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The present study examined mnemonic discrimination in 5- and 6-yr-old children, 8- and 9-yr-old children, 11- and 12-yr-old

children, and young adults. Participants incidentally encoded pictorial stimuli and subsequently judged whether targets

(i.e., repeated stimuli), lures (i.e., mnemonically related stimuli), and foils (i.e., novel stimuli) were old, similar, or new.

Compared to older age groups, younger children were more likely to (1) incorrectly identify lures as “old” (rather than

“similar”) and (2) fail to recognize lures altogether, especially when lures were more mnemonically distinct from targets.

These results suggest age-related improvements in pattern separation and pattern completion during childhood.

Declarative memory improves substantially during childhood;
however, the processes underlying the development of declarative
memory are not well understood. Improvements in pattern separa-
tion and pattern completion may support memory development
during childhood. Pattern separation reduces interference by creat-
ing distinct memory representations from overlapping input
(Yassa and Stark 2011). The complementary process of pattern
completion supports the retrieval of stored memory representa-
tions when provided with partial or degraded input (Yassa and
Stark 2011). Subregions of the hippocampus are differentially
biased toward pattern completion or pattern separation (for re-
views, see Guzowski et al. 2004; Yassa and Stark 2011; Kirwan
and Nash 2016). Computational models (e.g., Norman and
O’Reilly 2003) and research with animals (e.g., Lee et al. 2004;
Leutgeb et al. 2004; Vazdarjanova and Guzowski 2004) suggest
that the dentate gyrus supports pattern separation, the CA1 sub-
field supports pattern completion, and the CA3 subfield is differen-
tially biased toward pattern separation and pattern completion
depending on the degree of overlap between the input and the
stored representation.

In humans, researchers often tax pattern separation by requir-
ing participants to distinguish among targets (i.e., repeated stim-
uli), lures (i.e., stimuli that are mnemonically related to targets),
and foils (i.e., novel stimuli; Kirwan and Stark 2007). While adults
perform this task, theDG/CA3 subregions exhibit suppressed activ-
ity to repetitions relative to lures and first presentations, a pattern
consistent with pattern separation (Bakker et al. 2008; Lacy et al.
2011). In contrast, the CA1 subfield shows suppressed activity to
repetitions and lures relative to first presentations, a pattern consis-
tent with pattern completion (Bakker et al. 2008; Lacy et al. 2011).
Further, activation of the CA1 subfield varies continuously as a
function of the degree of mnemonic similarity between the targets
and lures whereas activation of the CA3 subregion does not (Lacy
et al. 2011).

The hippocampal formation exhibits prolonged structural
maturation (Insausti et al. 2010; Lavenex and Lavenex 2013; Lee
et al. 2014; Daugherty et al. 2017), and subregions of the hippo-
campal formation mature at different rates during childhood (for
review, see Lavenex and Lavenex 2013). The dentate gyrus and
CA3 subfield show protracted structural development relative to

the subicular complex as well as CA1 and CA2 subfields (Lavenex
and Lavenex 2013). These findings suggest that pattern separation
and pattern completion may improve throughout the course of
childhood and, due to the reliance on the dentate gyrus, pattern
separation would exhibit a more protracted developmental trajec-
tory relative to pattern completion. Only one study to our knowl-
edge has investigated the development of pattern separation to
date. Ngo et al. (2018) found 4-yr-olds to be impaired on lure dis-
crimination relative to 6-yr-olds and young adults. Four-year-olds
were biased towardmisidentifying lures as old, 6-yr-olds did not re-
liably identify lures as old or similar, and young adults correctly
identified lures as similar. This study represented an initial investi-
gation into the development of pattern separation during child-
hood. However, given the hippocampal formation continues to
show structural changes well into adolescence (Insausti et al.
2010; Lavenex and Lavenex 2013; Lee et al. 2014; Daugherty
et al. 2017), the current study examinedmnemonic discrimination
from early childhood to young adulthood.

This study included eighteen 5- and 6-yr-old children (M =
6.056 ± 0.129 yr, 11 females), twenty 8- and 9-yr-old children
(M = 9.01 ± 0.144 yr, 15 females), twenty 11- and12-yr-old children
(M = 11.79 ± 0.121 yr, 10 females), and 20 young adults (M =
20.562 ± 0.29 yr, 18 females). Four additional individuals partici-
pated but were excluded from analyses because of technical error
(n = 1) or failure to meet inclusion criteria (e.g., ADHD diagnosis;
n = 3).

Participants completed the mnemonic similarity task (MST;
Stark et al. 2013) using a subset of 176 child-appropriate stimuli se-
lected from the Stark Laboratory’s database of pictures (http://
faculty.sites.uci.edu/starklab/mnemonic-similarity-task-mst/). Six
stimuli were used during the practice phase, 150 stimuli were
usedduring the testphase, and20 stimuliwere used toverify under-
standing of the terms “same” and “similar.” Stimuli for the test
phase were equally distributed across five levels of mnemonic sim-
ilarity used inpreviouswork (e.g., Stark et al. 2013) anddivided into
three sets of 50 pictures. Stimuli used as targets, lures, and foilswere
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counterbalanced across participants. Participants incidentally en-
coded 100 stimuli for 2000 msec by making a verbal indoor/out-
door judgment after the stimulus was removed from the screen.
At retrieval, participants judged whether 50 targets, 50 lures, and
50 foils were old, similar, or new. A practice phase was used
prior to retrieval to ensure task understanding. Following the test
phase, participants completed a same/similar verification task.
Participants viewed 20 pairs of pictures simultaneously and identi-
fiedwhether each pair was the “same” or “similar.”Half of the pairs
were the same and half were similar. Similar trials were evenly dis-
tributed across the five levels of mnemonic similarity. Verification
task performance did not differ among age groups, F(1,73) = 1.053,
P = 0.374, h2

p = 0.041.
Themeanproportionof old, similar, andnew responses to tar-

gets, lures, and foils are presented in Table 1. Recognition memory
was indexed by subtracting the proportion of foils identified as old
from the proportion of targets identified as old. Although all age
groups performed above chance (0), ts = 12.509–49.104, Ps <
0.001, a one-way ANOVAwith age group as a between-subjects fac-
tor showed corrected recognition to differ among age groups,
F(3,74) = 11.415, P < 0.001, h2

p = 0.316 (see Fig. 1). Recognition
memory was lower in 5- and 6-yr-old children than all older age
groups (Ps≤ 0.001), which performed similarly (Ps = 1.0).

To examine age-related differences in lure discrimination,
difference scores were calculated by subtracting the proportion of
lures identified as old from the proportionof lures identified as sim-
ilar (Toner et al. 2009). Negative values indicate misidentification
of lures as old whereas positive values indicate accurate identifica-
tion of lures as similar. A one-way ANOVA with age group as a
between-subjects factor showed lure discrimination to differ
among age groups, F(3,74) = 8.404, P < 0.001, h2

p = 0.254 (see Fig.
1). Pairwise comparisons revealed 5- and 6-yr-old children to be
more likely to misidentify lures as old
than 11- and 12-yr-old children and
adults (Ps < 0.011) but not 8- and 9-yr-old
children (P = 1.0). Additionally, 8- and
9-yr-old children were more likely to mis-
identify lures than adults (P = 0.007) but
not 11- and 12-yr-old children (P =
0.308). Lure discrimination continued to
differ as a function of age group, F(3,73) =
8.148, P < 0.001, h2

p = 0.251, even when
corrected recognition was included as a
covariate in the analysis. One sample
t-tests revealed 11- and 12-yr-old chil-
dren, t(19) = 2.32, P = 0.032, and young
adults, t(19) = 6.213, P < 0.001, accurately
classified lures as similar above chance
level (0); however, 5- and 6-yr-old chil-
dren, t(17) =−1.674, P = 0.112, and 8- and
9-yr-old children, t(19) = 0.276, P = 0.786,
performed at chance.

The effect of mnemonic similarity
on lure discrimination was examined by

calculating lure discrimination scores separately for each of
the five levels of mnemonic similarity (see Fig. 2). A 4 Age
Group × 5 Mnemonic Similarity Level Mixed-Model ANOVA
revealed main effects of age group, F(3,74) = 8.501, P < 0.001,
h2
p = 0.256, and mnemonic similarity, F(4,296) = 124.921, P <

0.001, h2
p = 0.628, as well as an interaction between age group

and mnemonic similarity, F(12,296) = 2.417, P = 0.005, h2
p = 0.098.

Mnemonic similarity impacted lure discrimination in all age
groups, Fs = 8.864–51.691, Ps < 0.001, h2

ps = 0.343− 0.731. This
finding suggests all age groups understood the task and the stimuli
were appropriate for use with children. Discrimination of Level 1
lures, which were the most similar to targets, did not differ among
age groups, F(3,74) = 1.833, P = 0.149, h2

p = 0.098. All age groups
showed a propensity to incorrectly identify Level 1 lures as old
(rather than similar (Ps≤ 0.023). However, age-related differences
were present for Level 2–5 lures, Fs(3,74) = 3.377–8.949, Ps =
<0.023, h2

p = 0.12− 0.266. As shown in Figure 2, older participants
were more effective at discriminating between targets and lures
than younger participants. Asterisks in Figure 2 represent the re-
sults of one-sample t-tests examining whether participated classi-
fied lures as “similar” (i.e., positive values) or “old” (i.e., negative
values) above chance level (0; P < 0.05).

Lure recognition was indexed by subtracting the proportion
of recognized lures (i.e., lures identified as old or similar) from
the proportion of recognized targets (i.e., targets identified as old
or similar; see Fig. 1). One-sample t-tests showed all age groups to
be better at recognizing targets than lures ts = 3.031–4.837, Ps <
0.007. However, a one-way ANOVA with age group as a between-
subjects factor showed lure recognition to differ among age
groups, F(3,74) = 3.216, P = 0.028, h2

p = 0.115 (see Fig. 2). Pairwise
comparisons revealed differences in recognition performance be-
tween targets and lures to be larger for 5- and 6-yr-old children

Table 1. Mean proportion of old, similar, and new responses to targets, lures, and foils

Age group

Targets Lures Foils

Old Similar New Old Similar New Old Similar New

5–6-yr-olds 0.671 (0.055) 0.146 (0.024) 0.181 (0.048) 0.418 (0.044) 0.316 (0.035) 0.266 (0.05) 0.041 (0.014) 0.033 (0.008) 0.926 (0.018)
8–9-yr-olds 0.881 (0.016) 0.099 (0.016) 0.02 (0.004) 0.449 (0.028) 0.464 (0.027) 0.086 (0.014) 0.023 (0.007) 0.073 (0.016) 0.9 (0.018)
11–12-yr-olds 0.857 (0.015) 0.12 (0.014) 0.024 (0.005) 0.374 (0.037) 0.561 (0.044) 0.065 (0.013) 0.03 (0.007) 0.052 (0.01) 0.916 (0.015)
Young adults 0.829 (0.024) 0.139 (0.019) 0.029 (0.009) 0.314 (0.024) 0.624 (0.028) 0.057 (0.014) 0.022 (0.007) 0.109 (0.018) 0.867 (0.019)

Note. Standard errors in parentheses.

Figure 1. Corrected recognition, lure discrimination, and lure recognition scores for each age group.
Error bars reflect standard errors. (*) P < 0.05.
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than adults (P = 0.041). No other group difference was significant
(Ps≥ 0.232).

To assess the influence of mnemonic similarity on lure recog-
nition,we conducted a 4 AgeGroup × 5Mnemonic Similarity Level
Mixed-Model ANOVA on the proportion of recognized lures for
each level ofmnemonic similarity (see Fig. 3). The analysis revealed
a main effect of age group, F(3,74) = 13.045, P < 0.001, h2

p = 0.346,
and mnemonic similarity, F(4,296) = 7.05, P < 0.001, h2

p = 0.087, as
well as an interaction betweenmnemonic similarity and age group,
F(12,296) = 3.872, P < 0.001, h2

p = 0.136. Mnemonic similarity influ-
enced lure recognition in 5- and 6-yr-old children, F(4,68) = 6.959, P
< 0.001, h2

p = 0.29, and 8- and 9-yr-old children, F(4,76) = 4.009, P =
0.005, h2

p = 0.174, but not 11- and 12-yr-old children, F(4,76) =
2.317, P = 0.065, h2

p = 0.109, and young adults, F(4,76) = 0.899, P
= 0.437, h2

p = 0.045. Pairwise comparisons showed 5- and 6-yr-old
children recognized Level 4 lures significantly less than Level 1 (P =
0.004) and Level 2 lures (P = 0.002); no other difference between
levels was significant (Ps≥ 0.185). Similarly, 8- and 9-yr-old chil-
dren recognized Level 5 lures marginally less than Level 1 lures
(P = 0.066); no other difference between levels approached signifi-
cance (Ps≥ 0.119).

These results reveal age-related improvements in overall
memory recognition, lure discrimination, and lure recognition
during childhood. These findings are consistent with the develop-
ment of recognition more generally as well as the development of
pattern separation and pattern completion. To date, only one
study has examined the development of pattern separation in chil-
dren (Ngo et al. 2018). Ngo et al. (2018)
reported an improvement in lure discrim-
ination between 4 and 6 yr of age but no
significant difference between 6-yr-old
children and young adults. Our results
showed lure discrimination continued
to improve into middle childhood. Spe-
cifically, 5- and 6-yr-old children exhibit-
ed poorer lure discrimination than 11-
and 12-yr-old children and young adults,
and 8- and 9-yr-old children exhibited
poorer lure discrimination than young
adults. Methodological differences likely
account for why we observed a more ex-
tended age-related improvement in pat-
tern separation than Ngo et al. (2018),
and protracted improvements in lure dis-
crimination are consistent with research

on the structural and functional develop-
ment of the dentate gyrus and CA3 subre-
gion of the hippocampus, which are
biased toward pattern separation (Bakker
et al. 2008; Insausti et al. 2010; Lacy
et al. 2011; Lavenex and Lavenex 2013;
Lee et al. 2014; Daugherty et al. 2017).

Multiple results from the present
study are consistent with the develop-
ment of pattern completion during child-
hood. Pattern completion would support
the recognition of targets and lures.
However, due to the difference between
the input and the stored representation,
lure recognition ismore taxing on pattern
completion than target recognition. Five-
and 6-yr-old children exhibited impair-
ment in the recognition of both targets
and lures. Although an overall bias to re-
spond “new” could account for the
age-related difference in corrected recog-

nition, it would not explain why 5- and 6-yr-old children recog-
nized lures at a lower rate than targets. This pattern of results
could be explained by a deficit in pattern completion or by
age-related differences in response thresholds. To address this ques-
tion, future research could adopt the design used in Experiment 4
by Stark et al. (2015) by requiring participants to make old/new
judgments based on gist (i.e., respond “old” to targets or lures) or
veridical memory traces (i.e., respond “old” only to targets).
Further, lures varied inmnemonic similarity to previously encoded
items. Items less mnemonically similar to stored representations
would be more taxing on the process of pattern completion. Lure
recognition varied as a function of mnemonic similarity in 5-
and 6-yr-old children and 8- and 9-yr-old children but not 11-
and 12-yr-old children and young adults. Therefore, younger
children less accurately retrieved a stored representation when pre-
sented with increasingly degraded input, which, by definition,
suggests younger children are deficient in pattern completion.
The interpretation of these findings as reflecting age-related differ-
ences in pattern completion is consistent with studies of rodents
that have drawn conclusions about pattern completion by system-
atically varying retrieval cues (e.g., Nakazawa et al. 2002; Gold and
Kesner 2005). However, an important caveat of this conclusion is
that the MST was designed to tax pattern separation, rather than
pattern completion; thus, we are drawing conclusions about pat-
tern completion with caution.

The current results also have implications for theories of epi-
sodic memory development. Age-related improvements in the

Figure 2. Mean lure discrimination score for each level of mnemonic similarity and age group. Error
bars reflect standard errors. (*) P < 0.05 for one-sample t-tests comparing lure discrimination to chance
performance (0). Positive values reflect accurately identifying lures as similar whereas negative values
reflect inaccurately identifying lures as old.

Figure 3. Mean lure recognition score for each level of mnemonic similarity and age group. Error bars
reflect standard errors. Mnemonic similarity impacted lure recognition in 5- and 6-yr-olds and 8- and
9-yr-olds (Ps < 0.05) but not 11- and 12-yr-olds and young adults.
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development of episodic memory during childhood have been at-
tributed to the development ofmultiple processes, including recol-
lection, binding, and controlled processes (e.g., encoding strategies
and metacognitive monitoring; for reviews, see Ghetti and Lee
2011; Ghetti and Bunge 2012). The current investigation and
that of Ngo et al. (2018) suggest the development of pattern sepa-
ration and pattern completion likely contribute to age-related im-
provements in episodic memory. Future studies should aim to
identify the neurobiological bases of pattern separation and pat-
tern completion across development as well as investigate how
these processes interact or contribute to other processes known
to develop throughout childhood, such as recollection. For exam-
ple, Trelle et al. (2017) recently demonstrated that impaired con-
trolled processes partially accounted for age-related deficits in
pattern separation in older adults.

In conclusion, mnemonic discrimination improves through-
out childhood. Age-related improvements in lure discrimination
and lure recognition provide support for the development of
pattern separation and pattern completion, respectively. These
conclusions are consistent with research on the structural develop-
ment of the hippocampal formation and have important implica-
tions for theories of and future research on episodic memory
development.
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