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Relational Learning and Transitive Expression in Aging and Amnesia

Jennifer D. Ryan,1’2’3* Maria C. D’Angelo,1 Daphne Kamino,! Melanie Ostreicher,’

Sandra N. Moses,"*” and R. Shayna Rosenbaum

ABSTRACT:  Aging has been associated with a decline in relational mem-
ory, which is critically supported by the hippocampus. By adapting the tran-
sitivity paradigm (Bunsey and Eichenbaum (1996) Nature 379:255-257),
which traditionally has been used in nonhuman animal research, this work
examined the extent to which aging is accompanied by deficits in relational
learning and flexible expression of relational information. Older adults’ per-
formance was additionally contrasted with that of amnesic case DA to under-
stand the critical contributions of the medial temporal lobe, and specifically,
the hippocampus, which endures structural and functional changes in
healthy aging. Participants were required to select the correct choice item (B
versus Y) based on the presented sample item (e.g., A). Pairwise relations
must be learned (A->B, B->C, C->D) so that ultimately, the correct relations
can be inferred when presented with a novel probe item (A->C?Z?). Partici-
pants completed four conditions of transitivity that varied in terms of the
degree to which the stimuli and the relations among them were known pre-
experimentally. Younger adults, older adults, and DA performed similarly
when the condition employed all pre-experimentally known, semantic, rela-
tions. Older adults and DA were less accurate than younger adults when all
to-be-learned relations were arbitrary. However, accuracy improved for
older adults when they could use pre-experimentally known pairwise rela-
tions to express understanding of arbitrary relations as indexed through infer-
ence judgments. DA could not learn arbitrary relations nor use existing
knowledge to support novel inferences. These results suggest that while aging
has often been associated with an emerging decline in hippocampal function,
prior knowledge can be used to support novel inferences. However, in case
DA, significant damage to the hippocampus likely impaired his ability to
learn novel relations, while additional damage to ventromedial prefrontal
and anterior temporal regions may have resulted in an inability to use prior
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knowledge to flexibly express indirect relational knowl-
edge. © 2015 The Authors Hippocampus Published by Wiley
Periodicals, Inc.
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INTRODUCTION

An important facet of memory is the ability to flex-
ibly express stored knowledge. In particular, the orga-
nization of memory as a set of overlapping
representations allows for relations among items to be
accessed and used to make inferental judgments in
novel situations (Bunsey and Eichenbaum, 1996). The
act of making inferences—that is, making relations
indirectly, rather than through direct learning—is a
central component of problem solving and creativity
and guides behavior, including social interactions
(Koscik and Tranel, 2012; Holyoak, 2012). However,
the establishment of new relational memories is typi-
cally disrupted in healthy aging (Naveh-Benjamin,
2000; Bastin and Van der Linden, 2006), which ulti-
mately has negative consequences for inferential
behavior (Ryan et al., 2009). Age-related deficits in
relational memory have been attributed to a decline
in hippocampal function: older adults show structural
and/or synaptic changes in the hippocampus (Driscoll
et al.,, 2003; Morrison and Baxter, 2012; Gordon
et al.,, 2013), altered functional recruitment of the
hippocampus as revealed through neuroimaging
(Grady et al., 2003; Daselaar et al., 2006; Tsukiura
et al., 2011), and impaired performance relative to
younger adults on tasks on which human and/or non-
human animals with hippocampal lesions typically
show deficits (Castel and Craik, 2003; Healy et al.,
2005; Ryan et al., 2007; Old and Naveh-Benjamin,
2008; Ryan et al., 2009; Ostreicher et al., 2010).

Nonetheless, the use of prior knowledge has been
shown to mitigate the traditionally observed relational
memory deficit in aging, elevating performance to
levels commensurate with those of younger adults
(Castel, 2005; Ostreicher et al., 2010). Existing sche-
mas of prior knowledge provide an organizational
structure to support new learning (Bartlett, 1932) and
in particular, allow for the rapid integration of
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hippocampal-dependent learning to become assimilated into a
cortical network (Tse et al, 2007, 2011), that critically
includes the functions of the anterior cingulate cortex and
vmPFC (Wang and Morris, 2010; Wang et al., 2012). Yet, it
remains to be determined whether older adults can make use
of prior knowledge to support the flexible expression of novel
inferences. To date, the paradigms that have examined the
influence of prior knowledge on the acquisition of relational
memory have primarily focused on the testing of direct, previ-
ously studied, relations and have seldom focused on the testing
of novel inferences.

For instance, the transverse patterning (TP) task requires
relations to be learned among three stimuli (A,B,C) where each
stimulus wins in the context of one of the other items and
loses in the context of the other item. All possible relations
(A wins over B, B wins over C, C wins over A) are learned
and tested, and the testing of inferences is therefore not possi-
ble (e.g., Ostreicher et al., 2010). When task designs have
allowed for inferential performance to be examined, inferential
judgments could conceivably have been made based on associa-
tive strength of individual items rather than the relations
among them, such as in the transitive inference (TI) task in
which participants learn a series of pairwise relations (A wins
over B, B wins over C, C wins over D, D wins over E) and
infer a hierarchy of stimuli (A-B-C-D-E) in which one stimu-
lus always wins (A) and one stimulus always loses (E) (e.g.,
Moses et al., 2010a,b). Additionally, while findings from neu-
ropsychological and neuroimaging studies suggest that age-
related deficits on relational inferential tasks may be due to
declining hippocampal function (Heckers et al., 2004; Smith
and Squire, 2005; Greene et al., 2006; Zalesak and Heckers,
2009), performance of older adults has not been directly com-
pared with that of amnesic individuals with hippocampal dam-
age. To examine the extent to which prior knowledge can be
used to flexibly support inferential judgments of novel pairings,
younger and older adults performed a transitivity task adapted
from Bunsey and Eichenbaum (1996) for use with humans.
During training of the transitivity task, a sample stimulus (e.g.,
A) and two choice stimuli (e.g., B, X) are provided, and partic-
ipants must select the choice stimulus that “belongs” with a
given sample stimulus (e.g., if “A,” choose “B”). Ultimately,
the participant learns the relations among pairs of stimuli that
comprise distinct sets (e.g., A->B, B->C, C->D; W->X,
X->Y, Y->Z) such that an inference can be made when pre-
sented with a novel pairing (e.g., if “A” choose “C,” not “Y”).
The present adaptation of the transitivity task included muldi-
ple conditions that varied in terms of whether the items and/or
the relations among them were known before the experimental
session through accumulated semantic knowledge. Critically,
one condition required the expression of novel inferences, but
the expression of such inferences could be done within the
context of previously known relations (i.e., prior semantic
knowledge), whereas another condition required the expression
of novel inferences that were based on the learning of arbitrary
relations.
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Comparative data on this transitivity paradigm were also
obtained from the amnesic case DA. As outlined in Rose-
nbaum et al. (2008), D.A. became amnesic after contracting
herpes simplex encephalitis in 1993. Detailed volumetric analy-
sis of high-resolution MRI revealed severe reductions in D.A.’s
medial temporal lobes, including the hippocampus bilaterally.
Given the link between successful transitivity performance
based on learning of arbitrary relations and the integrity of the
hippocampal system (Bunsey and Eichenbaum, 1996), direct
comparison of DAs performance to that of older vs. younger
adults would illuminate the role of the hippocampus in any
observed age-related differences in the learning of arbitrary
relations and subsequent inference performance.

DA also has damage to the right ventromedial prefrontal
cortex (vimPFC; right ventral frontal cortex: z= —1.86 com-
pared with the distribution of control data, see Rosenbaum
et al., 2008), as well as the right anterior-lateral temporal lobe
(z= —11.15), regions that are not typically affected to the
same extent as the hippocampus in healthy aging (Scahill et al.,
2003). The vmPFC has been shown to be critical for making
inference judgments, as individuals with lesions to this region
are significantly impaired on tasks such as TI, despite showing
intact learning and retention for the premise pairs (Koscik and
Tranel, 2012). However, computational modeling suggests that
the expression of inferential knowledge may be achieved
through the continual strengthening of the memory traces for
the premise pairs, as achieved through recurrence in the hippo-
campal system (Kumaran and McClelland, 2012). Thus com-
paring performance between DA and older
conditions that require flexible inference behavior as predicated
on pre-experimentally known (semantic) versus arbitrary rela-

adults on

tions might reveal the extent to which aging is associated with
differential integrity of the vmPFC versus the hippocampus,
and/or reveal the extent to which the hippocampus is required
for all inferential behavior.

Participants were presented with four conditions of transitiv-
ity that varied in the extent to which the stimuli and the rela-
tions among them were known before the experiment. It was
expected that DA and older adults would show similar per-
formance to younger adults on conditions and problems for
which known items with semantic relations were used, but
show impaired performance relative to younger adults on the
condition for which all relations were arbitrary and had to be
learned within the confines of the experiment (Moses et al.,
2008; Ostreicher et al., 2010; Ryan et al., 2013). Previous
work has suggested that the hippocampus is engaged in the for-
mation (Moscovitch et al., 2006; Konkel et al., 2008) and
retrieval (Ryan et al., 2010; Hoscheidt et al., 2010) of all types
of relational memory, including semantic memories, and that
the hippocampus is critical for the rapid linking of new infor-
mation to existing schemas (Tse et al., 2007, 2011), Therefore,
it was expected that only the older adults, and not DA, would
benefit from the use of semantic, pairwise, relations to make
novel, flexible inferences and show performance similar to that
of younger adults.

Hippocampus
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FIGURE 1.

T1-weighted images in axial (left) and coronal (right) views showing lesions to

bilateral medial temporal lobe and right anterior temporal cortex in DA.

Additionally, the sample and the choice stimuli were pro-
vided either simultaneously during training and/or test or sepa-
rated by a delay. Given the particular role for the hippocampus
in bridging information across time (Wallenstein et al., 1998;
Bangasser et al., 20006), this manipulation allowed us to investi-
gate the extent to which relational memory performance could
be altered through simultaneous versus delayed presentations as
well as through the use of prior knowledge. The present work
then allowed us to examine the extent to which deficits in rela-
tional memory and inferential judgments, either due to age-
related changes or due to a case of amnesia, can be mitigated
through the use of previously acquired knowledge and through
altered training procedures.

METHODS

Participants

Thirty-six healthy younger adults (age range: 18-28; mean
age =23.1, SE=10.5) and 36 older adults (age range: 57-84;
mean age = 68.5, SE=1.3) with no known pathology were
recruited from the volunteer participant pool at the Rotman
Research Institute at Baycrest and participated in exchange for
monetary compensation. All participants gave informed written
consent. The rights of the participants were protected and the
guidelines of the Toronto Academic Health Science Council
were followed.

Three versions of the experiment were manipulated between-
subjects which varied the presentation timing procedures of the
sample and choice stimuli during training and test phases (see
Procedure, below). Each experimental version contained the
same four within-subjects conditions. Participant age was not
significantly different across experimental versions (F< 1) and
there was no interaction between experiment version and par-
ticipant group (younger, older) on participant age (F< 1).

Hippocampus

Younger adults (M =16.3, SE=0.3) and older adults
(M =16.7, SE=0.6) had similar years of education that did
not vary across experiment version (< 1). However, there was
by group

Follow-up univariate

a significant experiment version interaction
(Fioym = 4.58  P<0.05). ANOVAs
revealed that the younger adults showed a significant difference
in education across the experiment versions (£33 = 3.40;
P < 0.05); participants in the onset + delay version had the
most years of education (M = 17.2, SE=10.5) and those in
the onset condition had the least (M = 15.4, SE = 0.6). Edu-
cation did not significantly vary across experimental versions
for older adults (F333 = 2.08; P > 0.10). As previously found
(Ryan et al., 2007), older adults (M = 28.1, SE = 1.5) outper-
formed the younger adults (14.9, SE=1.4) on the Extended
Range Vocabulary Test (F(; 72y = 37.09, P < 0.001). The main
effect of experiment version and the interaction with age group
were each nonsignificant (Fs < 1).

Eleven additional older adults were tested in the current
study, but were excluded for the following reasons. Four older
adults from the Onset condition (age range: 83-86) were
replaced in order to match age across experimental conditions.
One participant was excluded as they were tested in the wrong
experimental condition. An additional six older adults (age
range: 63-82, mean age = 68) were tested in the study, but
were excluded for having failed the training phase in the novel
objects/arbitrary relations conditions, and thus did not com-
plete the test phase in this condition. Importantly, while these
older adults had low accuracy in the novel objects/arbitrary
relations and known objects/arbitrary relations conditions
(mean accuracy = 0.52 and 0.68, respectively), these same older
adults were highly accurate in the semantic and pairwise rela-
tions conditions (mean accuracy = 0.96 and 0.91, respectively).
The seven older adults who were excluded for reasons other
than age matching did not differ from the included older
adults in terms of age (P = 0.63), education (P = 0.87), or
ERVT scores (P = 0.33).
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FIGURE 2.

Pictures used for the ABCD and WXYZ stimulus sets across the four experi-

mental conditions (Known Items/Semantic Relations, Known Items/Pairwise Relations; Known
Items/Arbitrary Relations; Novel Items/Arbitrary Relations). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Data were also obtained from amnesic case DA (56 years
old at initial testing) who was tested over nine sessions across 2
years. As outlined in Rosenbaum et al. (2008), DA is a right-
handed man with 17 years of education who contracted herpes
encephalitis in 1993, resulting in bilateral MTL damage. DA’s
right MTL damage includes the hippocampus and parahippo-
campal gyrus along its entire extent (perirhinal, entorhinal, and
parahippocampal cortices), and the right anterior and posterior
temporal lobe (see Fig. 1). The left hippocampus and entorhi-
nal cortex are less than 1/3 volume of that of age-matched con-
trols, and there is nearly complete loss of his left perirhinal and
parahippocampal cortices. DA’s cognitive function is generally
intact other than extensive anterograde amnesia and a tempo-
rally graded retrograde amnesia extending approximately 30
years for autobiographical events (Rosenbaum et al., 2008).
Critically for the work here, DA shows preserved access to,
and use of, information stored within semantic memory
(Westmacott and Moscovitch, 2002), including the ability to
successfully retrieve and process previously acquired relations,
as demonstrated in a transverse patterning task (Ryan et al.,
2013). DA was exposed to each experimental version across the
nine sessions (two sessions of the “delay” version, five sessions
of the “onset-delay” version, and two sessions of the “onset”
version; see details below); however, performance did not vary

across the experimental versions, and data from all nine ses-
sions were combined.

Stimuli

Transitivity performance for all participants was assessed
across four conditions that varied on the extent to which the
items and the relations among them were known before the
experiment: (1) known objects/semantic relations; (2) known
objects/pairwise relations; (3) known objects/arbitrary relations;
(4) novel objects/arbitrary relations. For the younger and the
older adults, the presentation of conditions was counterbal-
anced across participants such that each condition was pre-
sented equally often as the first condition. However, DA always
performed the experimental conditions in the following order:
known objects/semantic relations; known objects/pairwise rela-
tions; known objects/arbitrary relations; novel objects/arbitrary
relations. This was done to ensure that DA had maximum
understanding of the task requirements. The stimuli for each
condition are shown in Figure 2; eight unique colored stimuli
were used for each condition, which were grouped into two
sets of four (A-B-C-D; W-X-Y-Z, wherein each letter represents
a unique item). The novel stimuli were created in Corel Draw
v.12 and were among the set used in our prior work (Ryan
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et al., 2007). The known stimuli were common, nameable
objects (e.g., hammer) selected from the Hemera 3.01
database.

The stimuli for the known objects/semantic relations
included a group of four kitchen instruments and a group of
four gardening tools. The stimuli for the known objects/pair-
wise relations consisted of items for which there are meaningful
relationships within each consecutive pair (A-B, B-C, C-D).
For instance, as in Figure 2, a ball of yarn can be used to
make a scarf (A-B), and a scarf is worn with ice skates to go
skating (B-C), and ice skates and baseball gloves are sports
equipment (C-D). However, the relations among nonconsecu-
tive items (A-C, B-D, A-D) are arbitrary; that is, there is not
an obvious prior relationship between a ball of yarn and ice
skates, between a scarf and a baseball glove, nor between a ball
of yarn and a baseball glove.

Training Procedure

Participants were presented with three objects on a computer
screen—a sample object (e.g., A) and two choice objects (e.g.,
B versus X)—and were required to select the choice object that
made a correct pairing with the sample object (e.g., B) through
trial and error. Three training blocks were given followed by a
no-feedback test block (Fig. 3). During the first training block,
each problem pair for one stimulus set (ABCD) was presented
consecutively, and the sequence was then repeated four times
(4 X {A—=B vs. X, B—=C vs. Y, C—D vs. Z}). The same pro-
cedure was followed for the second training block for the alter-
nate stimulus set (WXYZ; 4 X {W—B vs. X, X—C vs. Y,
Y—D vs. Z}). The third training block presented the problem
pairs for each stimulus set from six times each, in random
order (6 X {A—B vs. X, B—=C vs. Y, C—D vs. Z, W—DB vs.
X, X—=C vs. Y, Y=D vs. Z}). This methodology is similar to
our previous transverse patterning and transitive inference para-
digms (e.g., Moses et al., 2006; Ryan et al., 2013). Presenta-
tions of the choice stimuli were counterbalanced for right/left
position across trials. Stimuli were presented using E-prime 1.1
on a 19”7 monitor set at 1,024 X 768 pixel resolution and 24-
bit high color. Participants were asked to select the choice stim-
ulus that “best fit” with the sample stimulus. Responses were
made using the “p” or “q” keys on a standard computer key-
board to select the choice object on the right and left side of
the screen, respectively.

A criterion of 70% accuracy for each training block was
required to advance to the subsequent training block, otherwise
the block was repeated until criterion was reached. Testing
within a condition was terminated if a training block was
repeated six times without achieving criterion. Each trial was
self-initiated and terminated upon response. Feedback was pro-
vided in all of the training blocks. A correct response was
rewarded with the appearance of a happy cartoon face and the
caption “Good Job!,” and an incorrect response was followed
by the appearance of an angry cartoon face and the caption
“Wrong!.”

Hippocampus

Test Procedure

In the test block, previously studied pairs (as noted above)
and novel probe pairs were presented six times each in random
order. Novel probe pairs include pairs in which the sample was
separated from the choice items by one (one-away: A—C vs. Y,
B—D vs. Z, X—=Cvs. Y, Y=D vs. Z), two (2-away: A—D vs.
Z, X— D vs. Z), or a mixture of one and two intervening
items and their respective relations (mixed: A—C vs. Z, A—D
vs. Y, X—C vs. Z, X—D vs. Y). Feedback was not provided
during the test block.

Experimental Conditions

The above conditions and trials were used in three separate
experimental versions that varied in the timing and presenta-
tion of the sample and choice items: delay, onset, onset-delay
(see Fig. 3). In the delay version, the sample item was pre-
sented for 2 s centered at the top half of the screen, followed
by a 3-s delay during which a blank screen was shown, and
finally the two choice objects were shown on the bottom half
of the screen until a response was given. This procedure was
employed throughout the training and the test blocks.

During the training and test blocks for the onset version,
the sample item was presented for 2 s centered on the top half
of the screen, and then the two choice objects were added to
the bottom half of the screen. The sample and choice items all
remained on the screen until the participant responded.

For the onset-delay version, training blocks followed the
training procedures for the onset experiment, whereas the test
block followed the procedures of the delay version of the
experiment, as described above.

Issues of Awareness

Post-experimental questionnaires were administered to each
participant following each condition to assess awareness of
the relationships and perceived learning strategies (c.f., Moses
et al., 2006, 2010a,b). As part of the questionnaires, partici-
pants were shown the eight objects for the current condition
and were asked to answer the following question: “Based on
your understanding of the relationships among these objects,
arrange the following objects in the most appropriate way.
Use the spaces provided to place the objects in groups of
four.” Individuals were considered aware of the relations if
they grouped together the objects into the two groups cor-
rectly without any errors; otherwise, they were considered
unaware.

The proportion of individuals classified as aware are listed in
Table 1 as a function of age group and stimulus condition.
Given the unequal proportions of individuals who were aware
of the relationships across conditions and group, the discussion
of awareness is limited here to a description of the patterns of
awareness across groups and conditions. Overall, most of the
younger and older adults were aware of the relationships in the
semantic and pairwise relations conditions. In contrast, while
more than half of the younger adults were aware in the two



conditions that employed arbitrary relations, fewer older adults
were aware in these two conditions, with the smallest propor-
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The effect of awareness on accuracy was examined by
adding awareness as a between-subject factor in separate

Opverall,

aware

tion in the novel objects/arbitrary relations condition. analyses for each stimulus condition.
Training:
Feedback: Feedback:
or 99
b2 Wrong! Good Job! C Y Wrong! Good Job!

~—® (=) .
B W A w
Cc Y C Y D Z Cc Z
Studied One-Away Two-Away Mixed
Experimental Conditions:
Onset - Study: Onset - Test:

= =1
A A
]
B X
2-seconds Until Response
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S Qw
B X
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Delay - Study:
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2-seconds

Onset+Delay - Test:
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@

B

c Y
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Delay - Test:
B
§ e=
c Y
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FIGURE 3.
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TABLE 1.

Proportion of Individuals Classified as “Aware” as a Function of Age Group and Stimulus Condition

Known objects/
known relations

Known objects/
pairwise relations

Known objects/ Novel objects/

novel relations novel relations

Young Adults 0.97
Older Adults 1

0.89
0.89

0.78
0.50

0.72
0.22

participants had higher accuracy than unaware participants.
Although awareness did interact with age group and trial
type in the test phase for the known objects/pairwise rela-
tions and known objects/arbitrary relations conditions, it is
difficult to ascertain the importance of these interactions
with such a limited number of unaware participants in
some conditions, and for such reasons, issues of awareness
are not considered further here.

Analysis

A repeated-measures ANOVA was conducted for the mea-
sure of accuracy on the training blocks. Between-subjects fac-
tors included: age group (older, younger), experiment version
(delay, onset, onset + delay), and the condition completed first
in the experiment (known objects/semantic relations, known
objects/pairwise relations, known objects/arbitrary relations,
objects/arbitrary Within-subjects
included condition (known objects/semantic relations, known
objects/pairwise relations, known objects/arbitrary relations,

novel relations). factors

novel objects/arbitrary relations). A separate, identical analysis
was conducted on the number of trials required to complete
the training phase. A repeated-measures ANOVA was con-
ducted for the measure of accuracy on the no-feedback test
block. The between-subjects factors included were identical to
the analysis on the training blocks. The within-subjects factors
included condition and trial type (studied pairs, one-away,
two-away, mixed pairs). All interactions involving age group
were broken down using independent samples #tests assuming
unequal variance, and are reported with the nominal degrees of
freedom and with P values that have been adjusted for multiple
comparisons.

RESULTS

Although the years of education for younger adults differed
significantly across experiment versions, education level was not
a significant covariate (F= 1.02; P > 0.30), and education did
not significantly interact with the within-subject factors of con-
dition (F369) < 1), trial type (F369) = 1.51; P > 0.20) or the
interaction of condition by trial type (Fo207) < 1). Therefore,
education was not considered further in the present results.
Below, training and test results for the younger and older
adults are presented first, followed by the results for amnesic
case DA.

Training Blocks—Accuracy and Number of
Training Trials Required

Effects of experiment version

The main effect of experiment version was not significant in
either analysis of the training blocks (accuracy: Fp45) = 1.27,
P=0.29, number of trials: F< 1); however, the interaction
between experiment version and stimulus version was signifi-
cant in the analysis of accuracy (Fs 144 =3.42, P = 0.01,
& =10.72). The range in performance across stimulus conditions
was largest in the onset condition (M = 0.79-0.98), followed
by the delay condition (A = 0.82-0.97), and smallest in the
onset + delay condition (M = 0.85-0.99). The interaction
between experiment version and stimulus version was not sig-
nificant in the analysis of number of training trials required
(F,144) = 1.89, P = 0.09) No other interactions with experi-
ment version were significant for either accuracy or number of
trials.

FIGURE 3. Top: depiction of the training and test sequences in
the transitivity task. Trials were self-paced and feedback was pro-
vided during the training phase only. The sample image was pre-
sented at the top of the screen and the two choice stimuli were
presented along the bottom of the screen. The participants were
required to select one of the two choice stimuli that was best associ-
ated with the sample stimulus. Test trials could depict a previously
studied relation, or participants were required to make an inference
across pairs of previously studied relations (novel probe pair). Novel
probe pairs include pairs in which the sample was separated from
the choice items by one-away, two-away or a mixture of one and two
intervening items and their respective relations (mixed). Bottom:
Depiction of the three experimental conditions (Onset,
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Onset + Delay, Delay). In the Onset condition, the training and test
phases were identical. In this condition, the sample stimulus was pre-
sented alone for 2 s, after which the two choice stimuli appeared
along with the sample stimulus. All three stimuli remained on the
screen until a response as made. In the Onset + Delay condition, the
training phase was identical to that of the Onset condition, while the
test phase was identical to that of the Delay condition (described
below). In the Delay condition, the training and test phases were
identical. In this condition, the sample stimulus was presented alone
for 2 s, followed by a blank screen was presented for 3 s, after which
the two choice stimuli appeared on the screen alone until a response
was made. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Effects of condition order

The main effect of the condition completed first in the
experiment was marginally significant, (accuracy: F3 45) = 2.68,
P=10.06, number of trials: F5 45 =2.56, P = 0.07); partici-
pants who completed the novel objects/arbitrary relations con-
dition first had lower accuracy (M = 0.85, SE=0.02) and
required more trials (M = 80, SE =5.7) than the participants
who completed the three other conditions (accuracy: M =
0.90, SE =0.02, number of trials: range = 68-74, for other
three conditions).

Effects of known versus novel relations

The main effect of stimulus condition was significant for
accuracy (F3144) = 109.58, P < 0.001) and for the number of
training trials (F3 144y = 19.92, P < 0.001). As expected, accu-
racy was higher, and participants did not require additional
training blocks, for the conditions in which the items and the
relations among them were pre-experimentally known. Accu-
racy was highest (M = 0.98, SE =0.00) and the number of
training trials was at the minimum (M = 60 trials, SE = 0) for
the known objects/semantic relations condition, followed by
the known objects/pairwise relations condition (accuracy: M =
0.97, SE=10.00; trials: M = 60, SE =0.5)), known objects/
arbitrary relations condition (accuracy; M = 0.87; SE=0.01;
trials: M = 78, SE =5.1), and the novel objects/arbitrary rela-
tions condition (accuracy: M = 0.82, SE = 0.02; trials: M =
92 trials, SE =6.1). In sum, accuracy decreased, and the num-
ber of training trials increased, when the conditions required
that the objects and the relations among them be learned
within the confines of the experiment.

Importantly, the interaction between stimulus condition and
the condition completed first was also significant for accuracy
(Flo,144) = 6.83, P < 0.001) and for the number of training
trials required (Fo 144 = 3.29, P = 0.001). The order of the
conditions had the most dramatic effect on accuracy for the
novel objects/arbitrary relations condition. When the novel
objects/arbitrary relations condition was presented first, accu-
racy was low (M = 0.73; SE =0.03) and the number of train-
ing trials was high (M = 121 trials; SE = 16.3), but if this
condition followed any of the other conditions, accuracy was
considerably higher (range =0.83-0.88) and fewer trials were
required during training (range =77-89 trials). Similarly, for
the known objects/arbitrary relations condition, accuracy was
the lowest (M = 0.83, SE =0.02) and the number of training
trials required was highest (A = 97 trials, SE = 15.9), when
this condition was presented first. Accuracy was higher
(range = 0.87-0.90), and fewer training trials were required
(range = 67-77 trials), on the known objects/arbitrary relations
condition when it followed any of the other conditions. By
contrast, when at least some of the relations were known before
the experiment, accuracy (known objects/semantic relations: M
= 0.97, SE=0.01; known objects/pairwise relations: M =
0.96, SE =0.01) was high, and the minimum number of trials
were required for training (known objects/semantic relations:
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FIGURE 4. Accuracy in the training phase for younger adults,
older adults and DA on the four conditions of transitivity that
vary in the extent to which the items and the relations among
them were known before the experiment. Younger adults showed
high accuracy across all conditions. DAs performance was highly
accurate only for the Known Items/Semantic Relations and the
Known Items/Pairwise Relations conditions; his performance was
low on the conditions that required learning of arbitrary. Older
adults showed impairments relative to younger adults when arbi-
trary relations had to be learned. However, like DA, older adults
showed performance comparable to that of younger adults on all
trial types when arbitrary relations had to be acquired, but were
presented in the context of known, pairwise relations (Known
Items/Pairwise Relations). Dotted line here in all figures represents
chance performance (accuracy = 0.50). Error bars here and in all
figures represent the 95% confidence interval of the mean.

M = 60 trials, SE = 0; known objects/pairwise relations: M =
60 trials, SE = 0) regardless of whether it was presented first or
followed another condition (known objects/semantic relations:
accuracy range = 0.98-0.99; known objects/pairwise relations:
accuracy range = 0.96-0.98; training trials A =60 for all).
Therefore, consistent with previous findings (Castel, 2005;
Moses et al., 2010a,b; Ostreicher et al., 2010), when arbitrary
relations had to be learned participants benefited from experi-
ence with a condition that used a relational schema.

Effects of age

In general, younger adults were more accurate (M = 0.93;
SE =0.01) and required fewer training trials (M = 64 trials,
SE =1.0) compared with the older adults (accuracy: M =
0.84, SE=0.01; training trials required: M = 81 trials;
SE =4.0), as revealed by significant effects of age group on
both measures (accuracy: F(; 45) = 27.44; P < 0.001; training
trials required: F(; 4g) = 24.18; P < 0.001; Fig. 4). The interac-
tion of age group with stimulus condition was significant for
accuracy (F3144) = 25.96, P < 0.001; Fig. 4, top panel) and
for the number of training trials required (F3 144y = 10.39, P
< 0.001). Older adults were significantly less accurate (older
adults: M = 0.75, SE=0.02; younger adults: M = 0.89,
SE =0.02; £70)=5.47, P < 0.001) and required significantly
more training trials (older adults: M = 114, SE=10.5;
younger adults: M = 69, SE=3.1; -9 =4.15, P < 0.001)
than younger adults on the novel objects/arbitrary relations
condition . Older adults were also significantly less accurate on
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the known objects/arbitrary relations condition (older adults:
M = 0.83, SE =0.02; younger adults: A = 0.92, SE=0.01;
t70) = 4.34, P < 0.001), and required numerically more train-
ing trials (older adults: A = 90, SE =9.7; younger adults: M
= 66, SE=1.9). As expected, the older adults’ performance
was similar to that of the younger adults for the condition in
which all the relations were pre-experimentally known (for
known objects/semantic relations; accuracy older adults: M =
0.98, SE=0.00; younger adults: M = 0.97, SE=0.00;
t70p = —1.77, P > 0.05; training trials required: A = 60 trials,
SE=0, for both groups). Critically, older adults also per-
formed like younger adults for the pairwise relation condition
on accuracy (older adults: M = 0.97, SE=0.00; younger
adults: M = 0.97, SE=0.01; £79)=0.91, P > 0.05) and
number of training trials required (older adults: M = 60,
SE = 0.0; younger adults: M = 61, SE=1.0; £709)= —1.0, P
> 0.05).

No-Feedback Test Block
Effects of experiment version

The main effect of experiment version was not significant
(Fo.48y =2.71; P = 0.08). The main effect of first condition
completed was also not significant (Fz 45 = 1.04; P > 0.05),
as were all possible between-subject interactions of experiment
version, age group, and first condition completed.

Effects of known versus novel relations

As in the training blocks, the main effect of stimulus condi-
tion was significant (F{3 144 = 50.01, P < 0.001) in the no-
feedback test block; as expected, accuracy was higher for the
conditions that used known items and semantic relations, and
decreased when novel objects and arbitrary relations were
leaned within the confines of the experiment (known objects/
semantic relations: M = 0.97, SE = 0.01; known objects/pair-
wise relations: M = 0.90, SE =0.01; known objects/arbitrary
relations: M = 0.80; SE =0.02; novel objects/arbitrary rela-
tions: M = 0.77, SE = 0.02).

As in the training blocks, the interaction of stimulus condi-
tion by first condition completed was significant in the no-
feedback test block (Fg 144 =4.67, P < 0.001). The order of
the conditions had the most dramatic effect on accuracy for
the novel objects/arbitrary relations condition. When this con-
dition was presented first, accuracy was low (M = 0.62;
SE =10.04), but if it followed any of the other conditions,
accuracy was considerably higher (range =0.80-0.83). Simi-
larly, for the known objects/arbitrary relations condition, accu-
racy was the lowest when this condition was presented first
(M = 0.73, SE=0.05), but was higher when it followed any
of the other conditions (range = 0.80-0.85). By contrast, when
at least some of the relations were pre-experimentally known,
performance was high regardless of whether it was presented
first (known objects/semantic relations: M = 0.97, SE=0.01;
known objects/pairwise relations: M = 0.88, SE = 0.03) or fol-
lowed another condition (known objects/semantic relations:
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FIGURE 5. Accuracy in the test phase for younger adults,
older adults, and DA on the four conditions of transitivity that
vary in the extent to which the items and the relations among
them were known before the experiment. Younger adults showed
high accuracy across all conditions. DAs performance was highly
accurate only for the Known Items/Semantic Relations condition;
his performance was low on all other conditions which required
arbitrary relations to be acquired within the experimental session.
Older adults showed impairments relative to younger adults when
arbitrary relations had to be learned. However, older adults
showed performance comparable to that of younger adults on all
trial types when arbitrary relations had to be acquired, but were
presented in the context of known, pairwise relations (Known
Items/Pairwise Relations).

range = 0.96-0.98; known objects/pairwise relations: range =
0.87-0.92).

Trial type: Effects of relational distance

Increasing relational distance between the sample and choice
stimuli resulted in decreasing accuracy, as revealed by a signifi-
cant main effect of trial type (Fs3,144) = 34.04, P < 0.001).
Participants had the highest accuracy for the previously studied
pairs (M = 0.90, SE =0.01), and the lowest accuracy for two-
away pairs (M = 0.82; SE = 0.02).

The interaction of stimulus condition with trial type was sig-
nificant (F9432) = 7.63; P < 0.001). The general pattern of
highest accuracy for studied pairs and lowest accuracy for the
two-away pairs was found for each of the stimulus conditions;
however, the range of accuracies across the trial types was exag-
gerated for the known objects/pairwise relations condition
(range = 0.83-0.96). This finding may not be surprising as the
studied pairs represented relations known before the experi-
ment, whereas the other trial types (one-away, two-away,
mixed) presented relations that had to be acquired during the
confines of the experiment. The trial types in each of the other
conditions presented relations of the same order: either all were
pre-experimentally known or all had to be acquired within the
experimental session.

The interaction of condition, trial type, and experiment ver-
sion was significant (F(15432) = 1.82; P < 0.05). Again, per-
formance tended to be most accurate for the previously studied
pairs and least accurate for the two-away pairs across stimulus
conditions and experiment versions. Also, as noted above, the
range of accuracies across trial types was most exaggerated for
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FIGURE 6. Accuracy in the test phase for younger adults,
older adults, and DA on the two conditions of transitivity involv-
ing known items where the inference trials contained arbitrary
relations (left: Known Items/Pairwise Relations; right: Known
Items/Arbitrary Relations) for each trial type (studied, one-away,
two-away, mixed). Older adults are impaired relative to the
younger adults on all trial types when arbitrary relations had to

the known objects/pairwise relations condition in each experi-
mental version and the range of accuracies smaller in the delay
version of the task (range: 0.89-0.96) the
onset + delay version (range: 0.83-0.97) and the onset version
of the task (range: 0.76-0.95). A similar change in the range
of accuracies across trial types and the experimental versions
was also observed in the known objects/novel relations condi-

relative to

tion, where the range of accuracies was smallest in the delay
version (range: 0.86-0.91), followed by the onset + delay ver-
sion (range: 0.76-0.84), and the onset version (range: 0.70—
0.80).

Effects of age

All the younger and older adults achieved criterion during
training and proceeded to the test blocks. In general, younger
adults (M = 0.90; SE=0.02) were more accurate than the
older adults (M = 0.82, SE =0.02), as revealed by a signifi-
cant effect of age group (F(j4s) = 12.87; P = 0.001). The
interaction of age group with stimulus condition was signifi-
cant (F( 144 = 12.69, P < 0.001; Fig. 5). Older adults were
significantly less accurate than younger adults on arbitrary

T T T T
Studied One Away Two Away Mixed

Trial Type

be acquired within the experimental session (right), except for
when those relations are presented in the context of known pair-
wise relations (Studied pairs; Known Items/Pairwise Relations;
left). In contrast, DA’s performance is impaired in both conditions
on all trial types involving arbitrary relations—he did not benefit
from premise pairs supported by semantic knowledge.

relations conditions (with known objects #7q) =2.67, P <
0.05; with novel objects #79) = 4.47, P < 0.001). As expected,
the older adults performance was similar to that of the
younger adults for known objects/semantic relations condition
(t0p= —1.07, P > 0.05). Critically, older adults also per-
formed like younger adults for the condition in which the pair-
wise relations were known before the experiment (#;0) = 1.03,
P > 0.05).

This latter effect is not due merely to the inclusion of the
previously studied trials. When accuracy for the younger and
older adults was compared on the known objects/pairwise rela-
tions condition, omitting the studied trials from the analysis
for which there was pre-existing knowledge, there was still no
significant  difference between younger and older adults
(¢¢0y = 1.13, P > 0.05). By contrast, without the inclusion of
the studied trials, a significant difference remained between the
older and younger adults on accuracy for the known objects/
arbitrary relations condition (¢ = 3.4, P < 0.01). Thus, suc-
cessful performance on the novel probe trials in both condi-
tions required that novel inferences be expressed between
known objects, however, older adults only performed like
younger adults when those novel inferences were expressed
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with respect to known (pairwise) relations. When novel infer-
ences had to be expressed in the absence of an existing rela-
tional schema, accuracy for the older adults was significantly
worse than that of younger adults.

Across conditions, performance for the older adults was less
accurate than younger adults across trial types, with the largest
difference in accuracy for the two-away pairs, resulting in a sig-
nificant  interaction of trial type with age group
(F3,144y=8.75, P < 0.001). Older adults were significantly
less accurate than the younger adults for every type of trial
except for the studied trials (studied: 79y =2.07, P > 0.05;
one-away: gy = 3.39, P < 0.01; two-away: #g) = 3.601, P <
0.01; mixed: #3p) = 3.98, P < 0.001).

The interaction of stimulus condition, trial type and age
group was significant (F9 432y = 2.45; P < 0.05; see Fig. 6). As
noted above, typically, accuracy on the studied pairs was the
highest and accuracy for the two-away pairs was the lowest;
this occurred for the older and younger adults regardless of
stimulus condition. However, the range of accuracy across trial
types was the greatest for both older adults (range: 0.79-0.96)
and younger adults (range: 0.86-0.96) for the pairwise rela-
tions condition. The range of accuracies across trial types for
any of the other stimulus conditions was fairly restricted for
the younger adults (novel objects/arbitrary relations: 0.83-0.88;
known objects/arbitrary relations: 0.85-0.87; known objects/
semantic relations: 0.95-0.97), whereas for the older adults,
the range of accuracies across trials types was restricted only for
the known objects/semantic relations condition (range: 0.97-
0.99; novel objects/arbitrary relations: 0.60-0.73; known
objects/arbitrary relations: 0.67-0.83).

Ammnesic case DA

DA completed a total of nine sessions of testing. However,
data were lost for the known objects/semantic relations condi-
tion for the first session, resulting in eight sessions of data for
this condition. DA failed to achieve criterion (the experimental
condition terminated following six repeated presentations of
the training blocks in which accuracy was below 70%) for the
known objects/arbitrary relations condition in three separate
sessions; thus, the reported test block accuracy is for six ses-
sions of data. Due to time constraints, DA was only able to
complete the novel objects/arbitrary relations in six of the nine
sessions as this condition was always given last. He failed to
achieve criterion in three of those six sessions; therefore, the
reported test block accuracy is for three sessions of data for the
novel objects/arbitrary relations condition. Failure to reach cri-
terion for both of the arbitrary relations conditions (with
known or novel objects) occurred in only one session. Interest-
ingly, the instances in which DA failed to achieve criterion
occurred when the sample and choice stimuli were presented
simultaneously during training rather than over a delay; how-
ever, test performance did not differ across experimental ver-
sions and therefore, test accuracy data for each condition were
combined across experimental versions. DA’s accuracy for each
experimental condition in the training phase is plotted in
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Figure 4 and in the test phase is plotted in Figure 5. In each
figure his performance is plotted alongside performance for the
younger and older adults, and was contrasted against the 95%
confidence interval (CI) of older adults as done in our previous
work (Moses et al., 2008; Ryan et al., 2013). In the training
phase, DA’s performance was highly accurate for the known
objects/semantic relations condition and the known objects/
pairwise relations condition, and his performance was within
the within the 95% CI for both younger and older adults for
both conditions. DA’s performance was well outside the 95%
CI of both younger and older adults on the arbitrary relations
conditions (known objects, novel objects). DA also required
more trials during training in both conditions with arbitrary
relations (see Fig. 4). In the test phase, DA’s performance was
highly accurate only for the known objects/semantic relations
condition, and was within the within the 95% CI for both
younger and older adults. DA’s performance was well outside
the 95% CI of both younger and older adults on the known
objects/pairwise relations, and both conditions with arbitrary
relations (known objects, novel objects).

DA’s performance was also examined within each stimulus
condition, for each type of trial. DA’s performance was highly
accurate, and within the 95% CI for younger and older adults,
on all trial types of the known items/semantic relations condi-
tion. Within the known objects/pairwise relations condition,
DA demonstrated intact performance (within the 95% CI of
both the younger and older adults) on the studied pairs, for
which he had pre-existing knowledge, but he could not express
novel inferences with respect to these known pairwise relations,
as demonstrated by his poor performance on every other pair
(Fig. 6). Likewise, DA performed outside of the 95% CI of
younger and older adults for all trial types for the two arbitrary
relations conditions (known objects; novel objects).

It should be noted that although DA exhibited poor per-
formance in the conditions for which arbitrary relations were
to be learned, following the experimental sessions, he was
nonetheless able to appropriately name each of the known
objects, and create names for the novel objects. Further, when
presented with all of the items in a given experimental condi-
tion and asked to create two groups of items, he was able to
create plausible stories which connected the objects (e.g., “the
keys would get lost in the cushion of the chair”), although the
groupings did not consistently match those provided within
the experimental context.

DISCUSSION

By testing younger adults, older adults, and amnesic case
DA on a variant of the transitivity task, originally developed
for use with non-human animals (Bunsey and Eichenbaum,
1996), we examined the extent to which existing knowledge
could support the flexible expression of novel inference judg-
ments. Findings from the current study demonstrate that while



the processing of semantic relations is intact in aging, the
acquisition of arbitrary relations, and by consequence, inferen-
tial judgments, is compromised (Ryan et al., 2009). Further,
the age-related deficit in the acquisition of arbitrary relations as
observed here, was similar in nature to the impairment
observed in amnesia, although not as severe. These age-related
impairments in inference were shown in a task in which per-
formance could likely not be attributed to the use of a strategy
that considers differences in the associative strength of individ-
ual items. Importantly, successful inference performance can
occur by flexibly expressing knowledge among known relations
(Castel, 2005; McGillivray and Castel, 2010; Moses et al.,
2010a,b; Ostreicher et al., 2010). However, DA, who has both
hippocampal and neocortical damage, could not successfully
acquire arbitrary relations, and could not flexibly express previ-
ously stored relational, semantic, knowledge during inference
judgments, suggesting that the flexible expression of relational
knowledge critically requires contributions from hippocampal-
neocortical interactions (Tse et al., 2007, 2011).

In the training phase, younger adults, older adults, and DA
performed similarly in the two conditions where prior knowl-
edge could support performance (known objects/semantic rela-
tions and known objects/pairwise relations). In contrast, older
adults and DA had lower accuracy and required more training
trials to reach criteria when learning arbitrary relations among
known or novel objects, with DA showing larger impairments
than the older adults. Therefore, relative to younger adults,
both older adults and DA were impaired when arbitrary rela-
tions had to be learned, but had intact performance in condi-
tions where the expression of relations could be referenced to
semantic information.

Accuracy for the younger adults in the test phase was high
across all conditions, regardless of whether relations had to be
learned among known or novel objects. Older adults were
impaired relative to younger adults when arbitrary relations
had to be learned (known items/arbitrary relations, novel
items/arbitrary relations). While accuracy for the older adults
on the novel items/arbitrary relations condition was better than
that of DA, their performance nonetheless points to a deficit
similar to that of DA, namely that older adults have significant
difficulties in the learning and expression of arbitrary relations,
particularly among novel objects. These age-related deficits in
relational memory are consistent with findings from prior stud-
ies (Naveh-Benjamin, 2000; Ryan et al, 2007; Old and
Naveh-Benjamin, 2008; Ostreicher et al., 2010; Moses et al.,
2010a,b) and demonstrate that impaired relational memory
impacts inference performance (Ryan et al., 2009). These age-
related deficits on the transitivity task also mirror the transitiv-
ity performance observed in the senescence-accelerated mouse
model (SAMP8) (Ohta et al., 2002). Interestingly, age-related
differences in accuracy did not show a significant interaction
with the timing procedures at training/test. This suggests that
the critical element for performance on the transitivity task is
not necessarily the bridging of a temporal gap, but rather the
formation of the relations themselves and the ability to select
the appropriate relation in the presence of a distracter.
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Older adults could flexibly express relational knowledge
when asked to make novel inference judgments (known items/
pairwise relations; McGillivray and Castel, 2010; Moses et al.,
2010a,b; Ostreicher et al., 2010; Crespo-Garcia et al., 2012).
Importantly, high performance by the older adults on the pair-
wise relations condition was not due solely to accuracy on the
studied pairs for which participants had pre-existing knowl-
edge. Rather, older adults, like younger adults, were able to
organize pre-existing relational knowledge accordingly, resulting
in accurate inference performance on the one-away, two-away,
and mixed trials. This is critical because accurate performance
on these problem sets required the expression of arbitrary rela-
tions, just as in the novel objects/arbitrary relations condition.
In fact, when performance on the one-away, two-away, and
mixed trials for the pairwise condition was contrasted with that
on the arbitrary relations condition, it became clear that the
use of pre-existing knowledge could support novel inferences in
older adults as accuracy was higher on all these problem pairs
in the pairwise condition compared with the arbitrary relations
condition.

Like the older adults, DA was significantly impaired when-
ever arbitrary relations had to be acquired for inference to
occur. These findings suggest that the learning of relations, and
consequently, inference performance, critically requires contri-
butions from the hippocampus. Although DA’s damage extends
beyond the hippocampus into the cortices of the medial tem-
poral lobe, when the present findings are considered in con-
junction with previous work with nonhuman animals with
lesions restricted to the hippocampus (Bunsey and Eichen-
baum, 1996), the specific role of the hippocampus in the learn-
ing of new relations to support transitivity performance, in
human and non-human animals alike, becomes highlighted.

In contrast to the older adults, DA was unable to express
flexible knowledge of relations that were based on prior knowl-
edge. Flexible expression of relations in the pairwise condition
may require storage of new relational knowledge representing
the indirect relations (e.g., Tse et al., 2007); any residual hip-
pocampal function in DA may not have been sufficient to sup-
port this function (Kumaran and McClelland, 2012). DA’
damage to vmPFC and anterior-lateral temporal neocortex
likely contributed to his impaired expression of indirect rela-
tions on the pairwise relations condition. Findings from neuro-
imaging provide support for the role of the prefrontal cortex in
relational processing (Wendelken and Bunge, 2010). Specifi-
cally, the vmPFC may integrate shared content among distinct
events held in memory, ultimately supporting inference (Zei-
thamova et al.,, 2012). Further non-human animal research
from Tse et al. (2011) demonstrates the critical and equal role
of the rat mPFC and hippocampus in the assimilation of new
relations into previously stored knowledge (Tse et al., 2011),
although the homolog to the rat mPFC is under debate (Kes-
ner, 2000; Farovik et al.; 2008; for review see Uylings et al.,
2003).

Although DA has damage to the hippocampus and to the
vmPFC, he was able to express his pre-existing knowledge
regarding the relations among known stimuli. Successful
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relational processing in DA is consistent with our previous
reports of intact performance by amnesic cases (including DA)
on versions of the transverse patterning task that used relations
learned by the amnesics before their neurological insult (Moses
et al., 2008; Ryan et al.,, 2013). Such findings argue that the
hippocampus is not necessary for the expression of relational
knowledge, but that the hippocampus contributes to the initial
binding of relations (Ryan et al., 2009).

It should be noted for some problems, particularly in the
pairwise relations condition, DA exhibited performance that
was considerably below chance levels. DA’s choices were
queried following the experimental sessions, and he would
often group items into sets based on his prior experiences, such
as pairing the wrench with the BBQ because he has used a
wrench to fix his BBQ, or pairing the keys with the chair as
his keys would often fall out of his pockets and get lost in the
chair cushions. However, some of his groupings, such as the
keys with the chair, would not have been possible to make dur-
ing the experiment itself given the design (e.g., parallel stimu-
lus items, B and X). However, although DA’ strategic use of
prior knowledge to support test performance and his stated
groupings were typically consistent across experimental sessions,
his post-experiment explicit responses did not always map onto
his task responses. While some older adults may have used a
prior knowledge strategy as well to counteract declining rela-
tional memory, there was a subset of older adults (n=14) who
scored perfectly on problems such as the two-away trial of the
known items/pairwise relations condition, suggesting that DA
particularly relied on his prior knowledge of known relations
to support performance due to his inability to learn arbitrary
relations. Additional analyses (data not included) were con-
ducted to determine if there was an effect of ordinal strength
on the mixed trials within each condition. There was no evi-
dence to indicate that ordinal position in the hierarchy biased
performance on the mixed trials for DA, the older adults or
the younger adults, suggesting that memory “strength” was not
generally used as a strategy to support performance, in contrast
to the use of prior knowledge.

The order of the conditions may have particularly biased
DA to rely on his prior knowledge. DA was always given the
known items/semantic relations condition first, similar to our
prior work with transverse patterning (Ryan et al., 2013), in an
effort to ensure he understood the task demands. The order of
the conditions had a significant influence on performance for
the younger and the older adults; performance on the arbitrary
relations conditions was more accurate if participants were first
presented with the semantic relations condition, suggesting that
participants were likely applying the relevant schemas across
stimulus conditions to aid performance. We have also observed
this influence of prior knowledge on subsequent learning of
arbitrary relations in our prior work with older adults on the
transverse patterning task (Ostreicher et al., 2010). However,
whereas older adults were able to use prior knowledge and
schemas to boost learning and inference of novel relations
within and across conditions, DA did not show such benefits

Hippocampus

despite always receiving the conditions employing prior knowl-
edge first during the experimental session.

Intact use of semantic relations in DA nonetheless contrasts
with findings regarding individuals with vmPFC lesions who
were selectively impaired on inference itself despite intact learn-
ing of novel premise statements (Koscik and Tranel, 2012).
However, unlike the current study, inferences were to be made
on recently acquired premise relationships rather than on rela-
tions acquired before the individuals’ neurological insult. Thus,
humans with vmPFC lesions could be impaired on inference
for arbitrary (hippocampal-dependent) relations, but show
intact performance for already consolidated (hippocampal-inde-
pendent) relations. Previously acquired knowledge may be
more likely to be accessed and represented through ventrolat-
eral PFC along with the anterior temporal lobe than through
the vmPFC. In fact, our prior magnetoencephalography work
(Moses et al., 2009) has shown a shift in the relative contribu-
tions from the hippocampal versus anterior-lateral temporal
and ventrolateral frontal systems that were engaged to support
transverse patterning when the relations to be processed were
either acquired recently (i.e., more hippocampus, less anterior-
lateral temporal and frontal) or long before the experimental
session (i.e., less hippocampus, more anterior temporal and
frontal; see also Hanlon et al., 2005; Doeller et al., 2005).
Whereas the acquisition of arbitrary relations requires the hip-
pocampus, the encoding of information that is consistent with
prior knowledge, as well as the retrieval and processing of pre-
viously stored relations may be facilitated by anterior temporal-
ventral frontal interactions (Van Kesteren et al., 2013).

The flexible expression of arbitrary, indirect, relations as
based on prior knowledge may occur through continual
hippocampal-neocortical functional interactions, which then
further serve to update the knowledge schema and stored mem-
ory representations (Wang and Morris, 2010; McKenzie and
Eichenbaum, 2011). In DA, damage to the vinPFC, anterior
temporal lobe and/or the hippocampus impaired knowledge of
the novel, indirect, relations that were based on sets of previ-
ously known relations. It remains for future work to determine
if amnesic cases who have some residual function in the hippo-
campus and an intact frontal cortex and anterior temporal lobe
could successfully perform novel inference judgments that were
predicated on semantic relations. Recent findings indicate that
amnesic cases who have damage restricted to the medial tem-
poral lobe, with sparing of the anterior and lateral temporal
lobes, show benefits for acquiring novel information that is
congruent versus incongruent with existing knowledge schemas
(Kan et al., 2009), and such learning is likely mediated by the
medial prefrontal system (Van Kesteren et al., 2010, 2012).

Interestingly, DA fails here on the transitivity paradigm
when arbitrary relations must be acquired and/or expressed,
but he has demonstrated uncharacteristically intact performance
for an amnesic person on the transverse patterning task which
similarly requires arbitrary relations to be acquired (Ryan et al.,
2013). We have argued that DA’s intact performance on trans-
verse patterning was likely due to the use of a unitization strat-
egy in which he generates a scenario involving the physical



integration of single objects. When DA did not attempt such
integration, transverse patterning performance was impaired. In
the present investigation, it was initially expected that DA
would demonstrate relative success on versions of the experi-
ment in which the sample and choice stimuli were presented
simultaneously rather than across a delay, as simultaneous pre-
sentation of the stimuli may have allowed the opportunity for
unitization to occur. However, inspection of the data revealed
that DA’s performance did not vary across experimental ver-
sions; under no conditions was DA successfully able to acquire
the arbitrary relations needed to support transitivity. Uld-
mately, unitization may have been difficult to employ in the
current task, as during all problems, the correct choice was pre-
sented alongside the incorrect choice. Thus, any integration
would have required DA to evaluate and exclude one of the
presented objects before creating a unitized image, which may
have been difficult and/or required additional processing time
that would have impacted the online maintenance of the
relations.

Taken together, the current findings reveal that aging is asso-
ciated with a decline in establishing arbitrary relations, likely as
a result of declining hippocampal function, that would other-
wise support the expression of novel inferences (Ryan et al.,
2009). However, existing relational knowledge can be used flex-
ibly by older adults to make novel inference judgments. By
contrast, amnesic case DA could not make use of prior knowl-
edge to support novel inferences, likely due to damage to
vmPFC and anterior temporal cortex as well as the hippocam-
pus. This work, when considered in conjunction with findings
from non-human animal research (Tse et al., 2007, 2011),
highlights  the of ventral frontal-temporal-
hippocampal interactions in the ongoing learning and flexible

importance

expression of relations.
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