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a b s t r a c t
The response-signal speed–accuracy trade-off (SAT) procedure was used to provide an indepth investigation of the impact of aging on the dynamics of short-term memory retrieval.
Young and older adults studied sequentially presented 3-item lists, immediately followed by
a recognition probe. Analyses of composite list and serial position SAT functions found no differences in overall accuracy, but indicated slower retrieval speed for older adults. Analysis of
false alarms to recent negatives (lures from the previous study list) revealed no differences in
the timing or magnitude of early false alarms that are thought to reﬂect familiarity-based
judgments. However, onset and accrual of recollective processing required for resolving
interference was slower for older adults. These ﬁndings suggest that older adults have a
selective impairment on controlled and recollective retrieval operations, and further specify
this impairment to arise primarily from delayed onset of cognitive control potentially coupled with reduced availability of recollective information.
Ó 2012 Elsevier Inc. All rights reserved.

Introduction
It is widely recognized that aging results in deﬁcits in
memory functioning in a variety of cognitive tasks (reviewed in Salthouse, 2011). However, the nature of the
mechanisms that lead to these age-related deﬁcits remains
controversial.
A large body of work indicates that aging might differentially affect controlled processing (Hay & Jacoby, 1999;
Jacoby, Debner, & Hay, 2001), such as elaborative encoding
and strategic retrieval during memory processing (e.g.,
Benjamin & Ross, 2008; Kester, Benjamin, Castel, & Craik,
2003). Alternatively, it is possible that aging results in a
global cognitive decline (e.g. Benjamin, 2008; Craik & Byrd,
1982; Hasher & Zacks, 1979), such as a decline in processing speed (Salthouse, 1996). Accordingly, empirical

dissociations may reﬂect factors other than a selective
sparing or impairment of individual processes.
The two alternative explanations differ in terms of their
predictions regarding contributions of automatic and controlled processes to memory performance in young and
older adults. Most empirical tasks use overall accuracy or
reaction time as dependent measures, and hence cannot
separately estimate the contributions of automatic and
controlled processes to memory judgments. Thus, it is not
clear whether the reported deﬁcits are selective to controlled processing in the elderly or reﬂect a general deﬁcit
affecting both automatic and controlled processing, as
would be predicted by a global deﬁcit model. The present
study attempts to adjudicate between automatic and controlled memory processing by employing the responsedeadline speed–accuracy trade-off (SAT) procedure.
Response-deadline speed–accuracy trade-off (SAT) procedure
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The SAT procedure has been used to independently
measure the accuracy and speed of processing in a wide
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range of cognitive processes, including automatic and controlled memory processing (e.g., Benjamin & Bjork, 2001;
Hintzman & Curran, 1994; McElree & Dosher, 1989;
Wickelgren, Corbett, & Dosher, 1980; Öztekin & McElree,
2007, 2010). An important advantage of SAT over traditional paradigms is that it provides conjoint measures of
the accuracy and the speed of processing, independent of
each other. This is in contrast to response time (RT) measures derived from traditional tasks, which cannot provide
pure measures of processing speed because they are subject to speed–accuracy trade-offs (McElree, 2006).
Previous research has provided insight into the speed
accuracy trade off problem with respect to aging (e.g., see
Laver, 2000; Ratcliff, 2008; Smith & Brewer, 1995; Starns
& Ratcliff, 2010). Speciﬁcally, older adults are more reluctant to make errors compared to young adults, leading
them to adapt different response thresholds, and as a consequence slower response times compared to young
adults. Recent work has further identiﬁed neural pathways
indicative of this bias (e.g., Fortsmann et al., 2011). The response-deadline SAT procedure is one way researchers can
overcome the speed accuracy tradeoff confound, and obtain separate estimates of the speed and level of retrieval
across consecutive moments during retrieval. A further
advantage of the SAT procedure is that sampling the full
time-course of retrieval allows independently probing
automatic versus controlled operations, as the output of
automatic operations have typically been observed to be
available before the output of controlled operations across
a wide range of tasks (e.g., Hintzman & Curran, 1994;
McElree, Dolan, & Jacoby, 1999; McElree & Dosher, 1989;
Öztekin & McElree, 2007, 2010; Yonelinas, 2002). Accordingly, the SAT procedure enables independent estimation
of both the timing and magnitude of the output of these
processes via quantitative modeling routines.
In SAT, participants are cued to respond to a response
signal (a tone) presented at one of several (typically 6–7)
times ranging from about 60 to 3000 ms after the onset
of the probe. The time of the response signal is random
on any trial, and participants are trained to respond within
100–300 ms of the tone. Varying the response signal across
this range of times allows one to measure the full timecourse of retrieval. Accordingly, one is able to construct a
retrieval function that plots accuracy as a function of processing time, for each condition of interest across each
individual participant (see Fig. 1).
As retrieval time progresses, SAT retrieval functions
typically show an early period of chance performance, followed by a period of rapid increase in accuracy, and ﬁnally
an asymptote, where additional retrieval time does not improve accuracy (shown in Fig. 1A). The shape of the functions is usually well ﬁt by an exponential approach to a
limit. Three parameters describe these functions: (a) an
asymptote, reﬂecting overall limitations of memory, (b)
an intercept, indicating the point in time at which performance departs from chance, and (c) a rate of rise from
chance, reﬂecting retrieval speed. The asymptote parameter indicates the probability of successful retrieval, while
the intercept and the rate parameters jointly constitute retrieval speed measures.

Fig. 1. Illustration of hypothetical SAT functions. (a) An example SAT
function that shows how accuracy (in d0 units) grows over processing
time (in seconds). The SAT curve reﬂects three phases: A period where
performance is at chance (the departing point in time from chance is
marked by the intercept parameter), followed by a period of information
accrual (the rise of this information accumulation is reﬂected by the rate
parameter of the SAT function), and following this period, the maximum
level of accuracy is reached, where performance does not improve any
more (the asymptote parameter of the SAT function) and (b) examples of
two SAT functions that illustrate differences in retrieval success versus
retrieval speed. Both panels indicate accuracy measured (in d0 units)
plotted against total processing time (in seconds). The top panel shows a
case where two experimental conditions differ in probability of retrieval
alone (e.g. a manipulation that affects memory strength alone). This
difference is reﬂected in the asymptote parameter of the SAT function (i.e.
condition X has a higher asymptote than condition Y), but both conditions
have same retrieval speed measures (i.e. same intercept—the point in
time where performance departs from chance, and same rate—that
reﬂects the rate of information accrual). The bottom panel on the other
hand illustrates a hypothetical case, where two experimental conditions
differ in retrieval speed measures, displaying disproportional dynamics.

Current study
In this study, we employed the response-deadline SAT
procedure in order to measure the impact of aging on automatic and controlled processes during memory retrieval.
We sought to achieve two goals. First, as SAT allows the
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independent assessment of retrieval success and retrieval
speed, we assessed differences between young adults
(YAs) and older adults (OAs) in these components of performance during a short-term recognition task. Second,
we investigated how the contributions of automatic and
controlled processes to memory performance differ across
YA and OA by manipulating interference during memory
retrieval in a widely-used recent negative probe task
(Monsell, 1978). Previous studies investigating the timecourse of responses in this task (e.g., Hintzman & Curran,
1994; McElree & Dosher, 1989; Öztekin & McElree, 2007,
2010) have indicated higher false alarm rates for a recent
negative (RN) compared to a nonrecent, distant negative
(DN) probe. However, this high false alarm rate gradually
diminishes later in retrieval, as participants are able to recover diagnostic details from memory. This nonmonotonic
function is thought to reﬂect that the automatic assessments of familiarity engender high levels of false alarms
early in retrieval, which are then attenuated later in retrieval with the engagement of controlled, strategic retrieval
operations that access detailed episodic information from
memory (e.g., Hintzman & Curran, 1994; McElree &
Dosher, 1989; Öztekin & McElree, 2007, 2010). If aging
selectively impacts controlled processing, we should see
differences only in later phases of retrieval. On the other
hand, if aging results in a global deﬁcit affecting both automatic and controlled operations, we should see differences
in early phases as well.

Methods
Participants
Eleven YA (age range 18–26, mean age 20.64, average
education 14 years), and 11 OA (age range 60–74, mean
age 67.72, average education 15 years) participated in the
study. Participants were screened for use of CNS affecting
drugs, for psychiatric and neurological conditions, and for
their general health.

Design and stimuli
The experiment consisted of three sessions, containing
eight blocks of 84 trials each, in which participants studied
a 3-item list and were cued to respond to a recognition
probe following a brief visual mask (Fig. 2). The ﬁrst session served as practice and was excluded from analysis.
Stimuli consisted of a thousand high frequency words
from the Toronto Noun Pool (Friendly, Franklin, Hoffman,
& Rubin, 1982). A study list was constructed by randomly
selecting (without replacement within a trial) three words
from the word pool. A study word was repeated for a maximum of three times across the entire experiment. Half the
probes consisted of targets, drawn from one of the three serial positions (SPs). Half the probes consisted of lures, consisting of recent negatives (RNs), lures drawn from the
studied words of the preceding trial, and distant negatives
(DNs); lures that had not been presented for at least 250
trials.
Procedure
Fig. 2 illustrates the sequence of events in a single trial:
Three study words were presented for 500 ms each. Then,
a visual mask consisting of non-letter symbols was presented for 500 ms. Next, the recognition probe was presented for the duration of the response-deadline. At 60,
200, 300, 500, 800, 1500, 3000 ms after the onset of the recognition probe, a 50-ms tone sounded to cue the participants to respond. Participants were trained to respond
within 300 ms of the tone, and informed that responses
longer than 300 ms were too slow. Responses faster than
100 ms, and responses longer than 600 ms were excluded
from analyses.
Model ﬁtting routine
Each participant’s hit rates were scaled against the false
alarm (FA) rates to DNs to obtain (equal-variance Gaussian)
d0 measures. We estimated the full-time course of retrieval
by ﬁtting each individual participants’ data as well as the
average group data for OA and YA with an exponential approach to a limit (Dosher, 1981; McElree & Dosher, 1989,
1993; Wickelgren et al., 1980; Öztekin & McElree, 2007,
2010):
0

d ðtÞ ¼ lð1  ebðtdÞ Þ; t > d;
0

Fig. 2. A sample trial sequence from the experimental procedure.

else 0:

ð1Þ
0

In Eq. (1), d (t) is the predicted d at time t; l is the
asymptotic accuracy level reﬂecting the overall probability
of recognition; d is the intercept reﬂecting the discrete
point in time when accuracy departs from chance; b is
the rate parameter, which indexes the speed at which
accuracy grows from chance to asymptote.
The quality of the model ﬁts were assessed by: (a) The
value of an adjusted R2 statistic (Reed, 1973); (b) the consistency of parameter estimates across participants; (c)
evaluation of whether the ﬁt yielded systematic deviations
that could be accounted for by additional parameters.
These latter two metrics were assessed by statistical tests
conducted on the parameter estimates derived from the
model ﬁts across participants.
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Results
Retrieval dynamics within lists
SAT functions in both groups exhibited similar dynamics of retrieval as a function of SP. SAT functions for the 3
SPs were ﬁt with sets of nested models that systematically
varied the three parameters in Eq. (1). These models ranged from a null model in which all functions were ﬁt with
a single asymptote (l), rate (b), and intercept (d) across SPs,
to a fully saturated model in which each SP function was ﬁt
with a unique asymptote (l), rate (b), and intercept (d). The
best-ﬁtting model (termed the 3l–2b–1d model) allocated
a separate asymptote (l) to each SP, one rate (b) for SPs
1–2, another rate (b) for SP 3 (the most recently studied
item), and a common intercept (d) for all the three SPs.
Including a separate rate for the last SP signiﬁcantly increased adjusted-R2 value compared to a model with only
one rate across SPs [t(21) = 2.94, p < .008]. The rate for the
last SP was faster than the previous two SPs in both OA
[t(10) = 2.63, p < .025 Hedges’s g = .89, Bayes factor
(Rouder, Speckman, Sun, Morey, & Iverson, 2009) = .26]
and YA [t(10) = 2.83, p < .018, g = .87, Bayes factor = .19].
A distinct and faster rate parameter for the last item suggests that the most recent item beneﬁts from a privileged
state in the focus of attention, replicating prior work
(McElree & Dosher, 1989, 1993; Öztekin & McElree, 2007,
2010; Wickelgren et al., 1980) and extending this phenomenon to OA.
Age related differences in retrieval dynamics, in the absence of
interference
We next tested overall group differences collapsed
across SPs in terminal accuracy and retrieval speed for the
targets (Fig. 3 and Tables 1A and 1B).1 The two groups were
comparable in their maximum level of accuracy achieved.
The average asymptote (l) parameters derived from the average model ﬁts were 3.65 and 3.63 respectively for YA and OA
and did not differ between groups (t = .05). Likewise, the
intercept (d) parameter did not differ across the two groups
[t = .07]. However, the two groups did differ in retrieval
speed (Fig. 3). Speciﬁcally, OA had a slower rate (b) than YA
[t(20) = 2.75, p < .012, g = 1.13, Bayes factor = .16].
Importantly, age difference in rate of information accrual
was selective to the ﬁrst two SPs (Fig. 4 and Tables 2A and
2B). SP was modeled using the 3l–2b–1d model described
above. Between-group comparison of the asymptote (l)
parameter did not reveal a reliable difference for any of
the three SPs [SP 1, t = .007; SP2, t = .53; SP3, t = .84].
However, OA had a slower rate (b) parameter compared to
1
Note that the ﬁrst observation collected for older adults comes later in
time compared to the young adult group. That is, although the deadlines
are given at the same offsets for each participant, older adults are slower.
The ﬁtting routine estimates the full time-course of the retrieval function
assuming an exponential approach to a limit as noted on Eq. (1). To the
degree that information accrual for older adults follows a pattern consistent
with this exponential approach, the model can accurately estimate the
retrieval dynamics. However, violations of this assumption could potentially affect the estimation of the intercept and perhaps the rate parameters
for older adults.

YA for SPs 1–2 [t(20) = 2.27; p < .035, g = .93, Bayes factor = .35]. By contrast, the rate (b) parameter for SP 3, the
most recently studied item did not differ between the two
groups [t = 1.45]. Hence, impact of aging on retrieval speed
was evident for items that need to be accessed from memory, but not to the contents of focal attention. However, this
result should be interpreted with caution. Speciﬁcally, it is
possible that a difference might emerge with larger samples
(see Salthouse (2000) for a discussion).
Age related differences in interference resolution
In order to investigate the impact of aging on interference resolution, we analyzed FA rates to RN and DNs. In
general, FA rates declined with longer response deadlines
for both RN [F(6120) = 19.87, p < .001] and DN [F(6120) =
22.41, p < .001]. For RNs, OA exhibited marginally higher
FA rates than YA across response deadlines [F(1, 20) =
3.97, p < .060]. A comparable group effect was not evident
for DNs. In addition, collapsing over groups, there was a
signiﬁcant probe (RN versus DN)  response-deadline
interaction [F(6126) = 5.12, p < .01]. That is, participants
had a higher tendency to false alarm more to RNs early
in retrieval, but this difference diminished later in retrieval. We further investigate this interaction below.
In order to assess group differences in susceptibility to
item familiarity during interference conditions, we computed the difference in FA scores between RN and DN probes
at each of the response-deadlines. This measure allowed an
unbiased measure of performance by factoring out participants’ bias to judge an item as a member of the study list
(e.g., tendency to respond yes more often than no, regardless
of the type of test probe).
Fig. 5 plots the FA difference scores for the average OA
and YA data. Due to the FA difference scaling, higher scores
indicate a higher tendency to false alarm to RNs. For both
groups, the FA difference scores increase early in retrieval
and then diminish later in retrieval. This nonmonotonic
pattern indicates that the information basis for the recognition memory judgments has shifted across retrieval and
is consistent with predictions of dual-process theories of
recognition memory: The early high FA rates indicate the
contribution of familiarity (because the RN has been studied on the previous trial, it has high residual familiarity
compared to the DN) or stimulus identiﬁcation. The observed reduction in FA rates later in retrieval suggests
the accrual of new information that contributes to the recognition judgments, presumably reﬂecting source or listspeciﬁc information recovered by a recollective process
(e.g., the fact that the RN probe was studied on previous
trial, or that it was not a member of the current study list).
Below, we statistically assess these differences with a
quantitative two-process model.
We ﬁt the FA difference scores with a two-process retrieval model that explicitly assumes that retrieval shifts
from one source of information to another source across
processing time (McElree & Dosher, 1989; Ratcliff, 1980):
FAdiff ðtÞ ¼

l1 ð1  ebðtd1Þ Þ;
for d1 < t < d2
l2 þ ðl1  l2 Þðd2  d1 Þ=ðt  d1 Þ  ð1  ebðtd1Þ Þ; for t P d2
ð2Þ
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Fig. 3. Illustration of composite list SAT functions and model ﬁts. Accuracy (in d0 units) for composite list (averaged over serial position of the test probe)
SAT functions plotted against total processing time (duration of the response deadline plus latency in seconds) for the average OA and YA groups. The
symbols indicate empirical data points, and the smooth lines indicate the model ﬁts derived from Eq. (1). Error bars indicate 95% conﬁdence intervals. Note:
aveOA = average older adult group; aveYA = average young adult group.

Table 1A
Parameter estimates from the composite list ﬁt for young adults.
P

l
b
d
R2

Ave

3.65
7.52
.322
.981

Participant
1

2

3

4

5

6

7

8

9

10

11

2.82
4.12
.338
.826

3.86
9.59
.397
.938

4.14
12.18
.340
.926

3.98
14.73
.346
.996

3.35
16.93
.388
.805

3.69
10.89
.405
.981

2.91
7.55
.373
.977

3.74
4.43
.244
.840

3.79
26.32
.408
.982

4.11
20.25
.317
.991

3.99
14.50
.410
.970

Note: P = Parameter. Ave = Average. Average parameters are based on data averaged over participants.

Table 1B
Parameter estimates from the composite list ﬁt for older adults.
P

l
b
d
R2

Ave

3.63
5.86
.374
.972

Participant
1

2

3

4

5

6

7

8

9

10

11

2.87
4.10
.404
.872

3.68
7.38
.433
.805

4.12
7.01
.277
.967

4.05
6.94
.290
.628

3.92
6.01
.428
.761

3.73
4.14
.374
.951

3.86
5.04
.406
.908

3.62
9.11
.418
.874

3.27
4.45
.398
.960

3.61
4.52
.233
.624

3.56
15.0
.325
.471

Note: P = Parameter. Ave = Average. Average parameters are based on data averaged over participants.

Eq. (2) states that during the initial retrieval period
(d1 < t < d2), accuracy depends on accrual of one type of
information, such as familiarity information, or stimulus/
item identity. During this initial period, accuracy is modeled by the top portion of Eq. (2), a simple exponential approach to an asymptote (l1). At time d2, a second source of
information starts to contribute to the recognition memory
judgments, arising from the output from a second process,
such as a controlled retrieval operation that accesses
detailed episodic information (e.g. source memory). The
accrual of this second type of information leads to the
change in retrieval, shifting the asymptote from l1 to l2.
The bottom portion of Eq. (2) states that response accuracy
gradually shifts to the new asymptote (l2) starting at time
d2.
We should note that the two processes noted in the
model presented in Eq. (2) are intended to independently
assess the recovery of information through an automatic

versus a controlled retrieval operation, and need not be
equivalent to familiarity versus recollection. Although the
notion of a fast/automatic familiarity assessment (or a
component of stimulus/item identiﬁcation that could lead
to an increase in false alarm rates) is consistent with dualprocess theories of recognition (e.g., see Yonelinas (2002)
for review), the slower controlled component might not
necessarily equal general recollection, but could also reﬂect the independent accrual of diagnostic episodic information (e.g. source information) that can aid the
successful resolution of interference. The slower accrual
of this diagnostic episodic information can overrule the
contribution of the fast/automatic assessments (independent of whether the automatic process has reached completion), leading to the nonmonotonic pattern observed
in the data.
An independent-samples t-test comparison across OA
and YA indicated that neither the familiarity asymptote
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Fig. 4. Illustration of serial position SAT functions and model ﬁts. Accuracy (in d0 units) for each serial position plotted against total processing time
(duration of the response deadline plus latency in seconds) for the average OA and YA groups. The symbols indicate empirical data points, and the smooth
lines indicate the model ﬁts derived from Eq. (1). Error bars indicate 95% conﬁdence intervals. Note: SP = serial position; aveOA = older adult group;
aveYA = young adult group.

Table 2A
Parameter estimates from the serial position ﬁts for young adults.
P

Ave

Participant
1

2

3

4

5

6

7

8

9

10

11

l1
l2
l3
b1
b2
d
R2

3.60
3.65
3.83
6.29
9.50
.321
.970

2.22
2.72
3.48
6.55
3.76
.376
.811

3.67
4.03
3.78
8.76
22.03
.405
.925

4.27
4.09
4.10
9.80
15.86
.335
.900

4.10
3.80
4.07
11.60
28.23
.349
.964

3.36
3.26
3.51
9.30
31.57
.374
.744

3.41
3.67
4.05
8.12
20.80
.407
.890

2.58
3.02
3.14
6.44
10.35
.371
.969

3.69
3.85
3.72
3.89
5.76
.244
.790

3.90
3.45
4.08
18.87
47.74
.405
.932

4.10
4.09
4.14
22.56
16.61
.317
.968

4.16
4.02
4.19
4.54
7.85
.327
.872

Note: P = Parameter. Ave = Average. SP = Serial position. Average parameters are based on data averaged over participants.

Table 2B
Parameter estimates from the serial position ﬁts for older adults.
P

l1
l2
l3
b1
b2
d
R2

Ave

3.56
3.68
3.65
5.10
8.01
.374
.955

Participant
1

2

3

4

5

6

7

8

9

10

11

3.00
2.80
2.85
3.59
4.71
.397
.765

3.65
3.77
3.64
5.38
9.54
.414
.736

4.05
4.20
4.09
7.95
35.0
.366
.872

4.06
4.14
3.97
5.07
17.22
.243
.485

3.75
3.90
4.12
5.39
7.24
.426
.703

3.36
3.84
4.04
3.48
4.72
.363
.915

3.66
3.81
4.12
4.35
5.93
.394
.832

3.58
3.78
3.45
7.70
21.0
.472
.832

3.51
3.69
2.72
3.64
6.81
.399
.915

3.39
3.51
3.95
3.65
5.78
.200
.297

3.45
3.60
3.61
12.23
15.00
.272
.261

Note: P = Parameter. Ave = Average. SP = Serial position. Average parameters are based on data averaged over participants.

(l1) nor the familiarity intercept (d1) estimates differed
across the two groups (l1, t = .99; d1, t = 1.55), suggesting

that OA and YA groups did not differ in either the point
in time when they began to false alarm more to RNs than
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FA difference (RN−DN)
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Fig. 5. Difference in false alarm rates across the recent and distant negative probes plotted against total processing time (duration of the response deadline
plus latency in seconds) for the average OA and YA groups. The symbols indicate empirical data points, and the smooth lines indicate the model ﬁt derived
from Eq. (2). Error bars indicate 95% conﬁdence intervals. Note: RN = recent negative; DN = distant negative; aveOA = average older adult group;
aveYA = average young adult group.

speciﬁc episodic information, was lower for OA (.06 on
the average OA data) compared to YA (.01 on the average
YA data) [t(20) = 2.58, p < .018, g = 1.06, Bayes factor = .21].
This difference in terminal accuracy suggests that the
availability of task-relevant recollective information in
memory might be less for OA compared to YA, or that
the controlled retrieval operation that accesses recollective
information from memory had not been completed for OA
even by the longest interruption lag (approximately 3.2 s).
However, a comparison between the last two interruption
lags indicates no measurable difference [t = .30], and thus
does not support this second account.
Despite the late engagement of the controlled recollective operations in OA, the overall decrease in FA rates between the groups was comparable. Speciﬁcally, the
change in FA difference was computed from the onset of

DNs or the degree to which they false alarmed to the two
probe types early in retrieval (see Tables 3A and 3B for
parameter estimates).
By contrast, there was a reliable age difference in the
timing of when detailed episodic information began to accrue (d2). The d2 intercept parameter was signiﬁcantly
slower for OA compared to YA [t(20) = 2.24, p < .036,
g = .92, Bayes factor = .36], with a reliable parameter (d1
versus d2) by group interaction [F(1, 20) = 5.38, p < .03]. In
the average data, d2 estimates were 884 ms for OA and
496 ms for YA, suggesting that the accumulation of detailed episodic information, presumably recovered by controlled retrieval operations, might onset and/or begin to
inﬂuence performance later in time compared to YA. In
addition, the l2 asymptote parameter, reﬂecting the maximum level of accuracy reached after the accumulation of
Table 3A
Parameter estimates from the two-process model ﬁts for young adults.
P

l1
l2
b
d1
d2
R2

Ave

.13
.01
8.37
.319
.496
.995

Participant
1

2

3

4

5

6

7

8

9

10

11

.22
.01
5.28
.348
.518
.903

.17
.01
5.35
.306
.498
.953

.14
.01
13.34
.329
.430
.994

.35
.01
9.58
.297
.305
.996

.15
.01
19.99
.384
.528
.978

.19
.01
16.61
.407
.617
.974

.25
.01
8.35
.364
.527
.984

.09
.01
5.14
.265
.428
.977

.10
.03
18.58
.375
.999
.994

.01
.01
20.0
.305
.300
.996

.35
.01
6.29
.320
.347
.964

Note: P = Parameter. Ave = Average. SP = Serial position. Average parameters are based on data averaged over participants.

Table 3B
Parameter estimates from the two-process model ﬁts for older adults.
P

Ave

l1
l2
b
d1
d2
R2

.17
.06
5.81
.338
.884
.996

Participant
1

2

3

4

5

6

7

8

9

10

11

.11
.07
4.07
.307
.805
.965

.35
.03
12.45
.443
.526
.937

.28
.01
6.45
.189
.300
.994

.19
.010
19.99
.100
1.34
.978

.17
.01
3.11
.113
.998
.925

.15
.06
4.96
.333
.659
.965

.35
.05
8.94
.424
.557
.942

.03
.12
6.07
.299
.537
.975

.32
.01
6.45
.398
1.00
.965

.22
.10
6.35
.297
.617
.970

.35
.30
19.99
.100
2.00
.841

Note: P = Parameter. Ave = Average. SP = Serial position. Average parameters are based on data averaged over participants.
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interference resolution in each group, deﬁned as the deadline closest to d2, to the longest interruption lag. This
change in FA rates did not differ between the two groups
(t = .16), even when controlling for amount of time spent
resolving interference (i.e., adjusting for the earlier onset
of YA; t = 1.13). However, this null result could be due to
a ﬂoor effect in the YA (who fully resolve interference by
the longest lag), and should be interpreted with caution.
Discussion
Here, we evaluated age related changes in the dynamics
of memory retrieval. Employing the SAT procedure enabled
us to derive unbiased and independent estimates of agerelated differences in overall accuracy and the speed with
which information is accessed from memory. In addition,
through an interference manipulation, we were able to distinguish age-related changes in automatic versus controlled
processing during memory retrieval. Results suggest that
older adults are comparable to young adults when retrieval
is automatic and cue driven, and further, can overcome
limitations in retrieval by maintaining an item in focal
attention. However, in contexts where information must
be brought back to mind in a more controlled/strategic
way, such as when it has dropped from the focus of attention
or must be retrieved/selected in the presence of familiarityinduced interference, older adults have difﬁculty, being
slower to engage necessary control mechanisms to aid
memory performance.
Age related differences in short-term item recognition
In the absence of interference, SAT functions did not differ between the two age groups in terms of overall accuracy for studied items. Nevertheless, older adults
exhibited slower access speed. Because both familiarity
and recollective information could contribute to the responses for studied items, this rate difference could stem
from differences in automatic information recovery, strategic access and evaluation of remembered information, or
both. However, based on the selective impact of aging on
recollective controlled processes during interference resolution (discussed below), the decline in retrieval speed
for studied items might primarily reﬂect a difference in
the application of controlled processing at retrieval. Nonetheless, we should stress that the contribution of automatic and controlled processing cannot be independently
assessed and estimated in the absence of interference,
and thus the false alarm analyses during interference resolution (discussed below) provides a more diagnostic interpretation of the data as it allows independent assessments
regarding the contribution of automatic and controlled
processing.
A potential concern with respect to the observed difference across the two groups could be that the response signal itself may be contributing to a difference in addition to
the actual experimental manipulations employed. That is,
older adults might simply be performing worse because
of the additional demand of having to respond to a cue that
comes at an unpredictable point in time. However, we

believe this concern is eliminated by the nonmonotonic
pattern observed in the false alarm data (discussed further
below). Speciﬁcally, the evident interaction between performance and the duration of the response deadline rules
out a potential explanation of the data to solely arise from
employing a cue to signal participants to respond.
Effects of aging on interference resolution
Previous work has indicated that older adults are particularly impaired when conscious or controlled processing is
required (e.g., Benjamin & Ross, 2008; Hay & Jacoby, 1999;
Jacoby et al., 2001), including in the presence of interference (e.g., Bowles & Salthouse, 2003; Emery, Hale, &
Myerson, 2008; Ikier, Yang, & Hasher, 2008; Jonides et al.,
2000) and switching attention, such as during the n-back
task (Schmiedek & Lindenberger, 2009; Verhaeghen &
Basak, 2005; Verhaeghen & Cerella, 2002; Verhaeghen,
Cerella, & Basak, 2006). However, there remains some debate as to whether this represents a deﬁcit of degree,
whereby older adults have general cognitive or memory
impairments, which are also present during automatic retrieval but are compounded when retrieval becomes effortful (e.g., Benjamin, 2008), or alternatively, that deﬁcits in
memory arise from a selective impairment when cognitive
control is required (e.g., Jacoby et al., 2001).
Our data indicate that older and young adults do not
differ in the magnitude or timing of early, familiarity-based
responses, and so ﬁnd no measurable impact of aging on
this type of automatic, obligatory retrieval. In contrast,
FA rates differ substantially later in retrieval, when participants must engage in controlled, recollective operations in
order to resolve interference. Thus, the current data provide evidence for a selective aging deﬁcit on controlled
memory processes, speciﬁcally. However, we should stress
the fact that this was the case during resolution of interference in the current paradigm. The notion that automatic
processes are typically available and contribute to memory
performance earlier than controlled, recollective processes
may not generalize to all contexts. However, the nonmonotonic pattern observed in our current data set allowed us
to independently estimate the contributions of the two
processes in the current study.
Notably, the point at which participants began to correct their FA rates to RNs came considerably later in time
for older compared to young adults. There are at least
two accounts of this delay. First, older adults might be
slower in engaging in controlled retrieval or selection of
relevant episodic information to counteract the misleading
effects of high familiarity associated with RNs. From this
perspective, discriminating which list a familiar item came
from requires recollecting diagnostic details from the
encoding event. Older adults may be slower to engage this
controlled retrieval and/or selection process. As a consequence, they allow irrelevant information more time to
build up than young adults resulting in relatively more
interference to resolve. Alternatively, older adults may take
longer to shift their memory criteria away from familiarity-based information to more diagnostic, recollective
information. In other words, the delayed onset of interference resolution could reﬂect perseveration on the wrong
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criterion. In this case, participants primarily rely on familiarity to drive responding, but in cases where familiarity is
misleading, such as for RNs, it is necessary to shift criteria
to more diagnostic, recollective information, and older
adults take longer to make this shift.
In general, previous work investigating proactive interference during short-term item recognition have highlighted both of these potential mechanisms (Badre &
Wagner, 2005; Jonides & Nee, 2006). Neuroimaging studies
have repeatedly observed activation in left ventrolateral
prefrontal cortex (lVLPFC) under conditions of proactive
interference (Badre & Wagner, 2005; Bunge, Ochsner,
Desmond, Glover, & Gabrielli, 2001; Jonides, Smith,
Marshuetz, & Koeppe, 1998; Öztekin & Badre, 2011; Öztekin,
Curtis, & McElree, 2009). And, lVLPFC appears to be crucial
for resolution of the interference, as disruption of lVLPFC,
either due to stroke (Thompson-Schill et al., 2002) or
transcranial magnetic stimulation (Feredoes & Postle,
2010; Feredoes, Tononi, & Postle, 2006), results in greater
vulnerability to interference. These effects have been
related to both episodic recollection and shifts in memory
criteria (Badre & Wagner, 2005; Jonides & Nee, 2006) and
are consistent with a broader role of lVLPFC in the cognitive
control of memory (Badre & Wagner, 2007).
PFC in general, including lVLPFC, is known to undergo
changes during aging (Cabeza, Nyberg, & Park, 2004), and
functional neuroimaging has repeatedly observed differences in PFC function (e.g., Ryma & D’Esposito, 2000). Furthermore, deﬁcits in proactive interference resolution in
older adults have been associated with decreased
activation in lVLPFC speciﬁcally (Cabeza, Anderson, Houle,
Mangels, & Nyberg, 2000; Jonides et al., 2000). Thus, the
present results build on these ﬁndings to suggest that this
functional deﬁcit may express itself, at least partly, in a
slowed onset of control relative to younger adults.
Regardless of the source of the delayed onset of interference resolution, the consequence of this delay is that
substantially more irrelevant information has the opportunity to build up in older adults before they begin resolving
it, setting them a more difﬁcult task of interference resolution. Thus, a key question is whether widely observed age
differences in memory generally and in interference resolution speciﬁcally, are primarily accounted for by this slowed onset of control. In other words, the application of
cognitive control itself is comparable across the two
groups, but older adults start from a worse baseline because of their delayed onset, and so perform worse. Or,
alternatively, older adults not only face higher baseline
interference but also lack resources to resolve it. The present data set is not conclusive on this point, but does provide some intriguing clues from both perspectives.
There was a reliable age difference in the RN–DN difference in FA rates at the longest deadline (l2 from Eq. (2)),
and these terminal rates were asymptotic. One interpretation of these observations is that this terminal FA effect
stems entirely from the initial difference in the baseline level of interference. In concrete terms, due to their delay,
older adults have greater interference to resolve than
young adults, and so completely resolving this interference, as the young adults do, is not possible. Perhaps consistent with this hypothesis, the change in FA rate
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difference over time did not differ across the two groups.
However, this null difference in rate may simply be a function of a ﬂoor effect for young adults, who have had sufﬁcient opportunity to fully resolve interference by the
longest deadline. Thus, another possibility is that older
adults differ in the availability of recollective information
needed to resolve interference and/or are limited in the degree to which they can effectively apply control to resolve
interference. Along with the already noted age differences
in PFC structure and function, a selective reduction in the
availability of recollective information with aging is consistent with observed changes in hippocampal functioning
during encoding and retrieval, and the coupling of reduced
activation in this region with reduced recollection accuracy
(e.g., Daselaar, Veltman, Rombouts, Raaijmakers, & Jonker,
2003; Gutchess et al., 2005; Mitchell, Johnson, Raye, &
D’Esposito, 2000).
In conclusion, the present study demonstrates that older adults are impaired when controlled, recollective processes are required for memory performance, but show
little difference in automatic, familiarity-driven retrieval.
Moreover, at least one component of this deﬁcit arises
from a delayed onset of control and so a greater baseline
level of interference relative to young adults.
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