
across studies. As with the right cerebellum, larger in- 
creases were found for the verb-generation than read 
task in the Language and Practice Language experiments 
and for the right than left visual field in the Spatial 
Attention experiment. Since lesions of the left thalamus 
can produce aphasia (Graff-Radford, Damasio, Yamada, 
Eslinger, & Damasio, 1985; Kirk & Kertesz, 1994; Perani, 
Vallar, Cappa, Messa, & Fazio, 1987), the verb-genera- 
tionhead effect is plausibly related to language process- 
ing. The visual field effect is consistent with a 
contralateral field representation. 

Although the visual field and language effects may 
have been mediated by different nuclei, an analysis of 
foci from individual conditions indicated that the right 
visual field focus (-3, -13, 12) was very near the verb- 
generation focus (-7, -17, 16). Both plotted in the dor- 
somedial nucleus, which projects to frontal cortex, but 
this localization is necessarily tentative. No common 
frontal increases were found for the two conditions, but 
thalamic inputs to frontal cortex are probably task con- 
tingent. 

Right Thalamus 

The profile of right thalamic increases across experi- 
ments was fairly consistent, with no significant differ- 
ences in the between-experiments ANOVA. The right 
thalamus showed significant differences on an entirely 
different set of within-experiment variables than the left 
thalamus, with effects in experiments involving visual 
discriminations and memory. The independence of the 
two thalamic regions was also apparent from their very 
low correlation across conditions. The blood flow in- 
crease in the right thalamus was spatially extended 
(Figure l), suggesting that several nuclei may have con- 
tributed to the observed increase. Two foci were found 
in the generate megaimage but merged in the generate 
plus test megaimage. 

Both the consistency of the increases across experi- 
ments and the nature of the within-experiment effects 
are compatible with a role of the right thalamus in 
attentional engagement of visual stimuli. Right thalamic 
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increases were particularly large during the shape con- 
dition of the Same-Different Discrimination experiment, 
which probably required focal attention to shapes in the 
display. Larger increases were also found in the conjunc- 
tion condition of Visual Search 3, which emphasized 
focal attention to a restricted spatial region. A recent 
analysis of the data from Visual Search 3 (Corbetta, Shul- 
man, Miezin, & Petersen, 1995) found increased right 
parietal activity during the conjunction task, consistent 
with a greater frequency of shifts of attention. Right 
thalamic lesions can produce spatial neglect (Vallar & 
Perani, 1987) and Laberge and Buchsbaum (1990) have 
reported right thalamic activity during an attentional 
filtering task. Rafal and Posner (1987) have proposed a 
role for the thalamus in engaging spatial attention at a 
spatial locus, consistent with the present results. 

Relationships between Cerebellar and Thalamic 
Blood Flow Increases 

A significant correlation across conditions was found 
between the right thalamic and left and medial cerebel- 
lar foci, while nonsignificant correlations were observed 
with the ipsilateral foci. Although this correlation corre- 
sponds to the crossed anatomical relationships between 
these structures, with cerebellar nuclei projecting to 
contralateral thalamus, it may simply reflect functional 
similarities. 

The profile of right thalamic increases across experi- 
ments was fairly consistent, with no significant effect in 
the between-experiment ANOVA, but magnitudes were 
larger in those experiments involving a vocal response. 
To the extent that these experiments, which had a strong 
motor component, were also more difficult or required 
greater attention, this correlation is consistent with an 
attentional function for the right thalamus. We suggest, 
however, that motor-related processes in the right thala- 
mus were responsible for the correlation. A small re- 
sponse component to the right thalamic focus is 
consistent with the marginal effect of response in the 
passive minus fixation subtraction. Furthermore, since 
overt motor factors varied between experiments but not 
within experiments, a motor interpretation of the corre- 
lation is consistent with the absence of common within- 
experiment variation at the two foci. Motor processes 
mediating the left and medial cerebellar foci (which 
showed a smaller but significant correlation) may have 
involved projections to motor nuclei in the right thala- 
mus. 

The modest correlation between the left thalamus and 
right cerebellum was primarily carried by the verb- 
generationhead variable, which produced a significant 
effect in the within-experiment ANOVAs. Left frontal 
cortex, left thalamus, and right cerebellum may form a 
circuit in certain language tasks. Both foci also showed 
the same effect of the visual field variable in the Spatial 
Attention experiment. 

Processes Common to Active Tasks 

Although most tasks involve increases in arousal, estab- 
lishing an intention or behavioral goal, setting up control 
structures for sequencing task operations, detecting tar- 
gets, etc., these operations do not produce blood flow 
increases, detectable with the present methods, in local- 
ized cortical regions that are common across tasks. Com- 
mon subcortical regions, however, may be involved. 

Arousal 

It seems plausible that the level of arousal was greater 
during active than passive conditions, although we do 
not have independent evidence of this. Subcortical re- 
gions, including the reticular formation, brainstem nuclei 
involved in the control of monoamine systems, and dif- 
fuse thalamic nuclei, are often considered to be involved 
in setting arousal levels. The present analysis did not find 
any brainstem regions that generalized over task, but the 
thalamic increases may have been arousal-related. PET 
(Pardo et al., 1991) and lesion studies (Ladavas, 1987; 
Posner et al., 1987) have also implicated the cortex of 
the right hemisphere in the maintenance of sustained 
attention, but no evidence was found for a consistent 
cortical locus underlying any active minus passive 
arousal differences. 

Task Preparation and the CNV 

With long intervals (> 3 sec) between a warning signal 
and an imperative stimulus, a CNV can be measured that 
has both an initial component, related to the warning 
signal, and a terminal component. There is controversy 
concerning whether the terminal component is strictly 
related to response factors (Brunia & Damen, 1988; 
Ruchkin, Sutton, Mahaffey, & Glaser, 1986). Although a 
separate warning signal was not given in the present 
studies, the fixed, although relatively short (1 to 2 sec), 
intertrial interval in all studies should have enabled the 
development of a prepatory state involving motor and 
perhaps nonmotor components. Foci in the SMA, central 
sulcus, precentral gyrus, BA 6, and BA 44 from the pre- 
sent study may mediate the motor readiness compo- 
nents of the CNV (Deiber, Ibanez, Sadato, & Hallett, 1996; 
Singh & Knight, 1990), as well as response selection and 
execution. These foci were largely eliminated (aside from 
the BA 6 focus) when the motor requirements of the 
active and passive task were equated in the matched- 
motor megaimage. Since any nonmotor components of 
the CNV should have been present in the overall 
megaimage, the present results imply that cortical gener- 
ators for these components shift with task demands. The 
observed increases in the thalamus, however, may be 
linked to the CNV (Tsubokawa & Moriyasu, 1978). 
Two factors complicate the interpretation of the pre- 

sent results with respect to the CW. First, the control 
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state for the CNV is the intertrial interval preceding the 
warning signal, rather than a separate passive condition. 
Second, the normalization used to correct for changes in 
global blood flow eliminates any absolute increase in 
blood flow that might be produced by arousal or task 
preparation (although there is no evidence that active 
task states produce global increases (Sokoloff, Mangold, 
Wechsler, Kennedy, & Kety, 1955). 

Attention: Sources of Interference 

Attention refers in part to limitations in our ability to 
perform simultaneous activities (Broadbent, 1958). The 
performance of most active tasks can interfere with the 
performance of other ongoing activities or tasks, a phe- 
nomenon known as dual-task interference. Although in- 
terference may occur because all tasks require the use 
of some general structure or resource (Posner, 1978), 
dual-task interference also probably has multiple “local” 
causes that depend on the specific task-pairings that are 
studied (McLeod, 1978). Tasks involving visual stimuli, for 
example, may interfere because of competition for struc- 
tures within the visual system (Desimone & Duncan, 
1995; Treisman & Davies, 1973). It is unclear if interfer- 
ence would be found between most tasks in the present 
dataset if local perceptual/motor sources of interference 
were removed. 

Attention: Mechanisms of Interference 

The simplest idea is that interference between two tasks 
results when both tasks use the same set of neurons. The 
current analysis suggests that if tasks interfere because 
they all require use of a general structure or resource 
(see above), that structure is not localized in cerebral 
cortex. There was no evidence, for example, of common 
active minus passive blood flow increases in the anterior 
cingulate, which has been suggested as mediating a gen- 
eral process of target detection that is common to most 
tasks (Posner & Petersen, 1990). Any general source of 
interference within the visual system also does not ap- 
pear to be highly localized. No consistent increases were 
found in inferotemporal and parietal regions that form 
the later stages of the ventral and dorsal processing 
streams (Van Essen & DeYoe, 1995). Thalamic nuclei may 
serve a selective function by restricting the input to a 
given process (Crick, 1984; Olshausen, Anderson, & Van 
Essen, 1993; Skinner & Yingling, 1973, but it is unclear 
if thalamic circuitry imposes any inherent limitations on 
the type of inputs that can be simultaneously selected. 

Although common use of the same set of neurons may 
explain dual-task interference in some situations, other 
neural mechanisms are possible. A set of neurons that is 
active during one task, for example, might inhibit an- 
other set of neurons involved in a different task, or the 
two sets of neurons might produce destructive cross-talk 
(Allport, 1989). Any source of interference that is medi- 

ated by interactions between different parts of a region 
(e.g., different parts of a topographically organized area; 
Desimone & Duncan, 1995) might not be revealed as a 
common blood flow increase. This might apply, for ex- 
ample, to the anterior cingulate. 

Task Memory/Control 

Each active task involved a structured sequence of 
events in which operations needed to be conducted in 
a particular order. Although various processes may have 
also occurred during the passive state (Shulman, Fiez, et 
al., 1997), they did not have an obligatory ordering or 
sequence. It is possible that these sequential events were 
stored in a common task memory and that control sig- 
nals were necessary to ensure that processes were exe- 
cuted in the correct order. Although these processes do 
not appear to be localized in a single cortical area, 
Akshoomoff and Courchesne (1994) have suggested that 
the cerebellum might be involved in switching between 
different components of a task. Structures for task mem- 
ory and control might be difficult to detect with the 
present PET paradigms. Since tasks were blocked, these 
structures could be established at the beginning of the 
block without being reset each trial. 

METHODS 

The analysis involved ten experiments, all of which have 
been published in some form. Two experiments yere 
virtually identical and have been collapsed. All nine stud- 
ies involved comparisons between active tasks in which 
subjects made judgments based on a visual stimulus 
while maintaining fixation on a central cross and passive 
tasks in which the same or very similar stimulus was 
presented, but subjects were simply instructed to remain 
fixated on the cross. In some passive conditions, subjects 
also made a motor response (e.g., pressing a key) on 
each trial (Table 1). The term passive therefore refers to 
the fact that subjects did not make a discrimination 
based on the displayed stimulus. Studies primarily dif- 
fered in the nature of the stimulus displays and the tasks 
performed on those displays (Table 2). Informed consent 
for subjects in all studies was obtained prior to partici- 
pation following guidelines approved by the Human 
Studies Committee and the Radioactive Drug Research 
Committee of Washington University. 

PET Methodology 

The general PET methodology for all experiments was 
similar. Experiments were conducted on a PE’M’ VI to- 
mograph Oer-Pogossian, Ficke, Hood, Yamamoto, & Mul- 
lani, 1982; Yamamoto, Ficke, & Ter-Pogossian, 1982), 
which provides seven transverse slices with a 14.4-mm 
interslice distance. During PET scans, earplugs were in- 
serted to dampen background noise, and a molded plas- 
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tic facial mask was fitted to each subject’s head to re- 
duce movement (Fox, Perlmutter, & Raichle, 1985). Stim- 
uli were presented on a color monitor positioned 
roughly 40 to 50 cm from the subject, and a black cloth 
was placed around the monitor to reduce extraneous 
visual input. The experimental room lights were dimmed 
during scans. Cooling fans and the scanner itself pro- 
vided low-level background noise. All displays involved a 
central fixation cross, and EOG was monitored in most 
conditions. 

1 5 0  labeled water (half-life of 123 sec) was used as a 
blood-flow tracer and administered as an intravenous 
bolus injection. The number of scans varied across study, 
with at least a 10-min delay between scans to allow 
complete decay of 1 5 0 .  The PElT VI system was used in 
the low-resolution mode. Images were reconstructed to 
17-mm full width at half-maximum using filtered back- 
projection (Yamamoto et al., 1982). Since blood-flow 
increases are known to be a linear function of radiation 
counts for scans of less than 1-min duration, measure- 
ments of arterial blood radioactivity following 1 5 0  injec- 
tion were not made (Fox, Mintun, Raichle, & Herscovitch, 
1984; Herscovitch, Markham, & Raichle, 1983). 
AU PET images were normalized by linear scaling for 

global blood flow so that fluctuations in global blood 
flow would not obscure local changes induced by task 
manipulations (Fox, Miezin, Allman, Van Essen, & Raichle, 
1987). A lateral skull x-ray, taken during the PET session, 
was used to identify the glabella and inion as markers to 
locate the position of the transverse plane intersecting 
the anterior and posterior commissures (Fox, Perlmutter, 
et al., 1985; Talairach, Szikla, & Tournoux, 1967). Each 
image was then transformed into a standardized stereo- 
taxic space (Talairach & Tournoux, 1988), with voxels 
measuring 2.0 x 2.0 x 2.0 mm. 

Studies 

Although each experiment differed in many charac- 
teristics, they fell into broadly defined categories. Ex- 
periments 1 through 4 did not involve any linguistic 
processes, and motor demands were similar in both the 
active and passive conditions (e.g., either both or neither 
active and passive conditions involved a keypress re- 
sponse, Table l), while Experiments 6 through 8 involved 
language-related processing with vocal responses in the 
active tasks and no responses in the passive tasks. The 
term language-related is purposely vague. While the 
input (a letter string) and output (a vocal response) 
characteristics of Experiments 6 through 8 were similar, 
the intermediate processes related to the selection of an 
appropriate response were very different. Experiments 
5 and 9 mixed the motor and language factors. Experi- 
ment 5 did not involve language and did not require a 
response in the passive condition. Experiment 9 in- 
volved language and required a keypress in both the 
active and passive conditions. 

Averaging of Scan Pairs 

The analyses in this paper combined data from the 
different conditions and subjects within an experiment 
and also combined data from different experiments. 

Averaging of Scan Pairs within an Experiment 

Since scan pairs from subjects were sometimes missing 
or not analyzed for technical reasons, the total number 
of scan pairs from each subject generally differed, and 
the total number of scan pairs from each active condi- 
tion of an experiment also generally differed. Scan pairs 
were therefore weighted to satisfy two constraints that 
eliminated these differences: (1) The active minus pas- 
sive scan pairs from the different active conditions for a 
subject were weighted so that when summed across 
condition, each subject contributed equally to the gen- 
erate, test, or generate plus test groups irrespective of 
the number of scan pairs obtained for that subject. (2) 
The active minus passive scan pairs from the different 
active conditions for a subject were weighted so that 
when summed across subject, each active condition 
contributed equally to the generate, test, or generate 
plus test groups irrespective of the number of scan pairs 
obtained for that condition. 

The rationale for constraint (1) was the following. 
During the test phase of the replication analysis, each 
subject contributed a single observation that was a 
weighted sum of the magnitudes from the test scan pairs 
for that subject (see Replication Analyses: Replication in 
Test Group). Since each subject contributed equally to 
this test phase, blood flow changes from the generate 
phase might be more likely to replicate if they reflected 
each subject equally and were not biased toward sub- 
jects who contributed more scan pairs to the generate 
group. Constraint (2) ensured that the replication of foci 
in the test group reflected all conditions equally. It also 
ensured that the computed location of a blood flow 
change in the generate plus test group from an experi- 
ment was not biased toward particular conditions within 
the experiment. 

Differential weighting of scan pairs was achieved by 
multiplying the normalization factors used to factor out 
global blood flow differences between scans. For exam- 
ple, by doubling the normalization factors for both scans 
in an active minus passive subtraction pair, the contribu- 
tion of that scan pair to the total image could be halved 
relative to a scan pair whose normalization factors were 
unchanged. 

Averaging of Scan Pairs across Experiments 

Experiments were averaged to reveal nonsensory and 
nonmotor-related increases that generalized across tasks. 
Any image that was averaged across experiments was 
called a megaimage. The data from all experiments, for 
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example, were combined in an Overall megaimage. 
Megaimages based on subsets of experiments (see ‘Xe- 
sults”) were also constructed. 

Specific Analysis Procedures 
Replication Analyses: Construction of Generate and 
Test Groups 
The generate group of scans provided candidate active 
minus passive increases for replication in the test group. 
Within each experiment, scan pairs were pseudoran- 
domly assigned to the generate and test groups with the 
weighting constraints noted above. Some experiments 
contained multiple passive conditions so that each sub- 
ject (or at least most subjects) could contribute inde- 
pendent active minus passive subtraction pairs to both 
the generate and test groups. This procedure carried two 
advantages: (1) the degrees of freedom in the test group 
were increased (doubled for the case in which all sub- 
jects contributed scan pairs to the generate and test 
group), and (2) variance between the generate and test 
group due to anatomical variability across subjects was 
minimized. For experiments involving multiple passive 
scans, the total number of subjects in Table 1 is therefore 
less than the sum of the number of subjects in the 
generate and test group (in the complete within case, 
generate = test = total). For Experiments 6 ,8 ,  and 9, in 
which each subject only received a single passive scan, 
subjects contributed scan pairs to either the generate or 
test groups but not both. For these experiments, the total 
number of subjects in Table 1 equals the sum of the sub- 
jects in the generate and test groups. For all experiments 
(1 through 9), the active and passive scans in the gener- 
ate group were separate from those in the test group. 

In order to increase the stability of the test data, more 
scan pairs were generally assigned to the test than gen- 
erate group (Table 1). Megaimages that combined data 
across experiments were constructed by summing gen- 
erate or test groups from individual experiments. In both 
the generate and test groups, all scan pairs were 
screened for head movement, and pairs with obvious 
movement artifact were eliminated. Behavioral perfor- 
mance for each subject was also reviewed. Data from an 
active task were eliminated if the subject performed 
very poorly on that task. 

Replication Analyses: Selection of Generate Foci 

Using a center-of-mass search algorithm (Mintun, Fox, & 
Raichle, 1989), all peaks of blood flow change greater 
than 10 PET counts (PET counts refer to the recon- 
structed number of “true coincidences” detected by the 
PET camera from positron-electron annihilations, after 
images have been filtered and normalized to 1000 
counts) were localized within the generate image. Since 
the goal of the analyses was to determine whether blood 
flow increases generalized over tasks and experiments, 

increases were only selected if they were well-sampled 
(N > 50). This criterion excluded some regions in inferior 
orbito-frontal cortex and superior parietal and frontal 
cortex. Finally, since all tasks involved visual stimuli and 
the present analysis was concerned with nonsensory 
processes, increases in occipital cortex were not ana- 
lyzed. 

Replication Analyses: Replication in Test Group 

The generate foci were then tested for reliability. For 
each focus, a region of interest (ROD was defined that 
included all pixels contained within a 7-mm-radius 
sphere. Magnitudes were normally only calculated for 
scan pairs in which 90% of the pixels in the ROI had 
been sampled. For ROIs in inferior or superior regions 
that were poorly sampled, however, this restriction was 
relaxed to 50%. The mean magnitude of blood flow 
change was calculated within each ROI for each scan 
pair in the test group. The magnitudes for the different 
scan pairs from a single subject were summed (since the 
sum of the weights for each subject was identical) so 
that each subject contributed a single observation to the 
statistical analysis (i.e., for all statistical analyses, the 
degrees of freedom depended on the number of sub- 
jects, not the number of scan pairs). Because of the 
weighting procedure (see above), all conditions within 
an experiment were represented equally in the test ob- 
servations. A one-tailed t test conducted on these obser- 
vations determined which blood flow changes were 
significantly greater than zero in the test group. A one- 
tailed test was appropriate since the generate group data 
specified the expected sign of the blood flow change in 
the test group. 

Replication Analyses: Determination of Location of 
Replicated Foci and Computation of z-Score 

For each replicated focus, the best estimate of location 
was determined from the generate plus test group. Using 
the center-of-mass search algorithm (Mintun et al., 1989), 
all peaks of blood flow change were localized within the 
generate plus test image. The focus in the generate plus 
test group nearest the designated focus in the generate 
group was then determined. The Brodmann area (BA) 
corresponding to this foci was determined based on the 
atlas of Talairach and Tournoux (1988). These assign- 
ments were necessarily approximate, since they were 
based on a standardized atlas, but the Brodmann system 
provided a convenient means of anatomical description. 
A t-score was computed for this focus and then con- 
verted to a z-score. 

Analyses of Additional Blood Flow Changes 

The absence of replicable cortical blood flow increases 
that generalized over tasks (see “Results”) suggested the 
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need for a less conservative procedure to ensure that 
this null finding did not result from an insensitive analy- 
sis procedure. Tables in the “Results” section therefore 
list all blood flow changes in the generate plus test group 
that exceeded a magnitude threshold of 10 PET counts. 
This is a liberal screen and does not constitute a statisti- 
cal test. Foci from the generate plus test image that did 
not pass the replication procedure are of uncertain reli- 
ability. 

Between-Experiments Analyses 

ment, while different experiments involved different 
subjects). Finally, tasks were often more similar within an 
experiment than across experiments. The four active 
tasks of the Spatial Attention experiment, for example, all 
involved a simple reaction time judgment and shifts of 
spatial attention to peripheral locations. Since the within- 
experiment comparisons were much “cleaner” than the 
between-experiments comparisons, which confounded 
many variables, the two types were analyzed separately. 

A correlational analysis was conducted, however, in 
which the unit of analysis was the individual conditions 
of each experiment. For each condition of each experi- 

Analyses were conducted at each focus from the overall 
megaimage that replicated or passed the magnitude 
screen, in order to assess differences in active minus 
passive magnitudes between experiments. For each task 
in an experiment, the magnitude at the selected focus 
was determined for each subject using a 7-mm-radius 
sphere. A single observation was then obtained for each 
subject at that focus by averaging the magnitudes over 

ment (N = 35 conditions across studies), the magnitude 
at a focus was averaged across subjects to arrive at a 
single observation. These observations were then corre- 
lated across foci. The correlation between two foci 
reflected the degree to which changes in conditions 
produced concomitant variation in magnitudes for the 
two foci. 

the tasks of the experiment (see above,Averaging of Scan 
Pairs within an Experiment). A 1 factor between-subjects Passive Minus Fixation Analyses 

ANOVA, with Experiments as the factor, was then con- 
ducted to determine if the active minus passive increases 
at the focus differed across experiments. 

Seven experiments (Successive Same-Different Discrimi- 
nation, Visual Search 1 and 3, Spatial Attention, Memory, 
Language, and Cross-Modal Imagery) included a fixation 
point only condition, in which a more impoverished 

Within-Experiment Analyses 

Analyses were conducted at each replicable megaimage 
focus that was consistent across experiments in order to 
assess differences in magnitudes between the conditions 
of each experiment. For example, blood flow changes for 
the read and verb-generation tasks of the Language ex- 
periment were compared. For each task in the experi- 
ment, the magnitude at the focus was determined for 

display (usually simply a fixation cross) was presented 
and the subjects’ sole task, as in the passive condition, 
was to maintain fixation. Although manual responses 
were made in the passive condition of four of the seven 
experiments, no responses were made in any of the 
fixation conditions. Megaimages based on these experi- 
ments were constructed and analyzed via the proce- 
dures described above. 

each subject and entered into an ANOVA or t test. AU 
analyses were within-subject, except for Visual Search 2, Acknowledgments 
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ment of Neurology,Box8111,660 S.Euclid,St.Louis,MO 63110, 
or by e-mail to gordonQpetcn.wustl.edu. 

Correlations between Foci 

The within- and between-experiment analyses treated 
each experiment as a unit. The between-experiments 
analyses did not separate conditions within an experi- 
ment, while the within-experiment analyses did not com- 
pare conditions across experiments. This procedure was 
adopted because conditions within an experiment were 
identical across many variables that influence the magni- 
tude of blood flow changes such as stimulus duration, 
eccentricity and general display characteristics, trial 
duration and presentation rate, and subjects (e.g., all 
subjects usually received all conditions within an experi- 

Notes 

1. The megaimage analysis was not applied to primary visual 
cortex because of the varied nature of the visual stimuli (Shul- 
man et al., 1996a). Within nonprimary occipital cortex, the 
overall megaimage yielded extended regions of increase in BAS 
18 and 19. 
2. Six foci plotted outside the borders of the brain (as deter- 
mined from a reference set of summed unsubtracted scans that 
are used to determine the brain boundary in the Washington 
University PET lab), often in regions that produced teeth- 
clenching artifacts (Drevets et al., 1992). These foci appeared 
in the local maximum search routine, even though the foci 
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were centered outside the brain, because there was sufficient 
spread to produce an increase within the brain. 
3. The betweenexperiments analysis suggested that some of 
the reliable changes in the overall megaimage were caused by 
motor-related processes. The resulting prediction that these 
changes should not occur in the matched-motor megaimage 
was largely confirmed. The matched-motor megaimage was 
inspected for magnitudes greater than 10 counts within 15 mm 
of the foci from the overall megaimage. Only two foci were 
found, one in right frontal cortex (BA 44/45; vector distance = 
3 mm), and the other in left premotor cortex (BA 6; vector 
distance = 10 mm). As noted, the right BA 44/45 focus from 
the overall megaimage did not replicate, while the left BA 6 
focus did not yield a generate focus and showed inconsistent 
increases across experiments. 
4. The presence of the cerebellar foci in the matched-motor 
megaimage is of some interest, but this megaimage included 
one experiment in which no overt responses were made. A 
controlled-motor megaimage consisting of only the four experi- 
ments in which manual responses were made in both the 
active and passive conditions was therefore constructed. Rep 
licable increases were found at foci very near all three cerebel- 
lar foci from the overall megaimage (left cerebellum: -27, -59, 
-10, z = 5.96; medial cerebellum: -1, -75, -6, z = 5.92; right 
cerebellum: 27, -59, -18, z = 5.01). 
5 .  The medial cerebellar increase could represent eye move- 
ment activity, which might have been different in the active 
and passive conditions (although EOG monitoring indicated 
that gross activity was similar). An eye movement hypothesis, 
however, does not explain either the absence of a blood flow 
increase in the one experiment that did not involve a motor 
response or the significantly greater blood flow increases in 
experiments involving vocal responses in the active but not 
passive conditions. 
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