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Abstract—The integration of multiple relations between mental refual or linguistic processing alone. Although there is evidence

resentations is critical for higher level cognition. For both deducti
and inductive-reasoning tasks, patients with prefrontal damage e

ited a selective and catastrophic deficit in the integration of relatig

veronhuman primates have some capacity to process relations (Pr
hgbWoodruff, 1978; Thompson, Oden, & Boysen, 1997; for a revi

nsee Tomasello & Call, 1997), humans display far greater sophis

whereas patients with anterior temporal lobe damage, matcheg
overall IQ but with intact prefrontal cortex, exhibited normal relatig

that
pmack
B\,
tica-

fam in relational reasoning across a wide range of content dofains.

evo-

al integration. In contrast, prefrontal patients performed more agclution (Benson, 1993), prefrontal cortex may be the locus of a sy
rately than temporal patients on tests of both episodic memory| dodrelational reasoning in humans (Holyoak & Kroger, 1995; Rq
semantic knowledge. These double dissociations suggest that inte§retolyoak, 1995).
nich This hypothesis is broadly consistent with evidence that prefra
naprtical dysfunction leads to selective decrements in performang
thasks involving hypothesis testing, categorization, planning, and
aledh solving, all of which involve relational reasoning (e.g., Delis,

Squire, Bihrle, & Massman, 1992; Milner & Petrides, 1984; Owe

tion of relations is a specific source of cognitive complexity for w

intact prefrontal cortex is essential. The integration of relations 1

be the fundamental common factor linking the diverse abilities
depend on prefrontal function, such as planning, problem solving,
fluid intelligence.

Reasoning depends on the ability to form and manipulate m

representations of relations between objects and events. For examplRex is critical for relational integration.

transitive inference (a type of deductive reasoning, in which the
of the premises ensures the truth of the conclusion) requires the

ty to integrate two relations that share an element (e.g., given thg

is taller than Charles and Abe is taller than Bill, it follows that Ab

taller than Charles). Similarly, in drawing analogies (a type of ing
tive reasoning, in which the initial premises determine the plausik

of the conclusion), relational reasoning is also essential (e.g., i
problem “person is to house as bear is to what?” the shared

dweller and dwelling, constrain the inferred answer, “cave”). Prob
solving and planning also necessarily depend on relational integratiQfynitive impairment, we compared their performance on se

For example, using the elementary problem-solving strategy of d
ence reduction (Newell & Simon, 1972) requires integration of a
ference between the present state and the goal state (a relation,
“this wall lacks a coat of paint”) with the expected change that w
be produced by an operator applied to the present state (a secon
tion, such as “painting the wall will add a coat of paint”). Form

subgoals by means-ends analysis also requires integration of multiplgents with lateral anterior temporal lobe lesions exhibit deficit
relations (e.g., “a paintbrush can be used to apply paint”; “I la¢kg

brush”) to derive relevant subgoals (“I must find a brush”).

There is a critical gap between the capacity to comprehend single

relations and the capacity to integrate multiple relations (Halfor
Wilson, 1980; Halford, Wilson, & Phillips, 1998; Maybery, Bain,
Halford, 1986). For example, understanding the single relation “B

taller than Charles” can be accomplished using perception (given a

visual scene) or language (given a sentence); in contrast, integ
two relations, such as “Bill is taller than Charles” and “Abe is ta
than Bill,” to draw the transitive inference requires more than per|
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nGiven the large increases in the size of prefrontal cortex in humar

Downes, Sahakian, Polkey, & Robbins, 1990; Shallice & Burg
iRl were not designed to test the specific hypothesis that the pref

rUt.h.In the present study, we examined performance on simple
a@%‘uiring deductive or inductive reasoning, using closely matg
t;@il iants that differed specifically in whether or not success req
® [Ategration of multiple relations. We hypothesized that patients

lf¥hen asked to integrate multiple relations, yet would perform nor
' §%hen only one relation needed to be considered. In order to rul
[OtRE possibility that any performance deficits in relational reaso
Ie_c‘i‘i’nserved in prefrontal patients could be attributable to some ge

ﬁ?&sks with the performance of patients with anterior temporal
dﬁamage, as well as that of normal control subjects. It has long
SUStSlished that patients with lesions of medial temporal lobe g
DYtes show impairments in acquisition of new declarative memag
dd@?b‘ite the preservation of other cognitive abilities (Scoville & Mil
Ngo57; Squire, Knowlton, & Musen, 1993). Recent results indicate

8mantic knowledge (Graham & Hodges, 1997; Hodges, Patte
Oxbury, & Funnell, 1992). We predicted that prefrontal patients wg

impaired on tasks requiring relational integration, but would
d &rm more accurately than patients with anterior temporal lobe leg

Igl‘(_)n tests of semantic memory and episodic recognition.
is

a 1. Chimpanzees (Gillan, 1981), monkeys ( Harris & McGonigle, 1994),

Céearning serial orderings when the items are introduced in sequential ord
multiple trials are provided so that adjacent pairs are overlearned. Hov

these various types of associative transitivity observed in nonhuman an

chumans over 5 years of age appear to be able to make transitive inferenc
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1991). However, these complex tasks could be failed for many reasons
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ably in one trial by integrating multiple premises (Halford, 1984).
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METHOD

Participants

The participants were 6 patients with focal damage to prefrg
cortex, 5 patients with focal damage to anterior temporal cortex, 3
neurologically intact individuals. Patients in the study had been ¢
nosed with fronto-temporal dementia (FTD), a common deme
subtype distinct from dementia of Alzheimer’s type (Brun, 19
Snowden, Neary, & Mann, 1996). In the early stages of FTD,
degenerative process tends to be localized to either prefrontal or|

ratio of 0.88 = 0.09)i(6) = 2.61,p < .05. The perfusion ratios of the

two patient groups did not overlap.
All patients received a set of standard neuropsychological

sts,

including the Wisconsin Card Sorting Test (WCST; Heaton, 1995),
Ngdston Naming Test (Kaplan, Goodglass, & Weintraub, 1983), [and
Niéchsler Adult Intelligence Scale-Revised (WAIS-R; Wechsler,
'a®81). These tests were administered in a separate 3-hr session. The
NH{o patient groups were matched for mean age, education, and sever-

9‘?{'5/ of dementia, as measured by the Mini-Mental Status Examin
tI('IVIMSE; Folstein, Folstein, & McHugh, 1975) and WAIS-R. The
éents with prefrontal degeneration (4 men) averaged 65.4 4

rior temporal cortical areas; there is involvement throughout anteN@fars of age and 16.0 + 1.1 years of education; they had an a
cortical regions in advanced stages. In the frontal variant of FTD, dagBore of 23.8 + 2.0 on the MMSE and a full-scale 1Q of 96.0 + 6.
age is |n|t|a"y localized in prefronta| cortex. Figure la depiCtS q.ﬁe WAIS-R (the mean in the genera| popu|ati0n is 100) TH
example of metabolic activity in a normal brain; this image can B@tients with anterior temporal degeneration (3 men) averaged 6
contrasted with Figure 1b, which depicts the abnormal metaboli® years of age, 17.8 + 0.8 years of education, an MMSE sco|
activity of a representative prefrontal patient in the present study.oo + 1.8, and a full-scale IQ of 94.8 + 8.0. The 7 normal control
the temporal variant (Edwards-Lee et al., 1997), an example of whijghs (2 men) had an average age of 64.9 2.5 years and an a|
is depicted in Figure 1c, the anterior temporal lobes initially degenggucational attainment of 16.4 + 1.1 years. Relative to the ant
ate while dorsolateral prefrontal regions remain structurally and ghysmporal group, the prefrontal group was significantly impaired
iologically intact. Patients with the temporal variant of FTD have begByeral traditional tests of prefrontal function, including a shorte
found to exhibit semantic dementia, characterized by impairmentsdim of the WCST (0.6 + 0.4 categories achieved from a maximu
semantic knowledge (Hodges et al., 1992). 4, with 60.3 + 8.7% of errors being perseverative, vs. 2.8 + 0.4

Patients were divided into subgroups based on the inspectiory@fies achieved, with 19.3 + 3.7% of errors being perseverative
functional brain images produced by the single positron emissigos for both measures).

computer tomography (SPECT) technique using B8 hexamethyl
propylenamine oxime (HMPAQ). Foci of hypoperfusion were identi-

fleq by a medlca_l professmpal not associated with the study, and eaCWaterials and Procedure

patient was assigned to either the prefrontal or the temporal group

based on these determinations. When blood flow measurements in preFhe measure of deductive reasoning was performance on a
frontal cortex were compared with those in other regions using xenransitive-inference problems. Each item involved between two
133 (133Xe), patients in the prefrontal group showed significanfiyur propositions. Each proposition was enclosed in a rectangle
reduced blood flow in prefrontal cortex (an average prefrontal:glplzahted a “taller than” relation between two individuals, presented
cortical perfusion ratio of 0.58 + 0.08), relative to patients in the gnt=rd displaying a name on top, the words “taller than” in the mid
rior temporal group (an average prefrontal:global cortical perfusiand a name below. The task was to arrange cards corresponding

a

Fig. 1. Anterior views of brain images illustrating the extent of cortical damage in patients tested in the present study. Ayeaibigreor-
mal perfusion rates as measured by single positron emission computer tomography; white areas exhibit significant hyp@perfosge.
of an individual with normal perfusion rates in all cortical areas is shown in (a). The image of a patient with focal preftmaladamage
(b) shows severe hypoperfusion in prefrontal cortical areas, with relative sparing of temporal cortical areas. The imégataofighpacal
anterior temporal cortical damage (c) shows subnormal blood flow in anterior temporal cortical areas, with near-compleié medramgal
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individuals in descending order of their heights. In the one-reldtia890; Raven, 1941). Nonrelational problems (Level 0 comple
version (Level 1 complexity), the pairs introduced the names in qrdievolved a visual pattern, with a blank space in the bottom right-}

ity)
and

of height (e.g., Sam taller than Nate; Nate taller than Roy). The|coorner (see Fig. 2a). The participant completed the pattern by sglect-
rect ordering could therefore be achieved using a chaining strategyfrom six possibilities; the solution required simple pattern match-

that proceeded one link at a time: To build a link, only one relatignirg. Each one-relation problem (Level 1 complexity) involved a 2
that between the name at the end of one chain and its successof—adx that required processing one relational change over eithe
to be considered. In the two-relation version of the task (Level 2 ¢conorizontal or vertical dimension; the other dimension was cons
plexity), the pairs were introduced in a scrambled order (e.g.,

x 2
r the
tant

€Hig. 2b). Two-relation problems (Level 2 complexity) required irte-

taller than Tina; Amy taller than Beth) so that the item at the endgrhting two relational changes over the horizontal and vertical dimen-

one chain was not in the subsequent pair, making the chaining straieas, respectively (Fig. 2c). Thus, although the basic form of the
gy inapplicable. The reasoner therefore had to consider two relgtiar@s constant across the three types of matrix problems, only the
simultaneously to determine the overall ordering of three namesation problems necessitated relational integration. A total o
Preschool children can solve one-relation transitive-inference
lems by chaining, but reliable success with two-relation problemsLisvel 2).
not observed prior to age 5 (Halford, 1984, 1993).

The ordered (Level 1) and scrambled (Level 2) problem sets [eattive-inference items presented first, immediately followed by the

task
two-
20

rgoeblems was administered (7 at Level O, 6 at Level 1, and (7 at

Testing was generally done in a single 1-hr session, with the ftran-

test

included three problems, which respectively involved two propositjong recognition memory and then the set of matrix problems. Of the 6
(three people), three propositions (four people), and four propositigrefrontal patients, 1 was not tested on the transitive-inference items

(five people). A different set of names was used for each problem, and 1 was not tested on the matrix problems. Recognition memo

y for

all propositions remained in view throughout a trial, eliminating ariyansitive-inference items was tested in 3 of the prefrontal patients. All
need for maintenance of the propositions in short-term memory. | 5 anterior temporal patients participated in all tests. All control $ub-

Immediately following the transitive-inference test, participaniects received all tests, except for 1 whose recognition memory;
were administered a test of recognition memory for problem elememist tested.
Each participant was presented with a list of nine pairs of first names,
with each pair consisting of one name that had been used on the tran- RESULTS
sitive-inference test and one name that had not been presented [during
the experiment. The participant was asked to indicate which nameWe hypothesized that patients with prefrontal cortical dan
from each pair had been on the test. This incidental recognition testild show selective impairment on problems requiring integratio

was

age
n of

provided a measure of participants’ memory for recent episodes basedtiple relations, relative both to patients with anterior temporal lobe

on materials used in the prior reasoning test.

Inductive reasoning was assessed using matrix problems adapiaaksitive-inference problems provided strong support for our hyp
from the Raven Standard Progressive Matrices Test, which ha;
been used as a measure of cognitive skill (Carpenter, Just, & Shptient groups and control group revealed an interaction between

: e T e
B a[ B[
DD o= D @@ = e

= D OB @ B0 & @

Fig. 2. Examples of problems adapted from the Raven Standard Progressive Matrices Test. This task required participants totehoose the i

from the bottom of the figure that would complete the pattern at the top. An example of a nonrelational problem (LeweiQ)ris(ah Solu-
tion requires only perceptual matching (correct response is Choice 1). An example of a one-relation problem (Level lipigtgh8artici-
pants need only to maintain the transformation along the vertical dimension (reflection acmessif)ein order to choose the corre
alternative (Choice 3). An example of a two-relation problem (Level 2) is shown in (c). Participants must integrate thalcglgttbe verti-
cal dimension (solid to checked pattern) and the relation across the horizontal dimension (removal of the upper-righirqostatd)make
the correct response (Choice 1).

VOL. 10, NO. 2, MARCH 1999 121

damage and to control subjects. The results obtained for the deductive

oth-

lests, as shown in Figure 3a. An analysis of variance comparing the two
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Fig. 3. Accuracy on the test of transitive inference (a) and matric

prefrontal damage (solid lines), patients with anterior temporal damage (dotted lines), and normal control subjects (dpsBtahtines

errors ranged from 8% to 20%.

of damage and relational complexiB(2, 14) = 5.79p < .02. When

es test (b) for each group of participants. Results are stiewts fitipz

Additional analyses revealed double dissociations between

presented with problems for which names could be ordered corretittyial reasoning and both episodic memory and semantic knowl
by chaining, processing only one relation at a time (e.g., Dave talleee Fig. 4). Relative to prefrontal patients, temporal patients

than Gary; Gary taller than Bart), patients with prefrontal cortjcahpaired on the two-item forced-choice test of declarative reco
damage ordered the elements correctly in 87 + 8% of cases. The|r pen-memory for names presented on the transitive-inference tes
formance was quantitatively similar to that of patients with antgrier10% correct vs. 96 + 4% correct for prefrontal patients; nor
temporal lobe damage (87 + 13% correct) and control subjects (1068atrol subjects responded correctly to 86 + 5% of iteni&) =

correct). None of these differences were significant by a Newma&ho1,p < .05. For those patients tested on both Level 2 transit
Keuls test. However, for problems in which the order of propositioitderence problems and the matched forced-choice recognition

was scrambled (e.g., Mona taller than Kim; Stef taller than Mona
that premise integration required processing two relations at
patients with prefrontal cortical damage showed a complete ina
to order problem elements, producing a correct ordering in only
20% of problems, a rate not significantly different from chance (7
Newman-Keuls tests indicated that the performance of the prefr
patients on Level 2 problems was significantly worse than thg
patients with anterior temporal lobe damage (87 + 13% coipect
.01) and also control subjects (86 + 14% corneet,.001).
Performance on the inductive matrix problems also showed ¢
ing differences between patients with damage to prefrontal corte:
those with damage to anterior temporal cortex, as well as normal
trol subjects, in the ability to integrate multiple relational premises
shown in Figure 3b. An analysis of variance revealed an intera
between group and complexity levEi4, 28) = 14.53p < .00001.
Newman-Keuls tests indicated that the two patient groups did no
fer either from each other or from normal control subjects in the &
age proportion of correct responses given to either Level O or Le|
problems, with performance above 80% correct in all cases. Fg
Level 2 problems, however, Newman-Keuls tests revealed a signif
difference p < .001 for both comparisons) between the mean perg
age of correct responses given by patients with prefrontal co
damage (11 + 5%, chance = 17%) and the performance of
patients with anterior temporal lobe damage (89 + 5%) and no

,Ismns, an analysis of variance revealed a significant cross
niogeraction for the prefrontal versus temporal patieR{g, 6) = 6.53,
Dilityc .05. Temporal patients showed a decrement, relative to prefr
P(@atients, on the Boston Naming Test (16.6 + 9.3 for anterior tem
%pl patients vs. 52.2 + 1.9 for prefrontal patients; maximum = @
pri(8) = 3.75,p < .01, and also on the Information subtest of the WA
t Rf(9.0 £ 3.4 for anterior temporal patients vs. 22.0 + 2.8 for p

frontal patients; maximum = 30)(8) = 2.91,p < .02. Both of these

tests assess semantic knowledge.
trik-
and
CZQ DISCUSSION
ctionOur findings indicate that the human prefrontal cortex plays
essential role in relational reasoning—specifically, in the integratio
[ difultiple relations. For both a deductive task (transitive inference)
wan inductive task (matrix completion), the performance of prefro
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2dge
vere
Oni-
t (56
nal

ve-
rob-
bver

ntal
po-
0),
S_
re-
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n of
and
ntal

vaglatients dramatically deteriorated when the task required simultan
r itmegration of two binary relations, rather than being solvable by

control subjects (86 + 6%).
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eous
ro-

caessing one relation at a time. Developmental evidence indicates that
efite capacity to integrate multiple relations is acquired at about age 5
tidhlford, 1984, 1993), paralleling increases in performance on tests
bdikgnostic of prefrontal dysfunction and in the coordination of elegtri-
rmal activity in prefrontal cortex with that in posterior cortical systems
(Case, 1992; Levin et al., 1991). Although the overall 1Qs of the
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Fig. 4. Accuracy on tests of declarative memory (forced-chg
recognition) and semantic knowledge (Boston Naming Test and |
mation subtest of the Wechsler Adult Intelligence Scale—Revig
Results are shown for patients with prefrontal damage (solid bars
patients with anterior temporal damage (slashed bars). Standard
ranged from 3% to 15%.

prefrontal patients were in the normal range, their complete inab
to solve two-relation transitive-inference problems placed them
preschool level on this task. The fact that the prefrontal patients
failed two-relation matrix problems indicates a general impairmen
relational reasoning, spanning both deduction and induction.

The relative success of the prefrontal patients on no-relation
one-relation variants of the same tasks rules out explanations bas
motivation, inability to follow instructions, or tendency to persever
The success of the anterior temporal patients on two-relation prok
establishes a dissociation between the reasoning ability of the
frontal and anterior temporal groups, which were closely matche
disease process, age, 1Q, and education. At the same time, the
mance of prefrontal patients was superior to that of the tem
patients on a test of recognition memory and on tests depende
semantic knowledge. The resulting double dissociation between

tional reasoning versus both episodic memory and semantic kmowl*John introduced Tom to Bill"). If so, prefrontal patients should sh

edge rules out a general “difficulty” factor as the source of
prefrontal group’s impairment.

Prefrontal cortex has been implicated in the performance of a
number of higher level cognitive tasks, such as memory monito
management of dual tasks, rule application, and planning sequen
moves in problem solving (D’Esposito et al., 1996; Duncan, Burg
& Emslie, 1995; Smith, Patalano, & Jonides, 1998). It has not k
established, however, whether a common factor links these di
tasks. It has often been suggested that prefrontal cortex is partic|
important for difficult tasks, but the theoretical basis for what fac
are relevant in making some tasks more difficult than others ha|
been established. We propose that the integration of relations is
cific source of cognitive complexity for which an intact prefrontal G
tex is essential. Double dissociations of the sort observed in
present study rule out any simple relationship between prefrontal
formance and overall task difficulty.

The present hypothesis can be extended to explain frontal im
ments in the domain of action planning. Complexity increases
the depth of embedding in a subgoal hierarchy (Carpenter et

case of relational interaction (see Halford et al., 1998, for an a

puzzle). The management of dual tasks necessarily increases
tional complexity, as the reasoner must integrate the temporal

tions between two action sequences. In fact, relational reasg
appears critical for all tasks identified with executive processing

fluid intelligence.

We propose that a deficit in relational integration in patients
prefrontal lesions may account for impairments in the inhibitior]
prepotent responses, as demonstrated by deficits in prefrontal pg
on tasks such as the WCST (Milner, 1963), Stroop test (Perret, 1
and antisaccade task (Guitton, Buchtel, & Douglas, 1985). Loss @
ability to inhibit prepotent responses can be brought on by decren
in working memory capacity (Dunbar & Sussman, 1995; R.J. Rob
Hager, & Heron, 1994). We contend that in order to override a pr
tent response, an individual must simultaneously consider mu

icesponse-outcome relations. For example, in the WCST, a rea
hfatust consider both the current sorting relationship (e.g., color) 3
ediferent sorting relationship (e.g., shape), and must explicitly re
@Bt that one is no longer correct and thus the other might be. W
e'iﬁ%r%apacity to integrate these two relations, the reasoner would
the basis of the single, dominant response-outcome association.
the deficits in response inhibition demonstrated by prefrontal pat|
ilican be seen to follow directly from a deficit in relational integrat
afTae hypothesis that prefrontal cortex is required for the simultan
apsmcessing of multiple relations also fits well with data for prefro
t phtients showing deficits in declarative memory tasks such as m
ry for spatiotemporal context (Schacter, 1987; Shimamura, 19
drttese deficits may arise out of an impaired ability to represent, ag
sealsaio make inferences based on, variable temporal relations.
ate. The present study obtained a sharp break in performance for
Idrastal patients when a reasoning task required integration of two bi
pedations. Further work, using neuroimaging as well as neuropsych
digal techniques, will be required to determine the role of prefrontal
eidgracross a wider range of complexity variations. For example, Hal
aiE993; Halford et al., 1998) has proposed that processing two bi
ntetations is equivalent in complexity to processing one trinary relal
réi@-, a predicate that takes three semantically confusable argume

th@pairment in processing single relations that are more complex tha
binary relations used in the present study. In addition, normal adult
adigarly capable of processing more complex relational structures
riregny of those used in the present study.
ces dfeuropsychological and functional imaging studies indicate
esiifferent regions in prefrontal cortex subserve distinct functions.
eegntromedial region has been implicated in the relationship bet
ezggotion and decision making (Bechara, Damasio, Tranel, & Dam
ula#l97), and the dorsolateral prefrontal cortex (DLPFC) has been i
ocated in working memory and executive functions (Baddeley, 19
5 (kair electrophysiological studies of working memory in nonhun
n ppeiates, see Fuster, 1995; Goldman-Rakic, 1988; for neuroima
onf working memory in humans, see Cohen et al., 1997; Jonides
lg93). The operations that support relational reasoning may for
pEwre of an executive component of working memory, which imp
both the active maintenance of information and its processing (Ha
pagt-al., 1998). In other words, relational integration may be the “w
vittone by working memory. We thus view our results as being co
aknt with the idea that DLPFC, which was severely damaged in a

1990; Shallice & Burgess, 1991), as subgoal embedding is a sp!
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Relational reasoning requires a capacity to bind elements dyria@eken, J.D., Perlstein, W.M., Braver, T.S., Nystrom, L.E., NoII_, D.C., Jon_ides, J., &S
cally into roles (perhaps by synchronizing neural activity; see Hummel E;Qr(;gggéﬁg?gg;al dynamics of brain activation during a working memory
& Holyoak, 1997; Shastri & Ajjanagadde, 1993), and to maintaimamato, M.R. (1991). Comparative cognition: Processing of serial order and serial
these bindings as inferences are made. These Operations und r|yingtem. In L. Dachowski & C.F. Flaherty (EdsQurrent topics in animal cognition:

. . - T . . Brai ti d itiopp. 165-185). Hillsdale, NJ: Erlbaum.
relational integration may distinguish working memory from a passivgis pc. saure LR Bile iotpp ). Hillsdale, NJ: Erlbaum
short-term memory buffer. Working memory tasks often require par- problem-solving ability: Performance of patients with frontal lobe damage
ticipants to integrate relations, such as the relative temporal order of amnesic patients on a new sorting tduropsychologia, 3G83-697.

ltiol ti li. Indeed. th h £ d t sh EbEsposr[o, M., Detre, J.A., Alsop, D.C., Shin, R.K.,, Atlas, S., & Grossman, M. (19
multiple stimuli. ndeed, the sharp performance decrement SNOWN DY The neural basis of the central executive system of working mehiatyre, 378,
our prefrontal patients on multiple-relation problems parallels a |step 279-281.

function observed in parametric neuroimaging studies of wor iﬁ)ﬁnbar, K., & Sussman, D. (1995). Toward a cognitive account of frontal lobe fundtion:

. . f . . Simulating frontal lobe deficits in normal subjects. In J. Grafman, K.J. Holyoal
memory. Functional magnetic resonance imaging (fMRI) studies F Boller (Eds.), Structure and functions of the human prefrontal caxteals of

using then-back task have revealed a step function in the activgtion the New York Academy of Sciences, 289-304.

hith,
ask.

pat-

D.C., Squire, L.R., Bihrle, A., & Massman, P.J. (1992). Componential analysjs of

and

)6).

, &

increase associated with DLPEC (Cohen et aI., 1997). The quant I Q{.&San, J., Burgess, P., & Emslie, H. (1995). Fluid intelligence after frontal lobe legions.

. . .. _ Neuropsychologia, 3261-268.
occurs ah = 2 (which requires participants to decide whether the préswards-Lee, T., Miller, B.L., Benson, D.F., Cummings, J.L., Russell, G.L., Boone, K|
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