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Visual short term memory (STM) declines as people get older, but the nature of this deterioration is not
well understood. We tested 139 healthy subjects (19—83 years) who were first required to identify a
previously seen object and then report its location using a touchscreen. Results demonstrated an
age-related decline in both object identification and localization. Deterioration in localization perfor-
mance was apparent even when only 1 item had to be remembered, worsening disproportionately with
increasing memory load. Thus, age-dependent memory degradation cannot be explained ssimply by a
decrease in the number of items that can be held in visual STM but rather by the precision with which
they are recalled. More important, there was no evidence for a significant decrease in object-location
binding with increasing age. Thus, although precision for object identity and location declines with age,
the ability to associate object identity to its location seems to remain unimpaired. Asit has been reported
that binding deficits in STM might be the first cognitive signs of early Alzheimer’'s disease (AD), the
finding that object-location binding processes are relatively intact with normal aging supports the
possible suitability of using misbinding as an index measures for probing early diagnosis of AD.
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Visual short term memory (STM)—the maintenance of visual
information in memory over a short period of time while deprived
of its direct input—declines during aging (Babcock & Salthouse,
1990; Gazzaley, Cooney, Rissman, & D’Esposito, 2005; Johnson,
Logie, & Brockmole, 2010; Jost, Bryck, Vogel, & Mayr, 2011;
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Reuter-Lorenz & Sylvester, 2005). Age-related decline is of prac-
tical importance because STM function plays a crucia role in
many cognitive domains such asvisual attention (de Fockert, Rees,
Frith, & Lavie, 2001; Downing, 2000) and fluid intelligence (Fu-
kuda, Vogel, Mayr, & Awh, 2010). Some studies even claim that
fluid intelligence can be improved by practice on tasks that rely on
STM processes (Jaeggi, Buschkuehl, Jonides, & Perrig, 2008).
Unfortunately, the underlying cognitive and neural mechanisms
responsible for age-related STM decline are not yet clear. The
characterization of this deterioration is potentially important, not
only for basic understanding of memory and aging but also be-
cause it has clinical significance. Studies that have examined how
items consisting of several visua features (e.g., color and shape)
are remembered have proposed that the process of linking
together—or binding—the different features is the first to be
impaired asaresult of Alzheimer’ sdisease (AD), even when dl other
standard cognitive tests are within normal range (Parra et al., 2010).
More important, it has been claimed that, in contrast, the ability to
bind festuresin visual STM does not decline with aging, making such
tasks potentially very useful for early screening of AD (Della Sala,
Parra, Fabi, Luzzi, & Abrahams, 2012; Parra et d., 2009, 2010).
While some previous studies have shown that binding of visual
features remains unimpaired in healthy elderly people (Brockmole,
Parra, DellaSala, & Logie, 2008; Parra, Abrahams, Logie, & Della
Sala, 2009), a recent Web-based study of more than 55,000 par-
ticipants reported a significant (but weak) age-related impairment
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in binding shape and color, in addition to a strong decline in the
precision of single-feature memory (Brockmole & Logie, 2013).
Another investigation using a dual-feature recall STM task (Peich,
Husain, & Bays, 2013) also found a declinein precision for single
features as well as within-object binding impairments in elderly
people when asked to reproduce from memory both the color and
orientation of a colored bar. Therefore, whether an increased level
of binding errorsis specific to AD or aso occurs—at least to some
extent—with normal aging is under question.

To better understand age-related changes in STM and distin-
guish age-related decline from pathologically driven impairments
it might be important to investigate a broader range of binding
processes in visual memory, such as binding between objects and
their locations. Postma (1996) showed that object memory consists
of at least two distinct aspects: remembering positionsin space and
associating which object belongs to each location (what was
where). Recent studies have used anovel object-location STM task
in which participants are required to report the exact location of
previously seen objects using a touch-sensitive screen (see Figure
1). These investigations reported that binding of objects to loca-
tionsis particularly fragile (Pertzov, Dong, Peich, & Husain, 2012)
and specifically impaired in patients with focal damage to their
medial temporal lobes, MTLs (Pertzov et al., 2013).

Here we used this task to examine how object-location binding
performance is influenced by aging. If object-location binding
performance deteriorates with age, it would mean that aging seems
to affect awide range of binding processesin visual STM (Brock-
mole & Logie, 2013; Peich et al., 2013). On the contrary, if age
does not affect object-location binding, this would suggest the
potential suitability of this kind of binding test for diagnosis of
memory disorders in neurodegenerative diseases. So far, reports
regarding age-related deficits in object-location binding have been
mixed. Olson and colleagues (2004) did not find age-dependent
difficultiesin atest of configural binding (how different locations
are bound to each other) after short delays of ~1.5 s. These
findings suggest that initial encoding of spatial information for
relatively small numbers of items is largely preserved in healthy
older adults.

Memory array
(1 or 3 fractals
for 1 or 3 sec)

Delay
(1 or 4 sec)

Touch the object
that appeared in
the memory array

Drag the object to its
remembered location

=

Figure 1. Procedure of athree-item trial: After the initial presentation of
three items and after a delay (1 or 4 s) subjects had to recognize and touch
the target that had appeared in the memory array of thistrial and then drag
it toits original location from the memory array. See the online article for
the color version of this figure.

However, another study that used dlightly longer retention in-
tervals did find a decrement in performance (Mitchell, Johnson,
Raye, Mather, & D’Esposito, 2000). Mitchell and colleagues
(2000) presented three line drawings successively, each in a dif-
ferent cell of a3 X 3 grid, and participants had to maintain the
information over an 8-s unfilled delay interval. They were tested
for which locations were filled, which objects were seen, or which
object was displayed at which location. Older adults did not differ
significantly from young adults on either item or location infor-
mation, but were impaired on combination trials. Note, however,
that the combined condition was also more difficult than the
location condition and was tested in different blocks. A possible
way to reconcile the above conflicting reports is if the age-related
deficits in binding to locations are not in the encoding stage (and
therefore, not affected in short delays) but rather in retaining
information over time and, therefore, revealed in longer delays
(although see Noack, Lévdén, & Lindenberger, 2012). Indeed, a
recent study suggested that extended delay degrades object local-
ization performance in elderly subjects much more than in younger
ones (Oosterman et al., 2011).

Therefore, we decided to use various maintenance intervals to
investigate whether different delays impact on the rate of forget-
ting over the life span. Furthermore, in contrast to most previous
studies on location memory, we used an analog rather than a
discrete measure of report that has been shown to be sensitive to
the quality of location memory as well as to object-location bind-
ing inthe same set of trials (Pertzov, Dong, Peich, & Husain, 2012;
Pertzov et a., 2013). This allows us to probe the quality of
memory (Ma, Husain, & Bays, 2014), rather than the number of
items remembered, which is the traditional index. More important,
it allows us to examine whether recall of even one item is affected
by age.

In summary, the study goal was to reach a better understanding
of the deterioration in object-location STM as a result of aging,
focused on the effects of delay (forgetting) and the quality of
memory, indexed by precision of recall. Characterizing the base-
line patterns of change because of healthy aging would assist in
understanding the cognitive impairments in neurodegenerative dis-
€3SES.

Material and Methods

Participants

In total, 139 people (77 females) within an age range 19—83
participated. They were either registered in the subject pool of
Psychology departments at UCL and Oxford or responded to
printed advertisementsin elderly community centersin Oxford and
London. All participants reported normal or corrected-to-normal
visual acuity and no color blindness. All subjects provided written
informed consent before participation. The study was approved by
the local ethics committees.

Table 1 provides a short summary of demographics and neuro-
psychology results (Mini-Mental State Examination and digit
span: forward and backward). For the purpose of the analysis we
arranged all subjects according to their age and binned them into
four equal-sized groups. Initial analysis was performed on these
age groups using an omnibus analysis of variance (ANOVA) to
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Table 1

Summary Demographics of All Participants Binned Into Four Equal-Sized Groups According

to Age

Age group 1 2 3 4

N 34 35 35 35

Age Mean (SD) 25.2 (4.0) 35.2(2.6) 49.2 (5.9) 67.5(5.4)
Range 19-31 31-40 40-60 60-83

Sex M/F 18/16 18/17 13/22 13/22

Education (years) Mean (SD) 15.6 (3.2) 16.9 (2.5) 15.0 (2.9) 153 (3.8)

MMSE Mean (SD) 29.6 (0.5) 29.4(1.0) 29.7 (0.6) 29.5(0.8)

Digit span Forwards 9.6 9.7 9.6 105
Backwards 75 7.9 7.6 7.0

Note. M = mae; F = female; MMSE = Mini Mental Status Examination.

guide a more in depth investigation of age effects by correlating
individuals' performance to their age across al participants.

Stimuli and Procedure

We used a recently introduced paradigm (Pertzov et al., 2012,
2013) assessing participants’ ability to remember both the identity
and location of objects. Figure 1 shows a scheme of the paradigm.

Participants started each trial manually by pressing space bar.
They were then presented with 1 or 3 fractal objects for 1 or 3 s,
respectively (to alow thorough encoding), and were asked to
remember both identity and location of al objects. This was
followed by a delay of either 1 or 4 s after which 2 fractals
appeared on the vertical meridian of the screen. One of them had
been presented in the initial memory array (target) and the
second one was a lure (foil) that had not. Participants had to
recognize the target and touch it on the screen. After this they
had to drag it to the position on the screen where it had originally
been presented in the memory array. Thus, memory for the identity
of the objects and their locations could be extracted separately from the
two alternative forced choice (identification) and move to remem-
bered location (localization) stages, respectively. Once the partic-
ipant was satisfied with the chosen location she clicked the space
bar button of the keyboard and the next trial was initiated. Local-
ization performance was only included in the analysisif the correct
object was identified.

Stimuli were selected from 60 fractals (http://sprott.physics.wisc
.edu/fractals.htm) that were always presented on a black back-
ground. They were randomly selected but without repetitions
within a trial. Each fractal was presented 2 to 3 times per block.
The fractals had a maximal width and height of 120 pixels (cor-
responding to 4° visual angle). In trials where three items were
presented every fractal had the same likelihood to be tested. The
fractal’ s location was determined by a Matlab script (MathWorks)
in a pseudorandom manner with several restrictions: All objects
had a minimum distance of 9° visual angle from each other to
avoid spatial crowding and enable further clear-cut analysis of the
localization performance. Furthermore, each fractal had a mini-
mum distance of 3.9° from the edges of the screen and a minimum
distance of 6.5° from the center of the screen.

Participants were allowed to sit at a convenient distance from
the screen (~42 cm) to enable comfortable report via the touch
screen (Inspiron All-in-One 2320; DELL) with a 1,920 X 1,080
pixel matrix (corresponding to 62° X 35° visual angle). They

performed two blocks of 50 trials each. The effect of practice
between blocks is reported and discussed in the online Supple-
mental materials. We decided not to include it in the main text to
keep the text fluent and clear. A block included 10 trials with one
item to-be-remembered and 40 trials with three items to-be-
remembered. The delay was 1 sin 50% of trialsand 4 sin the rest.
Every subject performed a practice block of 10 trials before
starting the experiment ensuring that they had understood the task
completely and seen every condition at least once.

Localization memory was computed by taking the distance
between the center of the location chosen by the participant and the
center of the target location in the initial memory array. For
reasons discussed later we also calcul ated the distance between the
location subjects had chosen for the target and the locations of
nontargets (unprobed fractals) from the initial memory array. For
convenience, and in accordance with visual neuroscience conven-
tions, we converted all localization error values into degree of
visual angle for a viewing distance of 42 cm.

To quantify mishinding errors we calculated the rate of “swap
errors’ for each participant. A swap error occurred when the target
was identified correctly but subsequently placed within a 4.5°
radius of one of the nontarget locations. We chose this limit
because two fractals were never located closer than 9° of visual
angle from each other. This ensured that a fractal could be con-
sidered as swapped to only one location at a time and also allows
easy comparison with previous data sets using the same task in
different populations (Pertzov, Dong, Peich, & Husain, 2012;
Pertzov et d., 2013). Analysis of the data using a stricter decision
boundary of 4° left the pattern of results unchanged.

For the purpose of the analysis we arranged all subjects accord-
ing to their age and binned them into four equal-sized groups.
Initial analysis was performed on these age groups using an
omnibus ANOV A with factors of age-group, delay, and number of
items. We used this analysis to guide amore in depth investigation
of age effects by correlating individuals' performance to their age
across al participants.

Neur opsychology

In addition to the main experiment participants performed some
established neuropsychological tests. We applied the Mini Mental
Status Examination (Folstein, Folstein, & McHugh, 1975) as well
as the forward and backward digit span tasks (N = 90). In the digit
span tasks, participants heard sequences of digits (e.g., 4—2—7—
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3-1) and had to repeat them verbally either in the same order
(forward digit span) or the reverse order (backward digit span).
The test started with two sequences of two digits and after suc-
cessful completion of at least one of the two sequences, two new
sequences with one more digit were presented. Participants con-
tinued until they reported both sequences of a certain length
incorrectly. We scored 1 point for a correctly recalled digit se-
quence. There were no significant differences between the age
groups on either educational level (F(3, 111) = 2.0, p = .11;
one-way ANOVA), MMSE (F(3, 84) = 0.5, p = .66), forward
(F(3,85) = 1.1, p = .36), or backward (F(3, 85) = 0.9, p = .44)
digit span performance.

Results

Object Identification

Object identification performance (see Figure 2) was computed
by dividing the number of trials in which the target was identified
correctly by the total number of trials. The mixed-design ANOVA
showed an overall effect of age-group (F(3, 135) = 4.0, p < .01,
¢ = 0.08) with younger adults performing better than older adults.
Identification performance was worse when the delay time was long
than when it was short (F(1, 135) = 21.4, p < .001, n5 = 0.14) and
decreased when three items had to be remembered compared with
only one item (F(1, 135) = 331.1, p < .001, g = 0.71).

Furthermore, more items had a stronger deteriorative effect on
older people as reflected by a significant interaction between
age-group and number of items (F(3, 135) = 12.5, p < .001, n3 =
0.22). Finally, a longer maintenance delay had a stronger detri-
mental effect on more items to-be-remembered than if only one
item has to be memorized (Delay X Items: F(1, 135) = 6.1, p <
.05, n5 = 0.04). Note, however, that identification performance
was close to perfect for the one item condition. Therefore, the
Delay X Items and Age X Items interactions could be explained
by a ceiling effect in the one item condition. No important theo-
retical conclusion rides on these interactions. All other factors did
not reach significance. To conclude, identification performance
worsened with longer delays and more items in memory. Older
adults were worse on the identification task than younger ones and
this pattern was especially pronounced when three items had to be
remembered, but did not interact with retention interval.
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L ocalization Performance

Absolute localization error. Absolute localization error (see
Figure 3) was measured as the difference between the reported
location of afractal and itstrue location in the memory array. Error
was significantly larger in older than in young participants (F(3,
135) = 10.8, p < .001, 3 = 0.19), increased when the delay
interval was longer (F(1, 135) = 159.6, p < .001, n5 = 0.54), and
when more items had to be remembered (F(1, 135) = 767.3,p <
.001, n5 = 0.85).

The ANOVA revedled a significant interaction between age-
group and number of items (F(3, 135) = 5.1, p < .01, n3 = 0.10)
revealing that the detrimental effect of more items in the memory
array was significantly more pronounced in older than in young
participants. Replicating previous studies (Pertzov et al., 2012), the
increase in localization error with longer maintenance intervals
was even more accentuated when three items had to be remem-
bered compared with one item, as reflected by a significant De-
lay X Items interaction (F(1, 135) = 51.2, p < .001, n3 = 0.28).

Localization error controlling for swap errors. Next we
wanted to know how precisely people remember locations regard-
less of the identity of items. For this, we computed a measure of
precision taking into account the fact that observers might some-
times identify the correct fractal but relocate it to a position of one
of the other (nonprobed) items in memory, or a nontarget. We
classify these mistakes as swap errors. Such swap errors would
elicit big error values for absolute localization performance (=
distance to target location) despite the fact that location of the
chosen nontarget position might be remembered with high preci-
sion. From this perspective, the actual localization error reflects
not a lack of precision for the target location, but a decision to
report the location of anontarget item. Therefore, we computed the
distance between the chosen location and the location of the
closest fractal in the original memory array, regardless of whether
or not it was the target (see Figure 3). We term this measure
“nearest item control” (NIC).

Contrary to absolute localization performance, there was no
significant Age-group X Number of items interaction for NIC
(F(3,135) = 0.1, p = .984, ng = 0.001). Thisfinding suggests that
when the identity of the items is rendered irrelevant for purposes
of analysis, the amplified deteriorative impact that more items
have on older people’s memory disappears. Similar to raw local-
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Figure 2.
cation task. (b) Proportion of trials where the target was identified correctly shown for each of the four different
age groups. The x-axis represents the delay duration. Black lines denote one item conditions; red (gray) ones
indicate three item conditions. See the online article for the color version of this figure.
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Identification accuracy. (a) Schematic representation of the two-alternative forced-choice identifi-
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Figure 3. Localization performance. (a) Schematic representations of the different measures (upper figure:
error in a three-items trial; below: NIC to the closest object. Green (dark gray circles filled with white) circle
represent the target’ s original location and red (bright gray) circles the nontarget locations. (b) Localization error
for the four different age groups: The x-axis represents the maintenance delay. Red (gray) are three items
conditions; black are one item conditions; blue (dashed) lines are nearest item control (NIC) measures. See the

online article for the color version of this figure.

ization performance, the NIC analysis revealed significant effects
of delay (F(1, 135) = 161.0, p < .001, m3 = 0.54), number of
items (F(1, 135) = 595.6, p < .001, n5 = 0.82), and age-group
(F(3, 135) = 9.5, p < .001, 5 = 0.17).

Correlation analyses across age. To further investigate
memory performance without the arbitrary division into four age
groups, we performed several subject-wise correlation analyses.
First, linear regression of age and localization performance (Figure
4; combined across delays) revealed an increase in localization
error in older people even when only one item had to be remem-
bered (r = .359, p < .001).

Furthermore, as expected, there was also a stronger increase in
localization error with increasing age when three items had to be
remembered (r = .383, p < .001). NIC error aso increased with
age (r = .312, p < .001). Together these analyses suggest there is
a decrease in the precision with which location is recalled as
people get older, regardiess of object identity memory.

To further investigate the significant interaction of Age-group X
Number of items evident in absolute localization performance but
not in NIC (where we controlled for swap errors: the possibility of
misreporting a nontarget location while correctly identifying the
target identity) we attempted to quantify the additional localization
error that was caused by more than one item in memory. First the

Llitem 3 items
.

15 15

-

o
|

—

=
|

“w
|

w
|

Error In Deg Visual Angle
Error In Deg Visual Angle

differencein error between the three items and one item conditions
for absolute localization error was computed for every participant
and correlated with age (Figure 5a). Next, we calculated the
difference in error for NIC (in three item condition—the only
condition it could be computed) and one item absolute error, and
correlated this with age (Figure 5b).

Although there was a significant positive correlation between
age and the difference between three and one item conditions for
localization performance (r = .310, p < .001), the relationship was
close to zero for age and difference between NIC and the one item
condition (r = .001, p = .493). The above results were replicated
using a partial correlation analysis. Correlation between age and
performance on three item condition was significant even when
controlling for one item performance (r = .22, p = .01). On the
other hand, correlation between age and performance on NIC was
insignificant when controlling for oneitem condition (r = .07, p =
.38). These results might suggest that the underlying reason for
increased |ocalization error in older adults when three items have
to be remembered is related to memory being systematicaly
corrupted by misreporting positions of nontarget items. This could
be aresult of adeficit in object-location binding. However, such an
interpretation assumes that participants correctly remembered the

Nearest Item Control
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Figure4. Precision of recall with increasing age. (a) Linear regression between age and localization error when
one item has to be remembered, (b) when three items have to be remembered, and (c) for nearest item control
(NIC) values. There is an age-related increase of localization error when only one item and three items are
remembered, as well as an increase of NIC values (localization error controlled for object-location swapping).
The 95% confidence intervals are marked in gray shade. See the online article for the color version of thisfigure.
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Figure5. (&) Linear regression between age and differencein localization
error between three items and one item to-be-remembered. (b) Linear
regression between age and difference in localization error between NIC
and one item to-be-remembered. The 95% confidence intervals are marked
in gray shade. See the online article for the color version of this figure.

identity and location of objects but failed to remember the correct
links—bindings— between them.

Even though we only used trials in which targets were correctly
identified it is possible that in some trials participants only guessed
correctly which item was displayed earlier. In such cases, assum-
ing that they still remembered the locations of al fractals, they
would still often report the wrong locations simply by chance. To
control for trialsin which the correct object was selected simply by
chance, we performed partial correlation controlling for the num-
ber of identification errors each participant made. This analysis
now Yyielded close to zero correlations for both three items minus
one item (r = .074, p = .193) and NIC minus one item
(r = —0.093, p = .138).

Thus, athough the increased localization error in the elderly
when more than one item had to be remembered might indeed be
related to increased swap errors, such errors might arise from
failures to remember the identity of the items in memory rather
than from atrue binding deficit. To further investigate this we next
directly analyzed swap error performance.

Swap Errors

We attempted to explicitly quantify participants swap error
rates by counting the trials where the target was correctly identi-

fied but subsequently localized within aradius of 4.5° visual angle
of one of the nontarget positions. Recall that each item in the
memory array was separated from another one by a minimum of 9°
so 4.5° provides a conservative window to classify swap errors.
Analysis of the data using a stricter decision boundary of 4° |eft the
pattern of results unchanged.

First, we examined performance across our four age groups. The
analysis revealed a significant effect of age-group (F(3, 135) =
3.4, p < .05, mp = 0.07) such that people made more swap errors
with age (see Figure 6).

To further investigate age effects on the swap error rate we first
collapsed the swap errors across the different delay times and then
computed correlations between swap rates and age (Figure 7a).
This yielded a significant correlation between the proportion of
trials in which swap errors appeared and age (r = .265, p < .01),
suggesting that elderly people did indeed produce more swap
errors than younger adults.

However, as mentioned previously, swap errors might occur
because participants did not remember the target’s identity and
chose the correct target by chance. In such trials, assuming intact
location memory participants are expected to place the fractal
around a nontarget location in two-thirds of those trials (in one-
third of the trials they would localize the fractal near its original
location, by chance). Using this assumption, we calculated the
upper limit of swap errors that could be explained by failure to
remember the identity of the fractal. First, we multiplied identifi-
cation error rate (this corresponds to highest assumed correct
guessing rate) of each subject in each condition by two-thirds
(likelihood that one of the two nontarget positions was chosen).
Then we subtracted this value from the swap error rate. ANOVA
on this index that is a corrected swap error rate (controlling for
chance guessing of correct identity) no longer yielded a significant
effect of age-group (F(3, 135) = 0.7, p = .568, ng = 0.02).

Consistent with the disappearance of the age-effect in the
ANOVA, the subject-wise correlation between age and corrected
swap error rate was not significantly different from zero (Figure
7b; r = .037, p = .332). Finaly, we also performed a partia
correlation between age and swap error rate controlling for iden-
tification errors. This correlation was small and not significantly
different than zero (r = .121, p = .079). Thus, overall the results
suggest that although thereis an increase in the proportion of swap
errors with increasing age, this could be explained simply by
higher identification error rate in older adults. Crucially, when this
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Figure 6. Swap errors for different age groups. (a) Schematic representation of a swap error (green [dark gray
filled with white] circle represents the target’s origina location and red [light gray] circles the nontarget
locations). (b) Proportion of trials where the target has been located to a nontarget location for the four different
age groups. The x-axis represents the maintenance delay. Seethe online article for the color version of thisfigure.
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Figure 7. Swap errors and aging. (a) Linear regression between age and
overall proportion of trials where swap errors occurred. (b) Linear regres-
sion between age and corrected swap error rate. The 95% confidence
intervals are marked in gray shade. See the online article for the color
version of this figure.

is carefully controlled, swap errors—or mishinding object identity
and location—do not increase with age.

Discussion

In this study we examined the effects of aging on people's
ability to recall which objects were previously displayed where.
There was a decrease in precision of reports for both object
identity and location with age. Older adults also had higher prob-
ability to swap the location of objects and hence to report the
locations of the wrong items in memory. However, this tendency
could be explained by forgetting the identity of objects rather than
by a failure to bind object identity to location.

It is important to keep in mind that localization precision is an
analogues measure and, therefore, much more sensitive than the
discrete measure of swap error. This difference can potentialy
explain why we found age related degradation in localization
performance, but not in the swap errors (when controlling identi-
fication errors). The age-related differences in object identity
shown here may be related to older adults' tendency to be sup-
ported (at least implicitly) by contextual reinstatement. Such sup-
port was lacking here because the probe object at the test phase
always appeared in the center and not at the position in which it
appeared in the study phase.

The duration of the maintenance interval was an important
determinant of identification performance, localization perfor-
mance, and swap errors. Age-related decline was evident also in
the 1 s delay and did not deteriorate much further in the next 3 s.
This suggests that the age-related impairment might be in
encoding to or retrieving from memory, rather than in main-
taining information over time. Nevertheless, it is possible that
longer delays than those used in our study might have differ-
ential effects on different age groups.

In apparent contrast to our findings, Mitchell, Johnson, Raye,
Mather, and D’ Esposito (2000) reported an increase in mishinding
with increasing age and no age-related changes in the precision
with which object identity and position are remembered. Severa
differences between experimental designs might have led to this
discrepancy. The first concerns the sensitivity of localization mea-
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sures; we used a continuous, analog response while in Mitchell et
al. (2000) were alowed only two responses (same or different).
The increased level of information per trial might explain why we
detected changes in localization precision whereas they did not.
Second, the maintenance intervals, we used delays of 1 and 4 s
whereas Mitchell et al. (2000) used adelay of 8 s. It is possible that
the age-dependent binding deficits they reported emerges at longer
delays because of maintenance deficits. Third, we used complex,
hard-to-name, unfamiliar fractal objects whereas Mitchell and
colleagues used simple familiar objects. It is possible that younger
participants can utilize verbal strategies to help in remembering
object-location associations. However, when objects are not easily
linked to verbal tags, younger people might not benefit any more
from such an advantage and have to rely on visua memory
similarly to elderly participants.

Finally, there is the issue of the exact measure used to capture
binding errors. Mitchell et al. (2000) used a paradigm where
subjects had to detect changes between subsequently presented
memory and test arrays. In the conjunction condition that was used
for probing binding errors, features swapped between different
objects, and participants had to detect those changes. It has been
hypothesized that older people might rely more on familiarity (“I
have seen this stimulus before”) rather than recall the exact feature
combinations when responding to such arrays (Cowan et al., 2006;
Old et al., 2008). This would increase false alarm rates in elderly
people because they might make decisions based on the presence
or absence of features and report swapped features (binding con-
dition) as no-change, but accurately report introduction of new
features (feature condition).

In contrast, in our paradigm participants first had to identify the
target and then reproduce its original location on the screen. Thus,
young and older adults were not likely to rely on different
familiarity-based strategies because they were forced to recall the
location of the target object. This enabled us to define swap errors
as the misplacement of the target within a predefined radius around
one of the nontargets. Thus, our mishinding measure controls for
both young and older participants applying familiarity rather than
recollection strategies and might therefore, be more direct and
sensitive than ones used previously.

Parra et a. (2009, 2010) have suggested that object-location
binding might be more affected by age than surface feature binding
(color-shape or color-color) as it relies more on the hippocampus
than on parahippocampal regions. Because the hippocampus ex-
hibits stronger age-related degeneration than parahippocampal re-
gions (Insausti et al., 1998; Mitchell, Johnson, Raye, &
D’ Esposito, 2000), aging was specul ated to affect primarily object-
location binding but not color-shape binding (Insausti et al., 1998;
Mayes, Montaldi, & Migo, 2007). In our experiment the age-
dependent increase in swap errors disappeared when the deficit in
remembering the identity of the fractals was controlled. Thus,
although normal ageing leads to some degree of hippocampal
atrophy (Grady, 2008), age-related decline in our study was mainly
reflected by impaired memory for object identity, importantly
without any additional association between object-location binding
and aging. A similar view also emerges from recent studies of
object-feature binding in STM. Aninitial study reported that aging
is not associated with feature-feature binding, when taking into
account a strong age-related decline in feature memory (Brock-
mole et al., 2008). A subsequent investigation of 55,753 partici-
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pants found that feature-feature binding errors explain less than a
fifth of the age-related variance compared with feature memory
(Brockmole & Logie, 2013).

Severa other studies on binding in memory (e.g., Brockmole &
Logie, 2013; Brockmole et al., 2008; Parra et al., 2009) have used
a different strategy to the one used here. By comparing two
conditions— one in which features had to be bound to onein which
they did not—they provide one type of metric of misbinding
errors. Our findings using a single condition to extract different
types of error—identification, localization and swap errors. The
method we use is complementary to the dual condition tasks and
has previously been used to show that swap errors increase over
maintenance delays in healthy people, so cannot solely be attrib-
uted to deficits at encoding (Pertzov et al., 2012). It is indeed
interesting that studies using both types of task come to similar
conclusions: no significant increase in misbinding with healthy
ageing, strengthening the origina claim on this issue (Brockmole
& Logie, 2013; Brockmole et al., 2008; Parra et al., 2009).

Of interest to the authors, and in agreement with recent findings by
Peich et d. (2013), the analog measurement of the localization per-
formance used here showed that elderly adults exhibit decreased
precision in reporting a specific property of aprevioudy seenitem (in
our case, location) even when only one item has to be remembered.
Peich et al. reported similar results for recalling color and orientation
of colored bars. Taken together, the findings from both studies suggest
that the general impairment older people show occurs not only when
large numbers of objects or features have to be remembered, but aso
when arelatively small amount of information has to be maintained.
Thus, age-dependent memory degradation is not explained simply by
adecrease in the number of itemsheld in visual STM, but rather in the
precision with which they are remembered. Nevertheless, in the study
reported here, additiona memory load had an even more detrimental
effect on older than young peopl€' s performance in both identification
and localization parameters. Thus, there might be additional capecity
impairment in old people reducing their performance disproportion-
ately as memory load increases. This age-related detrimental effect
might also be related to other age-related factors, such as decreased
discriminability of locations. Peich et a. adso reported that there is
deterioration in the ahility to bind color and orientation with aging. In
the current experiment that used a very different paradigm, after
correction for losses in identity memory, we did not find direct
evidence for age-related deterioration in objet-location binding.

Thelack of an age effect in digit span performance suggests that
our group of subjects might consist of an atypical sample of old
adults. The older adults that volunteered might perhaps be “over-
motivated” or with above normal capabilities. However, lack of
age effect in digit span tests is not without precedence (Villardita,
Cultrera, Cupone, & Megjia, 1985) and the digit span results were
not strongly correlated with our memory measure (mostly below
0.1, al below 0.3, on Pearson’s correlations). Therefore, it seems
unlikely to be amajor confound that hampers our conclusions. The
fact that some of our measures are strongly influenced by age,
unlike the digit span measures, emphasizes the sensitivity of the
touchscreen task relative to conventional memory tests.

Characterization of the patterns of change in visual STM with age
can potentidly be of clinica importance. Parra et d. (2010) reported
an impairment in color-shape binding performance in patients with
familid AD, but also in asymptomatic mutation carriers (aMC) who
had not yet developed any sign of AD or mild cognitive impairment.

They have proposed that deficits in binding might be the first subtle
signs of cognitive declinein AD and might be used for early diagnosis
or for monitoring response to treatments (Parra et al., 2009, 2010).
Preliminary results in a cohort of 12 aMC individuads using the
what-was-where task reported here aso reveded significantly larger
number of swap errors compared to controls a long delays, but
normal performance in remembering the identity of the fractals (Li-
ang, Pertzov, Crutch, Fox, & Husain, 2013). Investigation of the
sengitivity of this task to norma aging was an important god of this
study. Thefinding that binding errors are not significantly affected by
age suggests that it might have potentid for early screening and
monitoring response to treatment in AD, provided careful andysisis
performed on the cause of swap errors.

Object-location mishinding rates, when corrected for selecting
the identity of an object correctly by chance, might be suitable for
distinguishing early deficits due to AD from those of normal aging.
It is possible that they might be a more sensitive measure than
color-shape binding because it has been shown that the hippocam-
pusis aready affected in preclinical stagesof AD (DelLeonetal.,
1993; Fox et al., 1996; Jack et al., 1998). The hippocampus has
been shown to be necessary for long term binding (Brasted,
Bussey, Murray, & Wise, 2003; Kirwan & Stark, 2004; Y onelinas,
Hopfinger, Buonocore, Kroll, & Baynes, 2001) as well as short
term object-location binding (Olson, Page, Moore, Chatterjee, &
Verfaellie, 2006; Piekema, Kessels, Mars, Petersson, & Fernandez,
2006) such as used in this study (Pertzov et a., 2013). Therefore,
it might be speculated that object-location binding impairment in
visual STM can be specifically related to pathological changes
underlying AD and might be a sensitive measure in preclinical
stages of the disease. This possibility has to be further explored.

Conclusions

Our main conclusions are that elderly people are worse than young
people on both the recognition of object identity and recall of object
location. Locdlization deficit was apparent even when only one item
had to be remembered and worsened disproportionately when addi-
tiond items were introduced. The age-related impairments did not
escalate with longer retention intervals, implicating encoding or re-
trieva rather than maintenance processes. We aso found an increased
rate of swap errorsin older people but this could be explained by their
impaired memory of the objects’ identity rather than by impairment in
object-location binding processes.

In future research, these findings should be compared with the
patterns underlying STM decline in patients at early stages of AD.
This might help to better characterize the differences between
age-related and pathologica cognitive decline.

References

Babcock, R. L., & Salthouse, T. A. (1990). Effects of increased processing
demands on age differences in working memory. Psychology and Aging,
5, 421-428. http://dx.doi.org/10.1037/0882-7974.5.3.421

Brasted, P. J,, Bussey, T. J.,, Murray, E. A., & Wise, S. P. (2003). Role of
the hippocampal system in associative learning beyond the spatial do-
main. Brain: A Journal of Neurology, 126, 1202—-1223. http://dx.doi.org/
10.1093/brainfawg103

Brockmole, J. R., & Logie, R. H. (2013). Age-related change in visual
working memory: A study of 55,753 participants aged 8—75. Advance
online publication. Frontiers in Psychology, 4, 12. http://dx.doi.org/
10.3389/fpsyg.2013.00012


http://dx.doi.org/10.1037/0882-7974.5.3.421
http://dx.doi.org/10.1093/brain/awg103
http://dx.doi.org/10.1093/brain/awg103
http://dx.doi.org/10.3389/fpsyg.2013.00012
http://dx.doi.org/10.3389/fpsyg.2013.00012

34 PERTZOV, HEIDER, LIANG, AND HUSAIN

Brockmole, J. R., Parra, M. A., DellaSdla, S., & Logie, R. H. (2008). Do
binding deficits account for age-related decline in visual working mem-
ory? Psychonomic Bulletin & Review, 15, 543-547. http://dx.doi.org/
10.3758/PBR.15.3.543

Cowan, N., Naveh-Benjamin, M., Kilb, A., & Saults, J. S. (2006). Life-
span development of visual working memory: When is feature binding
difficult? Developmental Psychology, 42, 1089—1102. http://dx.doi.org/
10.1037/0012-1649.42.6.1089

de Fockert, J. W., Rees, G., Frith, C. D., & Lavie, N. (2001). The role of
working memory in visual selective attention. Science, 291, 1803-1806.
http://dx.doi.org/10.1126/science. 1056496

de Leon, M. J., Golomb, J., George, A. E., Convit, A., Tarshish, C. Y.,
McRag, T, ... Noz, M. (1993). The radiologic prediction of Alzheimer
disease: The atrophic hippocampal formation. AJNR. American Journal
of Neuroradiology, 14, 897-906.

Della Sala, S, Parra, M. A., Fabi, K., Luzzi, S., & Abrahams, S. (2012).
Short-term memory binding is impaired in AD but not in non-AD
dementias. Neuropsychologia, 50, 833—840. http://dx.doi.org/10.1016/j
.neuropsychologia.2012.01.018

Downing, P. E. (2000). Interactions between visual working memory and
selective attention. Psychological Science, 11, 467—473. http://dx.doi
.0rg/10.1111/1467-9280.00290

Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). “Mini-mental
state”. A practical method for grading the cognitive state of patients for
the clinician. Journal of Psychiatric Research, 12, 189-198. http://dx
.doi.org/10.1016/0022-3956(75)90026-6

Fox, N. C., Warrington, E. K., Freeborough, P. A., Hartikainen, P., Ken-
nedy, A. M., Stevens, J. M., & Rossor, M. N. (1996). Presymptomatic
hippocampal atrophy in Alzheimer’s disease: A longitudinal MRI study.
Brain: A Journal of Neurology, 119, 2001-2007. http://dx.doi.org/
10.1093/brain/119.6.2001

Fukuda, K., Vogel, E., Mayr, U., & Awh, E. (2010). Quantity, not quality:
The relationship between fluid intelligence and working memory capac-
ity. Psychonomic Bulletin & Review, 17, 673-679. http://dx.doi.org/
10.3758/17.5.673

Gazzaey, A., Cooney, J. W., Rissman, J., & D’Esposito, M. (2005).
Top-down suppression deficit underlies working memory impairment in
normal aging. Nature Neuroscience, 8, 1298—1300. http://dx.doi.org/
10.1038/nn1543

Grady, C. L. (2008). Cognitive neuroscience of aging. Annals of the New
York Academy of Sciences, 1124, 127-144. http://dx.doi.org/10.1196/
annals.1440.009

Insausti, R., Juottonen, K., Soininen, H., Insausti, A. M., Partanen, K.,
Vainio, P, . . . Pitkénen, A. (1998). MR volumetric analysis of the
human entorhinal, perirhinal, and temporopolar cortices. AINR. Amer-
ican Journal of Neuroradiology, 19, 659—671.

Jack, C. R, Jr., Petersen, R. C., Xu, Y., O'Brien, P. C., Smith, G. E., lvnik,
R. J, ... Kokmen, E. (1998). Rate of medial temporal lobe atrophy in
typical aging and Alzheimer's disease. Neurology, 51, 993-999. http://
dx.doi.org/10.1212/WNL .51.4.993

Jaeggi, S. M., Buschkuehl, M., Jonides, J.,, & Perrig, W. J. (2008). Im-
proving fluid intelligence with training on working memory. Proceed-
ings of the National Academy of Sciences of the United States of
America, 105, 6829—6833. http://dx.doi.org/10.1073/pnas.0801268105

Johnson, W., Logie, R. H., & Brockmoale, J. R. (2010). Working memory
tasks differ in factor structure across age cohorts. Implications for
dedifferentiation. Intelligence, 38, 513-528. http://dx.doi.org/10.1016/j
.intell.2010.06.005

Jogt, K., Bryck, R. L., Vogel, E. K., & Mayr, U. (2011). Are old adults just
like low working memory young adults? Filtering efficiency and age
differencesin visua working memory. Cerebral Cortex, 21, 1147-1154.
http://dx.doi.org/10.1093/cercor/bhql185

Kirwan, C. B., & Stark, C. E. L. (2004). Media temporal |obe activation
during encoding and retrieval of novel face-name pairs. Hippocampus,
14, 919-930. http://dx.doi.org/10.1002/hipo.20014

Liang, Y., Pertzov, Y., Crutch, S., Fox, N., & Husain, M. (2013). Visual
working memory deficits in early stages of familial Alzheimer’s disease.
In Society For Neuroscience (SFN) Conference 2013. # 599.02, San
Diego, California, USA.

Ma, W. J, Husain, M., & Bays, P. M. (2014). Changing concepts of
working memory. Nature Neuroscience, 17, 347-356. http://dx.doi.org/
10.1038/nn.3655

Mayes, A., Montaldi, D., & Migo, E. (2007). Associative memory and the
medial tempora lobes. Trends in Cognitive Sciences, 11, 126-135.
http://dx.doi.org/10.1016/j.tics.2006.12.003

Mitchell, K. J., Johnson, M. K., Raye, C. L., & D’Esposito, M. (2000).
fMRI evidence of age-related hippocampal dysfunction in feature bind-
ing in working memory. Cognitive Brain Research, 10, 197-206. http://
dx.doi.org/10.1016/S0926-6410(00)00029-X

Mitchell, K. J., Johnson, M. K., Raye, C. L., Mather, M., & D’Esposito, M.
(2000). Aging and reflective processes of working memory: Binding and
test load deficits. Psychology and Aging, 15, 527-541. http://dx.doi.org/
10.1037/0882-7974.15.3.527

Noack, H., Lévdén, M., & Lindenberger, U. (2012). Norma aging in-
creases discriminal dispersion in visuospatial short-term memory. Psy-
chology and Aging, 27, 627—637. http://dx.doi.org/10.1037/a0027251

Old, S. R., & Naveh-Benjamin, M. (2008). Differential effects of age on
item and associative measures of memory: A meta-analysis. Psychology
and Aging, 23, 104-118. http://dx.doi.org/10.1037/0882-7974.23.1.104

Olson, I. R., Page, K., Moore, K. S., Chatterjee, A., & Verfaellie, M.
(2006). Working memory for conjunctions relies on the medial temporal
lobe. The Journal of Neuroscience, 26, 4596—4601. http://dx.doi.org/
10.1523/INEUROSCI.1923-05.2006

Olson, I. R., Zhang, J. X., Mitchell, K. J., Johnson, M. K., Bloise, S. M.,
& Higgins, J. A. (2004). Preserved spatial memory over brief intervals
in older adults. Psychology and Aging, 19, 310—317. http://dx.doi.org/
10.1037/0882-7974.19.2.310

Oosterman, J. M., Morel, S, Meijer, L., Buvens, C, Kessels, R. P., &
Postma, A. (2011). Differential age effects on spatial and visual working
memory. The International Journal of Aging and Human Development,
73, 195-208. http://dx.doi.org/10.2190/AG.73.3.a

Parra, M. A., Abrahams, S., Fabi, K., Logie, R, Luzzi, S., & DellaSala, S.
(2009). Short-term memory binding deficits in Alzheimer’'s disease.
Brain: A Journal of Neurology, 132, 1057-1066. http://dx.doi.org/
10.1093/brain/awp036

Parra, M. A., Abrahams, S, Logie, R. H., Méndez, L. G., Lopera, F., &
Della Saa, S. (2010). Visual short-term memory binding deficits in
familial Alzheimer's disease. Brain: A Journal of Neurology, 133,
2702-2713. http://dx.doi.org/10.1093/brain/awq148

Parra, M. A., Abrahams, S, Logie, R. H., & DellaSaa, S. D. (2009). Age
and binding within-dimension features in visua short-term memory.
Neuroscience Letters, 449, 1-5. http://dx.doi.org/10.1016/j.neul et.2008
.10.069

Peich, M.-C., Husain, M., & Bays, P. M. (2013). Age-related decline of
precision and binding in visual working memory. Psychology and Aging,
28, 729-743. http://dx.doi.org/10.1037/a0033236

Pertzov, Y., Dong, M. Y., Peich, M. C., & Husain, M. (2012). Forgetting
what was where: The fragility of object-location binding. PLoS ONE, 7,
e48214. http://dx.doi.org/10.1371/journal.pone.0048214

Pertzov, Y., Miller, T. D., Gorgoraptis, N., Caine, D., Schott, J. M., Butler,
C., & Husain, M. (2013). Binding deficits in memory following medial
temporal lobe damage in patients with voltage-gated potassium channel
complex antibody-associated limbic encephalitis. Advance online pub-
lication. Brain: A Journal of Neurology, 136, 2474-2485. http://dx.doi
.0rg/10.1093/brain/awt129


http://dx.doi.org/10.3758/PBR.15.3.543
http://dx.doi.org/10.3758/PBR.15.3.543
http://dx.doi.org/10.1037/0012-1649.42.6.1089
http://dx.doi.org/10.1037/0012-1649.42.6.1089
http://dx.doi.org/10.1126/science.1056496
http://dx.doi.org/10.1016/j.neuropsychologia.2012.01.018
http://dx.doi.org/10.1016/j.neuropsychologia.2012.01.018
http://dx.doi.org/10.1111/1467-9280.00290
http://dx.doi.org/10.1111/1467-9280.00290
http://dx.doi.org/10.1016/0022-3956%2875%2990026-6
http://dx.doi.org/10.1016/0022-3956%2875%2990026-6
http://dx.doi.org/10.1093/brain/119.6.2001
http://dx.doi.org/10.1093/brain/119.6.2001
http://dx.doi.org/10.3758/17.5.673
http://dx.doi.org/10.3758/17.5.673
http://dx.doi.org/10.1038/nn1543
http://dx.doi.org/10.1038/nn1543
http://dx.doi.org/10.1196/annals.1440.009
http://dx.doi.org/10.1196/annals.1440.009
http://dx.doi.org/10.1212/WNL.51.4.993
http://dx.doi.org/10.1212/WNL.51.4.993
http://dx.doi.org/10.1073/pnas.0801268105
http://dx.doi.org/10.1016/j.intell.2010.06.005
http://dx.doi.org/10.1016/j.intell.2010.06.005
http://dx.doi.org/10.1093/cercor/bhq185
http://dx.doi.org/10.1002/hipo.20014
http://dx.doi.org/10.1038/nn.3655
http://dx.doi.org/10.1038/nn.3655
http://dx.doi.org/10.1016/j.tics.2006.12.003
http://dx.doi.org/10.1016/S0926-6410%2800%2900029-X
http://dx.doi.org/10.1016/S0926-6410%2800%2900029-X
http://dx.doi.org/10.1037/0882-7974.15.3.527
http://dx.doi.org/10.1037/0882-7974.15.3.527
http://dx.doi.org/10.1037/a0027251
http://dx.doi.org/10.1037/0882-7974.23.1.104
http://dx.doi.org/10.1523/JNEUROSCI.1923-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.1923-05.2006
http://dx.doi.org/10.1037/0882-7974.19.2.310
http://dx.doi.org/10.1037/0882-7974.19.2.310
http://dx.doi.org/10.2190/AG.73.3.a
http://dx.doi.org/10.1093/brain/awp036
http://dx.doi.org/10.1093/brain/awp036
http://dx.doi.org/10.1093/brain/awq148
http://dx.doi.org/10.1016/j.neulet.2008.10.069
http://dx.doi.org/10.1016/j.neulet.2008.10.069
http://dx.doi.org/10.1037/a0033236
http://dx.doi.org/10.1371/journal.pone.0048214
http://dx.doi.org/10.1093/brain/awt129
http://dx.doi.org/10.1093/brain/awt129

AGEING EFFECTS ON MEMORY OF OBJECT LOCATION

Piekema, C., Kessels, R. P., Mars, R. B., Petersson, K. M., & Fernandez,
G. (2006). The right hippocampus participates in short-term memory
maintenance of object-location associations. Neurolmage, 33, 374—-382.
http://dx.doi.org/10.1016/j.neuroimage.2006.06.035

Postma, A. (1996). What was where? Memory for object locations. The
Quarterly Journal of Experimental Psychology Section A: Human Ex-
perimental Psychology, 49, 178-199. http://dx.doi.org/10.1080/
713755605

Reuter-Lorenz, P. A., & Sylvester, C.-Y. C. (2005). The cognitive neuro-
science of working memory and aging. In R. Cabeza, L. Nyberg, and D.
Park (Eds.), Cognitive Neuroscience of Aging: Linking Cognitive and
Cerebral Aging (pp. 186-217). New York, NY: Oxford University
Press.

Sathouse, T. A., & Pink, J. E. (2008). Why is working memory related to
fluid intelligence? Psychonomic Bulletin & Review, 15, 364—371. http://
dx.doi.org/10.3758/PBR.15.2.364

35

Villardita, C., Cultrera, S., Cupone, V., & Mgjia, R. (1985). Neuropsycho-
logical test performances and normal aging. Archives of Gerontology
and Geriatrics, 4, 311-319. http://dx.doi.org/10.1016/0167-
4943(85)90038-X

Yonelinas, A. P., Hopfinger, J. B., Buonocore, M. H., Kroll, N. E. A., &
Baynes, K. (2001). Hippocampal, parahippocampal and occipital-
temporal contributions to associative and item recognition memory: An
fMRI study. Neuroreport, 12, 359-363. http://dx.doi.org/10.1097/
00001756-200102120-00035

Received May 25, 2014
Revision received September 15, 2014
Accepted October 20, 2014 =

ORDER FORM

Start my 2015 subscription to Psychology and Aging®
ISSN: 0882-7974

~$99.00  APA MEMBER/AFFILIATE
_$229.00 INDIVIDUAL NONMEMBER
_$781.00 INSTITUTION

Sales Tax: 5.75% in DC and 6% in MD

TOTAL AMOUNT DUE $

Subscription orders must be prepaid. Subscriptions are on a calendar
year basis only. Allow 4-6 weeks for delivery of the first issue. Call for international
subscription rates.

SEND THIS ORDER FORM TO
American Psychological Association
Subscriptions

750 First Street, NE

Washington, DC 20002-4242

AMERICAN
PsycHOLOGICAL
ASSOCIATION

Call 800-374-2721 or 202-336-5600

Fax 202-336-5568 : TDD/TTY 202-336-6123
For subscription information,

e-mail: subscriptions@apa.org

1 Check enclosed (make payable to APA)
Charge my: JVisa [ MasterCard
Cardholder Name

Card No.

[ American Express

Exp.Date

Signature (Required for Charge)

Billing Address
Street
City

Daytime Phone

State Zip

E-mail

Mail To
Name
Address

City State

APA Member #

Zip

PAGA15



http://dx.doi.org/10.1016/j.neuroimage.2006.06.035
http://dx.doi.org/10.1080/713755605
http://dx.doi.org/10.1080/713755605
http://dx.doi.org/10.3758/PBR.15.2.364
http://dx.doi.org/10.3758/PBR.15.2.364
http://dx.doi.org/10.1016/0167-4943%2885%2990038-X
http://dx.doi.org/10.1016/0167-4943%2885%2990038-X
http://dx.doi.org/10.1097/00001756-200102120-00035
http://dx.doi.org/10.1097/00001756-200102120-00035

	Effects of Healthy Ageing on Precision and Binding of Object Location in Visual Short Term Memory
	Material and Methods
	Participants
	Stimuli and Procedure
	Neuropsychology

	Results
	Object Identification
	Localization Performance
	Absolute localization error
	Localization error controlling for swap errors
	Correlation analyses across age

	Swap Errors

	Discussion
	Conclusions
	References


