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Abstract

Temporal order memory, or remembering the order of events, is critical for everyday functioning
and is difficult for patients with mild cognitive impairment (MCI). It is currently unclear whether
these patients have difficulty acquiring and/or retaining such information and whether deficits in
these patients are in excess of “normal” age-related declines. Therefore, the current study
examined age and disease-related changes in temporal order memory as well as whether memory
load played a role in such changes. Young controls (n=25), older controls (n=34), and MCI
patients (n=32) completed an experimental task that required the reconstruction of sequences that
were 3, 4, or 5-items in length both immediately after presentation (i.e., immediate recall) and
again following a 10-minute delay (i.e., delayed recall). During the immediate recall phase, there
was an effect of age largely due to reduced performance at the two longest span lengths. Older
controls and MCI patients only differed during the 5 span (controls > MCI). During the delayed
recall, however, there were significant effects of both age and MCI regardless of span length. In
MCI patients, immediate recall was significantly correlated with measures of executive
functioning while delayed recall performance was only related to other memory tests. These
findings suggest that MCI patients experience initial temporal order memory deficits at the point
when information begins to exceed working memory capacity and become dependent on medial
temporal lobe functioning. Longer-term deficits are due to an inability to retain information,
consistent with the characteristic medial temporal lobe dysfunction in MCI.

1. Introduction

Remembering the order in which events occur is critical in our everyday lives, whether for
traveling from one location to another, baking cookies, or relaying our medical history. We
refer to this process as temporal order memory hereafter. Neuroanatomically, both the
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prefrontal and medial temporal cortices have been implicated in temporal order memory
processing (see review by Dickerson and Eichenbaum, 2010). Although the exact
contributions of each region and how they interact are still under investigation, some trends
are emerging. Learning and recalling the order of events requires the online maintenance
and comparison of both the items and the time at which they occurred. These cognitive
processes would presumably be mediated by working memory (see Baddeley, 2003 for a
comprehensive review). The prefrontal cortex plays a critical role in both the mental holding
(ventrolateral) and manipulation (dorsolateral) of information within working memory
(D'Esposito et al., 1998; Wager & Smith, 2003). Not surprisingly then, the prefrontal cortex
has been implicated in perceiving the passage of time (Wittmann et al., 2010), judging the
order and frequency of recent events (Cabeza et al., 1997; Cabeza et al., 2000; Shimamura,
Janowsky, and Squire, 1990), and in the planning and self-monitoring of response sequences
(Milner et al., 1985; Stuss, Binns, Murphy, and Alexander, 2002). Such findings have been
supported by temporal order learning deficits in patients with frontal lobe lesions
(Shimamura et al., 1990; Kesner, Hopkins, and Fineman, 1994) and through functional
neuroimaging studies that revealed prefrontal involvement during the encoding of
temporally relevant information (Amiez and Petrides, 2007). A recent neuroimaging study
suggests that the prefrontal cortex plays a greater role during encoding than subsequent
retrieval of temporally-based information (Duarte et al., 2010); findings that suggest other
brain structures are important for the “long-term” retention of this information. The medial
temporal lobes are critical for forming new memories (Squire and Zola, 1996) and are
believed to bind the various aspects of memories together (i.e., the “what” and the “when”)
(see reviews by Dickerson and Eichenbaum, 2010 & Mayes et al., 2004). Earlier studies
have shown medial temporal involvement in sequence memory (Ross, Brown, and Stern,
2009). Together, these findings suggest that prefrontally-mediated working memory may be
especially critical during the initial acquisition and encoding of temporal information. This
process would seemingly depend on Baddeley's (2003) episodic buffer, which is
conceptualized as a “...limited capacity store that binds together information to form
integrated episodes” (p. 836). Such episodes would then be transferred into “long-term”
memory via the medial temporal (hippocampal) memory system.

A considerable body of evidence suggests that cognitive abilities that are mediated by the
prefrontal cortex (i.e., executive abilities) show decline in healthy aging (Braver and West,
2008), including those related to temporal processing (Salthouse and Miles, 2002).
Additionally, hippocampal subregions, namely the dentate gyrus, also appear to show age-
related decline (Brickman et al., 2011; for a review see Small et al., 2011). It is perhaps not
surprising, then, that temporal order memory generally declines with age (Cabeza et al.,
2000; Spencer and Raz, 1995). However, these brain regions show further decline in patients
with mild cognitive impairment (MCI), which is generally viewed as a clinical precursor of
Alzheimer's disease (AD) and primarily characterized by learning and memory deficits
(Albert et al., 2011; Petersen, 2004). The medial temporal lobes have long been known to be
a site of early AD-related pathology (see Braak, Griffing, and Arai, 1999 for a review) and
additional hippocampal subregions (entorhinal cortex) are disproportionately affected by
MCI and AD (see review by Small et al., 2011). Many patients with MCI also demonstrate
disease pathology within the prefrontal cortex (Ewers et al., 2011). Consistent with the
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pathological processes in these key brain regions, temporal order memory deficits have been
reported in patients with AD (Hampstead et al., 2010; Hanseeuw et al., 2011, Johnson and
Kesner, 1997; Madsen and Kesner, 1995) and MCI (Bellassen et al., 2012). In fact, this
latter study suggested that temporal order memory is a sensitive marker for subsequent
conversion to AD (Bellassen et al., 2012). It is unclear, however, whether these deficits arise
from an inability to acquire / encode or to retain temporally based information.

Therefore, the current study used a novel Temporal Sequencing Task (TST) to address two
key questions (i.e., goals). First, are the presumed temporal order memory deficits in MCI in
excess of “normal’” age-related changes? To answer this question, we adopted a cross-
sectional design that compared performances of healthy young adults, healthy older adults,
and patients with MCI. Second, at what stage of memory processing do the deficits (if
present) emerge as a result of age and MCI? Specifically, do the deficits arise because of a
failure to acquire/encode the temporal order or because of an inability to retain this
information? The former would suggest prefrontally-mediated working memory impairment
(e.g., within the episodic buffer) leads to these deficits whereas the latter would support a
primary role of the medial temporal memory system. To answer this question, the TST
required participants to recall sequences of items both immediately after presentation (i.e.,
within the confines of working memory) and again after a 10-minute delay (i.e., within the
confines of the medial temporal lobe memory system). Based on the literature reviewed
above, we predicted a primary effect of age during both the immediate and delayed recall
portions of the TST. Because MCI patients typically demonstrate greater memory (i.e.,
medial temporal lobe dysfunction) than working memory (i.e., prefrontally-mediated)
impairment, we predicted that the effect of MCI would be superimposed on these age-effects
during the delayed recall phase.

We previously reported a linear relationship between span length and temporal order
memory in patients with AD (Hampstead et al., 2010) while another study revealed a
significant relationship between span and medial temporal lobe volume in MCI patients
(Wenger et al., 2010). Therefore, we performed exploratory analyses to examine whether
span length affected performance on the TST as a function of age and MCI.

2. Methods

2.1. Participants

A total of 91 individuals participated in this study. Thirty-two patients had been diagnosed
with MCI according to Petersen's criteria (Petersen, 2004), of these, 6 were single-domain
(amnestic) and the remaining 26 were multi-domain (amnestic + at least one other cognitive
domain). Specifically, there was a subjective report of cognitive decline (provided by the
patient or an informant) and objective evidence of impairment on standardized
neuropsychological testing that was below expectations relative to their peers. As can be
seen in Table 1, the MCI group averaged about 1.6 standard deviations below the mean on
the RBANS Delayed Memory Index. This index provided an independent measure of
memory functioning that had not been used in the diagnostic process. Additionally, it is
based on performances on three separate memory tests, which is important because previous
research has shown a lower risk of reversion from MCI to normal when multiple memory
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test performances are used (Chang et al., 2010; Loewenstein et al., 2009). Critical for the
diagnosis of MCI, instrumental activities of daily living (IADLs) were relatively preserved
as measured by the Functional Activities Questionnaire (Pfeffer et al., 1982). Healthy older
controls (n=34) and healthy young controls (n=25) were free of subjective complaints or
objective evidence of cognitive impairment (all performances were required to be within
normal limits on the measures listed below) and were fully independent in all IADLs. All
participants were also required to score within normal limits on the Beck Depression
Inventory — Il (Beck et al., 1996) (young controls) or Geriatric Depression Scale (Yesavage
et al., 1983) (older controls and MCI). General exclusion criteria included a history of
neurologic injury or disease (e.g., stroke, moderate or severe traumatic brain injury, and
epilepsy), psychiatric disorders (e.g., severe depression, bipolar disorder, and
schizophrenia), current or past alcohol or drug abuse, and a history of learning or attentional
disorders. The Institutional Review Board of Emory University and the Research and
Development Committee of the Atlanta VAMC approved the study. All participants
provided written informed consent.

2.2. Materials

2.2.1. Neuropsychological Tests—Each participant completed a brief
neuropsychological screening protocol to ensure that 1) participants with MCI had not
progressed to AD or reverted to normal and 2) young and older control participants were, in
fact, cognitively intact. The protocol included the Mini Mental Status Exam (MMSE)
(Folstein et al., 1975), the Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS) (Randolph et al., 1998), Trail Making Test A & B, the Emory Short form
of the Wisconsin Card Sorting Test (Heaton et al., 1993; but see Stringer, 1996), the
Wechsler Test of Adult Reading (Wechsler, 2001), the Boston Revision of the Wechsler
Memory Scale Mental Control subtest (WMS/KBNA) (Lamar et al., 2002).

2.2.2 The Temporal Sequencing Task (TST)—The stimuli used for the TST were
taken from the classic line drawings of Snodgrass and Vanderwort (1980). We selected a
total of 55 images through an iterative process and according to the following caveats. First,
there were a comparable number of living (n=28) and non-living (n=27) drawings, which
was deemed important since there is debate about whether patients with AD demonstrate
greater deficits for living than non-living items (Laws et al., 2007). “Living” stimuli
consisted of humans, animals, and plants. “Non-living” stimuli consisted of household
items, methods of transportation, and manmade tools. The number of available stimuli
differed within each of these 6 categories, so we matched stimuli across living and non-
living domains such that human = methods of transportation, animals = household items,
and plants = tools.

Using the selected stimuli, we created 12 target sequences that were three, four, and five
images in length (four sequences per span length). Two additional sequences served as
practice items. Within each sequence, each category was represented a maximum of one
time (the specific item from that category was pseudo-randomly selected). Across
sequences, the ordinal position of the items was pseudo-randomized so that living and non-
living items appeared in each ordinal position of the sequence an equal number of times.
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The TST consisted of 3 phases: 1) study & immediate recall, 2) delayed recall, and 3)
recognition. The order in which the 12 target sequences were presented was initially
randomized and then held constant across all participants. During the study & immediate
recall phase, participants first viewed each image of a sequence for three seconds (presented
on a laptop screen via a Microsoft Office PowerPoint® presentation). The experimenter said
the name of each image as it appeared and the subject was instructed to repeat it. This
process ensured participants were attending to, and accurately perceiving, each stimulus.
After each entire sequence was presented (Figure 1a), the participant reconstructed it using
individual paper cards that contained the images (Figure 1b). Participants were given as
much time as needed to re-create the sequence, after which the cards were removed and the
next sequence was presented. The dependent variable was the number of sequences correctly
reproduced (score of 0-12). Participants were not informed that there would be a delayed
recall phase until after the last immediate recall trial had been completed.

During the 10-minute delay, participants completed study questionnaires (e.g., Geriatric
Depression Scale), but not any other perceptual or memory test that could mimic or
otherwise interfere with TST performance. The delayed recall phase began after this delay.
Participants were given the individual image cards comprising a given sequence and
instructed to put them in the correct order (Figure 1b). Each of the 12 sequences was
presented individually and participants were given as much time as necessary. The
dependent variable was again the number of sequences correctly reproduced (score of 0-12).

The recognition phase began immediately after the last delayed recall sequence had been
recreated. There were 12 trials in the recognition phase, one for each sequence. During each
trial, participants chose the correct sequence from among four possible choices: the correct
sequence, a sequence where only the last image was incorrect, a sequence where only the
first image was incorrect, or one where both the first and last images were incorrect (Figure
1c). These foils were meant to control for possible primacy and recency effects. The four
choices were presented on a sheet of paper. The dependent variable was the number of target
sequences selected (score of 0-12).

2.3. Statistical analyses

All analyses were performed using SPSS 18.0. Between-group differences on demographic
variables and baseline neuropsychological data were assessed with multiple one-way
ANOVAs. Our primary research goals were to examine the effects of age and MCl on
temporal order memory as a function of time; therefore, we used a analysis of variance
(ANOVA) tests were considered significant at p < 0.05. Unless otherwise noted, we used the
false discovery rate (FDR) to correct for multiple comparisons. The FDR minimizes both
type | and type Il error (Storey, 2003), wherein the corrected p = (computed p (#tests+1))/
(2*(#tests)). This resulted in an FDR corrected p < 0.0291.

With regard to addressing the study primary hypotheses, we first examined the effects of age
and MCI on overall performance (total number correct) during the three phases of the TST
using a 3 (between subjects factors: young controls, older controls, MCI) x 3 (within
subjects factors: immediate recall, delayed recall, recognition) repeated measures ANOVA.
We used the false discovery rate (FDR) to correct for multiple comparisons across all
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analyses related to the TST since the FDR minimizes both type | and type Il error relative to
other correction methods (e.g., Sidak, Bonferroni) (Storey, 2003). The significance threshold
is determined using the following formula: corrected p = (computed p (#tests+1))/
(2*(#tests)). To minimize the number of post-hoc analyses performed, we (1) examined age
effects by contrasting the young vs. older control groups and (2) examined the effects of
MCI by contrasting the older controls vs. MCI group. This resulted in an FDR corrected p <
0.0291 for our primary hypotheses (i.e., 2 contrasts during the immediate, delayed, and
recognition phases = 6 total contrasts).

A secondary aim was to examine whether TST recall performance was affected by span
length in the context of age- and disease status. We used independent t-tests to examine age
(i.e., young vs. older controls) and “disease” (i.e., older controls vs. MCI) effects. In all, 12
comparisons were performed (2 time points, 6 contrasts/phase) for an FDR corrected p <
0.027.

We then performed correlational analyses (Pearson's r) to examine the relationship between
TST performance (total immediate recall and delayed recall) and relevant standardized
neuropsychological measures that were significantly different between the groups. Given the
study goals, we included neuropsychological measures of memory (the RBANS Delayed
Memory Index) and executive functioning, which included the RBANS Attention Index,
WMS/KBNA non-automatized index, and the EWCST. For the EWCST, we chose to use
the number of correct sorts because it provides the best overall indication of performance.
Correlation results were assessed at an FDR corrected p < 0.026 to account for all 24
comparisons.

3.1. Group characteristics

Demographic and neuropsychological data are provided in Table 1. As expected, the young
control group was significantly younger and had fewer years of education (largely because
many were undergraduates) than the other two groups. The two older groups were
comparable in terms of age and education. The MCI group demonstrated significant deficits
in learning and memory, with relatively more mild impairments in visuocontstruction,
language (due to reduced semantic fluency), and some measures of attention and executive
functioning. Thus, the pattern of neuropsychological impairment in our MCI group is
consistent with individuals who are at increased risk of converting to dementia, especially
due to AD (Petersen, 2004).

3.2. TST performance

3.2.1. Overall TST performances—TST performances can be seen in Figure 2. There
was a significant main effect of time because scores declined after the delay (F gg = 137.93,
p < 0.001, pn? = 0.76), a significant main effect of group (F2,88 = 47.80, p < 0.001., pn? =
0.52), and a significant group x time interaction (F5 gg = 9.65, p < 0.001, pn2= 0.18). Post
hoc analyses revealed that during TST immediate recall, young controls performed
significantly better than the older control (t(57) = 4.72, p < 0.001; Cohen's d = 1.32).
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Although there was a treand for the older controls to outperform the MCI patients (t(64) =
2.02, p = 0.048, Cohen's d = .50), this did not survive the FDR correction threshold of p <
0.0291 (though see span length analyses for additional comparisons). During the delayed
recall phase, significant age (young vs. older controls: t(57) = 4.73, p < 0.001, Cohen's d =
1.26) and MCI effects were observed (older controls vs. MCI: t(64) = 4.66, p < 0.001,
Cohen's d = 1.15. These differences were also evident during the recognition phases of the
TST (young vs. older controls: t(57) = 3.62, p = 0.001, Cohen's d = 1.0; older controls vs.
MCI: t(64) = 5.92, p < 0.001, Cohen's d = 1.3).

3.2.2. Correlations between the TST and neuropsychological data—Results of
correlation analyses can be seen in Table 2. In the young control group, delayed recall TST
performance was associated with the WMS/KBNA non-automatized accuracy, which is
generally viewed as a measure of working memory. However, the relationship between this
measure and immediate TST recall fell just short of FDR-based correction (observed p =
0.029 vs. threshold of p = 0.026). Within the older control group, TST performance was
unrelated to any variable at either time point. In the MCI group, TST immediate recall was
positively correlated with all selected measures of executive functioning whereas delayed
recall was correlated with only the RBANS Delayed Memory Index.

3.2.3. Span length comparisons—During immediate recall, the two control groups
demonstrated comparable performances for 3-span items (t(57) = 1.05, p = 0.265, d = 0.29);
however, the younger controls performed significantly better than the older controls for 4-
span (t(57) = 2.53, p=0.014, d = 0.72) and 5-span (t(57) = 4.59, p < 0.001, d = 1.28) items.
In regards to “disease” effects: MCI and older controls were comparable at the 3-span (t(64)
=0.99, p=0.332,d=0.24) and 4-span (t(64) = 0.51, p=0.612, d = 0.13), but the older
controls performed significantly better during the 5-span items (t(64) = 2.45, p=0.017,d
=0.60).

During the delayed recall, the young controls performed significantly better than the older
controls across all span lengths: 3-span (t(57) = 2.81, p = 0.007, d = 0.75), 4-span (t(57) =
2.42,p=0.019, d = 0.64) and 5-span (t(57) = 5.15, p < 0.001, d = 1.39). Similarly, older
controls performed significantly better than MCI patients regardless of span length: 3-span
(t(64) = 4.23, p<0.001, d = 1.04), 4-span (t(64) = 3.86, p < 0.001, d = 0.95), and 5-span
(t(64) = 2.84, p=0.006, d = 0.70).

4. Discussion

The first goal of the current study was to examine whether temporal order memory deficits
in MClI are in excess of “normal” age-related declines. The second goal was to identify
whether MCI patients are impaired due to an inability to initially acquire / encode or
whether it is a failure to retain the temporal information. The TST was designed to
specifically answer this second question. Episodic memories generally combine information
about the content (i.e., “who” or “what”) and the context (i.e., “where” or “when”). The TST
provided participants with all of the content so that memory for “what” was not confounding
performance and, as a result, participants were forced to learn and retain the context,
especially the “when.” As discussed below, the results revealed that immediate recall
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deficits within the MCI group only exceed age-related changes at the most taxing span
length (5-span) whereas delayed recall deficits were superimposed on age effects regardless
of span length.

The TST immediate recall trials were posited to depend on prefrontally mediated working
memory because participants had to mentally hold and then compare the temporal
information while reconstructing the sequences. We found a general effect of age that
supports previous findings of reduced temporal order memory during aging (Parkin, Walter,
and Hunkin, 1995). It is relevant to note that older adults demonstrate greater reductions in
learning than retention (Petersen et al., 1992) as well as in memaory for context rather than
content (Spencer and Raz, 1995); changes that also have been associated with prefrontal
functioning (Cabeza et al., 2000). However, the age-related effects on immediate TST recall
only emerged as the memory load increased, which is consistent with earlier work showing
that older adults have more difficulty with span tasks compared with younger adults (lachini
et al., 2008; Kessels et al., 2010). The effect of span is variable in MCI since some studies
have reported only age-related declines (Guarch et al., 2008; Kramer et al., 2006) whereas
others revealed additional disease-related impairments (Gagnon and Belleville, 2011;
Kessels et al., 2010; Saunders and Summers, 2010). There was only a trend toward
significance in the total number of sequences correctly recalled between the older control
and MCI groups during this stage of the TST, but subsequent analyses revealed that MCI
patients were disproportionately affected by the highest memory load condition (i.e., the 5-
span). Together, these findings raise the possibility that temporal order deficits arise either
directly as the result of reduced working memory or through the inefficient transfer of
information from working memory into “long-term” memory. This latter possibility may
represent a deficient episodic buffer within Baddeley's (2003) working memory model and
is further supported by findings of other groups (Kessels et al., 2010), including findings that
span length is associated with medial temporal lobe integrity in MCi patients (Wenger et al.,
2010). What was clear, however, is that the greatest between-group differences were
observed during the delayed recall phase when demands on the medial temporal memory
system were greatest (see delayed recall discussion below).

The general pattern of correlation results also supported the role of prefrontally mediated
processes during the immediate recall phase of the TST, with working memory abilities
appearing especially relevant. However, this relationship appeared to change with age and
again with disease status. Our inclusion criteria required healthy participants to be fully
cognitively intact, which limited the variability in scores that is necessary for correlational
analyses. This may explain why no significant correlations were found for the control
groups. However, a strong trend (0.003 short the FDR correction threshold) was observed in
which performance of the young controls was related to a measure of working memory
(WMS/KBNA non-automatized index) and raises the possibility that those with stronger
working memory abilities were better able to perform the TST. In the MCI group,
immediate TST recall was significantly related to all selected measures of executive
functioning and likely suggests that the acquisition / encoding of temporal information
becomes more difficult as patients progress toward AD (i.e., as disease pathology affects the
structure and function of the prefrontal cortex and its associated networks).
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We expected the TST delayed recall phase to be dependent on the medial temporal lobes
because it required the retention of information over time and, because associative memory
(e.g., binding the “what” and “when” of the TST stimuli) is known to be hippocampally
mediated (see review by Mayes et al., 2004). The results demonstrated an effect of age with
the younger outperforming the older controls and an additional effect of MCI, where older
controls outperformed those with MCI. This effect was observed regardless of span length.
Many standardized memory tests include measures of both recall and recognition in order to
more clearly delineate whether memory deficits are due to deficient retrieval (i.e., recall
performance > recognition) versus retention (i.e., recall performance = recognition) of
previously learned information. We included the recognition phase of the TST for precisely
this purpose. MCI patients continued to show significant deficits relative to the other groups
during the recognition phase, suggesting that their primary failure was in the retention of
information rather than its retrieval. It is relevant that delayed recall performance was
significantly related to the RBANS Delayed Memory Index in MCI patients, providing
further support for role of the “long-term” medial temporal memory system during this
phase of the TST. Interestingly, a growing body of evidence suggests that age and
Alzheimer's disease have differential effects on hippocampal subregions, specifically the
dentate gyrus and entorhinal cortex, respectively (Brickman et al., 2011; see Small et al.,
2011 for a review). In addition, a recent study demonstrated that those MCI patients who
demonstrate impaired temporal order memory are more likely to convert to AD (Bellassen et
al., 2012). Our findings provide evidence for both an age- and an additional disease-related
decline in performance following the passage of time, which is when medial temporal lobe
demands are presumably highest. Future studies should investigate whether this impairment
is linked to the integrity of the dentate gyrus versus entorhinal cortex, which could provide
further support for the use of temporal order memory tasks in the detection of MCI and
conversion to AD.

4.1. Limitations

As with any study involving MCI, there is some degree of etiological uncertainty since 14—
30% of those diagnosed subsequently revert to normal (Boyle et al., 2006; Manly et al.,
2008). Two factors increase our confidence in our diagnostic procedures. First, all patients
demonstrated objective memory deficits during a clinical evaluation and, as a result, had
been diagnosed with MCI during a consensus conference prior to their referral to our study.
Second, the patients demonstrated persistent memory test impairment on independent
measures (average memory test performance of —=1.64 SD on the RBANS Delayed Memory
Index) at the time the current study was performed. These factors suggest that many of our
patients will progress to AD. Another potential concern may be that our patients
demonstrated impairment that was not restricted to memory but, rather, encompassed other
cognitive domains. Although this increased the variance within our MCI sample
(presumably reflecting the spectrum from near “normal” to AD/dementia), the results of the
TST reinforce that prefrontal and medial temporal lobe abilities contribute somewhat
differently to temporal order memory as a function of the cognitive processes being utilized.
In many ways, the cognitive heterogeneity of the sample may have increased our ability to
detect these relationships. Future studies could use structural (e.g., volumetrics or cortical
thickness) and functional neuroimaging to more definitively examine the brain regions
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associated with performance. Effective connectivity analyses might be especially
informative in regards to the interactions between these regions. We cannot rule out the
possibility that our inclusion criteria for the older controls (i.e., that all performances were
average or better) inadvertently restricted the “normal” variability that is found in this
population and limited the correlation analyses as a result. Similarly, ceiling effects may be
of concern in the younger control group given their near perfect performances on some
portions of the TST (e.g., recognition phase). In this respect, our relatively short span
lengths may actually have led to an underestimate of age-related decline. Despite such
limitations, the results clearly indicate that both age and disease (i.e., MCI) have significant
effects on temporal order memory.

5. Conclusion

Our findings have several potential implications. First, it is possible that temporal order
memory deficits emerge as the direct result of working memory impairments because
patients would be unable to mentally hold and manipulate the temporal information for long
enough to engage the medial temporal memory system. Our findings of both age- and
disease-related impairment with increased span length support this possibility. However, this
is also the point at which the medial temporal lobe memory system is engaged and
information is “transferred” into long-term memory; akin to Baddeley's (2003) episodic
buffer. Our findings of marked disease-related decline in delayed recall performance suggest
that temporal order memory deficits are primarily attributed to an inability to retain
information in MCI patients, presumably due to the primary disease pathology within the
medial temporal lobes. Any executive dysfunction appears to play a secondary role, at least
based on our available data. There is widespread acceptance that early identification of those
at risk for AD is critical for modifying the disease course and prolonging quality of life.
Future studies could examine the sensitivity and specificity of the TST or other similar
measures as they relate to the early detection of MCI and subsequent conversion to AD.
Consideration of specific hippocampal subregions (e.g., entorhinal cortex) may be especially
helpful in this regard. Our finding that prefrontally mediated temporal abilities are relatively
preserved in MCI is important from a rehabilitative standpoint. For example, we recently
reported that mnemonic strategy training improves associative memory and is related to the
integrity of prefrontally mediated abilities (Hampstead et al., 2012a). Further, training
partially restored hippocampal functioning in patients with MCI (Hampstead et al., 2012b).
Thus, the TST could also serve as an independent measure through which the efficacy of
cognitive rehabilitation is assessed. In sum, measures of temporal order memory may hold
promise for further examining some of the most critical research questions within the field
of aging and dementia.
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Figure 1.
Sample TST stimulus sequence. First, participants saw an entire sequence, one stimulus at a

time on a computer screen (a). During the recall trials (both immediate and delayed), stimuli
were presented in a non-linear grouping on individual paper cards and participants recreated
the sequence (b). During recognition, participants selected the correct sequence from among
four options that were presented on a piece of paper (c).
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Figure 3.
Accuracy by group and span length during the immediate recall trial (a), and delayed recall

trial (b). * p<0.027, the FDR corrected p value for independent samples t-test comparisons
to determine differences due to age (young controls vs. older controls) and disease status
(older controls vs. MCI).
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Table 2

Correlation results (Pearson's r, with p-values in parentheses) of TST Immediate Recall (IR) and Delayed
Recall (DR) number correct with neuropsychological variables.

Y oung Controls (n=25) Older Controls (n=34) MCI (n=32)
IR DR IR DR IR DR
RBANS DMI -0.20(0.351) -0.02(0.915)  0.08 (0.672)  0.26 (0.135)  0.37(0.040)  0.49 (0.004)"

RBANS Att. Index  0.06 (0.791)  -0.01 (0.979) -0.06 (0.749) 0.14 (0.442) (.56 (0_001)* -0.14 (0.451)
WMS/KBNA NA 0.44(0.029) 0.47(0.018)° 0.12(0.502) 0.30(0.089) 0.81(0.001)"  0.30(0.113)
EWCST #Sorts -0.05(0.822)  0.05(0.813)  0.31(0.071) 0.23(0.200) 0.58(0.001)*  0.16 (0.389)

RBANS = Repeatable Battery for the Assessment of Neuropsychological Status; DMI = Delayed Memory Index; WMS/KBNA NA = Boston
Revision of the Wechsler Memory Scale Mental Control subtest, non-automatized accuracy; EWCST = Emory Short form of the Wisconsin Card
Sorting Test.

*
p < 0.026, cutoff for significance after correction for multiple comparisons using the false discovery rate (FDR).
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