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Normal aging has been shown to spare recency effects in the initiation of free recall while dis-
rupting temporally-defined associations. The temporal context model (TCM) explains recency
and temporally-defined associations as consequences of a gradually-changing context signal
and recovery of those contextual states, respectively. Here we extend TCM to account for the
dissociation between recency and temporally defined associations in younger and older adults.
Modeling results suggested that the effect of aging was restricted to a decrement in the ability
of items to recover the temporal contexts in which they were presented, a function that has
been hypothesized to depend on the hippocampus.

The temporal context model (TCM; see Howard & Ka-
hana, 2002; Howard, Fotedar, Datey, & Hasselmo, 2005)
offers an explanation for two basic properties of episodic
memory—the recency effect and the temporally-defined as-
sociative effects. The recency effect refers to the finding that
the more recent an experience the better it will be remem-
bered. In TCM, the optimal cue for an item is the context
in which it was encoded. Because context changes gradually
over time, the present state of context overlaps more strongly
with recent contexts, leading to a recency effect. This ac-
count builds on prior work that attributes temporal changes
in memory to a variable context signal (Mensink & Raaij-
makers, 1988; Glenberg & Swanson, 1986; Murdock, 1997).
By postulating that the change in the contextual state from
moment to moment is not random but includes recovered
context from prior experiences with the item being presented,
TCM is able to describe temporally-defined associations be-
tween items presented nearby in a list (Kahana, 1996).

Recently, Howard et al. (2005) proposed a mapping hy-
pothesis between processes in TCM and different regions of
the human medial temporal lobe (MTL). They argued that the
current state of context should be maintained by the entorhi-
nal cortex, a cortical region that is reciprocally connected to
the hippocampus. Howard et al. (2005) proposed that the hip-
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pocampus was responsible for binding items to the contexts
in which they were presented. These joint hypotheses were
used to account for a variety of results from lesion studies
and neurophysiological recordings.

In this paper we use aging as a neuropsychological disso-
ciation to evaluate quantitative predictions of TCM in the free
recall task. Naveh-Benjamin and colleagues (2000; Naveh-
Benjamin, Hussain, Guez, & Bar-On, 2003) have argued that
the memory deficit in episodic tasks shown by older adults
is a consequence of a failure to bind items together with
their episodic context into a coherent whole. This associative
deficit hypothesis is very similar to the item-context bind-
ing function ascribed to the hippocampus by Howard et al.
(2005). In addition to well-known differences in prefrontal
anatomy with age (West, 1996; Head et al., 2004; Raz et al.,
1997), there is ample evidence that normal aging is associ-
ated with changes in the functioning of the medial tempo-
ral lobe in general and the hippocampus in particular (see
Rosenzweig & Barnes, 2003, for a review). If the hippocam-
pus is indeed responsible for binding items to their episodic
context, then the associative deficit observed for older adults
in the free recall task should follow a particular form pre-
dicted by a decrease in the recovery of temporal context in
TCM. This paper tests these predictions. We start by describ-
ing changes in recency and temporally-defined associations
in older adults. We then provide a brief summary of TCM
with an emphasis on how it generates temporally-defined as-
sociations.

Recency and Lag-recency in Normal Aging

In free recall, participants recall as many items as they
can remember from a recently presented list, in any order.
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If tested immediately, subjects typically initiate recallby re-
calling a word from the end of the list, resulting in a recency
effect. In free recall, the probability of first recall (PFR), a
serial position curve for the first response participants make
(Hogan, 1975; Laming, 1999) is a robust marker of the re-
cency effect. The primacy effect in free recall is generally
much smaller than the recency effect and, unlike recency,
depends critically on rehearsal (Brodie & Murdock, 1977;
Rundus, 1971; Tan & Ward, 2000).

As recall progresses after the first recall, participants re-
call items in the order they come to mind. Analysis of recall
order reveals a tendency to make transitions among nearby
list items. Theconditional response probability as a func-
tion of lag (lag-CRP, see Kahana, 1996; Howard & Kahana,
1999) illustrates the probability that an item from serial po-
sition i+ lag is recalled immediately following an item from
serial positioni. The lag-CRP has a characteristic form, with
recall of an item generally followed by recall of nearby items
with a forward bias (see Figure 1a). We refer to this phe-
nomenon, illustrating the effect of temporal contiguity onre-
trieval transitions, as thelag-recency effect (Howard & Ka-
hana, 1999). According to TCM, the lag recency effect re-
flects associations formed between items presented in similar
episodic contexts.

Kahana, Howard, Zaromb, and Wingfield (2002) found no
difference between PFR curves from older (ages 66-88) and
younger (ages 18-21) participants. However, the lag-recency
effect for older adults was significantly reduced, suggest-
ing a deficit in associative processes consistent with Naveh-
Benjamin’s (2000; Naveh-Benjamin et al., 2003) associative
deficit hypothesis of cognitive aging. Dual-store models of
episodic recall (Atkinson & Shiffrin, 1968; Raaijmakers &
Shiffrin, 1980) offer a straightforward account for both re-
cency and lag-recency effects. On an immediate test, recent
items are present in the short-term store (STS) and can be
easily recalled at the time of test. Lag-recency arises be-
cause items from nearby list positions tend to occur together
in STS, and then become associated in the long-term store
(LTS). Dissociations between recency and lag-recency could
thus be seen as dissociations between short- and long-term
memory processes.

The Temporal Context Model (TCM)

Here we provide a concise description of TCM. More de-
tailed descriptions can be found elsewhere (e.g., Howard &
Kahana, 2002; Howard et al., 2005). In TCM, temporal con-
text is a vector that changes gradually over time. Items, rep-
resented as vectors in semantic memory, become bidirection-
ally associated with context. States of context cue recall of
items to the extent that they overlap with those items’ encod-
ing contexts. Changes in temporal context from one moment
to the next are caused by the specific items presented rather
than by random fluctuations. In particular, repetition of an
item in semantic memory can recover the states of temporal
context that were previously associated with that item. As-
sociative effects in memory can arise because the retrieved
contextual states overlap with the encoding context of nearby

items. That is, associations observed between items are me-
diated by the effects those items have on that current state of
context.

In TCM, ti, the state of context at timei, evolves according
to the equation:

ti = ρiti−1 + βtIN
i , (1)

whereβ is a free parameter that determines the rate of contex-
tual drift, ρi is chosen at each time step such thatti is always
of unit length, andtIN

i is the input at timei. The property that
context changes gradually with time allows TCM to predict
recency effects for much the same reason that variable con-
text models (e.g. Mensink & Raaijmakers, 1988) do. The
input patterntIN

i , which will be described in more detail later,
is context retrieved by itemfi.

In TCM, each item is encoded in a specific temporal con-
text. The current state of context cues items encoded in
similar contextual states, as in Mensink and Raaijmakers’
(1988) variable-context model of paired-associate learning.
An outer-product matrix associates context vectors with item
vectors:

MT F
i = MT F

i−1 + fit′i−1, (2)

where the matrixMT F stores the association between an item
and the previous state of context, as indicated by the shift of
index i. This index shift is not present in previously pub-
lished treatments of TCM, but results in a more physical
Hebbian association. Becauseti depends on the input caused
by itemfi, it is not present whenfi is first presented. In con-
trast,ti−1 is available at the time whenfi is presented. Given
that Hebbian LTP is asymmetric (Levy & Steward, 1983),
introducing this change makes biophysical sense.

Contextual states serve as a cue for recall of itemsf via
MT F . Multiplying MT F by a context vector retrieves a su-
perposition of the itemsfi, each activated to the extent that
the probe context overlaps with their encoding context. If we
probe witht j, the overlap is given byti−1 · t j:

MT F t j = ∑
i

[fi (ti−1 · t j)] . (3)

Items which were presented in a context similar to the probe
context will be more strongly activated than those that were
presented in a completely dissimilar context.

Repeating an item at time stepr, as a probe in a recall test
or by means of recovering it in the process of free recall, re-
sults in an input patterntIN

r that will overlap with other items’
encoding contexts to a greater or lesser extent. Temporally-
defined associations in episodic memory have a characteris-
tic form (Figure 1a). TCM accounts for this by assuming
that multiple sources of information contribute to the context
recovered by a cue item. Recall at time stepr of a list item
previously studied at timei will retrieve a combination of
ti−1, the state of context that preceded the item when it was
presented, and the pre-experimental context,tIN

i , that itemi
retrieved when it was presented:

tIN
r = αOtIN

i + αNti−1 + ηnr. (4)
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Figure 1. The lag-recency effect. a. Lag-CRP function averaged across 11 free recall studies. The lag-CRP measures the probability
of recalling an item from positioni + lag immediately following an item from positioni. The contiguity effect can be seen in the finding
that lag-CRP curves are peaked around zero. Asymmetry can beseen by noting that transitions in the forward direction (e.g. +1) are more
likely than transitions in the backward direction (e.g.−1). Error bars are standard errors calculated across the experiments which varied
widely in their procedures.b. The three components that combine to produce the lag-CRP. The newly learned component, weighted byαN ,
provides a symmetric retrieval cue to the neighbors of the just-recalled item (filled circles). The pre-experimental component, weighted by
αO, provides an asymmetric retrieval cue (open circles). A noise component, weighted byη, does not overlap with the study context of any
of the list items (filled diamonds). The contribution of the noise component has been offset slightly for clarity.c. Best-fitting parameter
values for the three components for younger (filled bars) andolder (open bars) adults. Older adults showed increased noise, consistent with
disrupted associations. However, rather than being distributed evenly across the two beneficial components, the fits toolder adults data
showed a decrease only inαN , accompanied by a small increase inαO.

The three factors in Eq. 4 have different associative prop-
erties. The first two terms are effective cues for nearby items
to the extent that the retrieved context overlaps with those
items’ encoding context (Equation 2). The cue strength to
item j from ti−1 is given by ti−1 · t j−1. Because the dot
product is symmetric,ti−1 provides a symmetric retrieval cue
for the neighbors of itemi (filled circles Figure 1b). The
ability to recoverti−1 when itemi is repeated must mean
that at study the representation of the item in semantic mem-
ory is associated to the current temporal context;ti−1 is re-
ferred to as newly learned context. The contribution ofti−1
is weighted by a coefficientαN . The other component oftIN

r
that facilitates recall of nearby items istIN

i , the input pattern
caused by the repeated item when it was originally presented.
This input pattern persists as part of contextual states that
follow item i (Eq. 1), but was not present before itemi was
presented. This means thattIN

i provides an effective retrieval
cue for items that followed the itemi not those that preceded
it. The result is thattIN

i provides an asymmetric retrieval
cue (open circles Figure 1b). These first two components
were included in previous treatments of TCM (Howard &
Kahana, 2002; Howard et al., 2005); they combine to pro-
vide an asymmetric lag-CRP function with a gradient in the
backward direction.

The third term in Eq 4 is a random noise vector that was
not included in previous treatments of TCM. The dissoci-
ation between recency and lag-recency observed for older
adults (Kahana et al., 2002) could be described by traditional
two-store models as a result of intact short-term store and dis-
rupted transfer to long-term store. Because contextual drift,
which leads to the recency effect and contextual retrieval,
which leads to the lag-recency effect, are so closely related
in TCM (Eq. 1) describing this dissociation is less straight-

forward. To decouple the rate of contextual and associative
effects, we must fix the magnitude oftIN

i (Eq. 4) across age
groups while including a component oftIN

r that is not an ef-
fective retrieval cue. Because the random noise vectornr is
uncorrelated with the contextual states during list presenta-
tion, it will not provide an advantage for neighbors of itemi.
The noise term is weighted by a coefficientη.

Figure 1b summarizes the effect of each of these three
components as a retrieval cue for items neari. The coef-
ficients are manipulated subject to the constraint thattIN is
always of unit magnitude. Across age groups we allow the
weighting on the retrieved noise,η, and the ratio of the two
retrieved context components,αO/αN to vary as free param-
eters.

Modeling the Dissociation
between Recency and

Lag-Recency

We fit the extended version of TCM to experimental data
on recency and lag-recency in young and older adults (Ka-
hana et al., 2002). We simultaneously fit the PFR from im-
mediate recall (Experiment 1 of Kahana et al., 2002) and the
lag-CRP from delayed recall (Experiment 2 of Kahana et al.,
2002). Probability of recall was calculated from the model
activations using the Luce choice rule that has been used in
previous implementations of TCM (e.g. Howard & Kahana,
2002; Howard, 2004).

The Luce choice rule contributes a parameter,τ that con-
trols the sensitivity of the retrieval process. We includeda pa-
rameter that increased the cue strength of the first list itemto
capture subjects’ tendency to occasionally begin recall with
the first list item (the primacy effect, as seen in the PFR).
This primacy parameter was allowed to vary separately for
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Figure 2. Recency and lag-recency in normal aging. a. Probability of first recall (PFR) functions for young and older adults in immediate
and delayed free recall (Experiments 1 and 2 of Kahana et al.,2002). b. Predicted PFR functions for young and older adults in immediate
delayed free recall (fits to the data ina). In this panel, older-adult data have been slightly shifted for clarity. c. Observed and predicted
lag-CRP functions for young and older adults in delayed freerecall. Error bars are 95% confidence intervals. Best-fitting parameter values
wereβ = 0.77 andτ = 0.40.

immediate and delayed free recall, although it was not al-
lowed to vary across age groups. In all, five free parameters
were varied:τ, β controlled the rate of contextual drift (Equa-
tion 1),αN/αO determined the ratio of newly learned to pre-
experimental context intIN

r , andη controlled the amount of
noise in tIN

r (Equation 4). The primacy parameter,β and
τ were fixed across age groups; the other two parameters,
αN/αO andη, were allowed to vary separately for each age
group. A downhill-simplex algorithm was used to search for
the parameter set that minimized theχ2 between observed
and predicted values.

Figure 2 shows PFR and lag-CRP functions for young and
older participants, along with the best fit of TCM to these
data. One can see that young and older adults’ PFR func-
tions are nearly identical in both immediate and delayed free
recall (Figure 2a). As seen by comparing Figures 2a and 2b,
TCM captures the three salient features of the PFR functions:
(1) the pronounced recency effect in immediate free recall,

(2) the elimination of recency in delayed free recall, and (3)
the close correspondence of both these functions across age
groups. The inclusion of a free parameter to describe the pri-
macy effect has, not surprisingly, resulted in a primacy effect
in the model fits that parallels the large primacy effect in de-
layed free recall and the smaller primacy effect in immediate
free recall.

TCM was also successful in simultaneously fitting the
age-related associative deficit in episodic recall (Figure2c).
The fit to the lag-CRP functions was statistically acceptable,
χ2(12) = 18.0, p > 0.1, for young and older adults. Not
surprisingly, the model settled on a fit in which the noise pa-
rameter was larger for older adults than for younger adults
(Figure 1c). Interestingly, however, the best-fitting parame-
ters did not result in a comparable decrease in the values of
αO and αN for older adults. Rather, whileαN decreased,
the value ofαO was actually larger for older adults than
for younger adults. To determine if this differential effect
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of aging onαO andαN was quantitatively reliable, we fit a
control version of the model in which theαN/αO was fixed
across age groups. This control simulation did not provide
an acceptable fit to the lag-CRPs,χ2(13) = 54.3, p < .001.
Moreover, the difference in fit between the models was sig-
nificant, χ2(1) = 36.4, p < .001. We conclude that aging
had a differential effect on the model parameters such that
the associative deficit observed in older adults was solely at-
tributable to a decrement inαN .

General Discussion

We extended TCM to account for the dissociation between
recency and lag-recency in the free recall of older adults. By
allowing the magnitude of the components of retrieved con-
text to vary, TCM provided excellent fits to the both young
and older adults lag-CRP curves. Manipulating the noise pa-
rameter had a dramatic effect on lag-recency while leaving
the recency effect unaffected. The fits argue that the effectof
normal aging in these data is to lower the value ofαN , which
weights the degree of new item-to-context binding. This
component of retrieved context has been hypothesized to de-
pend on hippocampal function (Howard et al., 2005). While
this is not the first paper to attribute the mnemonic deficit
with aging to changes in contextual encoding (e.g. Balota,
Duchek, & Paullin, 1989) the present modeling points to
an extremely specific and subtle disruption in contextual re-
trieval.

The finding of reduced item-context binding in older
adults observed here, coupled with the ample evidence for
disruptions in hippocampal physiology with aging (Rosen-
zweig & Barnes, 2003) suggests that the hippocampus does
play an essential role in binding items to a represenation of
temporal context (Howard et al., 2005). The present results
can be seen as one possible implementation of the associative
deficit hypothesis of normal aging (Naveh-Benjamin, 2000).
Recently Li, Naveh-Benjamin, and Lindenberger (2005) hy-
pothesized that the associative deficit is a consequence of re-
duced input-output gain in older adults. Li et al. (2005) sug-
gested that their manipulation of the gain parameter could
be a proxy for changes in dopaminergic function in the pre-
frontal cortex with aging. Although a discussion of the rela-
tionship between prefrontal and medial temporal physiology
is outside the scope of this article, we simply note here that
the frontal cortex and hippocampus may be closely linked
physiologically (Hyman, Zilli, Paley, & Hasselmo, 2005;
Siapas, Lubenov, & Wilson, 2005); as a consequence, these
hypotheses are not necessarily mutually exclusive.

Although it provides a principled account of lag-recency
effects, the present version of TCM is unable to describe
dissociations between immediate recency (IR) and long-term
recency (LTR) effects. For instance, the latency to recall the
first items is much faster in immediate than in continuous-
distractor free recall (Howard & Kahana, unpublished ob-
servation). A number of other potentially important dis-
tinctions between IR and LTR can be identified, including
changes in the lag-CRP with output position in immediate
recall (Howard & Kahana, 1999), the insensitivity of imme-

diate recency to proactive interference (Murdock, 1962), and
the sensitivity of LTR to proactive interference (Davelaar,
Goshen-Gottstein, Ashkenazi, & Usher, 2005).

The differences between IR and LTR effects motivate the
theoretical position that attributes IR to rapid recovery of in-
formation from STS and LTR to a gradually changing con-
textual cue, not unlike the temporal context vector in TCM.
Davelaar et al. (2005) proposed such a model, in which
IR reflected retrieval from STS, and LTR reflected context-
mediated retrieval from LTS. Whereas previous two store
models (Raaijmakers & Shiffrin, 1980; Kahana, 1996) de-
scribed lag-recency as a consequence of interitem associa-
tions formed between items coactive in STS, Davelaar et al.
(2005) used a time-varying context signal to model the lag-
recency effect.

TCM embodies the distinction between activity-based
memory (corresponding to STS) and weight-based memory
(corresponding to LTS) that is central to dual-store modelsof
episodic memory. The current state ofti is an activity-based
memory. Input patterns are turned on when the correspond-
ing item is presented. These input patterns then decay grad-
ually as new information is presented. As these patterns de-
cay, information is lost. However, unlike two-store models,
the activity-based memory in TCM decays gradually rather
than in an all-or-none fashion. The matrixMT F is a weight-
based memory system that persists over time. TCM also has
a built-in distinction between IR and LTR effects. Although
the relative differences in the activation of list items is sim-
ilar in immediate and continuous-distractor free recall, the
absolute level of activation is very different across the con-
ditions. Perhaps the Luce choice rule can be replaced by a
more detailed model of the dynamics that lead to recall of an
item given a set of activations as described by TCM.

In summary, we extended the temporal context model
(Howard & Kahana, 2002; Howard et al., 2005) to account
for the dissociation between recency and lag-recency ob-
served with normal aging (Kahana et al., 2002). We found
that the model was able to successfully account for the dis-
sociation between recency and lag-recency. Lag-CRP curves
from younger and older adults were well fit quantitatively by
the model. The results of this modeling effort argued that
normal aging has a differential effect on the components of
contextual retrieval, such that normal aging is associatedwith
a decrease in the ability for items recover the temporal con-
text in which they were encoded, a function that has been
hypothesized to depend on the hippocampus proper (Howard
et al., 2005). The differential effect of aging validates the
distinction between the two components of retrieved context
postulated by TCM.
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