PSYCHOLOGICAL SCIENCE

Research Article
A SYSTEM FOR RELATIONAL REASONING IN HUMAN
PREFRONTAL CORTEX
James A. Waltz, Barbara J. Knowlton, Keith J. Holyoak, Kyle B. Boone, Fred S.
Mishkin, Marcia de Menezes Santos, Carmen R. Thomas, and Bruce L. Miller
University of California, Los Angeles
Abstract—The integration of multiple relations between mental representations is critical for higher level cognition. For both deductiveand inductive-reasoning tasks, patients with prefrontal damage exhibited a selective and catastrophic deficit in the integration of relations,
whereas patients with anterior temporal lobe damage, matched for
overall IQ but with intact prefrontal cortex, exhibited normal relational integration. In contrast, prefrontal patients performed more accurately than temporal patients on tests of both episodic memory and
semantic knowledge. These double dissociations suggest that integration of relations is a specific source of cognitive complexity for which
intact prefrontal cortex is essential. The integration of relations may
be the fundamental common factor linking the diverse abilities that
depend on prefrontal function, such as planning, problem solving, and
fluid intelligence.
Reasoning depends on the ability to form and manipulate mental
representations of relations between objects and events. For example,
transitive inference (a type of deductive reasoning, in which the truth
of the premises ensures the truth of the conclusion) requires the ability to integrate two relations that share an element (e.g., given that Bill
is taller than Charles and Abe is taller than Bill, it follows that Abe is
taller than Charles). Similarly, in drawing analogies (a type of inductive reasoning, in which the initial premises determine the plausibility
of the conclusion), relational reasoning is also essential (e.g., in the
problem “person is to house as bear is to what?” the shared roles,
dweller and dwelling, constrain the inferred answer, “cave”). Problem
solving and planning also necessarily depend on relational integration.
For example, using the elementary problem-solving strategy of difference reduction (Newell & Simon, 1972) requires integration of a difference between the present state and the goal state (a relation, such as
“this wall lacks a coat of paint”) with the expected change that would
be produced by an operator applied to the present state (a second relation, such as “painting the wall will add a coat of paint”). Forming
subgoals by means-ends analysis also requires integration of multiple
relations (e.g., “a paintbrush can be used to apply paint”; “I lack a
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 (Halford &
Wilson, 1980; Halford, Wilson, & Phillips, 1998; Maybery, Bain, &
Halford, 1986). For example, understanding the single relation “Bill is
taller than Charles” can be accomplished using perception (given a
visual scene) or language (given a sentence); in contrast, integrating
two relations, such as “Bill is taller than Charles” and “Abe is taller
than Bill,” to draw the transitive inference requires more than percep-
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tual or linguistic processing alone. Although there is evidence that
nonhuman primates have some capacity to process relations (Premack
& Woodruff, 1978; Thompson, Oden, & Boysen, 1997; for a review,
see Tomasello & Call, 1997), humans display far greater sophistication in relational reasoning across a wide range of content domains.1
Given the large increases in the size of prefrontal cortex in human evolution (Benson, 1993), prefrontal cortex may be the locus of a system
for relational reasoning in humans (Holyoak & Kroger, 1995; Robin
& Holyoak, 1995).
This hypothesis is broadly consistent with evidence that prefrontal
cortical dysfunction leads to selective decrements in performance on
tasks involving hypothesis testing, categorization, planning, and problem solving, all of which involve relational reasoning (e.g., Delis,
Squire, Bihrle, & Massman, 1992; Milner & Petrides, 1984; Owens,
Downes, Sahakian, Polkey, & Robbins, 1990; Shallice & Burgess,
1991). However, these complex tasks could be failed for many reasons
and were not designed to test the specific hypothesis that the prefrontal
cortex is critical for relational integration.
In the present study, we examined performance on simple tasks
requiring deductive or inductive reasoning, using closely matched
variants that differed specifically in whether or not success required
integration of multiple relations. We hypothesized that patients with
prefrontal cortical dysfunction would exhibit impaired performance
when asked to integrate multiple relations, yet would perform normally when only one relation needed to be considered. In order to rule out
the possibility that any performance deficits in relational reasoning
observed in prefrontal patients could be attributable to some general
cognitive impairment, we compared their performance on several
tasks with the performance of patients with anterior temporal lobe
damage, as well as that of normal control subjects. It has long been
established that patients with lesions of medial temporal lobe structures show impairments in acquisition of new declarative memories,
despite the preservation of other cognitive abilities (Scoville & Milner,
1957; Squire, Knowlton, & Musen, 1993). Recent results indicate that
patients with lateral anterior temporal lobe lesions exhibit deficits in
semantic knowledge (Graham & Hodges, 1997; Hodges, Patterson,
Oxbury, & Funnell, 1992). We predicted that prefrontal patients would
be impaired on tasks requiring relational integration, but would perform more accurately than patients with anterior temporal lobe lesions
on tests of semantic memory and episodic recognition.

1. Chimpanzees (Gillan, 1981), monkeys ( Harris & McGonigle, 1994), rats
(W.A. Roberts & Phelps, 1994), and pigeons (Terrace, 1991) are capable of
learning serial orderings when the items are introduced in sequential order and
multiple trials are provided so that adjacent pairs are overlearned. However,
these various types of associative transitivity observed in nonhuman animals
can be distinguished from inferential transitivity (D’Amato, 1991). Only
humans over 5 years of age appear to be able to make transitive inferences reliably in one trial by integrating multiple premises (Halford, 1984).
Copyright © 1999 American Psychological Society
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METHOD
Participants
The participants were 6 patients with focal damage to prefrontal
cortex, 5 patients with focal damage to anterior temporal cortex, and 7
neurologically intact individuals. Patients in the study had been diagnosed with fronto-temporal dementia (FTD), a common dementia
subtype distinct from dementia of Alzheimer’s type (Brun, 1993;
Snowden, Neary, & Mann, 1996). In the early stages of FTD, the
degenerative process tends to be localized to either prefrontal or anterior temporal cortical areas; there is involvement throughout anterior
cortical regions in advanced stages. In the frontal variant of FTD, damage is initially localized in prefrontal cortex. Figure 1a depicts an
example of metabolic activity in a normal brain; this image can be
contrasted with Figure 1b, which depicts the abnormal metabolic
activity of a representative prefrontal patient in the present study. In
the temporal variant (Edwards-Lee et al., 1997), an example of which
is depicted in Figure 1c, the anterior temporal lobes initially degenerate while dorsolateral prefrontal regions remain structurally and physiologically intact. Patients with the temporal variant of FTD have been
found to exhibit semantic dementia, characterized by impairments in
semantic knowledge (Hodges et al., 1992).
Patients were divided into subgroups based on the inspection of
functional brain images produced by the single positron emission
computer tomography (SPECT) technique using 99m TC hexamethyl
propylenamine oxime (HMPAO). Foci of hypoperfusion were identified by a medical professional not associated with the study, and each
patient was assigned to either the prefrontal or the temporal group
based on these determinations. When blood flow measurements in prefrontal cortex were compared with those in other regions using xenon
133 (133Xe), patients in the prefrontal group showed significantly
reduced blood flow in prefrontal cortex (an average prefrontal:global
cortical perfusion ratio of 0.58 ± 0.08), relative to patients in the anterior temporal group (an average prefrontal:global cortical perfusion

a

b

ratio of 0.88 ± 0.09), t(6) = 2.61, p < .05. The perfusion ratios of the
two patient groups did not overlap.
All patients received a set of standard neuropsychological tests,
including the Wisconsin Card Sorting Test (WCST; Heaton, 1995),
Boston Naming Test (Kaplan, Goodglass, & Weintraub, 1983), and
Wechsler Adult Intelligence Scale–Revised (WAIS-R; Wechsler,
1981). These tests were administered in a separate 3-hr session. The
two patient groups were matched for mean age, education, and severity of dementia, as measured by the Mini-Mental Status Examination
(MMSE; Folstein, Folstein, & McHugh, 1975) and WAIS-R. The 6
patients with prefrontal degeneration (4 men) averaged 65.4 ± 4.0
years of age and 16.0 ± 1.1 years of education; they had an average
score of 23.8 ± 2.0 on the MMSE and a full-scale IQ of 96.0 ± 6.4 on
the WAIS-R (the mean in the general population is 100). The 5
patients with anterior temporal degeneration (3 men) averaged 63.2 ±
4.8 years of age, 17.8 ± 0.8 years of education, an MMSE score of
23.0 ± 1.8, and a full-scale IQ of 94.8 ± 8.0. The 7 normal control subjects (2 men) had an average age of 64.9 ± 2.5 years and an average
educational attainment of 16.4 ± 1.1 years. Relative to the anterior
temporal group, the prefrontal group was significantly impaired on
several traditional tests of prefrontal function, including a shortened
form of the WCST (0.6 ± 0.4 categories achieved from a maximum of
4, with 60.3 ± 8.7% of errors being perseverative, vs. 2.8 ± 0.4 categories achieved, with 19.3 ± 3.7% of errors being perseverative, p <
.005 for both measures).

Materials and Procedure
The measure of deductive reasoning was performance on a set of
transitive-inference problems. Each item involved between two and
four propositions. Each proposition was enclosed in a rectangle and
stated a “taller than” relation between two individuals, presented as a
card displaying a name on top, the words “taller than” in the middle,
and a name below. The task was to arrange cards corresponding to the

c

Fig. 1. Anterior views of brain images illustrating the extent of cortical damage in patients tested in the present study. Areas in gray exhibit normal perfusion rates as measured by single positron emission computer tomography; white areas exhibit significant hypoperfusion. The image
of an individual with normal perfusion rates in all cortical areas is shown in (a). The image of a patient with focal prefrontal cortical damage
(b) shows severe hypoperfusion in prefrontal cortical areas, with relative sparing of temporal cortical areas. The image of a patient with focal
anterior temporal cortical damage (c) shows subnormal blood flow in anterior temporal cortical areas, with near-complete sparing of prefrontal
cortical areas.
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individuals in descending order of their heights. In the one-relation
version (Level 1 complexity), the pairs introduced the names in order
of height (e.g., Sam taller than Nate; Nate taller than Roy). The correct ordering could therefore be achieved using a chaining strategy
that proceeded one link at a time: To build a link, only one relation—
that between the name at the end of one chain and its successor—had
to be considered. In the two-relation version of the task (Level 2 complexity), the pairs were introduced in a scrambled order (e.g., Beth
taller than Tina; Amy taller than Beth) so that the item at the end of
one chain was not in the subsequent pair, making the chaining strategy inapplicable. The reasoner therefore had to consider two relations
simultaneously to determine the overall ordering of three names.
Preschool children can solve one-relation transitive-inference problems by chaining, but reliable success with two-relation problems is
not observed prior to age 5 (Halford, 1984, 1993).
The ordered (Level 1) and scrambled (Level 2) problem sets each
included three problems, which respectively involved two propositions
(three people), three propositions (four people), and four propositions
(five people). A different set of names was used for each problem, and
all propositions remained in view throughout a trial, eliminating any
need for maintenance of the propositions in short-term memory.
Immediately following the transitive-inference test, participants
were administered a test of recognition memory for problem elements.
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 transitive-inference test and one name that had not been presented during
the experiment. The participant was asked to indicate which name
from each pair had been on the test. This incidental recognition test
provided a measure of participants’ memory for recent episodes based
on materials used in the prior reasoning test.
Inductive reasoning was assessed using matrix problems adapted
from the Raven Standard Progressive Matrices Test, which has long
been used as a measure of cognitive skill (Carpenter, Just, & Shell,

1990; Raven, 1941). Nonrelational problems (Level 0 complexity)
involved a visual pattern, with a blank space in the bottom right-hand
corner (see Fig. 2a). The participant completed the pattern by selecting from six possibilities; the solution required simple pattern matching. Each one-relation problem (Level 1 complexity) involved a 2 × 2
matrix that required processing one relational change over either the
horizontal or vertical dimension; the other dimension was constant
(Fig. 2b). Two-relation problems (Level 2 complexity) required integrating two relational changes over the horizontal and vertical dimensions, respectively (Fig. 2c). Thus, although the basic form of the task
was constant across the three types of matrix problems, only the tworelation problems necessitated relational integration. A total of 20
problems was administered (7 at Level 0, 6 at Level 1, and 7 at
Level 2).
Testing was generally done in a single 1-hr session, with the transitive-inference items presented first, immediately followed by the test
of recognition memory and then the set of matrix problems. Of the 6
prefrontal patients, 1 was not tested on the transitive-inference items
and 1 was not tested on the matrix problems. Recognition memory for
transitive-inference items was tested in 3 of the prefrontal patients. All
5 anterior temporal patients participated in all tests. All control subjects received all tests, except for 1 whose recognition memory was
not tested.

RESULTS
We hypothesized that patients with prefrontal cortical damage
would show selective impairment on problems requiring integration of
multiple relations, relative both to patients with anterior temporal lobe
damage and to control subjects. The results obtained for the deductive
transitive-inference problems provided strong support for our hypothesis, as shown in Figure 3a. An analysis of variance comparing the two
patient groups and control group revealed an interaction between locus

Fig. 2. Examples of problems adapted from the Raven Standard Progressive Matrices Test. This task required participants to choose the item
from the bottom of the figure that would complete the pattern at the top. An example of a nonrelational problem (Level 0) is shown in (a). Solution requires only perceptual matching (correct response is Choice 1). An example of a one-relation problem (Level 1) is shown in (b). Participants need only to maintain the transformation along the vertical dimension (reflection across the x-axis) in order to choose the correct
alternative (Choice 3). An example of a two-relation problem (Level 2) is shown in (c). Participants must integrate the relation along the vertical dimension (solid to checked pattern) and the relation across the horizontal dimension (removal of the upper-right quadrant) in order to make
the correct response (Choice 1).
VOL. 10, NO. 2, MARCH 1999
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Fig. 3. Accuracy on the test of transitive inference (a) and matrices test (b) for each group of participants. Results are shown for patients with
prefrontal damage (solid lines), patients with anterior temporal damage (dotted lines), and normal control subjects (dashed lines). Standard
errors ranged from 8% to 20%.
of damage and relational complexity, F(2, 14) = 5.79, p < .02. When
presented with problems for which names could be ordered correctly
by chaining, processing only one relation at a time (e.g., Dave taller
than Gary; Gary taller than Bart), patients with prefrontal cortical
damage ordered the elements correctly in 87 ± 8% of cases. Their performance was quantitatively similar to that of patients with anterior
temporal lobe damage (87 ± 13% correct) and control subjects (100%
correct). None of these differences were significant by a NewmanKeuls test. However, for problems in which the order of propositions
was scrambled (e.g., Mona taller than Kim; Stef taller than Mona), so
that premise integration required processing two relations at once,
patients with prefrontal cortical damage showed a complete inability
to order problem elements, producing a correct ordering in only 20 ±
20% of problems, a rate not significantly different from chance (7%).
Newman-Keuls tests indicated that the performance of the prefrontal
patients on Level 2 problems was significantly worse than that of
patients with anterior temporal lobe damage (87 ± 13% correct, p <
.01) and also control subjects (86 ± 14% correct, p < .001).
Performance on the inductive matrix problems also showed striking differences between patients with damage to prefrontal cortex and
those with damage to anterior temporal cortex, as well as normal control subjects, in the ability to integrate multiple relational premises, as
shown in Figure 3b. An analysis of variance revealed an interaction
between group and complexity level, F(4, 28) = 14.53, p < .00001.
Newman-Keuls tests indicated that the two patient groups did not differ either from each other or from normal control subjects in the average proportion of correct responses given to either Level 0 or Level 1
problems, with performance above 80% correct in all cases. For the
Level 2 problems, however, Newman-Keuls tests revealed a significant
difference (p < .001 for both comparisons) between the mean percentage of correct responses given by patients with prefrontal cortical
damage (11 ± 5%, chance = 17%) and the performance of both
patients with anterior temporal lobe damage (89 ± 5%) and normal
control subjects (86 ± 6%).
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Additional analyses revealed double dissociations between relational reasoning and both episodic memory and semantic knowledge
(see Fig. 4). Relative to prefrontal patients, temporal patients were
impaired on the two-item forced-choice test of declarative recognition memory for names presented on the transitive-inference test (56
± 10% correct vs. 96 ± 4% correct for prefrontal patients; normal
control subjects responded correctly to 86 ± 5% of items), t(6) =
3.01, p < .05. For those patients tested on both Level 2 transitiveinference problems and the matched forced-choice recognition problems, an analysis of variance revealed a significant crossover
interaction for the prefrontal versus temporal patients, F(1, 6) = 6.53,
p < .05. Temporal patients showed a decrement, relative to prefrontal
patients, on the Boston Naming Test (16.6 ± 9.3 for anterior temporal patients vs. 52.2 ± 1.9 for prefrontal patients; maximum = 60),
t(8) = 3.75, p < .01, and also on the Information subtest of the WAISR (9.0 ± 3.4 for anterior temporal patients vs. 22.0 ± 2.8 for prefrontal patients; maximum = 30), t(8) = 2.91, p < .02. Both of these
tests assess semantic knowledge.

DISCUSSION
Our findings indicate that the human prefrontal cortex plays an
essential role in relational reasoning—specifically, in the integration of
multiple relations. For both a deductive task (transitive inference) and
an inductive task (matrix completion), the performance of prefrontal
patients dramatically deteriorated when the task required simultaneous
integration of two binary relations, rather than being solvable by processing one relation at a time. Developmental evidence indicates that
the capacity to integrate multiple relations is acquired at about age 5
(Halford, 1984, 1993), paralleling increases in performance on tests
diagnostic of prefrontal dysfunction and in the coordination of electrical activity in prefrontal cortex with that in posterior cortical systems
(Case, 1992; Levin et al., 1991). Although the overall IQs of the
VOL. 10, NO. 2, MARCH 1999
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Fig. 4. Accuracy on tests of declarative memory (forced-choice
recognition) and semantic knowledge (Boston Naming Test and Information subtest of the Wechsler Adult Intelligence Scale–Revised).
Results are shown for patients with prefrontal damage (solid bars) and
patients with anterior temporal damage (slashed bars). Standard errors
ranged from 3% to 15%.
prefrontal patients were in the normal range, their complete inability
to solve two-relation transitive-inference problems placed them at a
preschool level on this task. The fact that the prefrontal patients also
failed two-relation matrix problems indicates a general impairment of
relational reasoning, spanning both deduction and induction.
The relative success of the prefrontal patients on no-relation and
one-relation variants of the same tasks rules out explanations based on
motivation, inability to follow instructions, or tendency to perseverate.
The success of the anterior temporal patients on two-relation problems
establishes a dissociation between the reasoning ability of the prefrontal and anterior temporal groups, which were closely matched in
disease process, age, IQ, and education. At the same time, the performance of prefrontal patients was superior to that of the temporal
patients on a test of recognition memory and on tests dependent on
semantic knowledge. The resulting double dissociation between relational reasoning versus both episodic memory and semantic knowledge rules out a general “difficulty” factor as the source of the
prefrontal group’s impairment.
Prefrontal cortex has been implicated in the performance of a large
number of higher level cognitive tasks, such as memory monitoring,
management of dual tasks, rule application, and planning sequences of
moves in problem solving (D’Esposito et al., 1996; Duncan, Burgess,
& Emslie, 1995; Smith, Patalano, & Jonides, 1998). It has not been
established, however, whether a common factor links these diverse
tasks. It has often been suggested that prefrontal cortex is particularly
important for difficult tasks, but the theoretical basis for what factors
are relevant in making some tasks more difficult than others has not
been established. We propose that the integration of relations is a specific source of cognitive complexity for which an intact prefrontal cortex is essential. Double dissociations of the sort observed in the
present study rule out any simple relationship between prefrontal performance and overall task difficulty.
The present hypothesis can be extended to explain frontal impairments in the domain of action planning. Complexity increases with
the depth of embedding in a subgoal hierarchy (Carpenter et al.,
1990; Shallice & Burgess, 1991), as subgoal embedding is a special
VOL. 10, NO. 2, MARCH 1999

case of relational interaction (see Halford et al., 1998, for an analysis of the relational complexity of versions of the Tower of Hanoi
puzzle). The management of dual tasks necessarily increases relational complexity, as the reasoner must integrate the temporal relations between two action sequences. In fact, relational reasoning
appears critical for all tasks identified with executive processing and
fluid intelligence.
We propose that a deficit in relational integration in patients with
prefrontal lesions may account for impairments in the inhibition of
prepotent responses, as demonstrated by deficits in prefrontal patients
on tasks such as the WCST (Milner, 1963), Stroop test (Perret, 1974),
and antisaccade task (Guitton, Buchtel, & Douglas, 1985). Loss of the
ability to inhibit prepotent responses can be brought on by decrements
in working memory capacity (Dunbar & Sussman, 1995; R.J. Roberts,
Hager, & Heron, 1994). We contend that in order to override a prepotent response, an individual must simultaneously consider multiple
response-outcome relations. For example, in the WCST, a reasoner
must consider both the current sorting relationship (e.g., color) and a
different sorting relationship (e.g., shape), and must explicitly represent that one is no longer correct and thus the other might be. Without
the capacity to integrate these two relations, the reasoner would act on
the basis of the single, dominant response-outcome association. Thus,
the deficits in response inhibition demonstrated by prefrontal patients
can be seen to follow directly from a deficit in relational integration.
The hypothesis that prefrontal cortex is required for the simultaneous
processing of multiple relations also fits well with data for prefrontal
patients showing deficits in declarative memory tasks such as memory for spatiotemporal context (Schacter, 1987; Shimamura, 1995).
These deficits may arise out of an impaired ability to represent, as well
as to make inferences based on, variable temporal relations.
The present study obtained a sharp break in performance for prefrontal patients when a reasoning task required integration of two binary
relations. Further work, using neuroimaging as well as neuropsychological techniques, will be required to determine the role of prefrontal cortex across a wider range of complexity variations. For example, Halford
(1993; Halford et al., 1998) has proposed that processing two binary
relations is equivalent in complexity to processing one trinary relation
(i.e., a predicate that takes three semantically confusable arguments, as
in “John introduced Tom to Bill”). If so, prefrontal patients should show
impairment in processing single relations that are more complex than the
binary relations used in the present study. In addition, normal adults are
clearly capable of processing more complex relational structures than
any of those used in the present study.
Neuropsychological and functional imaging studies indicate that
different regions in prefrontal cortex subserve distinct functions. The
ventromedial region has been implicated in the relationship between
emotion and decision making (Bechara, Damasio, Tranel, & Damasio,
1997), and the dorsolateral prefrontal cortex (DLPFC) has been implicated in working memory and executive functions (Baddeley, 1992).
(For electrophysiological studies of working memory in nonhuman
primates, see Fuster, 1995; Goldman-Rakic, 1988; for neuroimaging
of working memory in humans, see Cohen et al., 1997; Jonides et al.,
1993). The operations that support relational reasoning may form the
core of an executive component of working memory, which implies
both the active maintenance of information and its processing (Halford
et al., 1998). In other words, relational integration may be the “work”
done by working memory. We thus view our results as being consistent with the idea that DLPFC, which was severely damaged in all our
prefrontal patients, is critical for working memory.
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Relational reasoning requires a capacity to bind elements dynamically into roles (perhaps by synchronizing neural activity; see Hummel
& Holyoak, 1997; Shastri & Ajjanagadde, 1993), and to maintain
these bindings as inferences are made. These operations underlying
relational integration may distinguish working memory from a passive
short-term memory buffer. Working memory tasks often require participants to integrate relations, such as the relative temporal order of
multiple stimuli. Indeed, the sharp performance decrement shown by
our prefrontal patients on multiple-relation problems parallels a step
function observed in parametric neuroimaging studies of working
memory. Functional magnetic resonance imaging (fMRI) studies
using the n-back task have revealed a step function in the activation
increase associated with DLPFC (Cohen et al., 1997). The quantal step
occurs at n = 2 (which requires participants to decide whether the present stimulus in a continual sequence is identical to the one presented
“two back,” i.e., the stimulus immediately preceding the one immediately preceding the present stimulus). Identifying the item that is “two
back” requires integration of two temporal relations (stimulus n – 1
preceded present stimulus n; stimulus n – 2 preceded stimulus n – 1),
and hence is comparable in complexity to the two-relation tasks used
in the present study.
Our neuropsychological findings complement imaging studies of
reasoning, which have shown involvement of the same areas as are
activated in working memory tasks. An fMRI study of Raven problems
revealed activation in multiple brain regions, including DLPFC (Prabhakaran, Smith, Desmond, Glover, & Gabrieli, 1997). A study of performance on a transitive-inference task using positron emission
tomography found increased activation in both DLPFC and areas of
parietal cortex (Baker, Dolan, & Frith, 1996). Neuropsychological evidence such as that provided by the present study makes a unique contribution by establishing that the prefrontal region is necessary for
relational integration (rather than simply being active during reasoning
tasks, perhaps performing some secondary function such as task monitoring). Postulating a neural system for integrating multiple relations
provides an explanation of why a wide range of tasks, all of which
depend on processing multiple relations simultaneously, are sensitive
to prefrontal damage and activate DLPFC.

Acknowledgments—This research was supported by an Ursula Mandel
Fellowship from the UCLA Graduate Division and by National Science
Foundation Grant SBR-9729023. We thank Patricia Cheng, Michael
Fanselow, Joaquin Fuster, John Hummel, Larry Squire, and Tiffany Tom
for valuable comments on earlier drafts.

REFERENCES
Baddeley, A.D. (1992). Working memory. Science, 255, 556–559.
Baker, S.C., Dolan, R.J., & Frith, C.D. (1996). The functional anatomy of logic: A PET
study of inferential reasoning. Neuroimage, 3, S218.
Bechara, A., Damasio, H., Tranel, D., & Damasio, A.R. (1997). Deciding advantageously
before knowing the advantageous strategy. Science, 275, 1293–1295.
Benson, D.F. (1993). Prefrontal abilities. Behavioral Neurology, 6, 75–81.
Brun, A. (1993). Frontal lobe degeneration of non-Alzheimer type revisited. Dementia, 4,
126–131.
Carpenter, P.A., Just, M.A., & Shell, P. (1990). What one intelligence test measures: A theoretical account of the processing in the Raven Progressive Matrices Test. Psychological Review, 97, 404–431.
Case, R. (1992). The role of the frontal lobes in the regulation of cognitive development.
Brain and Cognition, 20, 51–73.

124

Cohen, J.D., Perlstein, W.M., Braver, T.S., Nystrom, L.E., Noll, D.C., Jonides, J., & Smith,
E.E. (1997). Temporal dynamics of brain activation during a working memory task.
Nature, 386, 604–608.
D’Amato, M.R. (1991). Comparative cognition: Processing of serial order and serial pattern. In L. Dachowski & C.F. Flaherty (Eds.), Current topics in animal cognition:
Brain, emotion, and cognition (pp. 165–185). Hillsdale, NJ: Erlbaum.
Delis, D.C., Squire, L.R., Bihrle, A., & Massman, P.J. (1992). Componential analysis of
problem-solving ability: Performance of patients with frontal lobe damage and
amnesic patients on a new sorting test. Neuropsychologia, 30, 683–697.
D’Esposito, M., Detre, J.A., Alsop, D.C., Shin, R.K., Atlas, S., & Grossman, M. (1996).
The neural basis of the central executive system of working memory. Nature, 378,
279–281.
Dunbar, K., & Sussman, D. (1995). Toward a cognitive account of frontal lobe function:
Simulating frontal lobe deficits in normal subjects. In J. Grafman, K.J. Holyoak, &
F. Boller (Eds.), Structure and functions of the human prefrontal cortex. Annals of
the New York Academy of Sciences, 769, 289–304.
Duncan, J., Burgess, P., & Emslie, H. (1995). Fluid intelligence after frontal lobe lesions.
Neuropsychologia, 33, 261–268.
Edwards-Lee, T., Miller, B.L., Benson, D.F., Cummings, J.L., Russell, G.L., Boone, K., &
Mena, I. (1997). The temporal variant of frontotemporal dementia. Brain, 120,
1027–1040.
Folstein, M.F., Folstein, S.E., & McHugh, P.R. (1975). A practical method for grading the
cognitive state of patients for the clinician. Journal of Psychiatric Research, 12,
189–198.
Fuster, J.M. (1995). Memory in the cerebral cortex. Cambridge, MA: MIT Press.
Gillan, D.J. (1981). Reasoning in the chimpanzee: II. Transitive inference. Journal of
Experimental Psychology: Animal Behavior Processes, 7, 150–164.
Goldman-Rakic, P.S. (1988). Topography of cognition: Parallel distributed networks in
primate association cortex. Annual Review of Neuroscience, 11, 137–156.
Graham, K.S., & Hodges, J.R. (1997). Differentiating the roles of the hippocampal complex and the neocortex in long-term memory storage: Evidence from the study of
semantic dementia and Alzheimer’s disease. Neuropsychology, 11, 77–89.
Guitton, D., Buchtel, H.A., & Douglas, R.M. (1985). Frontal lobe lesions in man cause difficulties in suppressing reflexive glances and in generating goal-directed saccades.
Experimental Brain Research, 58, 455–472.
Halford, G.S. (1984). Can young children integrate premises in transitivity and serial order
tasks? Cognitive Psychology, 16, 65–93.
Halford, G.S. (1993). Children’s understanding: The development of mental models. Hillsdale, NJ: Erlbaum.
Halford, G.S., & Wilson, W.H. (1980). A category theory approach to cognitive development. Cognitive Psychology, 12, 356–411.
Halford, G.S., Wilson, W.H., & Phillips, S. (1998). Processing capacity defined by relational complexity: Implications for comparative, developmental, and cognitive psychology. Brain and Behavioral Sciences, 21, 803–864.
Harris, M.R., & McGonigle, B.O. (1994). A model of transitive choice. Quarterly Journal
of Experimental Psychology: Comparative & Physiological Psychology, 47,
319–348.
Heaton, R.K. (1995). Wisconsin Card Sorting manual. Odessa, FL: Psychology Assessment Resources.
Hodges, J.R., Patterson, K., Oxbury, S., & Funnell, E. (1992). Semantic dementia: Progressive fluent aphasia with temporal lobe atrophy. Brain, 115, 1783–1806.
Holyoak, K.J., & Kroger, J.K. (1995). Forms of reasoning: Insight into prefrontal functions? In J. Grafman, K.J. Holyoak, & F. Boller (Eds.), Structure and functions of the
human prefrontal cortex (pp. 253–263). New York: New York Academy of Sciences.
Hummel, J.E., & Holyoak, K.J. (1997). Distributed representations of structure: A theory
of analogical access and mapping. Psychology Review, 104, 427–466.
Jonides, J., Smith, E.E., Koeppe, R.A., Awh, E., Minoshima, S., & Mintun, M. (1993).
Spatial working memory in humans as revealed by PET. Nature, 363, 623–625.
Kaplan, E.F., Goodglass, H., & Weintraub, S. (1983). The Boston Naming Test. Philadelphia: Lea Febiger.
Levin, H., Culhane, K., Hartmann, J., Evankovich, K., Mattson, A., Harward, H., Ringholz, G., Ewing-Cobbs, L., & Fletcher, J. (1991). Developmental changes in performance on tests of purported frontal lobe functioning. Developmental
Neuropsychology, 7, 377–395.
Maybery, M.T., Bain, J.T., & Halford, G.S. (1986). Information-processing demands of
transitive inference. Journal of Experimental Psychology: Learning, Memory, and
Cognition, 12, 600–613.
Milner, B. (1963). Effects of different brain lesions on card sorting. Archives of Neurology, 9, 90–100.
Milner, B., & Petrides, M. (1984). Behavioural effects of frontal-lobe lesions in man.
Trends in Neuroscience, 7, 403–407.
Newell, A., & Simon, H.A. (1972). Human problem solving. Englewood Cliffs, NJ: Prentice-Hall.
Owens, A.M., Downes, J.J., Sahakian, B.J., Polkey, C.E., & Robbins, T.W. (1990). Planning and spatial working memory following frontal lobe lesions in man. Neuropsychologia, 28, 1021–1034.
Perret, E. (1974). The left frontal lobe of man and the suppression of habitual responses in
verbal categorical behaviour. Neuropsychologia, 12, 323–330.
Prabhakaran, V., Smith, J.A.L., Desmond, J.E., Glover, G., & Gabrieli, J.D.E. (1997).
Neural substrates of fluid reasoning: An fMRI study of neocortical activation during

VOL. 10, NO. 2, MARCH 1999

PSYCHOLOGICAL SCIENCE

J.A. Waltz et al.
performance of the Raven’s Progressive Matrices Test. Cognitive Psychology, 33,
43–63.
Premack, D., & Woodruff, G. (1978). Does the chimpanzee have a theory of mind? Behavioural and Brain Sciences, 1, 515–526.
Raven, J.C. (1941). Standardization of progressive matrices, 1938. British Journal of Medical Psychology, 19, 137–150.
Roberts, R.J., Hager, L.D., & Heron, C. (1994). Prefrontal cognitive processes: Working
memory and inhibition in the antisaccade task. Journal of Experimental Psychology: General, 123, 374–393.
Roberts, W.A., & Phelps, M.T. (1994). Transitive inference in rats: A test of the spatial
coding hypothesis. Psychological Science, 5, 368–374.
Robin, N., & Holyoak, K.J. (1995). Relational complexity and the functions of prefrontal
cortex. In M.S. Gazzaniga (Ed.), The cognitive neurosciences (pp. 987–997). Cambridge, MA: MIT Press.
Schacter, D.L. (1987). Memory, amnesia, and frontal lobe dysfunction. Psychobiology, 15,
21–36.
Scoville, W.B., & Milner, B. (1957). Loss of recent memory after bilateral hippocampal
lesions. Journal of Neurology, Neurosurgery, and Psychiatry, 20, 11–21.
Shallice, T., & Burgess, P. (1991). Higher-order cognitive impairments and frontal lobe
lesions in man. In H.S. Levin, H.M. Eisenberg, & A.L. Benton (Eds.), Frontal lobe
function and dysfunction (pp. 125–138). New York: Oxford University Press.

VOL. 10, NO. 2, MARCH 1999

Shastri, L., & Ajjanagadde, V. (1993). From simple associations to systematic reasoning:
A connectionist representation of rules, variables and dynamic bindings using temporal synchrony. Behavioural and Brain Sciences, 16, 417–494.
Shimamura, A.P. (1995). Memory and frontal lobe function. In M.S. Gazzaniga (Ed.), The
cognitive neurosciences (pp. 803–813). Cambridge, MA: MIT Press.
Smith, E.E., Patalano, A., & Jonides, J. (1998). Alternative strategies of categorization.
Cognition, 65, 167–196.
Snowden, J.S., Neary, D., & Mann, D.M.A. (1996). Fronto-temporal lobar degeneration:
Fronto-temporal dementia, progressive aphasia, semantic dementia. New York:
Churchill-Livingstone.
Squire, L.R., Knowlton, B., & Musen, G. (1993). The structure and organization of memory. Annual Review of Psychology, 44, 453–495.
Terrace, H.S. (1991). Chunking during serial learning by a pigeon: I. Basic evidence. Journal of Experimental Psychology: Animal Behavior Processes, 17, 81–93.
Thompson, R.K., Oden, D.L., & Boysen, S.T. (1997). Language-naive chimpanzees (Pan
troglodytes) judge relations between relations in a conceptual match-to-sample task.
Journal of Experimental Psychology: Animal Behavior Processes, 23, 31–43.
Tomasello, M., & Call, J. (1997). Primate cognition. Oxford, England: Oxford University
Press.
Wechsler, D. (1981). Wechsler Adult Intelligence Scale–Revised. New York: Psychological
Corp.

(RECEIVED 2/13/98; ACCEPTED 4/30/98)

125

