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Abstract

Across three experiments, we examined the effect of repetition lag on priming of unfamiliar visual
objects in healthy young and older adults. Multiple levels of lag were examined, ranging from
short (one to four intervening stimuli) to long (50+ intervening stimuli). In each experiment,
subjects viewed a series of new and repeated line drawings of objects and decided whether they
depicted structurally possible or impossible figures. Experiment 1 and 2 found similar levels of
priming in young and older adults at short and medium lags. At the longer repetition lags ( 20+
intervening stimuli), older adults showed less overall priming, as measured by reaction time
facilitation, than young adults. This indicates that older adults can rapidly encode unfamiliar three-
dimensional objects to support priming at shorter lags, however, they cannot maintain these
representations over longer intervals. In addition to repetition lag, we also explored the
relationship between priming and cognitive reserve, as measured by education and verbal
intelligence. In the older adults, higher levels of cognitive reserve were associated with greater
reaction time priming, suggesting that cognitive reserve may mediate the relationship between
aging and priming.
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It iswell-established that explicit memory, or the ability to consciously recall or recognize
previously encountered information, declines with normal aging (Cabeza, Nyberg, & Park,
2005; Craik, 1994). However, tests used to measure age-related changes in priming, aform
of implicit memory, usually reveal smaller or no age differences (Fleischman, 2007;
Fleischman & Gabrieli, 1998; Light, Prull, LaVoie, & Healy, 2000). Repetition priming
refersto achange in the ability to classify, identify, or produce an item resulting from prior
exposure to that item. Although it is commonly found that priming of familiar stimuli (i.e.,
words, familiar faces, or everyday objects) remainsintact in healthy older adults
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(Fleischman, 2007; Fleischman & Gabrieli, 1998, but see LaVoie & Light, 1994), under
some conditions, priming of pre-experimentally unfamiliar stimuli (i.e., non-words,
unfamiliar objects, or non-sense shapes) declines with aging (Keane, Wong, & Verfaellie,
2004; Soldan, Hilton, Cooper, & Stern, 2009; Wiggs & Martin, 1994). Because priming of
unfamiliar stimuli necessarily involves the formation of new memory representations, not
just the reactivation of existing traces, these findings suggest that aging may affect encoding,
storage, or retrieval processesinvolving newly formed representationsin memory. The
current study attempts to further elucidate which cognitive mechanisms contribute to age-
related reductionsin priming of pre-experimentally unfamiliar information.

Prior studies suggest that when using traditional block-based priming paradigms with
encoding and test phases, and unfamiliar stimuli that minimize contributions of pre-existing
memory representations, priming in healthy older adults can be reduced or even absent. For
example, Keane, et a. (2004) minimized the influence of preexisting semantic, lexical, and
sublexical representations by using illegal non-words as stimuli and found priming for
younger but not older adults. Similarly, Wiggs & Martin (1994) examined priming for
Turkish words in non-Turkish-speaking subjects and observed priming in the young but not
older cohort. In addition, Soldan and colleagues (2009) found that older adults demonstrated
normal priming for everyday visual objects, but not for unfamiliar objectsin three different
object-decision tasks in which subjects made judgments about structural possibility,
symmetry, or familiarity.

It isimportant to note that some studies have found age equivalence in priming of novel
information (Dew & Giovanello, 2010b; Light, LaVoie, & Kennison, 1995; Monti et al.,
1997). These studies, however, looked at priming of new associations between familiar
stimuli, so the contribution of preexisting memory representations was not fully minimized
(but see Light, Kennison, Prull, LaVoie, & Zuellig, 1996). Schacter, Cooper, and Valdiserri
(1992) and Wiggs (1993) did use unfamiliar stimuli and found age equivalence in priming.
However, in the Schacter et al. (1992) study the older adults performed at chance soitis
unclear exactly on what basis they were responding in the priming task. Further, Wiggs
(1993) showed age equivalence in priming of unfamiliar Japanese ideograms only when
stimuli were presented three or more times during encoding, but not for stimuli presented
once. Thus, more research is needed to resolve these inconsistencies and to determine the
conditions that produce age-related differencesin priming.

In atypical block-based priming study, subjects are presented with 20-100 stimuli during the
encoding phase which are later repeated during the test phase along with an equal number of
new stimuli. This means that age-related reductions in priming observed in block-based
paradigms (e. g., Keane et al., 2007; Soldan et al., 2009; Wiggs & Martin, 1994) may reflect
the inability of older adults to maintain novel memory representations over time (i.e., from
the encoding to the test phase) and/or over interference from intervening stimuli. Supporting
thisview is the finding that when priming is measured over very short delays (i.e., seconds),
thereis no effect of age on priming in the same structural possibility task (Soldan, et a.,
2008) in which older adults showed reduced priming when implemented as a block-based
task (Soldan et al., 2009).

Therefore, the primary goal of the present study was to evaluate the hypothesis that older
adults can encode unfamiliar objects to support priming over short delays, but are unable to
maintain this information over longer periods and/or interfering information. We evaluated
this hypothesis by testing two predictions. First, we predicted that at short repetition lags (i.
e., seconds) there would be no age difference in priming of unfamiliar stimuli, consistent
with the proposal that aging does not affect the ability to encode novel information. Second,
at long repetition lags (i. e., minutes or more) older adults will show less priming than young
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adults. Thiswould support the view that aging reduces the ability to maintain newly formed
memory representations.

Over three experiments, we tested these predictions by examining priming at varying
repetition lags in each age group. Experiment 1 examined three lags, ranging from short (on
average 2.5 intervening items, or 9 sec) to medium (on average 9.5 intervening items, or 33
sec), and medium-long (on average 28 intervening items, or 98 sec). Experiment 2 included
ashort lag condition (on average 1.5 intervening items, or 5 sec), along lag condition (on
average 52 intervening items, or 3 min) and a delayed condition, in which a 15 min time
delay was added to stimuli repeated after along lag (on average 52 intervening items, or 18
min). Experiment 3 included only the delayed condition. Asin Soldan et a. (2008) and
(2009), priming was measured using the possi ble/impossible object-decision task.

When considering the effects of aging on priming, it isimportant to note that priming effects
in classification tasks like the possibl e/impossible object-decision test represent the net
result of different underlying processes that can reinforce each other or interfere with one
another (e.g., Horner & Henson, 2009, 2011; Moutsopoulou & Waszak, 2012). Both
perceptual learning of stimulus-specific information (Henson, 2003; Horner & Henson,
2011; Soldan et al., 2012) and learning of stimulus-response and stimulus-decision
associations (e.g., Logan, 1990; Horner & Henson, 2009; Soldan et a., 2012) have been
shown to contribute to priming in this and other classification tasks. This means that age-
related reductionsin priming at long repetition lags may reflect a decrease in the
maintenance of newly encoded perceptual information and/or a decrease in the maintenance
of associations between newly encoded perceptual information and decision or response
representations. Because systematic investigations of the effects of aging on the processes
that underlie priming are currently lacking, we did not have a-priori hypotheses about which
specific process(es) would be affected by aging.

In addition to the primary goal of the study, we were also interested in examining whether
differencesin priming relate to individual differencesin cognitive reserve. The concept of
cognitive reserve (CR) proposes that differencesin the way people process tasks are related
to differential rates of cognitive declinein aging. For example, many studies have shown
that a set of lifetime experiences, including education, occupational attainment, and
engagement in leisure activities, are associated with less memory decline in normal aging
and alower risk of developing dementia (see Stern, 2009 for areview). Although previous
studies have examined associations between CR and measures of explicit and/or working
memory, the relation between CR and implicit memory has not been examined. This
probably stems from the fact that priming and other forms of implicit memory remain
relatively intact with aging. However, to the extent that priming of pre-experimentally
unfamiliar stimuli shows age-related reductions, the question arises whether differencesin
priming across subjects are related to differencesin CR.

General Method

Participants

The Internal Review Boards of Columbia University, the University of Massachusetts,
Dartmouth and Tufts University approved this study.

Y oung adult subjects were students at Columbia University and UMass Dartmouth. They
were compensated $15 per research hour, or given course credit for participation. Older
adults were recruited from the communities surrounding Columbia University, UMass
Dartmouth, and Tufts University through ads and existing subject databases.
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All participants reported normal or corrected-to-normal vision, and were free from
neurological and psychiatric disease as determined via questionnaire. Older participants
were screened to ensure the absence of dementia using the Dementia Rating Scale (all
scored at or above 135; Mattis, 1988). Subjects' performance on the neuropsychological tests
was al so reviewed to ensure that they were free of dementia and mild cognitive impairment.
All participants were administered the Selective Reminding Test (Buschke & Fuld, 1974),
which measures explicit verbal long-term memory, the New Adult Reading Test—North
American Version (Grober & Sliwinski, 1991; Nelson, 1982), a measure of verbal 1Q, the
multiple-choice version of the Benton Visual Retention Test (BVRT), which measures
visual perception and recognition memory (Benton, 1955), the Controlled Oral Word
Association Test — CFL (Benton & Hamsher, 1976), a measure of verba fluency, and the
Wechder Adult Intelligence Scale-V ocabulary Subtest (Wechsler, 1981), a measure of
verbal intelligence. The latter two tests were administered in Experiments 2 and 3 only. See
Table 1 for alist of participant characteristics.

Stimuli—Ninety-six line drawings of three-dimensional structurally possible and 96
structurally impossible objects were used as stimuli across all three experiments (see Figure
1). The possible objects have a globally coherent three-dimensional structure, whereas the
impossible objects contain surface and edge violations that make it impossible for them to
exist asreal three-dimensional objects. Both types of figures were unfamiliar to participants.

Cognitive Reserve Measures—A composite CR score was calculated by averaging the
score for NART-1Q, WAIS-vocabulary subtest, and years of education, first converting each
value to z-scorest. Measures of intelligence, particularly verbal intelligence, are commonly
included when attempting to model CR (Albert & Teresi, 1999; Alexander et al., 1997).
Supporting this approach, a prospective study by Richards and Sacker (2003) found that
intelligence at age 53 was uniquely influenced by adult occupation, educational attainment,
and childhood cognition. Accordingly, basing a measure of CR on variables such as
intelligence means that CR is not inflexible, but rather can change over the course of one's
lifetime. Educational attainment, on the other hand, is the most commonly used proxy for
CR, and is often combined with other predictors into a composite latent variable asin the
present study. Asit islong-known that education is a strong determinant of future
employment and income level (Beckels & Truman, 2011), educational attainment directly
correlates with other CR proxies such as socioeconomic status and occupational attainment.
As these secondary variables themselves predict access to healthcare, morbidity, and
unhealthy behaviors (Adler & Rehkopf, 2008; Adler & Stewart, 2010), it follows that such
variables would be considered in any model attempting to predict individual differencesin
cognitive decline. See Stern (2009) for further review regarding CR proxies.

Procedure—First, subjects visual acuity was tested using a Snellen chart. Then, subjects
completed the object-decision priming task, which was presented as a visual perception
experiment. It was not mentioned that subjects' memory would be assessed. All subjects
completed six practice trials at the beginning of the experiment that were excluded from al
analyses. The priming task was followed by the DRS. The remaining neuropsychological
tests were completed between blocks of the priming task or at the end.

Each trial of the object decision test lasted 3.5 seconds, beginning with a 500 ms central
fixation-cross. Fifty ms after fixation offset a stimulus was presented for 1500 ms. Subjects
responded any time during stimulus presentation or up to 950 ms after stimulus offset. At
the end of the response period (2450 ms) was a 500 msinterstimulusinterval. Subjects were
instructed to classify each object as possible or impossible. Both speed and accuracy of
responding were emphasized. Half of the participantsin each age group pressed a key with
their left index finger to indicate an object was possible, and another key with their right
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index finger to indicate an object was impossible. For the other half of the subjects, the
assignment of keys to response categories was switched so that object type would not be
confounded with response hand. The stimuli were rotated across conditions and blocks.

General Data Analysis—An a-level of 0.05 was adopted for all analyses. Analyses
involving independent variables with more than two levels were corrected for violations of
the sphericity assumption using the Huynh-Feldt corrected pvalues. To first assess the
presence of priming within each age group we performed separate repeated measures
ANOVAs for the young and older adults using the raw accuracy and reaction time (RT)
data, with presentation (new vs. old), object type (possible vs. impossible), and lag (3 levels)
as within subject factors. Because this study is concerned with priming, significant
interactions and main effects are only reported if they involved the factor of presentation. To
follow up effectsinvolving presentation, individual priming scores were calculated for each
lag condition and submitted to one-sample £tests.

To evaluate the effect of age on priming, repeated measures ANOV As were conducted on
the priming scoresin each experiment, with age group as a between subjects factor. For RT,
proportional priming scores (i.e., percentage decrease in RT for repeated compared to new
objects) were used when comparing across age groups because of the large age differencein
baseline RT. To assess where age differencesin priming are present, independent 7-tests,
collapsed across object type, were performed at each lag. We collapsed across object type to
increase power and because we did not hypothesize differential age effects for possible and
impossible objects. Trials with RTs faster than 300 ms (<0.1% of correct RTsin each
experiment and age group) were excluded from all analyses. The RT analyses were based on
correct trials only. Unless stated otherwise, p-values are two-tailed.

To determine the relationship between CR, priming, and overall task performance, we
correlated the CR composite score with mean proportional RT priming, mean accuracy
priming, mean accuracy and mean RT, collapsing across object type and lags in each case.
The results were very similar when raw RT priming scores were used instead of proportional
SCOres.

Experiment 1

Design

Subjects completed 6 blocks of 56 trials each of the possible-impossible object-decision
priming task. In each block, subjects viewed a different set of 16 possible and 16 impossible
objects: 4 possible and 4 impossible objects were repeated after a short lag (1 - 4 items); 4
possible and 4 impossible objects were repeated after amedium lag (8 - 11 items); 4
possible and 4 impossible objects were repeated after amedium-long lag (18 - 41 items,
mean lag = 28 items for both possible and impossible objects); and 4 possible and 4
impossible objects were presented only once during the last 16 trias of ablock. These
objects served as comparison stimuli (i.e., new objects) for objects in the medium-long lag
condition. Thus, across all six blocks, there were 24 possible and 24 impossible objectsin
each condition (i.e., short lag, medium lag, medium-long lag, and new).

All of the short and medium lag repetitions occurred within the first 40 trials of ablock. The
second presentation of objectsin the medium-long lag condition occurred in the last 16 trials
during which the new objects were also presented. For each block, a different repetition
sequence was used, with the order of blocks counterbalanced across subjects in a double-
diagonal Latin square. See Figure 2 for asample trial sequence of a block.
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Data Analysis

Results

To facilitate comparisons of priming across lags, priming for all conditions was cal cul ated
asthe difference in accuracy or RT between repeated items and “new” items. For the short
lag condition, new items comprised the first presentation of items in the medium-long lag
condition; for medium-lag items, new item consisted of the first presentation of short-lag
stimuli; and for the medium-long lag condition, new items referred to the comparison
stimuli presented at the end of the block. Thisway, the number of items per condition was
the same for all three lags and priming is not confounded by general task practice effects
occurring within blocks. The overall pattern of results was the same when priming for the
short and medium-lags was calculated by directly comparing the first and second
presentation of the same item.

Young Adults

Accuracy: A main effect was found for presentation, A1, 23) = 12.51, p=.002, partial /2=
0.35, establishing the presence of overall priming. There was no interaction between
presentation and lag (F< 1), indicating similar levels of priming across lags. Collapsing
across lags, priming was significant for possible objects, {23) = 3.65, p= 0.001, but not for
impossible objects, {23) = 1.03, p=.3. See Table 2 for mean accuracy and accuracy
priming scores.

Reaction Time: There was a main effect of presentation, A1, 23) = 175.33, p< 0.001,
partial 772 = 0.88, indicating the presence of overall RT priming. The presentation by object
type interaction was significant, A1, 23) = 5.07, p= 0.03, partia 772 = 0.18, reflecting
greater priming for possible than impossible objects. Priming was significant for both types
of objects at each lag (all p< 0.0001). See Table 3 for mean reaction times and RT priming
SCOres.

Older adults

Accuracy: A main effect of presentation was detected, A1, 23) = 22.61, p< .001, partia 7
= 0.50, establishing the presence of overall priming, but priming did not differ as afunction

of lag (F=1). Averaging across lags, significant priming was observed for possible objects,

#23) = 4.68, p=.0001, but not for impossible objects, {23) = 1.47, p=.16. See Table 2 for

means.

Reaction Time: Older adults showed significant priming, as indicated by a main effect of
presentation, A1, 23) = 72.37, p< 0.001, partial 77= 0.76. The presentation by object type
interaction was significant, A1, 23) = 6.60, p= 0.02, partia 72 = 0.22, indicating more
priming for possible than impossible objects. 7-tests found significant priming for both
object types at each lag (all p< 0.03).

Comparison across age groups—An ANOVA on accuracy priming scores showed no
effect of age or interaction between age and lag, indicating similar levels of accuracy-based
priming in both age groups at all lags. For proportional RT-priming, there was a main effect
of age, A1, 23) = 4.03, p= .05, partial 772= .08, revealing less RT-priming in the older than
the young adults. Although the interaction between age group and lag did not reach
significance, planned comparisons were performed comparing proportional RT-priming at
the short and longest lag conditions. As predicted, there was no age difference in at the short
lag, £< 1, but at the longest lag, older adults showed significantly less priming, {46) = 1.85,
p=.03 (one-tailed). See Figure 3 for priming scores at each lag.
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Coanitive Reserve: For the older subjects, a positive relationship was found between the
CR composite score and overall accuracy on the object-decision task, r=0.52, p= 0.009.
The CR composite score also positively correlated with overall proportional RT priming, r=
0.57, p=0.003. There was no relation between CR and priming, mean accuracy, or mean
RT in the young adults.

The main findings from Experiment 1 can be summarized as follows. First, there was no age
difference in overal priming when the repetition lag was short, replicating previous
behavioral results from an imaging study (Soldan et a., 2008). This finding suggests that the
observed lack of an age difference in priming at short lags in the possible/impossible object
decision task isreliable and not specific to older subjects who are able and willing to
participate in imaging studies. Second, the older adults showed less RT priming at the
longest lag than the young adults. However, because the decrease in RT-priming in the older
adults did not reach significance, this finding needs to be interpreted carefully and requires
replication. The third major finding was that CR, defined by the composite score of
individual CR proxies, predicted both accuracy on the object-decision task, and overall
priming measured by RT in the older adults. Finally, there was more priming for possible
than impossible objects in both age groups. This finding is consistent with many prior
studies of priming using the possible/impossible object-decision task, where priming is
typically smaller or absent for impossible objects (Schacter, Cooper, & Delaney, 1990;
Schacter et al., 1992; Soldan et al., 2008, 2009).

Asexperiment 1 only provided limited support for the hypothesis that normal aging is
associated with a decrease in the ability to maintain priming of unfamiliar stimuli over long
intervals, the aim of Experiment 2 was to replicate and extend the findings of Experiment 1.
That is, the trend in decreased priming for older adultsin the first experiment suggests that if
the time between study and test were increased further, a greater age difference would be
revealed. Thus, in Experiment 2 we increased the number of stimuli intervening between
object presentations and added a 15 min delay prior to the test phase. In addition, we sought
to replicate the demonstrated relationship between CR and priming.

Experiment 2

Methods

Stimuli and Design—Subjects viewed 64 objects that were repeated after a short lag (1- 2
intervening items), 64 objects that were repeated after along lag (48 - 58 intervening items,
mean lag = 52 items for both object types), and 64 objects that were repeated after a 15 min
delay (48 - 58 intervening items, mean lag = 52 items for both object types). Half of the
objects in each condition were possible and half were impossible.

Subjects completed 4 blocks of trials, separated by 15 min delay periods during which
subjects were administered neuropsychological tests. In each block, subjects viewed 8
possible and 8 impossible objects that were repeated after a short lag and 8 possible and 8
impossible objects that were repeated after along lag. The short lag repetitions were
distributed roughly equally throughout each block. By necessity, the first presentation of
objects in the long-lag condition occurred in the first half of the block, while the second
presentation of long-lag items occurred in the second half of the block. Additionally, in
blocks 1 and 3 subjects saw 11 possible and 11 impossible objects that were repeated in
blocks 2 and 4, respectively. These items constituted the delayed condition. In block 2,
subjects saw 10 new possible and 10 new impossible objects that were repeated in block 3.
The number of delayed items differed slightly across blocks so that the total number of
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stimuli per condition would equal 32 for all 1ags. The first presentation of objectsin the
delayed condition occurred in the second half of ablock, whereas their second presentation
occurred in the first half of the next block. Using this stimulus arrangement, the number of
items intervening between repetitions in the long lag and in the delayed conditions was the
same, keeping item-specific interference constant across conditions. Each block used a
different repetition sequence.

Procedure—Trials were administered in the same manner as in Experiment 1.

Data Analysis—For the long lag condition, priming was calculated as the differencein
performance between repeated long-lag objects (occurring in the second half of each block)
and new items presented in the second half of each block. New itemsin this case consisted
of the first presentation of objects in the short lag and delayed lag conditions. For the
delayed lag condition, priming was calcul ated as the difference in performance between
repeated delayed-lag objects (which occurred in first half of blocks 2, 3, and 4) and new
objects that were presented in the first half of blocks 2, 3, and 4. These consisted of the first
presentation of objects in the long lag and short lag conditions. Calculating priming in this
manner accounts for practice and fatigue effects that might occur throughout a block. For
objects in the short lag condition, priming was cal culated as the difference between
presentations 1 and 2 and by comparing presentation 2 to new items. New items consisted of
the first presentation of objectsin the long-lag or delayed-lag conditions that were closest in
the trial sequence to the repeated short-lag item. The same pattern of results was obtained
using both approaches. Only the results using new items as the baseline are presented below
so that priming at al lags represents a contrast between repeated and new items.

Young Adults

Accuracy: A main effect was found for presentation, A1, 23) = 11.02, p= 0.003, partia 772
= 0.32, establishing the presence of overall priming. No interactions were significant (all
£>0.2). Priming was reliable for possible objects at the short lag, {23) = 2.46, p=0.02, and
thelong lag, {23) = 3.27, p= 0.003, and approached significance in the delayed lag, {23) =
1.81, p= 0.08. Priming was not observed for impossible objects at any lag (all o> 0.05). See
Table 4 for means.

Reaction Time: There was amain effect of presentation, indicating significant overall
priming of response times, A1, 23) = 25.71, p< 0.001, partial 72 = 0.53. The object type by
presentation interaction reflects greater priming for possible than impossible objects, A1,
23) = 18.00, p< 0.0005, partial 772 = 0.44. Significant interactions were also found between
lag and presentation, A2, 46) = 12.72, p< 0.0001, partial /72 = 0.36, and between lag,
presentation, and object type, indicating a greater decrease in priming with increasing lags
for impossible than possible objects, A2, 46) = 5.16, p= 0.01, partial /72 = 0.18. Reliable
priming was observed for possible objects at the short, £23) = 5.26, p< 0.0001, long, {23) =
5.45, p<0.0001, and delayed lags, (23) = 3.47, p=0.002. For impossible objects priming
was only significant at the short lag, {23) = 4.64, p=0.0001. See Table 5 for means.

Older Adults

Accuracy: The main effect of presentation only approached significance, 1, 23) =3.28, p
= 0.08. There was, however, an interaction between object type and presentation, A1, 23) =
11.89, p= 0.002, partial 77 = .34, indicating more priming for possible than impossible
objects. Significant positive priming was observed for possible objects at the short, {23) =
3.49, p=0.002 and delayed lags, (23) = 2.26, p=0.03, but not at thelong lag, {23) = 1.04,
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p=0.3. Significant negative priming was evident for impossible objects at the delayed lag,
#23) = 3.59, p< 0.005. See Table 4 for means.

Reaction Time: There was amain effect for presentation, A1, 23) = 14.54, p< 0.001,
partial 72 = 0.39, revealing overall priming of response latencies. The interaction between
object type and presentation approached significance, indicating more priming for possible
than impossible objects, A1, 23) = 3.87, p= 0.06, partial /72 = 0.14. The interaction between
presentation and lag was also reliable, A2, 46) = 6.71, p=0.003, partial /2= 0.23, and
provides evidence for adecrease in priming with increasing lags. Priming was significant for
possible objects at the short, {23) = 6.75, p=0.001 and long lags, {23) = 2.75, p=0.01,
and approached significance at the delayed lag, {23) = 1.83, p= 0.08. Priming of impossible
objects approached significance at the short lag, {23) = 2.00, p= 0.06, but was not reliable
at thelong lag. At the delayed lag, there was a trend for slower responses to repeated
impossible objects, p=0.09. See Table 5 for means.

Comparison across age groups—For proportional RT priming athree-way interaction
between lag, object type, and age group was significant, A2, 92) = 3.14, p< 0.05, and the
main effect of age approached significance, A1, 46) = 2.94, p= 0.09, partial /7% = 0.06. For
accuracy priming, there were interactions between object type and age group, A1, 46) =
6.42, p=0.01, partial 772 = 0.12, and between lag, object type, and age group, A2, 92) =
3.28, p=0.04, partia 772 = 0.16. Follow up analyses found that for both accuracy and RT,
there was no age difference in the magnitude of priming at short lags (both p> 0.3). To
assess the age difference in long-lag priming, we collapsed across the long and delayed lags
because there was no difference between them for both accuracy and proportional RT
priming (al p>0.19). The older adults showed less proportional RT priming at the long lags
t(46) = 1.83, p=0.037 (one tailed), but similar levels of accuracy-based priming, {46) =
1.26, p> 0.1 (onetailed). The priming scores for each age group are shown in Figure 4.

Cognitive reserve: For the older adults, CR positively correlated with overall accuracy, r=
0.49, p = 0.02, while the correlation with proportional RT-priming only approached
significance, r=0.36, p= 0.08. No significant correlations were found for the young adults.

Consistent with the results from Experiment 1, young and older adults showed similar levels
of priming of unfamiliar objects when tested after a short repetition lag. However, the older
individual s showed less RT-priming in the long lag conditions, where many stimuli
intervened between the first and second presentation of repeated stimuli. This provides
further evidence that the ability to maintain priming of novel stimuli over time and
interfering information declines with normal aging. Asin Experiment 1, CR mediated the
effect of age on priming and task performance, such that older adults with higher levels of
CR had greater accuracy in the object-decision task and showed more priming, as measured
by RT-facilitation.

Thelack of adifferencein priming at the long and delayed lag conditionsis of interest, as it
suggests that the added delay had little effect on priming. It might also suggest that the age-
related decrease in priming at long lags largely reflects increased susceptibility to
interference from intervening stimuli among the older adults, rather than greater memory
decay. Consistent with this interpretation, there is evidence from word fragment priming
tasks that older adults show gresater interference effectsin implicit memory than young
adults (Ikier & Hasher, 2006; Ikier, Yang, & Hasher, 2008). We specul ate that the increased
interference among the older adults is less due to proactive mechanisms because this might
predict an age difference in short-lag priming toward the end of the experiment, following
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exposure to many interfering stimuli. However, when we averaged across the short-lag
conditions of Experiments 1 and 2, there was no age difference in short-lag priming in the
second half the experiment (i.e., blocks 4-6 for Experiment 1 and blocks 3 and 4 for
Experiment 2), p> 0.38 for both accuracy and proportional RT priming. Rather, newly
encountered stimuli might interfere retroactively with the retrieval or storage of previously
encoded stimuli and their associated responses.

Experiment 3 was designed to replicate the age-associated reduction in priming at long
repetition lags using a“ standard” study-test design, with single study and test phases, which
is more common than the interleaved stimulus presentations and multiple blocks used in
Experiments 1 and 2. Because the first two experiments, aswell asin Soldan et al. (2008),
were consistent in showing no effect of age on overall priming at short repetition lags,
Experiment 3 only included a delayed lag condition. This also allowed us to increase the
number of stimuli to increase statistical power.

Experiment 3

Methods

Results

Stimuli and Design—The same stimuli and trial structure were used as in the first two
experiments. The stimuli were randomly divided into 3 lists of 64 stimuli (32 possible, 32
impossible). Each subject saw one of these lists at encoding and the same list plus one new
list at test. Thus, 64 items were presented at encoding (32 possible and 32 Impossible), and
128 items (64 old and 64 new) were presented during the test phase. The lists were rotated
across conditions and subjects. For example, some subjects saw list 1 at encoding and lists 1
and 2 at test, some saw list 1 at encoding and lists 1 and 3 at test, and so forth. Within each
list, the items were randomized during encoding and test for each subject. Asin the delayed
condition in Experiment 2, the encoding and test phases were spaced by a 15-minute
interval, in which neuropsychological tests were administered.

Data Analysis—Because there was only one repetition lag, we conducted 2 (presentation)
by 2 (object type) ANOVAS, separately for reaction time and accuracy scores, for each of
the age groups. Priming scores were calculated by comparing repeated items to new items
presented in the test phase.

Young Adults

Accuracy: A main effect of presentation was found, A1, 35) = 6.43, p= 0.016, partial /7% =
0.16. Thisindicates the presence of overall priming in young adults. No other effects were
significant.

Reaction time: The main effect of presentation was significant, A1, 35) = 12.00, p= 0.001,
partial 2= 0.26, indicating an overall presence of priming. The two-way interaction was not
significant (p> 0.3). See Table 6 for means.

Older Adults
Accuracy: The main effect of presentation and the presentation by object type interaction

were not significant (all p> 0.1), indicating alack of priming.

Reaction time: The effect of presentation was not significant (p> 0.7) indicating that
overall, older adults were not priming. An interaction, however, was observed between
object type and presentation, A1, 23) = 5.39, p= 0.03, partial /72 = 0.19. Whereas RTsto
repeated possible objects tended to be faster, {23)=1.86, p=0.08 than to new possible
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objects, RTs to repeated impossible objects were slower than to new impossible objects,
4(23) = 2.17, p=0.04. See Table 6 for mean accuracy, reaction time, and priming scores.

Comparison Across Age Groups—The magnitude of proportional RT priming was
smaller in the older than in the young participants, {58) = 2.51, p=0.015. The age
difference in priming in the accuracy measure was not reliable, {58)=1.38, p=0.17. See
Figure5.

Cognitive Reserve—In the older adults, the CR composite score was positively
correlated with proportional RT-priming, n(23) = 0.40, p= 0.05, while the correlation with
task accuracy was not reliable, 1(23) = 0.29, p= 0.17. No significant correlations were
observed for the young adults.

In Experiment 3, which examined long-lag repetition priming after a 15-minute delay,
significant priming was observed in the young but not older adults and the age differencein
priming was significant for the RT measure. The results are consistent with and extend the
findings by Soldan et a. (2009) by showing that age-related decreases in priming of
unfamiliar objects can be observed in block-based priming tasks, both when subjects
perform the same task during the encoding and test blocks (i.e., Experiment 3), and when
thereis atask switch across blocks (i.e., Soldan et al., 2009, aleft/right orientation judgment
during encoding and a possible/impossible classification at test). These data provide
additional support for the view that the ability to maintain priming of unfamiliar objects over
long repetition lags decreases with normal aging. Replicating the results from Experiments 1
and 2, individual differencesin CR were associated with the magnitude of RT-priming in the
older subjects.

Although priming was not significant in older adults in Experiment 3 when averaging across
object types, the older adults tended to show performance improvements for repeated
possible objects (i.e., faster RTs and higher accuracy) and performance decrements for
repeated impossible objects (i.e., Slower RTs and lower accuracy). The same pattern was
found for the delayed condition of Experiment 2. Thisfinding is important for two reasons.
First, it indicates that older adults are retaining some information in memory about the
repeated objects at the delayed 1ag, leading them to respond differently to new and repeated
items. Second, the slowing of response times to repeated impossible figures provides
evidence for the presence of two or more interfering memory processes that form the basis
for observed priming effects. Although the present study was not designed to disentangle the
contributions of different underlying processesto priming, it is useful to consider thisissue
asit might provide clues about the specific processes affected by aging.

The pattern of results observed here is consistent with the view that priming in the possible/
impossible object-decision test and in classification tasks more generally represents the net
results of two processes: SR-learning and perceptual facilitation (Horner & Henson, 2009,
2011; Soldan et al., 2012). S-R learning occurs when subjects associate stimuli with
responses (e.g., ‘left button press') and decisions (e.g., ‘ possible object’) they make the first
time they encounter the stimuli. When arepeated item is presented, thisintegrated S-R
episode is retrieved and provides afaster route of responding because many of the
perceptual processes that were initially required to perform the classification can be
bypassed. In addition, the perceptual processes themselves operate more efficiently on
repeated stimuli, reflecting perceptual priming.

With regard to the possible/impossible task, it has been shown that facilitated perceptual
processing of repeated figures leads to an increase in the proportion of ‘possible’ responses
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and faster RTsto repeated possible objects, as well as to those repeated impossible objects
that contain sufficient local three-dimensional information (Soldan, et a., 2009b; Williams
& Tarr, 1997). When the perceptual and S-R learning mechanisms are combined, they
positively reinforce each other for possible objects because they are associated with the
same response, giving rise to robust priming. For impossible objects, the two processes are
associated with opposite responses because the perceptua process increases the tendency to
make a‘possible’ response, whereas the S-R association leads to an ‘impossible’ response.
Resolution of this response conflict slows down RTsto repeated impossible objects. The
relative contributions of S-R learning and perceptual facilitation to aresponse are likely
determined by their strength in memory.

When considered within this framework, the present results might be consistent with the
following scenario. At short repetition lags, S-R learning makes relatively strong
contributions to priming in both age groups, leading to robust positive priming for possible
and impossible objects, as was observed in the short and medium lag conditions. Perceptual
facilitation also likely contributesto priming, resulting in smaller priming effects for
impossible than possible figures (because the perceptual and S-R learning effects interfere
with one another for impossible objects and because impossible figures contain less valid
structural information that can be primed, see Soldan et al., 2009b and Williams & Tarr,
1997). Both S-R learning and perceptual facilitation likely decrease with increasing
repetition lags, resulting in less overall priming at long than at short lags for both object
types in both age groups, as was found in this study. The observed age-differencein RT-
priming at long lags might be attributable to a greater lag-related decrease in S-R learning in
the old than the young adults. In support of thisidea, older adults were biased to respond
‘possible’ to repeated objects at the delayed lags, indicating that perceptual processes were
contributing to priming. At the same time, S-R learning contributions to priming were not
completely eliminated in older adults, as indicated by the slowing of RTsto repeated
impossible objects, which likely arose from the response conflict generated by the S-R and
perceptual mechanisms. Please note that this is a tentative, post-hoc interpretation that needs
to be tested empirically.

Analysis Across Experiments

In order to confirm that the differential effect of repetition lag on priming in the two age
groups was not mediated by differencesin explicit memory or overall task performance,
mean accuracy and proportional RT priming scores were averaged across the short-lag
conditions of Experiments 1 and 2 as an index of short-lag priming (N=48 young subjects
and N=48 older subjects) and the long-lag and delayed lag conditions of Experiments 1, 2,
and 3 as an index of long-lag priming (N=84 young subjects and N=72 older subjects,
leaving out the medium condition of Experiment 1). 7-tests confirmed that there was no age
difference in priming at the short lag for both accuracy and RT (p> 0.25). For the accuracy
measure of priming, there was also no age difference at the long lag (< 1). For the RT-
measure, by comparison, less proportional priming was observed in the older group than in
the young group, 4154)=2.36, p=0.02. Multiple regression analyses indicated that this age
difference in proportional RT-priming at the long lags was significant even after accounting
for individual differencesin mean RT, mean accuracy, CR-composite, and performance on
neuropsychological tests of explicit memory (SRT-total learning and delayed recall, as well
as BVRT-recognition), 1, 142) = 2.20, p=0.03, see Table 7.

To confirm that the effect of CR on priming was not mediated by subjects’ ability to perform
the task, multiple regression analyses were conducted on the mean priming scores
(averaging across lags and object type), using the CR-composite score, mean RT, mean
accuracy, and indicators for experiment as predictors, separately for the young (N=84) and
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older subjects (N=72). All predictors were entered into the models. Cognitive reserve
emerged as a significant predictor of proportional RT-priming in the older subjects, {1, 66)
= 3.49, p=0.0009, but not the young subjects (p=0.96). Thus, even after accounting for
participants' speed and accuracy in the task, CR predicts RT-priming in older adults, see
Figure 6. CR was not related to priming as measured by accuracy in both age groups, both p
>0.5.

Finally, in order to test if CR protects against the observed age-related decrease in long-lag
priming, we split the older adults into three CR groups (high vs. medium, vs. low). High
CR-subjects were defined as those with a CR composite score more than 0.5 SDs above the
mean (N=26), whereas low CR subjects were defined as those with a CR-composite score of
more than 0.5 SDs below the mean (N=22), with the remaining subjects constituting the
medium CR group (N=24). Post-hoc t-test showed that although there was no differencein
long-lag proportional RT-priming between the medium and high CR groups (t < 1), the high
CR group showed more proportional RT-priming than the low CR group, {46) = 2.04, p<
0.05.

General Discussion

The present study supports the view that at least under some conditions, normal aging is
associated with reduced priming of unfamiliar stimuli at long repetition lags (Keane et al.,
2004; Wiggs & Martin, 1994; Soldan et al., 2009). Moreover, we provided evidence that this
age-related decrease in priming does not represent an encoding deficit among the ol der
adults, but, at least in part, areduced ability to maintain newly encoded memory
representations. Future research is needed to determine the mechanisms that form the basis
of this age-related change, particularly the role of interference. We found preliminary
evidence that greater vulnerability to interference among older adults may reduce S-R
learning contributions to priming at long lags, but this finding needs to be replicated using
tasks that disentangle S-R learning and perceptual facilitation effects.

To our knowledge only two prior studies have examined age effectson S-R learning in
priming tasks. While Dew and Giovanello (2010) reported no age difference, Schnyer et al.
(2006) reported smaller S-R contributions to priming in older adults and no S-R learning in
amnesic patients, suggesting that at least under some conditions, S-R learning deficits may
underlie age-related differences in priming. Additional support for this view comes from the
associative deficit hypothesis of aging (Old & Naveh-Benjamin, 2008), whereby older adults
are particularly impaired on associative memory tasks that require them to bind together
information in memory within or across items or between items and responses, asin this
study. However, the associative deficit hypothesis was originally proposed for episodic
memory tests and the degree to which it applies to implicit associative memory is still
unclear, as studies of aging and implicit associative memory have produced mixed results
(e.g.,Ergis, Van der Linden, & Deweer, 1998; Spieler & Balota, 1996; Monti et al., 1997,
Dew & Giovanello, 2010b).

Because this study used unfamiliar objects, the stimulus-level representations that form part
of the S-R bindings must involve some novel perceptual information. As such, age-related
changesin S-R contributions to priming may also be related to changes in the maintenance
of stimulus-level perceptual information that islinked to decision and response codes. For
example, young and older adults may associate different kinds of stimulus-level information
(global structural descriptions, contour information, etc.) with decisions and responses and
this perceptual information may be differentially sensitive to interference and decay, and to

aging.

Psychol Aging. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gordon et al.

Page 14

When interpreting the present results within the context of prior research, it isimportant to
consider those studies not finding age-effects on long-lag priming of unfamiliar stimuli.
Specifically, Schacter et al. (1992) reported age-equivalence in priming on a block-based
version of the possible/impossible object-decision test, but baseline accuracy of the older
adult sample did not differ from chance. Given that in both this study and in Soldan et al.
(2008) all older adults were reliably above chance, it is possible that above chance
performance is necessary to observe an age difference in this task. Wiggs (1993) also found
age-equivalence in priming, as measured by the mere exposure effect (i.e., increased liking)
when the stimuli were repeated three or nine times at encoding. This may suggest that
repeated stimulus exposures strengthen the memory traces supporting priming, allowing
older adults to maintain priming over long delays. It is also possible that priming, as
measured by the mere-exposure effect is mediated by different memory processes than
priming measured in object-decision tests, as suggested by Willems and Van der Linden
(2009), with the latter being less susceptible to the effects of aging.

A second major finding of this study is that the composite CR scores of older subjects
correlated with overall priming, suggesting that higher levels of reserve may protect against
the loss of repetition priming over increased delays. Consistent with this view, older adults
with high CR showed more RT-priming at the long lags than older adults with low CR. As
this relationship, to our knowledge, has never been examined, these findings add to existing
literature regarding CR as a mediating factor between brain aging/pathology and the clinical
and behavioral outcomes of such pathology (Stern, 2009). Furthermore, these findings may
be relevant to some inconsistencies found in the literature on the effects of age on priming
by drawing attention to the potentially important mediating role of CR on priming. For
example, relatively small effects of aging on priming may be masked in studies using older
adults with very high CR, or they may be exaggerated in studies using older adults with
lower CR.

The finding that CR was not associated with priming in young subjects could reflect
differencesin how CR is expressed across age groups. Cognitive reserve is thought to
encompass both neural reserve, or differencesin the capacity and efficiency of neural
networks, and neural compensation, or differences in the ability to recruit different brain
networks to cope with pathology (Stern, 2009). Neural compensation is particularly
important when task demands are high, asit allows individuals to cope with inefficient or
low-capacity networks by activating additional, compensatory regions. As the possible/
impossible object decision task isfairly demanding for older but not younger subjects (as
indexed by slower RTs and lower accuracy), the relationship observed between priming and
CR in older adults could reflect individual differencesin neural compensation. Because
younger adults generally find the task |ess demanding and have more efficient networksin
operation, compensation mechanisms may not be a factor for them, thus arelationship
between CR and priming in young adults does not emerge. Supporting this interpretation,
Soldan et a. (2008) showed that baseline levels of fMRI activation are greater and more
widespread in old than in young adults when performing the possible/impossible object-
decision task, consistent with a compensatory role during processing.

It isimportant to note that the observed age differences in priming were found with reaction
time measures, but not with accuracy. Although RT and accuracy priming tend to trend in
the same direction, prior studies using unfamiliar stimuli have shown similar results where
age, group, or experimenta differences emerge relative to only one measure (e.g.,
Fleischman, Gabrieli, Reminger, Vaidya, & Bennett, 1998; Laver, 2000; Smith & Oscar-
Berman, 1990; Soldan et al., 2012; Orfanidou, et al., 2011). A possible reason for why age
differences were not observed for accuracy priming in this study may be the relatively
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smaller magnitude of accuracy priming even at the short lags, making it difficult to detect
differences at the long lags.

Lastly, it isimportant to consider the observed relationship between explicit and implicit
memory as measured in the present study. If explicit memory influenced our measures of
priming, then age differences in priming observed at the longer lags could be explained by
an advantage younger adults have in explicitly remembering stimulus-specific information
during the test phase. It isimportant to note, however, that no significant correlations were
found between the priming variables and the neuropsychological measures of explicit
memory in either age group, supporting the view that age differences in explicit memory do
not account for the age difference in priming.

In sum, we provide further evidence that normal aging can be associated with reduced
priming of unfamiliar objects at long repetition lags and that the magnitude of this reduction
isrelated to individual differencesin cognitive reserve.

Acknowledgments

Experiment 1 was supported by NIA grant RO1-AG16714 to Y aakov Stern. Experiments 2 and 3 were supported
by start-up funds awarded to Anja Soldan from the University of Massachusetts, Dartmouth. Experiment 3 was also
funded by a Tufts University Graduate Research Grant awarded to Leamarie Gordon. We thank John Paul Sheehy,
Kayla Amaral, Duanne Besso, Ben Clarke, Chris Colleran, Y uliya Kuras, Paul Letendre, Nishi Mehta, and
Alexandra Schmider for research assistance.

References

Adler NE, Rehkopf DH. U.S. disparities in health: descriptions, causes and mechanisms. Annual
Review of Public Health. 2008; 29:235-252.

Adler NE, Stewart J. Health disparities across the lifespan: meaning, methods, and mechanisms.
Annals of the NY Academy of Sciences. 2010; 1186:5-23.

Albert SM, Teresi JA. Reading ability, education, and cognitive status assessment among older adults
in Harlem, New Y ork City. American Journal of Public Health. 1999; 89:95-97. [PubMed:
9987476]

Alexander GE, Furey ML, Grady CL, Pietrini P, Mentis MJ, Schapiro MB. Association of premorbid
function with cerebral metabolism in Alzheimer's disease: Implications for the reserve hypothesis.
American Journal of Psychiatry. 1997; 154:165-172. [PubMed: 9016263]

Beckels GL, Truman BI. Education and income — United States, 2005 and 2009. Morbidity and
Mortality Weekly Report. 2011; 60:13-17. [PubMed: 21228763]

Benton, AL. The Visual Retention Test. New Y ork: The Psychological Corporation; 1955.

Benton, AL.; Hamsher, K. Multilingual Aphasia Examination. lowa City, |A: University of lowa;
1976.

Bowers JS. Different perceptual codes support priming for words and pseudowords: Was Morton right
all along? Journal of Experimental Psychology: Learning, Memory, and Cognition. 1996; 22:1336—
1353.

Buschke H, Fuld PA. Evaluating storage, retention and retrieval in disordered memory and learning.
Neurology. 1974; 24:1019-1025. [PubMed: 4473151]

Cabeza, R.; Nyberg, L.; Park, DC. Cognitive neuroscience of aging: Linking cognitive and cerebral

aging. New Y ork: Oxford University Press; 2005.

Craik FIM. Memory changes in normal aging. Current Directions in Psychological Science. 1994,

3:155-158.10.1111/1467-8721.ep10770653

Dew IT, Giovanello KS. The status of rapid response learning in aging. Psychology and Aging. 2010;

25:898-910. [PubMed: 20853961]
Dew IT, Giovanello KS. Differential age effects for implicit and explicit conceptual associative
memory. Psychology & Aging. 2010b; 25:911-921. [PubMed: 21077717]

Psychol Aging. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gordon et al.

Page 16

ErgisA, Van der Linden M, Deweer B. Priming for new associations in normal aging and in mild
dementia of the Alzheimer type. Cortex. 1998; 34:357-373. [PubMed: 9669102]

Fleischman DA. Repetition priming in aging and Alzheimer's disease: An integrative review and
future directions. Cortex. 2007; 43:889-897.10.1016/S0010-9452(08) 70688-9 [ PubM ed:
17941347)

Fleischman DA, Gabrieli JDE. Repetition priming in normal aging and Alzheimer's disease: A review
of findings and theories. Psychology and Aging. 1998; 13:88-119.10.1037/0882-7974.13.1.88
[PubMed: 9533193]

Fleischman DA, Gabrieli IDE, Vaidya CJ, Reminger SL, Bennett D. Object decision priming in
Alzheimer's disease. Journal of the International Neuropsychological Society. 1998; 4:435-446.
[PubMed: 9745233]

Grober E, Sliwinski M. Development and validation of amodel for estimating premorbid verbal
intelligence in the elderly. Journal of Clinical Experimental Neuropsychology. 1991; 13:933—
949.10.1080/01688639108405109 [PubMed: 1779032]

Henson RN. Neuroimaging studies of priming. Progress in Neurobiology. 2003; 70:53-81. [PubMed:
12927334]

Henson RN, Rugg M. Neural response suppression, haemodynamic repetition effects, and behavioural
priming. Neuropsychologia. 2003; 41:263-270.10.1016/S0028-3932(02)00159-8 [ PubMed:
12457752)

Henson RNA, Shallice T, Dolan RJ. Neuroimaging evidence for dissociable forms of repetition
priming. Science. 2000; 287:1269-1272. [PubMed: 10678834]

Horner AJ, Henson RN. Bindings Between Stimuli and Multiple Response Codes Dominate Long-Lag
Repetition Priming in Speeded Classification Tasks. Journal of Experimental Psychology:
Learning, Memory, & Cognition. 2009; 35:757—779.

Horner AJ, Henson RN. Stimulus-response bindings code both abstract and specific representations of
stimuli: Evidence from a classification priming design that reverses multiple levels of response
representation. Memory & Cognition. 2011; 39:1457-1471. [PubMed: 21671105]

Ikier S, Hasher L. Age difference in implicit interference. The Journals of Gerontology B: Series B.
2006; 61(5):278-284.

Ikier S, Yang L, Hasher L. Implicit proactive interference, age, and automatic versus controlled
retrieval strategies. Psychological Science. 2008; 19(5):456—461. [PubMed: 18466406]

Keane MM, Wong BM, Verfaellie M. Do priming effects in perceptual identification and word
judgment reflect different underlying mechanisms? American Journal of Psychology. 2004;
117:93-113.10.2307/1423598 [PubMed: 15058859]

Laver GD. A speed-accuracy analysis of word recognition in young and older adults. Psychology and
Aging. 2000; 15:705-709. [PubMed: 11144329]

LaVoieD, Light LL. Adult age differences in repetition priming: A meta-analysis. Psychology and
Aging. 1994; 9:539-553. [PubMed: 7893425]

Light LL, Kennison R, Prull MW, LaVoie D, Zuellig A. One-Trial Associative Priming of Nonwords
in\bung and Older Adults. Psychology and Aging. 1996; 11(3):417-430. [PubMed: 8893311]
Light LL, LaVoie DJ, Kennison R. Repetition priming of nonwords in young and older adults. Journal

of Experimental Psychology: Learning, Memory, and Cognition. 1995; 21:327-346.

Light, LL.; Prull, MW.; LaVoie, DJ.; Healy, MR. Dual process theories of memory in old age. In:
Perfect, TJ.; Maylor, EA., editors. Models of cognitive aging. Oxford, England: Oxford University
Press; 2000. p. 238-300.

Logan GD. Repetition priming and automaticity: Common underlying mechanisms? Cognitive
Psychology. 1990; 22:1-35.

Mattis, S. Dementia Rating Scale. Odessa, FL: Psychological Assessment Resources; 1988.

Monti LA, Gabrieli JDE, Wilson RS, Beckett LA, Grinnell E, Lange KL, Reminger SL. Sources of
priming in text rereading: Intact implicit memory for new associationsin older adults and in
patients with Alzheimer's disease. Psychology and Aging. 1997; 12:536-547. [PubMed: 9308100]

Moutsopoulou K, Waszak F. Across-task priming revisited: Response and task conflicts disentangled
using ex-Gaussian distribution analysis. Journal of Experimental Psychology: Human Perception
& Performance. 2012 Advance online publication. 10.1037/a0025858

Psychol Aging. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gordon et al.

Page 17

Nelson, HE. The National Adult Reading Test (NART): Test manual. Windsor, Berkshire, United
Kingdom: NFER-Nelson; 1982.

Orfanidou E, Davis MH, Ford MA, Marslen-Wilson WD. Perceptua and response componentsin
repetition priming of spoken words and pseudowords. Quarterly Journal of Experimental
Psychology. 2011; 64(1):96-121.

Richards M, Sacker A. Lifetime antecedents of cognitive reserve. Journal of Clinical Experimental
Neuropsychology. 2003; 25:614-624. [PubMed: 12815499]

Schacter DL, Cooper LA, Delaney SM. Implicit memory for unfamiliar objects depends on access to
structural descriptions. Journal of Experimental Psychology: General. 1990; 119:5—
24.10.1037/0096-3445.119.1.5 [PubMed: 2141064]

Schacter DL, Cooper LA, Delaney SM, Peterson MA, Tharan M. Implicit memory for possible and
impossible objects: Constraints on the construction of structural descriptions. Journal of
Experimental Psychology: Learning, Memory, & Cognition. 1991; 17:3-19.

Schacter DL, Cooper LA, Valdiserri M. Implicit and explicit memory for novel objectsin older and
younger adults. Psychology and Aging. 1992; 7:299-308. [PubMed: 1610519]

Schnyer DM, Dobbins IG, Nicholls L, Schacter DL, Verfaellie M. Rapid response learning in amnesia:
Delineating associative learning components in repetition priming. Neuropsychologia. 2006;
44:140-149. [PubMed: 15893343]

Smith ME, Oscar-Berman M. Repetition priming of words and pseudowords in divided attention and
in amnesia. Journal of Experimental Psychology: Learning, Memory Cognition. 1990; 16:1033—
1042.

Soldan A, Clarke B, Colleran C, Kuras Y. Priming and stimulus-response learning in perceptual
classification tasks. Memory. 201210.1080/09658211.2012.669482

Soldan A, Gazes Y, Hilton H, Stern Y. Aging does not affect brain patterns of repetition effects
associated with perceptual priming of novel objects. Journal of Cognitive Neuroscience. 2008;
20:1762-1776.10.1162/jocn.2008.20130 [PubMed: 18370593]

Soldan A, Hilton HJ, Cooper LA, Stern Y. Priming of familiar and unfamiliar visual objects over
delaysin young and older adults. Psychology & Aging. 2009; 24:93-104.10.1037/a0014136
[PubMed: 19290741]

Soldan A, Hilton HJ, Stern Y. Bias effects in the possible/impossible object decision test with
matching objects. Memory & Cognition. 2009; 37(2):235-47. [PubMed: 19223572]

Spieler DH, Balota DA. Characteristics of associative learning in younger and older adults: Evidence
from an episodic priming paradigm. Psychology & Aging. 1996; 11(4):607—620. [PubM ed:
9000293]

Stern Y. Cognitive reserve. Neuropsychologia. 2009; 47:2015-2028.10.1016/j.neuropsychologia.
2009.03.004 [PubMed: 19467352]

Wechsler, D. Wechsler adult intelligence scale-revised manual. New Y ork: The Psychological
Corporation; 1981.

Willems S, Van der Linden M. Experimental dissociations between memory measures: I nfluence of
retrieval strategies. Consciousness and Cognition. 2009; 18:39-55. [PubMed: 19010060]

Williams P, Tarr MJ. Structural processing and implicit memory for possible and impossible figures.
Journal of Experimental Psychology: Learning, Memory, and Cognition. 1997; 23:1344—
1361.10.1037/0278-7393.23.6.1344

Psychol Aging. Author manuscript; available in PMC 2014 March 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gordon et al.

Page 18

Possible Objects

Impossible Objects

TS

Figure 1.
Examples of structurally possible and impossible figures used in each experiment.
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Stimulus Repetition Sequence

medium-
long
lag

Example of atrial sequence for one block in Experiment 1. Short 1, Medium 1, and Long 1
refer to the first presentation of an item in the short, medium, and medium-long lag
conditions, respectively; Short 2, Medium 2, and Long 2 indicate the second presentation of
an item in the respective lag condition. The first and second presentation of al short and
medium lag objects occurred in the first 40 trials of a block. For medium-long lag items, the
first presentation was in the first 40 trials of ablock and the second presentation in trials 41
to 56. New itemsrefer to the first presentation of astimulusin trials 41 to 56 and served as

comparison stimuli for repeated medium-long lag items.

Psychol Aging. Author manuscript; available in PMC 2014 March 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gordon et al.

Page 20

5 -

4 - M Young
2 3 O Older
E
a 2
g 1
S
o -
2 0 f —I T T 1

-1 7 Short Medium Med-Long

-2 -
. 14 S
-é 12 | | M Young
& 10 - 0 Older
3 s
o
£ 6 -
2
o 4 -
—
a
E 27

0 T T 1

Short Medium Med-Long
Figure 3.

Experiment 1 results: Mean accuracy priming (top panel) and RT proportional priming
(bottom panel) for each lag condition. Error bars represent the standard error of the mean. *
Indicates significant difference between age groups, p= 0.03, one-tailed.
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Experiment 2 results: Mean accuracy priming (top panel) and RT proportional priming

(bottom panel) for the short lag condition and the average of the long and delayed lag
conditions (i.e., long/delayed). Error bars represent the standard error of the mean. *

Indicates significant difference between age groups, p= 0.04, one-tailed.
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Experiment 3 results: Mean accuracy priming and RT proportional priming. Error bars
represent the standard error of the mean. * Indicates significant difference between age
groups, p=0.015.
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iming

2.5

RT-Pr

Mean Standardized

Mean Cognitive Reserve Composite

Figure®6.

Scatterplot depicting the correlation between the cognitive reserve composite score and
mean standardized RT priming, partialing out the effects of mean accuracy, for older
participants from all three experiments (partial (69) = 0.39, p= 0.0006). The priming scores
were standardized by converting them to z-scores, separately for each experiment, to
account for differencesin priming across experiments. Mean accuracy was partialed out
because it was correlated with both cognitive reserve and priming.
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Experiment 1. M ean object-decision accuracy (standard errors), and accuracy priming

Gordon et al.
Table 2
scores for new and repeated objectsfor young and older adults
Young Old
Stimulus Possible  Impossible Possible  Impossible
Short
New 91.0(21) 8L4(29) 854(26) 743(2.9)
Repeated 925(15) 851(28) 87.0(26) 743(3.3)
Priming 1.6 (1.5) 36(2.3) 1.6 (1.9) 0.0(2.8)
Medium
New 89.9(19) 845(22) 8L4(27) 738(25)
Repeated  937(14) 844(29) 87.3(29)  75.9(298)
Prlmlng 38 (11) ** -0.2 (22) 59 (18) i -21 (22)
Medium-Long
New 90.8(21) 830(27) 833(31)  75.0(3.1)
Repeated  937(1.1) 828(28) 875(22) 78.0(27)
Priming 30(19) 0222 3g(20)* 25(2.2)
Note:

*F

indicates significant priming at p< 0.005;

p<0.05.
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Table 3

Experiment 1. Mean object-decision RT (standard errors) in milliseconds, and difference and proportional RT
priming scores for novel and repeated objects for young and older adults.

Young Old
Stimulus Possible Impossible Possible Impossible
Short
New 863 (28) 968 (39) 1221 (39) 1334 (40)
Repeated 771 (25) 890 (33) 1101 (42) 1259 (45)
Priming-Diff. g (14*** 7815 119(25)""" 752"

Priming-Prop. 104 (1.4)*** 7514 9618 5616

Medium
New 872 (30) 985 (40) 1201 (39) 1346 (46)
Repeated 771 (30) 911 (36) 1097 (37) 1254 (43)

Priming-Diff. 101 (18)*  74(16)™" 104(19)"""  92(21)*"

Priming-Prop.  114(1.9)"* 71014 845" 65(16)""

Medium-Long
New 883 (33) 1003 (39) 1221 (42) 1323 (50)
Repeated 775 (27) 914 (36) 1094 (40) 1264 (42)

Priming-Diff. 108 (12) il 89 (15

* koA
)

126 (19)°**  58(25)7
Priming-Prop.  119(1.1)""* 8413 101(15*" 36(19

Note:

* ok Kk
indicates significant priming at p< 0.0001;
* ok

p < 0.005;

*
p <0.05.
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Experiment 2. Mean object-decision accuracy (standard errors), and accuracy priming scores for novel and
repeated objects for young and older adults.

Young Old
Stimulus Possible  Impossible Possible  Impossible
Short
New 91.6 (1.4) 81.5(2.6) 81.1(4.1) 76.0 (4.0)
Repeated 94.5 (4.6) 85.2(2.2) 86.1(3.3) 76.4 (4.2)
Priming 29 (1_2) * 37 (1.8) 50 (1_4) ** 04 (2.1)
Long
New 92.0 (1.7) 85.2(2.5) 825(4.2) 744 (3.8)
Repeated 95.1 (6.9) 84.9 (2.3) 84.5(4.0) 75.5(3.4)
Priming 3.1(0.9) ** -0.2(1.6) 2.0(1.9) 1.2(1.6)
Delayed
New 92.2(1.2) 84.7 (2.8) 80.9 (4.3) 79.5(3.8)
Repesated 93.8 (6.0) 87.1(2.2) 84.9 (4.0) 73.8(4.1)
Priming 15 (85) 24 (23) 4.0 (18) * -5.8 (16) id
Note:

*

*
p<0.05
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Experiment 2. Mean object-decision RT (standard errors) in milliseconds, and difference and proportional RT

priming scores for novel and repeated objects for young and older adults.

Young Old
Stimulus Possible Impossible Possible Impossible
Short
New 939 (30) 1048 (36) 1123 (29) 1221 (48)
Repeated 885 (28) 974 (30) 1055 (33) 1171 (44)
Piming Diff.  53(10)"*  74(16)"" e8(17)"""  43(2D)
Priming Prop. g5 (1_1)*** 65 (1.4)*** 6.1(1.6)** 3.4(20)
Long
New 932 (31) 1011 (35) 1088 (30) 1170 (43)
Repeated 872 (28) 1027 (33) 1064 (30) 1160 (46)
Priming Diff. 60 (11) i -16 (15) 27 (10) * 12 (15)
Priming Prop. g3 (1_1)*** -2.1(15) 2.1(1.0) 1.0 (1.4)
Delayed
New 944 (30) 1022 (36) 1116 (30) 1164 (47)
Repeated 892 (24) 1024 (36) 1088 (30) 1184 (46)
Priming Diff. 51 (15) A -1.8(1.3) 29 (16) -35(20)
Priming Prop. 49 (1.4) o -0.4 (1.5) 2.4 (1.4) -3.0(1.6)
Note:

Aok ok

indicates significant priming at p< 0.0001;

* ok

p < 0.005;

*
p<0.05
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Experiment 3. Mean object-decision accuracy, RT, priming, and proportional priming scores for novel and

repeated objects for young and older adults. Standard errors are given in parenthesis.

Young Old
Stimulus Possible Impossible  Possible Impossible
Accuracy
New 87.1(2.1) 84.4(21) 788(3.2) 74.1(2.4)
Repeated 91.7 (1.9) 85.2(2.4) 81.6(3.3) 71.6(3.1)
Priming 4.6(1.6) * 08(15 29(22 -25(2.3)
Reaction Time
New 947 (32) 1021 (31) 1112 (41) 1201 (44)
Repeated 919 (37) 1004 (31) 1083 (39) 1226 (42)
Priming Diff. 28 (9) ** 17 (9) 30 (16) 24 (11) *
Priming Prop. 34 (0.9) ** 1.5(0.9) 24(14) o3 (1.0) *
Note:

*

*
p<0.05

*
indicates significant priming at p < 0.005;
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Table 7

Analysis Across Experiments: Multiple regression of age group (young vs. old), explicit memory test scores
and overall task performance measures on long-lag reaction-time priming.

Variable B SE(B) t-value p
Age Group -1.88 0.92 -2.04 0.04
Cognitive Reserve 0.64 0.46 1.39 0.17

SRT —Total Learning 0.04 0.06 0.68 0.50
SRT — Delayed Recall 0.10 021 0.46 0.64
BVRT — Recognition 0.30 0.34 0.88 0.38

Mean Accuracy 0.006 0.04 0.16 0.88
Mean RT 0.001  0.002 0.46 0.64
Experiment 1 6.67 0.98 6.82 0.0001
Experiment 2 0.12 0.86 0.14 0.89

Note: All variableslisted in the table were forced into a multiple regression model. B indicates unstandardized regression coefficient. SE indicates
standard error. SRT=Selective Reminding Test, BVRT = Benton Visual Recognition Test, Mean Accuracy = mean percent correct in priming task,
Mean RT = mean reaction timein priming task, Experiment 1 and 2 are indicators (coded O or 1) for the respective experiments.
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Analysis Across Experiments; Multiple regression of cognitive reserve and overal task performance measures
on total reaction-time priming in older adults.

Variable B SE (B) t-value p
Cognitive Reserve  1.69 0.48 3.49 0.0009
Mean Accuracy 0.02 0.04 0.59 0.56
Mean RT 0.0004 0.002 0.18 0.86
Experiment 1 6.83 0.95 7.16 0.0001
Experiment 2 2.49 0.93 2.69 0.009

Note: All variableslisted in the table were forced into a multiple regression model. B indicates unstandardized regression coefficient. SE indicates
standard error. Mean Accuracy = mean percent correct in priming task, Mean RT = mean reaction time in priming task, Experiment 1 and 2 are
indicators (coded O or 1) for the respective experiments.
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