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Event related potentials (ERPs) can help to determine the cognitive and neural processes underlying
memory functions and are often used to study populations with severe memory impairment. In healthy
adults, memory is typically assessed with active tasks, while in patient studies passive memory paradigms are generally used. In this study we examined whether active and passive continuous object recognition tasks measure the same underlying memory process in typically developing (TD) adults and in
individuals with Down syndrome (DS), a population with known hippocampal impairment. We further
explored how ERPs in these tasks relate to behavioral measures of memory. Data-driven analysis techniques revealed large differences in old–new effects in the active versus passive task in TD adults, but no
difference between these tasks in DS. The group with DS required additional processing in the active task
in comparison to the TD group in two ways. First, the old–new effect started 150 ms later. Second, more
repetitions were required to show the old–new effect. In the group with DS, performance on a behavioral
measure of object-location memory was related to ERP measures across both tasks. In total, our results
suggest that active and passive ERP memory measures do not differ in DS and likely reﬂect the use of
implicit memory, but not explicit processing, on both tasks. Our ﬁndings highlight the need for a greater
understanding of the comparison between active and passive ERP paradigms before they are inferred to
measure similar functions across populations (e.g., infants or intellectual disability).
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
EEG/ERP is a non-invasive method that has been used extensively across infancy into adulthood, as well as in various populations (e.g., intellectual, developmental, and psychiatric disability) to gain insight into the brain bases for object memory (e.g.
Curran, 2004; Marshall et al., 2002; Mecklinger et al., 2011; Van
Hoogmoed et al., 2013). The method permits an assessment of
memory function, not only on the behavioral level, but also in
terms of underlying neural processes, allowing for a level of analysis that can often reveal differences in the mechanisms of
memory function when overt responses are not required or task
performance is apparently unimpaired (Massand et al., 2013).
Most ERP studies in special populations, such as Down syndrome
n
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(DS), have investigated the neural correlates of memory by using a
passive looking paradigm, which does not require any overt response, just viewing of stimuli as presented (e.g. Key and Dykens,
2014). However, in typically developing adults, ERP memory tasks
often employ active paradigms, in which the participant explicitly
indicates whether he or she has seen a stimulus before.
The extent to which passive and active memory tasks share
common underlying neural processes remains unclear, with some
studies suggesting partially overlapping function between the test
types with additional processing in active or explicit memory
tasks, and others suggesting completely distinct processes between these tasks (Friedman et al., 1996; Guillem et al., 2001;
Paller and Gross, 1998; Rugg and Allan, 2000; Rugg and Doyle,
1994; Swick and Knight, 1997). Further, it is well noted that the
brain bases for a given behavior may differ in adults, children, and
special populations (Casey et al., 2000; Karmiloff‐Smith, 1997).
Therefore, we explore the ERP correlates of active and passive
object memory paradigms across two groups: individuals with DS
and age-matched typical adults. DS is an intellectual disability
involving hippocampal dysfunction (Nadel, 2003), with evidence
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for deﬁcits in memory functions apparent in both humans and
animal models of the syndrome, demonstrated on tasks requiring
the use of spatial cognitive maps and object memory (Edgin, 2013;
Lavenex et al., 2015; Pennington et al., 2003; Reeves et al., 1995).
Few studies have previously compared active and passive ERP
measures, and even fewer have made comparisons across study
populations, including groups that can help us understand how
those with memory or cognitive impairment process the tasks.
Given the documented presence of hippocampal memory impairment in DS, and the frequent use of passive ERP paradigms in
this group, they serve as an excellent population in which we can
assess the equivalence of ERP test paradigms. Against this background, in the current study we aimed to examine potential differences between active and passive ERP memory tasks in young
adults with DS as compared to a control group of typically developing (TD) young adults.
Individuals with DS have impaired object memory, both in
humans and in animal models of the condition (Edgin et al., 2010,
2012; Jarrold et al., 2008; Pennington et al., 2003; Vicari et al.,
2005; Visu‐Petra et al., 2007). In Pennington et al. (2003), children
with DS were less able to identify objects on the pattern recognition test of the CANTAB (Cambridge Neuropsychological Test
Automated Battery), which assesses memory for abstract objects
after short delays. Further, Jacola et al. (2011) demonstrated that
atypical brain regions were activated during an object decision
task in individuals with DS. In particular, when making simple
judgments about whether an animal was a farm animal or not,
these individuals appeared to have less ventral stream activation
and more frontal cortex involvement. While these studies uniformly point to atypical object processing and ventral stream
function, they also suggest dramatic differences in the localization
of brain responses to object decision tasks.
In line with these ﬁndings, ERP studies in this population, often
using passive viewing oddball paradigms, have shown that the
standard P3 response usually found in typical populations has a
different timing and topography in individuals with DS (Blackwood et al., 1988; Kaneko et al., 1996; Muir et al., 1988; Vieregge
et al., 1992). These results suggest that standard ERP analysis
procedures, which often rely on historically localized and timed
effects, could be misleading for understanding the electrophysiological response to objects in the DS population. Therefore,
we examined the ERP responses on both active and passive
memory paradigms using a data-driven approach (Maris and
Oostenveld, 2007) that does not rely on pre-deﬁned windows or
electrode locations to identify ERP effects. This analysis procedure
will be examined in relation to traditional analyses to compare
results across the two techniques.
Whereas most of the research on P3 effects has been performed
in the auditory domain in individuals with DS (Blackwood et al.,
1988; Kaneko et al., 1996; Muir et al., 1988), recently, visual
memory for scenes, objects, and animals was studied in younger
(19–25 years) and older (35–40 years) adults with DS (Key and
Dykens, 2014). Using a passive viewing paradigm, 10 selected stimuli were presented 5 times, intermixed with stimuli that were
presented only once. The results showed more positive amplitudes
between 600 and 900 ms for the stimuli that were repeated for
the fourth and ﬁfth time as compared to the new stimuli in the
young adults. However, this effect was not found in the older
adults, and more importantly, was not shown at the ﬁrst two repetitions (i.e. second and third presentation) of the item. This
suggests that the young adults with DS need extra repetitions to
build a full stimulus representation. Moreover, it indicates that for
the older adults, 5 repetitions were not enough to build a full
object representation. However, a passive viewing paradigm was
used. While passive viewing paradigms are often used in research
with patients and young children, it has been debated whether the

ERP responses to these kinds of paradigms reﬂect conscious
memory or not (see De Haan, 2007 for an overview). Moreover, the
question of whether active explicit memory paradigms and passive viewing paradigms both tap into the same recognition
memory mechanisms remains open.
In typical adults, the neural correlates of object recognition
memory have been extensively studied using ERP (e.g., Rugg and
Curran, 2007). Many ERP studies using objection recognition tasks
have found a distinction between earlier old/new effects, roughly
between 300 and 500 ms, and later old/new effects, with the
distribution depending on the stimuli used (Curran, 1999, 2000;
Curran and Cleary, 2003; Rugg, 1990; Guillem et al., 2001). Most
studies of visual object processing found the early old/new effect
to have a fronto-central distribution (FN400), and the later old/
new effect to have a (left) parietal distribution (Curran, 1999,
2000; Curran and Cleary, 2003; Mecklinger et al., 2011). Whereas
the FN400 effect has often been interpreted as reﬂecting familiarity and the late parietal old/new effect as reﬂecting recollection,
this relation between the effects and functions is still under debate
(Rugg and Curran, 2007; Voss et al., 2010). Moreover, some paradigms show different neural correlates for object processing. For
example, in an item recognition paradigm, adults showed a larger
widespread positivity for correctly recognized old items as compared to correctly rejected new items between 450 and 1350 ms,
starting at the centro-occipital sites moving more towards the
frontal regions (Marshall et al., 2002).
Whereas direct comparisons between passive and active tasks
are scarce, previous studies have investigated a similar comparison
between implicit and explicit queries of memory retention (Rugg
and Doyle, 1994; Curran, 1999; Swick and Knight, 1997). Using
explicit tasks similar to the active tasks employed in the current
investigation, researchers directed participants to indicate whether they had seen an item before. For implicit tasks, participants
often performed a task unrelated to stimulus repetition, such as a
lexical decision. Similar to a passive task, they did not directly
respond to whether they had seen an item before. However, in
contrast to passive tasks, participants did respond to an implicit
task. Some studies on implicit versus explicit tasks show similar
ERP effects for both tasks (Rugg and Doyle, 1994; Curran, 1999),
whereas others show only partial overlap between implicit and
explicit tasks, suggesting that explicit tasks require additional
processing (Swick and Knight, 1997). Even others show completely
different effects in implicit versus explicit tasks, with implicit tasks
often showing an earlier effect of repetition (Paller and Gross,
1998; Paller et al., 1998). The inconsistency between studies may
be partly due to the co-occurrence of implicit processing on explicit tasks in which surface features such as modality are the
same, but not in others in which intermodal stimuli were used
(Rugg et al., 1993, 1995).
However, differences in the outcomes of studies comparing ERP
task types may also depend on the population studied. A body of
previous research examined the effects of aging on ERPs in both
implicit and explicit word recognition tasks (Friedman, 2000;
Swick and Knight, 1997). In these studies, aging adults showed
intact old/new ERP effects on implicit tasks, but smaller ERP effects
than young adults for explicit tasks and impaired explicit memory
task performance. Taken together, previous results lead us to expect an early fronto-central old/new effect for both passive and
active tasks, with an additional later parietal old/new effect in the
active task in typical adults. Given their known impairments in
explicit memory, individuals with DS may mirror the ERP ﬁndings
from aging adults.
The aforementioned research literature and hypotheses are
based on studies utilizing implicit versus explicit tasks instead of
passive versus active tasks, so our study will extend the literature
by comparing a different set of tasks, one of which does not
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require overt responses. This comparison is useful as passive
viewing (with no task) is often the method employed to study
infants, very young children, and populations with cognitive impairment. In addition, no studies have directly compared active
and passive paradigms in a population with memory impairments
such as DS, which is one of the groups in which the passive versions are often utilized. Moreover, little research has investigated
the relation between ERP correlates in passive tasks and behavioral measures of memory. One study with 9-month-olds has
shown that the size and timing of the Nc component in an immediate short-term recognition task did not relate to behavioral
measures of recall one month later, whereas the Nc component for
recognition memory at a one week delay did (Bauer et al., 2003).
However, research on the relation between passive ERP tasks and
frequently used standardized behavioral memory tests is currently
lacking.
Against this background, the aims of the current study were
threefold. First of all, we intended to gain insight into the ERP
correlates of object recognition memory in individuals with DS.
Second, we aimed to assess the differences between passive and
active tasks, both in individuals with DS and typical young adults.
Here, we investigated the difference between an active and passive continuous object recognition task with multiple repetitions
of the stimuli. Similar to Key and Dykens (2014), we divided the
multiple repetitions into early repetitions (2nd and 3rd presentation) and late repetitions (4th and 5th presentation). The advantage of using this paradigm is the possibility to investigate
changes in the neural response over repetitions. Moreover, the
task can be administered with active responses and in a passive
manner allowing for a within subjects comparison of these effects,
which would have been difﬁcult with other paradigms in DS (i.e.,
the ones often used in typical adults). Third, we aimed to correlate
ERP responses in both task versions to standardized assessments
of memory performance, a set of analyses that would provide
additional information about how the active and passive tasks may
differ.
Based on the aforementioned research, we expect at least
partly overlapping ERP effects in TD individuals in the active and
passive tasks. Moreover, we hypothesize that individuals with DS
will show a later effect for old versus new objects, both in the
number of repetitions needed as well as in the timing of the ERP
component (Key and Dykens, 2014). However, based on the research on aging adults who show impaired recognition, but spared
implicit processing, this difference may only be apparent on the
active task. In total, our results should inform us about the potential to use passive memory tasks in the study of object recognition memory in individuals with DS and possibly other
memory-disordered groups.

2. Method
2.1. Participants
Two groups of participants took part in this study1. The ﬁrst
group consisted of 17 young adults with DS between 17 and 24
years of age (8 males, 9 females; MAge ¼20.54 yrs, sdAge ¼2.70 yrs).
The second group consisted of 17 typically developing young
adults between 18 and 28 years of age (6 males, 11 females;
MAge ¼21.17 yrs, sdAge ¼ 2.70 yrs). All participants were screened
for stroke and epilepsy. The groups did not differ in gender, χ2
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(df¼2, N ¼34) ¼0.49, p ¼.486, or age, T (45) ¼0.67, p ¼.511.
Participants with DS were recruited through a participant list
from earlier studies. Exclusion criteria included the presence of
mosaicism. Typically developing individuals (TD) were undergraduates who could participate for either course credit or payment, and were additionally screened for the use of non-prescribed drugs and LSD. Three additional participants with DS were
excluded because of an insufﬁcient number of artifact-free trials in
one (1 pp) or both sessions (2 pp). Ten additional TD participants
were excluded, ﬁve because of incompletion of the second session,
one because of computer failure, and four because of an insufﬁcient number of artifact-free trials in one of the sessions.
2.2. Procedure
All participants were tested twice within two weeks. The mean
period between the two testing sessions was 6.06 days for the
group with DS (range 1–17 days) and 4.00 days for the TD group
(range 1–7 days). The number of days in between the two sessions
did not differ between groups, F (2, 31) ¼1.34, p ¼.194.
For the ﬁrst session, the procedure started with an explanation
of the study and signing of the consent form by the TD group, or
the parent(s) of the participant with DS. In addition, the participants with DS were presented with a book in which the EEG
procedure was explained. After that, handedness was assessed
with an adapted form of the Edinburgh Handedness Inventory
(Oldﬁeld, 1971). Participants then completed the passive EEG task
(see Fig. 1). After removing the EEG cap, a surprise Old/New
memory test was administered. For half of the participants, the
PAL was administered after this task. In addition, for the participants with DS the KBIT-II was administered after the PAL.
In the second session, the active task was administered ﬁrst
while EEG was being recorded. After this task, the PAL was administered if it had not been administered on day 1. Next, the
participants with DS performed additional tasks for a different
study. For the TD participants, the KBIT-II was administered in this
session. In total, both sessions lasted about 1.5–2 h for the participants with DS, and 1 h for the TD participants. After both sessions, participants were rewarded with gift cards, or course credit.
The passive task was always administered before the active
task. In the passive task, participants were unaware of the fact that
their memory would be tested afterwards. Had the active task
been administered ﬁrst, participants would likely have presumed
that they would be tested afterwards, undermining the idea of a
passive viewing paradigm.
All procedures were approved by the University of Arizona IRB.
2.3. Stimuli
The stimuli used in both EEG tasks and in the surprise memory
test in Session 1 consisted of pictures of everyday objects presented on a black background. The pictures were sized within a
centered (invisible) rectangle of 300  400 pixels. The complete
stimuli were 600  800 pixels. In total, 170 stimuli were used in
the experiment, plus 8 practice stimuli for the surprise memory
test and active EEG task. Two sets of 65 stimuli were used for the
EEG tasks. For half of the participants, stimulus set A was presented in the passive EEG task, while set B was presented in the
active EEG task. For the other half of the participants, this order
was reversed. The remaining 40 stimuli were only used for the
Old/New surprise memory test.
2.4. Tasks

1

An additional group of typically developing children with the same mental
age as the group with DS was measured. However, this group was not included due
to too much data loss in the active ERP task.

2.4.1. Passive EEG task
Participants were seated in front of and approximately 60 cm
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object-in-place learning. Participants learned associations between abstract visual patterns and hiding locations on a computer
screen. Participants indicated on a touch screen where a certain
pattern had appeared before. The task increased in difﬁculty from
1 to 8 patterns to be remembered. The measure included here is
the mean number of errors to success. This variable indicates how
often stimuli had to be repeated before they were memorized,
while correcting for the difﬁculty level that was reached by the
participant.

Fig. 1. Overview of the tasks in the different testing sessions. CANTAB PAL was
counterbalanced across sessions.

away from a computer monitor. They were instructed that they
would see objects appear on the screen. They were told to sit as
still as possible and watch the screen closely and to move and talk
only when a movie clip was played. The participants were video
recorded in order to detect trials in which the participant was not
attending to the screen.
Stimuli were presented for 1500 ms, with an inter-trial interval
jittered between 500 and 1000 ms. We presented 145 trials in
three blocks, separated by movie clips of about 2–3 min. Twenty
stimuli were presented 5 times with lags of either 2, 3, 5, or
6 stimuli in between. The other 45 stimuli were only presented
once.
2.4.1.1. Surprise Old/New memory test. After the passive EEG task
and removal of the EEG cap, participants received a surprise Old/
New memory test to serve as an indicator of memory performance
in the passive task. A total of 80 stimuli were shown, 20 stimuli
that had appeared 5 times in the passive EEG task, 20 stimuli that
had appeared 1 time in the passive task, and 40 new stimuli that
the participants had not seen before. Stimuli were again presented
for 1500 ms, after which a response screen appeared until the
participant responded, with a maximum of 3000 ms. After an inter-trial interval of between 500–1000 ms, the next trial began. For
the DS participants, the experimenter pressed the buttons based
on the verbal response of the participant.
2.4.2. Active EEG task
The active EEG task was similar to the passive EEG task with
regard to the stimuli that were presented (same presentation rate
and number of stimuli and repetitions) and the video recording.
Participants were told that they were going to view objects again
and that the objects would be different from the ones seen before.
They were instructed that some objects would be shown more
than once. If an object was shown for the ﬁrst time, they should
respond that it was ‘New’. If the object had already been presented
before, they had to press the ‘Old’ button. Participants were instructed to press the button after the object had disappeared and
the response screen had appeared. Again, if participants were
unable to press the buttons themselves, the experimenter would
press the buttons based on the verbal response of the participant.
Given that the response occurred after the object display, we believe that this should not impact the ERP results.
2.4.3. Neuropsychological assessments
2.4.3.1. Object-in-place learning task. The Paired-Associate Learning (PAL) task is a subtest of the CANTAB battery. It measures

2.4.3.2. IQ assessment. The KBIT-II is a measure of verbal and
nonverbal intelligence and is suitable for individuals from 4 to 90
years old (Kaufman and Kaufman, 2004). The verbal scale includes
two subtests – Verbal Knowledge and Riddles – that assess vocabulary, comprehension, and reasoning. The non-verbal scale includes the subtest Matrices, which involves problem solving and
understanding of relations. The outcome variables of this study
were verbal and non-verbal IQ.
2.5. EEG recording and processing
EEG was recorded with a 64-channel Geodesic Sensor Net
(Electrical Geodesics Inc.) referenced to Cz. Signals were recorded
on-line with a sampling rate of 500 Hz. After recording, signals
were imported into the Matlab-based toolbox Fieldtrip (Oostenveld et al., 2011). Signals were low pass ﬁltered at 30 Hz and rereferenced to the mean of the left and right mastoid. Signals were
corrected for eye blinks and eye movements by using the Independent Component Analysis (ICA) method.
The signals were manually inspected for bad channels. Bad
channels were reconstructed based on a linear combination of
surrounding channels. Reconstructed channels were never two
adjacent channels. If two neighboring channels were bad, the data
were removed from the analyses. Moreover, if more than 4 bad
channels were found, the participant was removed from the analyses. For both the active and passive task, data were segmented
from 200 ms before stimulus onset until 1500 ms after stimulus
onset separated by condition. Based on the video recordings, trials
in which participants did not attend to the screen were removed
from the data analyses. The remaining data were baseline-corrected based on the  200 ms to 0 ms time window. For each
electrode, ERPs were computed by averaging the artifact-free trials
per condition. ERPs were computed for the new objects, for early
repetitions, i.e. 1st and 2nd repetition, and late repetitions, i.e. 3rd
and 4th repetition. A minimum of 20 artifact-free trials in each
condition was needed for a participant to be included in the
analyses. The mean number of trials in each condition is reported
in Table 1 for both groups separately. The number of trials for the
new objects was larger than the number of trials included for the
repetitions, F (2,31) ¼461.24, p o.001. Moreover, more trials were
included for the TD group as compared to the group with DS, F
(1,32) ¼9.71, p ¼.004, although the absolute difference was small.
Table 1
Mean number of trials (sd between brackets) per participant included in the ERP
analyses in each condition for both groups.
DS
Passive

Active – all

New
2nd 3rd
4th 5th
New
2nd 3rd
4th 5th

45.47
29.24
29.18
47.17
30.76
30.71

TD
(6.45)
(4.22)
(4.32)
(8.52)
(5.26)
(4.81)

54.00
33.76
33.00
52.82
32.88
32.53

(6.91)
(4.70)
(4.60)
(8.49)
(4.33)
(4.54)
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2.6. Data analyses
2.6.1. Behavioral analyses
T-tests were performed on K-BIT, handedness, and PAL scores
to test differences between groups. With regard to behavioral
performance on the EEG tasks, a general D-prime value was calculated based on all repetitions vs the new objects. A repeated
measures ANOVA was carried out with task as within subjects
factor (active vs passive), and group (DS vs TD) as between subjects factor. Since the behavioral responses on the passive task
were based on the surprise old/new memory test, the number of
items and the number of times these were repeated differed for
the passive and active tasks. The surprise memory test included
new items and items that were presented either one or ﬁve times
in the passive task. the active task, responses had to be given
immediately, so data are available for new items, and 1st to 4th
repetitions. To compare performance between the active and
passive task we therefore also calculated a D-prime based only on
the new objects and ﬁrst repetitions. Again, a repeated measures
ANOVA was carried out with task as within subjects factor (active
vs passive), and group (DS vs TD) as between subjects factor.
2.6.2. ERP analyses
Because the time course and scalp topography of the ERPs were
unknown, especially in the group with DS, we chose to analyze the
ERPs in a data-driven way instead of using predeﬁned time windows. Cluster-based permutation tests were used to test the differences between early repetitions and new objects, and the differences between late repetitions and early repetitions (Maris and
Oostenveld, 2007). The cluster-based permutation tests the null
hypothesis that data from two conditions or two groups in the
analyses are interchangeable (i.e. that there is no difference between conditions or groups). One-thousand permutations were
drawn, and alpha was set to .025, which is equal to .05 in twotailed parametric testing. The clusterstat reported is the clusterbased statistic based on the sum of the t-values within a cluster of
data points adjacent in time and/or space (see Maris and Oostenveld, 2007, p. 180). For the active task, all trials were included
in the initial analyses, regardless of whether the trial was answered correctly. This was done because the results of the passive
task also included all items that were viewed, regardless of performance. Since the cluster-based permutation test can only be
used with one within- or one between-subjects factor, 4 permutation tests were performed, two for the group differences on the
passive task and active task respectively, as well as two for the
differences between sessions, one for the group with DS and one
for the TD group. To test the interactions between task or group
and repetition, difference waves were computed for early repetitions vs new objects and late vs early repetitions. These difference
waves were submitted to the analyses. The initial analyses were
followed by posthoc comparisons. To correct for the increase in
Type I error, the Benjamini-Hochberg False Discovery Rate (FDR)
correction was applied for posthoc analyses (Benjamini and
Hochberg, 1995). The corrected signiﬁcance level was q* ¼.0104.
In addition to the permutation analyses, to improve comparability with other studies showing early frontal and later parietal
old/new effects, we added parametric analyses of these effects. For
the early old/new effect, the mean amplitude for 3 midfrontal
electrodes around Fz (3, 6, 9) was calculated between 300 and
500 ms. For the late parietal old/new effect, the mean amplitude
was calculated between 400 and 800 ms for 3 left parietal electrodes around P3 (27, 28, 31) for each condition and task separately. A repeated measures ANOVA with group (DS, TD) as between-subjects factor, and task (passive, active) and repetition
(new, early, late) as within-subject factors was carried out for both
effects separately. Only effects including the factor repetition are
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reported.
Next, we correlated the differences found in the permutation
tests with performance on the PAL. Based on the permutation
tests, a time window between 200 and 900 ms at Cz was chosen to
calculate the ‘50% area latency’ of the positive values. The 50%
percent area latency was used since it has been shown to be more
reliable than peak amplitude for long lasting effects (Luck, 1998,
2004; Luck and Hillyard, 1990). Cz was chosen for these analyses,
since most of the effects found in the permutation tests were
centered around Cz. We calculated the area under the curve of the
positive peak between 200 and 900 ms based on the difference
waveforms (early repetitions – new objects and late repetitions –
early repetitions). The temporal midpoint of the area was calculated such that 50% of the area was on the left and 50% of the area
was on the right. The advantage of the 50% area latency measure is
that it can determine the timing of a component that does not
have a distinctive peak. The 50% area latency in both the active and
the passive task was correlated with the mean error to success in
the PAL for both groups separately.

3. Results
3.1. Behavioral results
Behavioral data on the background measures, the EEG tasks,
and the object-in-place learning are reported in Table 2. For the
K-BIT, both raw scores and IQ scores were reported, because IQ
scores have a limited range in individuals with DS. The TD group
has a higher average IQ than the group with DS. Handedness did
not differ between groups. Both the DS group and the TD group
had higher D-prime values on the active task compared to the
passive task, respectively, T (16) ¼  2.40, p¼ .029, and T (16) ¼ 
5.38, p o.001. Based on D-prime for 1st repetitions only, the TD
individuals outperformed the individuals with DS. The TD group
had higher D-prime values in the active task compared to the
passive task, with only a marginal effect of task for the group with
DS, respectively, T (16) ¼  4.92, p o .001, and T (16) ¼  1.72,
p¼ .094. The TD group showed fewer errors in the PAL, indicating
better object-in-place memory than the individuals with DS.
3.2. ERP results
3.2.1. Overall analyses
Fig. 2 shows the ERPs elicited in the passive and active tasks for
the different groups at electrodes Fz, Cz, Pz, and Oz for illustrative
purposes. A between-groups (DS, TD) test statistic was computed
Table 2
Behavioral results (mean and sd) on the EEG tasks and the PAL in TD and DS
individuals.
DS (n¼17)
Background measures
KBIT-II verbal IQ
KBIT-2 non-verbal IQ
Handedness°
EEG tasks
D-prime post test (passive)
D-prime active
D-prime 1st rep post test
(passive)
D-prime 1st rep active
Memory function measure
PAL mean error to success

TD (n ¼17)

46.59 (9.03) 108.81 (11.71)
50.06 (9.30) 108.75 (9.46)
1.64 (.37)
1.81 (.26)

T

p

 17.16 o .001
 17.96 o .001
 1.45 .161

1.29 (1.54)
2.31 (2.26)
1.34 (1.59)

3.76 (1.77)
5.44 (0.72)
3.69 (1.66)

 5.26
 5.43
 4.22

o .001
o .001
o .001

2.00 (2.32)

6.33 (1.29)

 6.73

o .001

4.43 (1.72)

0.66 (0.50)

8.68

o .001

° Mean scores based on 10 questions. 1 is completely left handed, 2 is completely
right handed.
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Fig. 2. ERPs elicited in the passive and active task at different electrode sides for both groups. Blue lines represent the new items, red lines represent the early repetitions,
and green lines represent the late repetitions. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

for early repetitions vs new objects, and late repetitions vs early
repetitions for both the passive and the active task. For the
passive task, results revealed no group-related cluster differences
for early repetitions vs new objects, or for late vs early repetitions.
For the active task, results revealed a positive cluster for early
repetitions vs new objects, clusterstat ¼ 24,115, p ¼.006, and a
negative cluster for late versus early repetitions, clusterstat¼
7305.7, p ¼.021, indicating a larger effect of early repetitions vs
new objects in the TD group as compared to the group with DS,
and a larger effect of late vs early repetitions in the DS group than
in the TD group.
Since we were also interested in the differences between tasks
within groups, a within-groups test statistic was computed for the
early repetitions vs new objects and late vs early repetitions in the
passive versus the active task for the group with DS and the TD
group separately. For the group with DS, no cluster differences
were found for early repetitions vs new objects or late vs early
repetitions, indicating similar effects of repetition in both the
passive and active tasks. For the TD group, a signiﬁcant cluster was
found for the early repetitions vs new objects, showing a larger
difference in the active task as compared to the passive task,
clusterstat ¼ 21,885, p ¼.014. No difference between early and late
repetitions was found. Because of the interactions between task
and group, we continue the analyses for each group separately.

3.2.2. Analysis in individuals with Down syndrome
Since no differences were observed between the active and the
passive task for the DS group, the analyses on the repetitions were
performed for the passive and active task together. For early repetitions vs new objects, a signiﬁcant positive cluster was revealed, clusterstat¼ 41,495, p o.001. A primarily centrally-located
cluster appeared between 250 and 1000 ms, which was relatively
widespread between 250 and 800 ms, indicating a positivity for
the early repetitions as compared to the new objects (see Fig. 3).
For late vs early repetitions, a signiﬁcant positive cluster was also
found, clusterstat ¼ 15,554, p ¼.008. This effect was represented
by a cluster between 200 and 700 ms over the centro-parietal
sensors, partly right lateralized, indicating a positivity for the late
repetitions as compared to the early repetitions (see Fig. 4).
3.2.3. Analysis in typically developing individuals
For the TD group, an interaction between repetition and task
was found and data were analyzed separately for the passive and
the active task. In the passive task, a widespread positive cluster
was found between 200 and 600 ms for the early repetitions vs
new objects, clusterstat ¼ 34,386, p ¼.004, indicating a positivity
for the early repetitions as compared to the new objects (see
Fig. 5). In the active task, early repetitions vs new objects revealed
a positive cluster between 100 and 1050 ms starting and ending
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Fig. 3. Results from permutation test for early repetitions versus new objects for the group with DS (passive and active task together) mapped onto difference plots of those
conditions. Stars represent signiﬁcant differences on the speciﬁc electrode in the speciﬁc time window.

posterior, maximized over the whole scalp between 200 and
900 ms, clusterstat ¼ 93,498, p o.001 (see Fig. 6). For the late vs
early repetitions, there was no interaction between task and repetition. Follow-up analyses show that in both tasks, no differences between late and early repetitions occurred.
3.2.4. Active task based on correct answers
In the analyses reported in the previous section all trials were
included in the active task, regardless of the accuracy of memory
performance. We also analyzed only the correct trials in the active
task to answer the question of whether the difference in ERP related to differences in performance. The ERPs are shown in Fig. 7.
For the group with DS, only 8 out of the 17 participants had

enough correct trials to be included in these analyses. No group
difference was found for early repetitions versus new objects (for
the largest clusterstat p was larger than .15, translating into larger
than .30 two-tailed). For the late vs early repetitions, no signiﬁcant
cluster was found either, largest clusterstat¼2855, p ¼.06, translating into p ¼.12 two-tailed. Since no interactions were found, the
effect for early repetitions vs new objects was calculated for both
groups together. The results show one signiﬁcant positive cluster,
clusterstat ¼ 10,228, p o.001. Fig. 8 shows that the difference occurs between 150 and 950 ms and is spread over the whole scalp.
This pattern is similar to the pattern of the TD group in the active
task. For late vs early repetitions, no signiﬁcant cluster shows up,
indicating no difference in processing between late repetitions and

Fig. 4. Results from permutation test for late repetitions versus early repetitions for individuals with DS (passive and active task together), mapped onto difference plots of
those conditions. Stars represent signiﬁcant differences on the speciﬁc electrode in the speciﬁc time window.
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Fig. 5. Results from permutation test for early repetitions vs new objects for the TD group in the passive task, mapped onto difference plots of those conditions. Stars
represent signiﬁcant differences on the speciﬁc electrode in the speciﬁc time window.

Fig. 6. Results from the permutation test for early repetitions vs new objects for the TD group in the active task, mapped onto difference plots of those conditions. Stars
represent signiﬁcant differences on the speciﬁc electrode in the speciﬁc time window.

early repetitions, (largest clusterstat ¼  2238, p¼ .07, translating
into p ¼.14 two-tailed), which is similar to what was found for the
TD group.
3.2.5. Early mid-frontal and late parietal old/new effects in the ERP
Topographic distributions of the mid-frontal and parietal old/
new effects are displayed in Fig. 9. For the early mid-frontal effect,
a main effect of repetition was found, F (2,64) ¼19.84, po .001. No
two- or three-way interactions with task or group including repetition were found. Simple effects showed a signiﬁcant difference
between early repetitions and new objects, F (1,32) ¼18.08,
p o.001, and a marginal effect of late versus early repetitions, F
(1,32)¼2.97, p ¼.094. For the later parietal effect, a main effect of
repetition was found, F (2,64) ¼ 21.42, p o.001, as well as an interaction between repetition and task, F (2,64) ¼3.59, p¼ .033, but
no interactions between repetition and group or between, repetition, task, and group. Follow-up analyses on the active task
revealed an effect of repetition, F (2,66) ¼ 19.51, p o.001. Simple
effects analyses showed that the difference between early repetitions and new objects was signiﬁcant, F (1,33) ¼25.85, p o.001,

whereas the difference between late and early repetitions was not,
F (1,33) o1, n.s. For the passive task, an effect of repetition was also
found, F (2,66) ¼ 6.20, p ¼.007. Simple effects analyses showed that
here as well, the difference between early repetitions and new
objects was signiﬁcant, F(1,33) ¼10.83, p o.001, whereas the effect
of late versus early repetitions was not, F (1,33)o1, n.s. Thus, the
results do show effects of repetition in both tasks, but, in contrast
to the permutation tests, no group differences between
repetitions.
3.3. ERP – Behavior correlations
Fifty percent area latency in both the active and the passive
task was correlated with mean error to success on the PAL for each
group separately, while controlling for verbal IQ. The results are
presented in Table 3 and show that more errors in the PAL are
related to a smaller 50% area latency for late vs early repetitions in
the individuals with DS in both the passive and the active task. The
TD individuals did now show signiﬁcant correlations. However,
when comparing the correlations directly between groups, a
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Fig. 7. ERPs for the correctly answered trials in the active task for both groups.

difference in correlation was found on the active, but not on the
passive task, z¼ 2.87, p ¼.004, and z ¼0.24, p ¼.810, respectively. As
shown in Fig. 10, the TD individuals showed a restricted range of
PAL scores (with 1–2 errors on average), likely leading to less
power to detect signiﬁcant correlations.
To visualize the correlation in the DS sample, we computed
ERPs separately for the participants with high versus low errors on

the PAL, as shown in Fig. 11. The waveforms suggest that in the
passive task, participants with low errors on the PAL show a
minimal positivity for late vs early repetitions in the 200–900 ms
time window, whereas the participants with high errors on the
PAL do show a positivity between 200 and 500 ms. In the active
task, participants with low errors on the PAL show a late positivity,
around 500 to 1100 ms, whereas the participants with high errors
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Fig. 8. Results from the permutation test for early repetitions vs new objects for the correctly answered trials in the active task (DS and TD together), mapped onto difference
plots of those conditions. Stars represent signiﬁcant differences on the speciﬁc electrode in the speciﬁc time window.

on the PAL show an earlier positivity, starting already before
200 ms, ending around 600 ms.

4. Discussion
The current study investigated differences between electrophysiological correlates of active and passive object recognition
memory in young adults with and without DS. Effects were related
to performance on a standardized assessment of memory function.
This study provides unique data regarding the different ERP assessments in a within-subjects design in a population of individuals with memory disorders in comparison to typically developing young adults. In total, study results suggest that active
and passive object memory tasks are performed differently by
different populations, a ﬁnding that has implications for how these
tasks should be interpreted and utilized in future research.
Our analyses of performance accuracy show that TD individuals
outperform individuals with DS on both the post-test conducted
after the passive task as well as in the recognition measures during
the active task. Moreover, both groups performed better on
memory for the items in the active as compared to the passive
task. However, when examining only the ﬁrst repetitions versus
new objects, the task difference was only marginally signiﬁcant for
the group with DS. The difference in item memory performance
during or directly after the active and passive ERP assessments
could be due to the differences in the presentation of the tasks. In
the active task, memory was assessed directly and immediately,
while the surprise memory test after the passive task followed the
completion of the EEG task, introducing a delay during which
memory decay likely occurred (Peterson and Peterson, 1959). The
differences in memory retention across tasks could also be explained by differences in attention. Since participants were only
directed that their memory would be assessed on the active task,
they may have paid more attention to the stimuli, leading to better
performance. Finally, although the stimuli differed per task, we
cannot rule out practice effects, because of the ﬁxed order in

which the tasks were administered. The differences in performance cannot be completely attributed to the difference in number of times the objects were repeated, since the effect remained
when only analyzing the ﬁrst repetitions in both tasks.
With regard to the ERPs, between group differences (i.e., DS vs.
TD) were only found on the active task. Moreover, when examining the groups separately, we observed no differences in response to the object repetitions between the active and passive
task in the group with DS, while TD individuals demonstrated a
difference between the tasks. These results suggest that TD individuals process the objects differently in response to the task
demands, whereas individuals with DS do not. We propose that
individuals with DS use implicit processing in both tasks, whereas
TD individuals also process objects explicitly during the active
task. However, the task-related difference in ERPs may also be due
to increased attention in the TD group during the active task; this
attention may not have been deployed in the same fashion in the
group with DS on the active measure. Since level of attention was
not directly tested, future research should investigate possible
differences in attention between tasks and groups, potentially
employing eyetracking or pupilometric measures.
For the TD group, a difference between early repetitions and
new objects occurred between 200 and 600 ms in the passive task.
In the active task this effect was longer lasting, between 150 and
1050 ms, and more spread out over the scalp. In the passive task,
the timing of the effect was similar to early old/new effects.
However, the distribution was more widely spread over the scalp.
Parametric analyses showed that an early mid-frontal old/new
effect was indeed present in the passive task for early repetitions
versus new objects, together with a later left parietal old/new effect. In the active task, the timing of the permutation test suggests
both early and late old/new effects. This was conﬁrmed by the
parametric analyses. However, here as well, the distribution is
more widespread as compared to the more focal old/new effects
previously reported. These results are similar to the long lasting
effect found by Marshall et al. (2002).
In contrast to the paradigms typically eliciting early and late
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Fig. 9. Topographic distributions of the mid-frontal (A) and parietal (B) old/new effects.
Table 3
Correlation between PAL mean error to success and measures of 50% area latency
controlled for verbal raw score on the KBIT-II in both the active and passive task.
TD
Passive new-early
Passive early-late
Active new-early
Active early-late

.361
 .496
.023
.462

DS
(p ¼.186)
(p ¼.060)
(p ¼.936)
(p ¼.096)*

 .400
 .561
 .108
 .541

(p ¼.124)
(p¼ .024)
(p ¼.690)
(p¼ .030)

*
one participant was excluded, because of an extreme value on the 50% area
latency

old/new effects in previous research, in both the study of Marshall
et al. as well as in our study, participants were instructed only to
indicate whether they had seen an item before, without distinguishing between remembering and knowing. This may have led
to the differences between our study and past investigations as the
processing may depend on task demands. In past investigations,
different response options such as remember/know/new responses may have led to deeper processing of the stimuli as
compared to our study asking only for old/new responses. Another
explanation for the difference with previous studies is our
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Fig. 10. Correlations between 50% area latency and PAL score in both the passive and active tasks.

Fig. 11. Difference waves for late vs early repetitions at Cz for DS participants with
high vs low errors on the PAL.

acquisition of an explicit response after the stimulus had disappeared instead of during stimulus presentation. However, in
most previous studies, responses were given on both tasks (i.e.
implicit and explicit). In the current study, direct responses on the
active task could have possibly introduced confounds of response
preparation in the one task, but not the other.
In summary, we demonstrated no differences on either the
active or the passive task for early versus late repetitions in the TD
group. The partly overlapping results for old versus new stimuli in
both tasks imply that similar processes play a role in the active and
passive tasks. Beyond this ﬁnding, there is also evidence for additional processing in the active task in TD adults, replicating the

ﬁndings of previous studies (e.g. Swick and Knight, 1997).
In the group with DS, we found an effect of early repetitions
versus new objects (2nd and 3rd versus 1st presentation) as well
as for late versus early repetitions (4th and 5th versus 2nd and 3rd
presentation) on both the active and passive tasks. This result
suggests that object processing on passive and active tasks relies
on the same mechanisms in individuals with DS. This ﬁnding in DS
mirrors a previous result in aging adults, and likely reﬂects implicit processing in both tasks, with the absence of explicit processing on the active task (Friedman, 2000; Swick and Knight,
1997). Both the effect of early repetitions versus new objects as
well as the effect of late repetitions versus early repetitions reﬂect
a positivity with repetition of the objects. For the contrast of early
repetitions versus new objects, the effect lasted from 250 to
1000 ms, and was spread over the central sensors. The effect for
the late versus early repetitions was shorter, lasting from 200 to
700 ms, and was mostly centered around (right) centro-parietal
regions. These smaller negative deﬂections with repetition suggest
that object representations are strengthened by repetition, leading
to diminished activation upon re-encountering the object, a phenomenon found in both fMRI and EEG studies, known as repetition
suppression (e.g. Summerﬁeld et al., 2011). The effect of the early
repetitions versus new objects has a distribution similar to the
FN400 effect (e.g. Curran, 2000). The effect of the late repetitions
versus early repetitions however has a scalp distribution that is
similar to the late parietal old/new effect and to the N400 effect
elicited by unconscious previous exposure (Lucas et al., 2012).
Based on the timing, the effect seems to be more in line with the
N400 effect for unconscious previous exposure as compared to late
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parietal old/new effects. However, in the parametric analyses, an
early mid-frontal effect and late parietal old/new effect were
found, with large amplitude differences for early repetitions vs
new objects, but only marginal and insigniﬁcant ﬁndings for late
versus early repetitions. In line with the study of Key and Dykens
(2014), our results seem to suggest that more than two repetitions
are needed to build a full object representation. In contrast to Key
and Dykens’ study, results from the permutation tests show faster
timing of the ERP response and fewer number of repetitions
needed to show a recognition effect. This difference may be because their study used more complex stimuli (i.e., scenes vs. objects in the present study).
The difference in ERPs between the groups could be related to
the difference in memory task performance. This hypothesis was
tested by comparing only the correct trials in the active task between the DS and TD group, resulting in an analysis with only a
subgroup of the individuals with DS (8 out of 17). The analyses of
correct trials showed no differences between the groups. A
widespread effect for early repetitions versus new objects appeared between 150 and 950 ms, which seems to be a larger effect
than when all the trials were included in the group with DS.
Moreover, no difference between late and early repetitions was
found in DS, similar to the results in the TD group. This result
suggests that individuals with DS who perform relatively well,
showing the least impaired memory, have neural correlates that
are similar to TD individuals.
When correlating ERPs from both the active and the passive
task to memory performance on a task that measures object-location memory (i.e., CANTAB PAL), results show that ERPs did not
correlate signiﬁcantly with PAL performance in TD adults. However, in the passive task, the correlations in the TD group did not
differ signiﬁcantly from those in the group with DS. The absence of
a correlation in the TD group may be due to a restricted range of
performance in this group, who were uniformly able to remember
8 patterns. In the sample with DS, the ERPs on both tasks did
correlate with object-location memory. Speciﬁcally, the longer the
50% area latency of early versus late repetitions, the fewer errors
were made on the PAL. In the passive task, participants with DS
who scored better on the PAL showed little to no effect for late vs
early repetitions. In contrast, participants who scored worse on
the PAL did show a positivity. This result indicates that participants
who need more repetitions to build a full object representation
also need more trials to succeed in the PAL. In the active task,
participants with DS who scored better on the PAL showed a later
positivity as compared to participants who scored worse on the
PAL. This later effect may reﬂect a recollection effect that is present
for late versus early repetitions in those with better object memory. The ability to recollect objects is a likely explanation for their
stronger performance on the PAL. In total, these results reﬂect
variability in this population that could lead to different ERP effects across different levels of function, highlighting the importance of examining both within and between population ERP
differences.
Altogether, the answer to our question regarding the equivalence of active and passive paradigms is mixed. Whereas the group
with DS did not display differences across the tasks, the TD group
did. These results conﬁrm our hypothesis that the DS group relies
on implicit processing in both tasks, whereas the TD adults use
different processing in the active versus the passive task. In addition, they emphasize the importance of an approach comparing
performance on ERP measures with different task demands across
populations within the same study.
One possible study limitation is the ﬁxed presentation order of
the passive and active measures. Because we wanted the passive
task to remain as “passive” as possible, we always presented it in
the ﬁrst session followed by the active task in the second session.
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One implication is that the participants, especially the group with
DS, were more acclimated to testing in the active task as compared
to the passive task. This difference may have led to a difference in
the number of trials that could be included in the analyses, which
was a small, numerical mean difference of two to three trials. Had
we chosen to counterbalance the order of the passive and the
active task, the individuals who ﬁrst participated in the active task
may have expected to be tested on the passive task, undermining
its validity. We might expect that this inference would be routine
in the TD group, composed largely of students familiar with psychological testing procedures, as compared to the group with DS,
whose members are less familiar with this kind of testing. Future
research could investigate whether the order of the tasks inﬂuences the ERP results.
A clear advantage of our study was the use of the cluster-based
permutation tests. This method was chosen because it includes all
regions and time windows at the same time, giving the most
complete result possible. It eliminates the need to preselect time
windows and regions of interest based on previous research. This
is especially important when testing either new paradigms, or
testing new populations with existing paradigms. In these cases,
preselecting time windows and scalp regions may lead to misleading results. A downside of the cluster-based approach is that it
is not able to dissociate between overlapping old/new effects and
test ﬁndings are less comparable to previous research. Due to
these limitations, we also analyzed the ERPs in the preselected
time windows. Outcomes of those analyses in comparison to the
permutation tests showed that the analysis techniques produced
different results. Although similar repetition effects were found in
both analyses, we found no differences between the TD individuals
and individuals with DS in the analysis using preselected windows. Group effects were prominent when taking into account all
electrodes and time points, however. Given these results, we
suggest that permutation analyses become a recognized standard
for analyzing ERPs when studying new paradigms or new
populations.
Another potential limitation is the differential data loss across
trials for the groups. While the difference in the number of trials
was minimal (e.g., 5 on a mean of 55 trials and 3 on a mean of 33
trials on average), different numbers of trials could lead to different signal-to-noise ratios. While this can inﬂuence ERP results, in
our study this is unlikely because of our data analysis approach
with cluster-based permutation testing. Assuming that noise is
randomly distributed, it could by chance inﬂuence parametric
statistics that are usually performed on a limited set of electrodes.
However, it is unlikely that randomly distributed noise would inﬂuence all time x electrode samples in the same way. As such, the
cluster based approach less likely leads to false positive results due
to differences in signal-to-noise ratio.
Despite this study's limitations, the results lead us to believe
that passive ERP tasks can be utilized to measure object recognition memory in DS. The measured functions may not reﬂect the
use of the complete memory system network in this population,
including explicit memory processing or explicit allocation of attention, but these tasks did correlate with standardized tests often
shown to be impaired in this group. These correlations likely reﬂect greater variability in the memory scores, and underlying
memory systems employed for object memory, in persons with
DS. The similarity between the electrophysiological responses on
the active and passive task and consistent correlations with
standardized memory measures indicate that both tasks involve
similar memory processes in this population. For typically developing adults, the ERPs on the tasks did differ across tasks and
correlations with behavioral measures were less consistent.
Therefore, whether passive tasks can be used as a consistent
measure of memory function in typical adults remains uncertain.
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In total, these results imply that passive testing can be used to
detect individual differences in memory function in persons with
DS, and possibly in other populations with memory impairment,
but that these tasks may fail to tap the function of explicit memory
networks in those with considerable memory or cognitive
impairments.

Conﬂict of interest statement
The authors have no conﬂicts of interest to declare in reference
to this work.

Acknowledgments
This research was supported by the Jérôme Lejeune Foundation
and the LuMind Research Down Syndrome Foundation. We thank
Casandra Nyhuis, Cheyanne Kelly, Carlos Figueroa, Candace
Rhoads, Devon Dale, Ellen Catapano, and Chris Williams for assistance with data collection. Finally, all of the work would not be
possible without the support of individuals with Down syndrome
and their families in Arizona.

References
Bauer, P.J., Wiebe, S.A., Carver, L.J., Waters, J.M., Nelson, C.A., 2003. Developments in
long-term explicit memory late in the ﬁrst year of life behavioral and electrophysiological indices. Psychol. Sci. 14 (6), 629–635. http://dx.doi.org/10.1046/
j.0956-7976.2003.psci_1476.x.
Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B 57, 289–300.
Blackwood, D.H.R., Clair, D., Muir, W.J., Oliver, C.J., Dickens, P., 1988. The development of Alzheimer's disease in Down's syndrome assessed by auditory event‐
related potentials. J. Intellect. Disabil. Res. 32 (6), 439–453. http://dx.doi.org/
10.1111/j.1365-2788.1988.tb01436.x.
Casey, B.J., Giedd, J.N., Thomas, K.M., 2000. Structural and functional brain development and its relation to cognitive development. Biol. Psychol. 54 (1),
241–257. http://dx.doi.org/10.1016/s0301-0511(00)00058-2.
Curran, T., 1999. The electrophysiology of incidental and intentional retrieval: ERP
old/new effects in lexical decision and recognition memory. Neuropsychologia
35, 1035–1049. http://dx.doi.org/10.1016/s0028-3932(98)00133-x.
Curran, T., 2000. Brain potentials of recollection and familiarity. Mem. Cognit. 28
(6), 923–938 http://dx.doi.org/10.3758/bf03209340.
Curran, T., 2004. Effects of attention and conﬁdence on the hypothesized ERP
correlates of recollection and familiarity. Neuropsychologia 42 (8), 1088–1106.
http://dx.doi.org/10.1016/j.neuropsychologia.2003.12.011.
Curran, T., Cleary, A.M., 2003. Using ERPs to dissociate recollection from familiarity
in picture recognition. Cognit. Brain Res. 15 (2), 191–205 http://dx.doi.org/10.
1016/s0926-6410(02)00192-1.
De Haan, M., 2007. Visual attention and recognition memory in infancy. In: De
Haan, M. (Ed.), Infant EEG and Event-Related Potentials. Psychology Press, East
Sussex, UK, pp. 101–143.
Edgin, J.O., 2013. Cognition in Down syndrome: a developmental cognitive neuroscience perspective. Wiley Interdiscip. Rev.: Cognit. Sci. 4 (3), 307–317. http:
//dx.doi.org/10.1002/wcs.1221.
Edgin, J.O., Mason, G.M., Allman, M.J., Capone, G.T., DeLeon, I., Maslen, C., Nadel, L.,
2010. Development and validation of the Arizona Cognitive Test Battery for
Down syndrome. J. Neurodev. Disord. 2 (3), 149–164. http://dx.doi.org/10.1007/
s11689-010-9054-3.
Edgin, J.O., Mason, G.M., Spanò, G., Fernández, A., Nadel, L., 2012. 7 Human and
mouse model cognitive phenotypes in Down syndrome: implications for assessment. Prog. Brain Res. 197, 123. http://dx.doi.org/10.1016/
b978-0-444-54299-1.00007-8.
Friedman, D., 2000. Event-related brain potential investigations of memory and
aging. Biol. Psychol. 54 (1), 175–206. http://dx.doi.org/10.1016/s0301-0511(00)
00056-9.
Friedman, D., Ritter, W., Snodgrass, J.G., 1996. ERPs during study as a function of
subsequent direct and indirect memory testing in young and old adults. Cognit.
Brain Res. 4 (1), 1–13. http://dx.doi.org/10.1016/0926-6410(95)00041-0.
Guillem, F., Bicu, M., Debruille, J.B., 2001. Dissociating memory processes involved
in direct and indirect tests with ERPs to unfamiliar faces. Cognit. Brain Res. 11
(1), 113–125. http://dx.doi.org/10.1016/s0926-6410(00)00070-7.
Jacola, L.M., Byars, A.W., Chalfonte-Evans, M., Schmithorst, V.J., Hickey, F., Patterson,
B., Schapiro, M.B., 2011. Functional magnetic resonance imaging of cognitive
processing in young adults with Down syndrome. Am. J. Intellect. Dev. Disabil.

116 (5), 344–359. http://dx.doi.org/10.1352/1944-7558-116.5.344.
Jarrold, C., Nadel, L., Vicari, S., 2008. Memory and neuropsychology in Down syndrome. Syndr.: Res. Pract. 12 (3), 196–201.
Kaneko, W.M., Ehlers, C.L., Philips, E.L., Riley, E.P., 1996. Auditory event‐related
potentials in fetal alcohol syndrome and Down's syndrome children. Alcohol.:
Clin. Exp. Res. 20 (1), 35–42. http://dx.doi.org/10.1111/j.1530-0277.1996.
tb01040.x.
Karmiloff‐Smith, A., 1997. Crucial differences between developmental cognitive
neuroscience and adult neuropsychology. Dev. Neuropsychol. 13 (4), 513–524.
http://dx.doi.org/10.1080/87565649709540693.
Kaufman, A.S., Kaufman, N.L., 2004. Kaufman Brief Intelligence Test. Pearson,
Bloomington, NM. Inc.http://dx.doi.org/10.1002/9780470373699.speced1189.
Key, A.P., Dykens, E.M., 2014. Event-related potential index of age-related differences in memory processes in adults with Down syndrome. Neurobiol. Aging
35 (1), 247–253. http://dx.doi.org/10.1016/j.neurobiolaging.2013.07.024.
Lavenex, P.B., Bostelmann, M., Brandner, C., Costanzo, F., Fragnière, E., Klencklen, G.,
Vicari, S., 2015. Allocentric spatial learning and memory deﬁcits in Down
syndrome. Front. Psychol., 6. http://dx.doi.org/10.3389/fpsyg.2015.00062.
Lucas, H.D., Taylor, J.R., Henson, R.N., Paller, K.A., 2012. Many roads lead to recognition: electrophysiological correlates of familiarity derived from shortterm masked repetition priming. Neuropsychologia 50 (13), 3041–3052. http:
//dx.doi.org/10.1016/j.neuropsychologia.2012.07.036.
Luck, S.J., 1998. Sources of dual-task interference: evidence from human electrophysiology. Psychol. Sci. 9 (3), 223–227. http://dx.doi.org/10.1111/
1467-9280.00043.
Luck, S.J., Hillyard, S.A., 1990. Electrophysiological evidence for parallel and serial
processing during visual search. Percept. Psychophys. 48 (6), 603–617. http:
//dx.doi.org/10.3758/bf03211606.
Luck, S.J., 2004. Ten simple rules for designing ERP experiments. In: Handy, T.C.
(Ed.), Event-Related Potentials: A Methods Handbook. MIT Press, Cambridge,
MA.
Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG-and MEGdata. J. Neurosci. Methods 164 (1), 177–190. http://dx.doi.org/10.1016/j.
jneumeth.2007.03.024.
Marshall, D.H., Drummey, A.B., Fox, N.A., Newcombe, N.S., 2002. An event-related
potential study of item recognition memory in children and adults. J. Cognit.
Dev. 3 (2), 201–224. http://dx.doi.org/10.1207/s15327647jcd0302_4.
Massand, E., Bowler, D.M., Mottron, L., Hosein, A., Jemel, B., 2013. ERP correlates of
recognition memory in autism spectrum disorder. J. Autism Dev. Disord. 43 (9),
2038–2047. http://dx.doi.org/10.1007/s10803-012-1755-x.
Mecklinger, A., Brunnemann, N., Kipp, K., 2011. Two processes for recognition
memory in children of early school age: an event-related potential study. J.
Cognit. Neurosci. 23 (2), 435–446. http://dx.doi.org/10.1162/jocn.2010.21455.
Muir, W.J., Squire, I., Blackwood, D.H.R., Speight, M.D., Clair, D., Oliver, C., Dickens, P.,
1988. Auditory P300 response in the assessment of Alzheimer's disease in
Down's syndrome: a 2‐year follow‐up study. J. Intellect. Disabil. Res. 32 (6),
455–463. http://dx.doi.org/10.1111/j.1365-2788.1988.tb01437.x.
Nadel, L., 2003. Down's syndrome: a genetic disorder in biobehavioral perspective.
Genes Brain Behav. 2 (3), 156–166. http://dx.doi.org/10.1034/
j.1601-183x.2003.00026.x.
Oldﬁeld, R.C., 1971. The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9 (1), 97–113. http://dx.doi.org/10.1016/
0028-3932(71)90067-4.
Oostenveld, R., Fries, P., Maris, E., Schoffelen, J.M., 2011. FieldTrip: open source
software for advanced analysis of MEG, EEG, and invasive electrophysiological
data. Comput. Intell. Neurosci. . http://dx.doi.org/10.1155/2011/156869
Paller, K.A., Gross, M., 1998. Brain potentials associated with perceptual priming vs
explicit remembering during the repetition of visual word-form. Neuropsychologia 36 (6), 559–571. http://dx.doi.org/10.1016/s0028-3932(97)
00132-2.
Paller, K.A., Kutas, M., McIsaac, H.K., 1998. An electrophysiological measure of
priming of visual word-form. Conscious. Cognit. 7 (1), 54–66. http://dx.doi.org/
10.1006/ccog.1998.0329.
Pennington, B.F., Moon, J., Edgin, J., Stedron, J., Nadel, L., 2003. The neuropsychology
of Down syndrome: evidence for hippocampal dysfunction. Child. Dev. 74 (1),
75–93. http://dx.doi.org/10.1111/1467-8624.00522.
Peterson, L., Peterson, M.J., 1959. Short-term retention of individual verbal items. J.
Exp. Psychol. 58 (3), 193. http://dx.doi.org/10.1037/h0049234.
Reeves, R.H., Irving, N.G., Moran, T.H., Wohn, A., Kitt, C., Sisodia, S.S., Davisson, M.T.,
1995. A mouse model for Down syndrome exhibits learning and behaviour. Nat.
Genet. 11, 177–184. http://dx.doi.org/10.1038/ng1095-177.
Rugg, M.D., 1990. Event-related brain potentials dissociate repetition effects of
high-and low-frequency words. Mem. Cognit. 18 (4), 367–379. http://dx.doi.
org/10.3758/bf03197126.
Rugg, M.D., Allan, K., 2000. Event-related potential studies of memory. In: Tulving,
E., Craik, F.I.M. (Eds.), The Oxford Handbook of Memory. Oxford Univ. Press,
Oxford, pp. 521–537.
Rugg, M.D., Curran, T., 2007. Event-related potentials and recognition memory.
Trends Cognit. Sci. 11 (6), 251–257. http://dx.doi.org/10.1016/j.tics.2007.04.004.
Rugg, M.D., Doyle, M.C., 1994. Event-related potentials and stimulus repetition in
direct and indirect tests of memory. In: Heinze, H.-J., et al. (Eds.), In Cognitive
Electrophysiology. Birkhäuser, pp. 124–148.
Rugg, M.D., Doyle, M.C., Melan, C., 1993. An event-related potential study of the
effects of within- and across-modality word repetition. Lang. Cognit. Process. 8,
357–377. http://dx.doi.org/10.1080/01690969308407582.
Rugg, M.D., Doyle, M.C., Wells, T., 1995. Word and nonword repetition within- and

A.H. Van Hoogmoed et al. / Neuropsychologia 82 (2016) 39–53

across-modality: an event-related potential study. J. Cognit. Neurosci. 7,
209–227. http://dx.doi.org/10.1162/jocn.1995.7.2.209.
Summerﬁeld, C., Wyart, V., Mareike Johnen, V., De Gardelle, V., 2011. Human scalp
electroencephalography reveals that repetition suppression varies with expectation. Front. Hum. Neurosci. 5, 67. http://dx.doi.org/10.3389/
fnhum.2011.00067.
Swick, D., Knight, R.T., 1997. Event-related potentials differentiate the effects of
aging on word and nonword repetition in explicit and implicit memory tasks. J.
Exp. Psychol.: Learn. Mem. Cognit. 23 (1), 123. http://dx.doi.org/10.1037//
0278-7393.23.1.123.
Van Hoogmoed, A.H., Brink, D., Janzen, G., 2013. Infants' object location and identity
processing in spatial scenes: an ERP study. Brain Behav. 3 (6), 729–737. http:
//dx.doi.org/10.1002/brb3.184.
Vicari, S., Bellucci, S., Carlesimo, G.A., 2005. Visual and spatial long-term memory:

53

differential pattern of impairments in Williams and Down syndromes. Dev.
Med. Child. Neurol. 47 (05), 305–311. http://dx.doi.org/10.1111/
j.1469-8749.2005.tb01141.x.
Vieregge, P., Verleger, R., Schulze-Rava, H., Kömpf, D., 1992. Late cognitive eventrelated potentials in adult Down’s syndrome. Biol. Psychiatry 32 (12),
1118–1134. http://dx.doi.org/10.1016/0006-3223(92)90192-3.
Visu‐Petra, L., Benga, O., Miclea, M., 2007. Visual‐spatial processing in children and
adolescents with Down's syndrome: a computerized assessment of memory
skills. J. Intellect. Disabil. Res. 51 (12), 942–952. http://dx.doi.org/10.1111/
j.1365-2788.2007.01002.x.
Voss, J.L., Lucas, H.D., Paller, K.A., 2010. Conceptual priming and familiarity: different expressions of memory during recognition testing with distinct neurophysiological correlates. J. Cognit. Neurosci. 22 (11), 2638–2651. http://dx.doi.
org/10.1162/jocn.2009.21341.

