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Nonhuman research has implicated developmental processes within
the hippocampus in the emergence and early development of episodic
memory, but methodological challenges have hindered assessments of
this possibility in humans. Here, we delivered a previously learned
song and a novel song to 2-year-old toddlers during natural nocturnal
sleep and, using functional magnetic resonance imaging, found that
hippocampal activation was stronger for the learned song compared
with the novel song. This was true regardless of whether the song
was presented intact or backwards. Toddlers who remembered
where and in the presence of which toy character they heard the
song exhibited stronger hippocampal activation for the song. The
results establish that hippocampal activation in toddlers reflects
past experiences, persists despite some alteration of the stimulus,
and is associated with behavior. This research sheds light on early
hippocampal and memory functioning and offers an approach to
interrogate the neural substrates of early memory.

hippocampal development | episodic memory | early childhood
development | fMRI

Episodic memory (i.e., the ability to remember past events
along with elements of the spatial and temporal context in

which they occurred; ref. 1) is critical for the human experience. It
is fundamental to recall one’s unique past, identify what is com-
mon across events, and make predictions about what the future
might bring (1, 2). This capacity emerges in infancy and undergoes
substantial improvement in the first 2 or 3 years of life (3, 4).
Infants often encounter difficulty at recognizing past events if
some of their elements are modified, but they overcome some of
these difficulties by the end of the second year of life (5, 6). This
improvement affords the adaptive capacity to use memories across
a broader range of situations. Nonhuman animal models have
implicated postnatal maturation processes in the hippocampus (cf.
refs. 7 and 8), such as the full integration of the dentate gyrus and
CA3 within the hippocampal circuitry, in the development of in-
creasingly precise and flexible episodic memories (9–11). Initial
evidence from human toddlers reveals volumetric changes in the
hippocampus in the first few years of life (12), which might co-
incide with the timing of early development of episodic memory.
However, direct assessment of hippocampal function and its

contribution to early episodic memory in human infants has proved
challenging. Neuroscientific methods used with infants and young
children, such as event-related potentials, are better suited for the
examination of cortical activity. Functional magnetic resonance
imaging (fMRI) techniques are robust to detecting subcortical ac-
tivity but present methodological difficulties with populations that
cannot endure the demands of completing behavioral tasks within
an MRI environment during wakefulness. Here, we developed
an fMRI paradigm that overcomes these challenges to examine
memory-related hippocampal function in the toddler years.
Our primary goal was to determine whether we could detect

hippocampal activation in response to a previous experience in
the toddler brain during natural nocturnal sleep. We tagged a
laboratory experience with a song (i.e., the target song), a stim-
ulus that can be delivered during sleep. Songs can be learned and
carry social meaning even in young infants (13), and comparative

studies have demonstrated neuronal replay of song memories
during sleep (14, 15). Moreover, presentation of past experiences
during sleep reactivates neural correlates of episodic memories
(16, 17) and studies of sleeping infants have documented the
processing of sensory properties of linguistic stimuli (18). Alto-
gether, this work provides reassurance of the viability of our
approach to yield the only available evidence of experimentally
induced hippocampal activation in the toddler years.
We assessed the extent to which the hippocampus was suc-

cessfully activated by the target song, which directly captured
toddlers’ previous experience, and a reversed song, which corre-
sponded to the target song played backward and thus maintained
most of its features (e.g., voice, rhythm, tempo, and key) but
modified its melodic pattern. Behavioral research has indicated
that adults flexibly recognize learned songs in the face of some
change in melody (19), suggesting that both types of stimuli suc-
cessfully reinstate previous experiences. However, hippocampal
activation in adults discriminates among similar memories; for
example, adults show greater hippocampal activation when they
remember events accurately with all of the details compared with
when some details are incorrectly recalled (20, 21). In contrast,
children as old as 8–10 years of age show less—if any—differen-
tiated hippocampal activation between items that are remembered

Significance

One of the most fascinating questions in psychology and neuro-
science pertains to how young children gain the capacity to re-
member their past. Early hippocampal processes have been
implicated in this ability, but a lack of viable methods has hindered
assessments of their contribution in early human development.We
employed a functional magnetic resonance imaging paradigm that
captures memory-related hippocampal function during natural
nocturnal sleep in toddlers. Our results provide direct evidence of a
connection between hippocampal function and early memory
ability. This experimental approach overcomes previous challenges
and promises to pave the way to investigations linking changes in
brain function to early development of learning mechanisms, in-
cluding applications to typical and atypical development.

Author contributions: J.P., E.G.J., and S.G. designed research; J.P. and E.G.J. performed
research; J.P. and S.G. contributed new reagents/analytic tools; J.P. analyzed data; J.P.,
E.G.J., and S.G. wrote the paper; and C.W.N. provided resources and feedback for sleep
fMRI methods.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

Data deposition: The data reported in this paper have been deposited in Open Science
Framework and can be accessed using the following website: https://osf.io/6nu9s/. Data is
provided in wide form and has identifying and demographic information (subject ID number,
age in months, sex), as well as outcome level data for each subject (mean parameter estimates
for target > novel and reversed > novel contrasts in the left and right hippocampus, source
memory accuracy, and composite memory score).
1To whom correspondence may be addressed. Email: janani.prabhakar@gmail.com or
sghetti@ucdavis.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1805572115/-/DCSupplemental.

Published online June 4, 2018.

6500–6505 | PNAS | June 19, 2018 | vol. 115 | no. 25 www.pnas.org/cgi/doi/10.1073/pnas.1805572115

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1805572115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
https://osf.io/6nu9s/
mailto:janani.prabhakar@gmail.com
mailto:sghetti@ucdavis.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805572115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805572115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1805572115


with and without accurate details (22). Thus, we compared hip-
pocampal activation in response to the target and reversed songs
to that associated with a completely novel song, and expected to
identify significant clusters in the hippocampus, reflecting a general
response to a past experience. We reasoned that the examination
of both target and reversed songs, compared with the novel song,
would provide the best chance of achieving our primary goal to
detect hippocampal activation during sleep.
Nonetheless, we also conducted additional analyses to establish

whether there was any difference between the target and reversed
songs within clusters showing this general memory response. On
the one hand, the target song may drive the general memory
hippocampal response, given evidence in children of memory fa-
cilitations and stronger hippocampal activation under conditions
that fully reinstate past experiences (23, 24). However, the hip-
pocampus is also active—and at times more—when adults are
presented with altered details of experienced episodes that violate
expectations, such as when the end of learned stimulus sequences
is altered (25). Activation in the toddler’s hippocampus consistent
with this pattern would suggest that hippocampal processes in-
volved in comparing experiences are functional in early childhood.
We report data from 22 typically developing toddlers [mean

(M), 28.9 mo; SD, 2.06 mo; range, 25–32.5 mo; 11 females].
Toddlers took part in three laboratory sessions and one nighttime
MRI session. During visits 1, 2, and 3, occurring over about 1 week
(M, 7.32 d; SD, 2.92 d), toddlers participated in two play sessions,
each involving distinct games with a unique toy character (e.g., a
stuffed dog) in a specific room, while a unique song played in the
background. At the end of the third laboratory session, one of the
two songs (i.e., the target song) was played in a third environment
and toddlers were asked to indicate in which room they had heard
the song and with which toy character they played. Within 2 days
of visit 3 (M, 1.55 d; SD, 1.10 d), we assessed hippocampal acti-
vation in nonsedated sleeping toddlers in response to the target
song, reversed song, and a completely novel song, which served the
function of the distractor item (see Fig. 1 for a schematic of the
experimental design).
Our primary goal was to determine whether the hippocampus

was active when processing aspects associated with a past experi-
ence. To do so, we used a general memory contrast [(target +
reversed) > novel] intended to capture hippocampal represen-
tations of either exact (i.e., target) or altered (i.e., reversed)

characteristics of a past episode. Because we were interested in
assessing hippocampal function, all analyses were constrained to
the hippocampus using left and right hippocampal masks obtained
from an age-appropriate template (26). We expected overall
activation of the hippocampus for the target and reversed songs,
compared with activation for the novel song, thus providing evi-
dence of memory-related activation in the hippocampus. We also
examined whether, within the cluster of hippocampal activation,
the exact reinstatement or the inclusion of mismatching elements
would result in stronger activation.
Our secondary goal was to determine whether hippocampal

activation was associated with previously assessed overt recall of a
past experience. Thus, we could establish whether toddlers formed
memory associations between a unique song and the unique lo-
cation in which they experienced it. The hippocampus is critical
for remembering these types of associations (27), and we sought to
use a measure that was distinctly hippocampal in nature. We
predicted that the degree of activation in the target > novel
contrast would be associated more strongly with previously
assessed overt recall of where toddlers heard the song. In addition,
toddlers reported with which toy character they played when they
listened to the song. We further predicted that toddlers who were
able to overtly remember more specific details (i.e., the location
and the toy character) would exhibit greater activation in the
target > novel contrast, putatively reflecting activation of specific
memory representations triggered by the target song.

Results
The Hippocampus Is Engaged by Presentation of Past Experiences
During Sleep. Using left and right hippocampal masks obtained
from an age-appropriate template (26), we assessed the most
general contrast corresponding to activation for past experiences
[(target + reversed) > novel, Z = 2.30, cluster corrected; P <
0.025)], which yielded bilateral hippocampal clusters (Fig. 2A).
The opposite contrast, novel > (target + reversed), did not yield
any significant clusters. We then extracted mean parameter es-
timates separately for target > novel and reversed > novel con-
trasts from these clusters. We chose to examine parameter
estimates separately for these contrasts to determine the differ-
ential contribution of the target and reversed song to the general
memory activation. Thus, while these assessments are non-
independent, they allowed us to obtain a more nuanced view of
the conditions triggering memory-related activation.
A repeated-measures ANOVA to assess the effect of contrast

(target > novel vs. reversed > novel) and laterality (right vs. left
hippocampus) on hippocampal activation yielded a main effect
of contrast [F(1,21) = 6.88, P = 0.016, η2p = 0.25], but no main effect
of laterality or interaction between these two factors [values of
F(1,21) < 0.33, values of P > 0.571, η2p < 0.02] (Fig. 2B). Specifi-
cally, the reversed > novel contrast yielded stronger hippocampal
activation (M, 0.14; SD, 0.16) than the target > novel contrast (M,
0.07; SD, 0.14) across the two hemispheres. Each of the four
contrasts entered in the ANOVA was reliably different from zero
[left hippocampus: target > novel: t(21) = 2.81, P = 0.011; re-
versed > novel: t(21) = 5.38, P < 0.001; right hippocampus, target >
novel: t(21) = 2.50, P = 0.021; reversed > novel: t(21) = 3.83, P =
0.003]. Thus, reliable activation clusters were observed bilaterally
in the hippocampus during processing of past experiences, with
stronger activation for reversed songs, providing direct evidence of
functional engagement of this structure in response to stimuli that
capture elements of an experience.

Overt Memory for an Experience Is Associated with Hippocampal
Activation. We first examined toddlers’ performance in the room
choice task because the hippocampus is strongly implicated in
memory for location (27, 28). In the room choice task, children
were asked to select in which room they experienced the target
song. We found that 62% of toddlers selected the correct room in
which they had heard the target song. A binomial test revealed
that, as a group, children were no different from chance in
selecting the correct room (P = 0.38). A point-biserial correlation

Visits 1, 2, and 3
In-Lab Experiences: Rooms 1 & 2ROOM 

2 Toys & 
Character

ROOM 
1 Toys & 

Character

Hallway

End of Visit 3
In-Lab Behavioral Tasks: Hallway

20s

T,N,R

Randomized order of T, N, R
20s

Visit 4
Nighttime MRI Session

Fig. 1. During three in-laboratory visits (mean days between visits 1 and 3,
7.32), children played with unique toys, including a toy character, in each of
two separate rooms while they listened to two distinct songs in the back-
ground (the target song in one room and the nontarget song in the other).
At the end of visit 3, memory for the association between the target song
and the room, as well as the target song and toy character, was assessed in
an adjacent hallway. A nighttime MRI session occurred during visit 4 (on
average, 1.55 d after visit 3), during which a functional scan delivered nine
active, randomized 20-s song blocks of target (T), novel (N), and reversed (R)
songs, alternated with blocks of silence. We counterbalanced between
subjects whether the first block was a T, N, or R block.
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revealed that activation for target > novel in the right hippo-
campus was significantly correlated with correct identification of
the room in which the target song was experienced [r = 0.43, t(19) =
2.10, P = 0.049, d = 0.77] (Fig. 2C). The correlation between
activation in the reversed > novel contrast in the right hippo-
campus and room choice accuracy was not significant [r = 0.23,
t(19) = 1.01, P = 0.325] nor were any correlations in the left hip-
pocampus with the corresponding target > novel [r = 0.18, t(19) =
0.81, P = 0.426] and reversed > novel [r = 0.16, t(19) = 0.69, P =
0.501] contrasts (SI Appendix, Fig. S1). Thus, the correlation with
behavior was only significant for the target > novel contrast, al-
though its magnitude was not statistically different from that ob-
served in the other contrasts (values of Fisher’s z < 1.51, values of
P ≥ 0.06; one-tailed).
The second overt memory task was the toy character choice

task, wherein children were asked to select the toy character as-
sociated with the target song from three possible toy characters.
We found that 40% of the toddlers identified the correct toy
character; a binomial test found that this performance was also not
significantly different from chance (P = 0.636). We used this
measure to obtain a more comprehensive assessment of memory
performance; thus, we computed a composite memory score by
summing the location and character measures for a range of
scores between 0 and 2 (M, 0.95; SD, 0.72). We took advantage of
individual variability because toddlers were at chance as a group.
The correlation between this composite score and the target >
novel contrast in the right hippocampus was significant (ρ = 0.60,
P = 0.004) (Fig. 2D). This correlation was stronger than that ob-
served for reversed > novel in the right hippocampus [ρ = 0.15,
P = 0.522 (z = 2.33, P = 0.009, one-tailed)], target > novel in the
left hippocampus [ρ = 0.36, P = 0.10 (z = 1.60, P = 0.05, one-
tailed)], and reversed > novel in the left hippocampus [ρ = 0.18,
P = 0.429 (z = 2.02, P = 0.02, one-tailed)] (SI Appendix, Fig. S2).
These results suggest that the correlation with memory for our

comprehensive memory measure may be specific to the target >
novel contrast in the right hippocampus. To constrain our in-
terpretation, we tested for the specificity of hippocampal acti-
vation across all individual factors assessed in this study. We
conducted an omnibus mixed ANOVA including the effect of
contrast (target > novel vs. reversed > novel), laterality (right vs.
left hippocampus), room choice (correct vs. incorrect), and toy
character choice accuracy (correct vs. incorrect) on hippocampal
activation; the first two factors were varied within participants
and the second two were varied between participants. This
analysis yielded a significant interaction between room choice
accuracy and laterality [F(1,17) = 4.86, P = 0.042, η2p = 0.22] such
that toddlers who selected the correct room recruited the right
hippocampus more strongly (M, 0.14; SE, 0.04) than those who
did not (M, 0.04; SE, 0.02); the same difference was not evident
in the left hippocampus (correct location: M, 0.11, SE, 0.03;
incorrect location: M, 0.07, SE, 0.02). This interaction was fur-
ther qualified by a three-way interaction between room choice
accuracy, toy character choice accuracy, and laterality [F(1,17) =
4.47, P = 0.049, η2p = 0.21]. Toddlers who selected both the

correct room and toy character recruited the right hippocampus
more strongly (M, 0.23; SE, 0.04) than those who only remem-
bered the correct location (M, 0.08; SE, 0.03), only remembered
the correct toy character (M, −0.01; SE, 0.01), or remembered
none of the details (M, 0.06; SE, 0.03) (values of P < 0.027).
Again, these effects were not reliable in the left hippocampus
(both, M, 0.16, and SE, 0.03; only correct location, M, 0.08, and
SE, 0.02; only correct toy character, M, 0.09, and SE, 0.01; none of
the details, M, 0.06, and SE, 0.02) (values of P > 0.050). The main
effect of type of contrast was marginally significant in this omnibus
analysis [F(1,17) = 4.23, P = 0.055, η2p = 0.20] and did not interact
with any of the other factors. Overall, these analyses lend support
to the prediction that overt memory performance is associated
with hippocampal activation assessed a few days later. Although
we leveraged individual differences in memory to examine asso-
ciations with hippocampal activation, we also conducted addi-
tional analyses to exclude the possibility that the results are driven
by overall differences between toddlers who could or could not
engage in the task (SI Appendix).

Discussion
The present study was designed to assess whether it was possible
to induce activation of the hippocampus in response to a previous
experience in early childhood during natural nocturnal sleep. To
date, neuroimaging research examining the hippocampus with
infants and toddlers has been limited to assessments of volume or
resting-state connectivity (12, 29, 30), which do not provide insight
into task-specific functional properties. In a sample of 2-year-old
children, we used an fMRI paradigm and observed hippocampal
activation in response to previously learned stimuli.
We predicted that a general contrast including a target and

reversed song would reveal hippocampal activation because
children exhibit less differentiated hippocampal activation for
similar memories (e.g., event memories with some accurate or
inaccurate additional detail) compared with adults (22). Our
results indicate that the hippocampus is recruited bilaterally
upon presentation of the target and reversed songs, suggesting a
role of this structure in memory reinstatement at this point in
development. These results counter the possibility that early
memory for specific events might be supported exclusively by
cortical mechanisms in the medial temporal lobes (31).
We also sought to differentiate hippocampal activation for

target and reversed songs within the activated general memory
clusters. We found that the reversed song resulted in stronger
activation compared with the target song. This heightened hip-
pocampal activation to the reversed song may reflect additional
processing beyond that associated with reinstatement of the ex-
perience when hearing the target song. Previous research showed
that the hippocampus plays a significant role in detecting novelty
within a familiar environment, and this might be particularly true
when violations of predicted associations occur; the hippocampus
has been found to respond to these situations through a match–
mismatch mechanism implemented in the CA1 subfield (32). This
is an early developing component of hippocampal circuitry based
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A B C DFig. 2. Group analyses were constrained to the left
(LH) and right hippocampus (RH) using age-appro-
priate hippocampal templates and a cluster thresh-
olding process (z = 2.30, cluster corrected, P < 0.025).
(A) These analyses isolated active bilateral clusters
for the memory (target + reversed) > novel contrast
(left, max: x = −26, y = −33, z = 1; 1,839 voxels; right,
max: x = 23, y = −27, z = 1; 1,107 voxels). (B) Mean
parameter estimates (PEs) (y axis) were extracted
from these active clusters separately for target >
novel (T > N) and reversed > novel (R > N) contrasts
(x axis). Activation for R > N was significantly stron-
ger than T > N [F(1,21) = 6.88, P = 0.016, η2p = 0.25]
[LH, t(21) = 3.21, P = 0.004; RH, t(21) = 1.81, P = 0.085].
(C and D) The relation between PE (y axis) for T > N in the RH and the number of correct items in our two behavioral measures (x axis), room choice (C) [r =
0.43, t(19) = 2.10, P = 0.049, d = 0.77] and the composite memory measure (D) (ρ = 0.60, P = 0.004) was significant.
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on nonhuman evidence (7). The ability to recognize past events
despite superficial changes is important to identify commonalities
across experiences and support generalization. Furthermore, the
ability to identify novel information in the context of something
learned may be particularly critical when children are tasked with
building a body of knowledge for the first time (24). Thus, the
combined reinstatement and novelty processing in the reversed
condition in comparison with the reinstatement processing in the
target condition may have contributed to the heightened hippo-
campal activation to this contrast.
Recent research has begun to underscore powerful dynamics

during sleep-related memory reactivation. For example, a recent
study showed that auditory information delivered after a verbal
cue for a learned association disrupts neurophysiological reac-
tivation and stabilization processes triggered by the cue (33); this
was true regardless of the content of this information (i.e.,
consistent or inconsistent with the original memory). While the
reversed condition in the present study is markedly different
(e.g., it did not solely follow the target song but was presented in
alternating blocks with the target and novel song), this work
raises the question of whether the inclusion of altered stimuli
during sleep disrupts memory stabilization in service of future
performance. Our study cannot speak to this since memory
testing preceded the neuroimaging session, but future research
would benefit from testing this possibility directly.
We found evidence consistent with our prediction that hippo-

campal activation would be associated with previously assessed
overt memory. We found significant correlations between both our
overt memory for location and comprehensive memory measure
(i.e., the summed score of accurate location and toy character
choice) and later activation for the target song in the right hip-
pocampus. The correlation with our comprehensive memory
measure was statistically different from the correlations observed
with the other contrasts, suggesting that activation during the target
song, specifically in the right hippocampus, may reflect reactivation
of the original memory representation (cf. ref. 34). However, when
we examined the effects of all individual variables assessed in this
study concurrently in an omnibus ANOVA, only the interactive
effect between behavior and laterality persisted: toddlers who re-
membered all details—compared with those who remembered ei-
ther the room, the toy character, or neither— recruited the right
hippocampus more strongly overall. Thus, early memory of an
experience is associated with hippocampal activation resulting from
exposure to elements of the same experience. Previous research
showed that hippocampal involvement is coupled with cortical
systems to reactivate memory representations during wake (35);
the examination of this coupled activation falls beyond the scope of
the present study but should be investigated in future research.
We did not predict differences based on laterality. Although

there is evidence of strong lateralization during infancy in cor-
tical regions involved in other functions (e.g., left lateralization
in speech perception; ref. 17), questions of laterality in hippo-
campal function are debated (28), including the possibility that
the right hippocampus may be functional earlier than the left
hippocampus because of the importance of visuospatial in-
formation during infancy and early childhood (36). Direct ma-
nipulations are required to examine this question further. Along
the same vein, future research should also examine whether
activation changes along the anterior–posterior axis of the
structure as prior work has identified this as an important di-
mension to understand development (29, 37).
We recognize that we used a limited memory assessment. We

chose few memory tasks because our primary goal was to first
establish that hippocampal activation could be induced and de-
tected at all during toddlers’ sleep. To this end, we succeeded.
Our tasks were challenging in that they required overt recall of
the arbitrary association between the song and where and with what
toy character it had been learned. We took advantage of individual
variability because the sample was overall at chance in these tasks
and found meaningful associations with activation across the entire
sample. Moreover, when we excluded children who were unable to

remember either the room or character detail, the association be-
tween memory and right hippocampal activation persisted (SI Ap-
pendix). Thus, the relations between memory and activation in the
right hippocampus cannot be explained by differences between
general ability in engaging in the task and hippocampal activation.
Nevertheless, we recognize that the examination of other forms of
memory that include match–mismatch detection, recall of addi-
tional types of content (e.g., temporal, spatial, verbal), and the use
of tasks that yield stronger levels of performance at the group level
would provide a more comprehensive understanding of hippo-
campal function in early childhood.
The songs delivered during the play sessions in the laboratory

were played in the background and did not correspond to the
content of the central activities in the play session. Children were
therefore involved in three play sessions to provide sufficient ex-
posure to the songs and the associated experiences. This is a
common approach in early memory research. Repetition may af-
fect hippocampal activation as it does behavioral retention (38).
Furthermore, repetition may engage more strongly the CA1 sub-
field. The CA1 subfield is implicated in slower learning after re-
peated exposure and its function emerges earlier than that of the
CA3 and dentate gyrus regions, which are implicated in more
flexible, single-trial learning (7). Thus, associations between the
hippocampal activation in the target condition and overt memory
could reflect a dominance of CA1-supported processes (39–41).
However, we cannot draw conclusions from the present results
about hippocampal function after a single exposure or about the
contribution of specific subregions to the associations reported.
We did not definitively verify toddlers’ sleep stage during the

scan because we did not obtain polysomnographic data. We
chose not to acquire EEG data to increase the likelihood that
children would stay asleep. Furthermore, we collected data
during a time window when children in this age range are likely
to be in stage 3 non–rapid-eye movement sleep (42).
In the present study, we focused on hippocampal function

given that current accounts of early memory underscore the role
of this structure (6), but its importance does not preclude the
additional contribution of cortical mechanisms (refs. 11, 29, and
31; SI Appendix, Fig. S3). For example, prior work has suggested
that hippocampal replay of past experiences during sleep may be
triggered by cortical activity patterns in the auditory cortex (43).
The delivery of songs during sleep as used in this study to activate

the hippocampus affords opportunities to assess memory-related
brain function, and critically, to study the neural representations
that support development in infancy, childhood, and other pop-
ulations that are not traditionally amenable to fMRI. The meth-
odology introduced in this paper allows researchers to address
questions about the neural specificity of early behavior, how
changes in neural representations impact developmental trajecto-
ries, and how these changes might reflect typical vs. atypical de-
velopment. The present study, thus, offers an initial glimpse at how
the hippocampus supports memory in early life and sets the foun-
dation for further explorations of the neural representations that
support early development.

Methods
Participants. Functional imaging data were collected from 22 typically de-
veloping children (M, 28.9 mo; SD, 2.06 mo; range, 25–32.5 mo; 11 females).
Behavioral data were collected from an additional 11 children, but they
were excluded from this analysis because they were unable to fall (n = 9) or
stay (n = 2) asleep during the nighttime MRI portion of the study. Based on
parental reports of productive vocabulary using the MacArthur–Bates
Communicative Development Inventory (https://mb-cdi.stanford.edu/) (one
parent did not complete the form), these children (M, 34.27; SD, 26.77) did
not differ diagnostically from our experimental sample (M, 40.52; SD, 28.24)
[t(30) = 34.27, P = 0.550]. Data from another two participants were excluded
due to computer error during the MRI session. Recruitment was restricted to
toddlers whose parents reported no history of neurodevelopmental disorder
or prematurity and who were able to speak English fluently. All families
were recruited from the greater Sacramento region. Families were given
introductory materials detailing their participation in the behavioral and
neuroimaging visits. Researchers answered all questions and concerns before
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parents were provided consent forms. Parents were asked to sign consent
forms for both the behavioral and neuroimaging portions of their partici-
pation. Toddlers provided verbal assent. All participants received a book at
the end of each laboratory visit and $50 after the nighttime MRI visit. Finally,
all procedures described below were approved by the University of Cal-
ifornia, Davis, Institutional Review Board Administration.

Materials. For each participant, three songs were selected from a library of four
African lullabies unknown to the participants. The songs differed from one
another in terms of the combination of their rhythm, tempo, and key (SI
Appendix, Table S1). Twenty-second clips were created using Audacity’s music-
editing software (www.audacityteam.org). Two songs were heard during the
three in-laboratory visits (the target and nontarget song), and one song was
heard only during the MRI visit (the novel song). Song selection and condition
assignment were counterbalanced between subjects. In the laboratory, the
song stimuli were delivered using a portable wireless speaker. During the
neuroimaging session, the song stimuli were presented using Neurobs’ Pre-
sentation stimulus delivery software (www.neurobs.com/), and the sound was
delivered using the MR Confon auditory delivery system (www.crsltd.com/
tools-for-functional-imaging/audio-for-fmri/mr-confon/).

Procedure. Participation involved three laboratory visits and one nighttime
visit to the MRI facility.
Laboratory visits. The three in-laboratory visits were, on average, spread out
over 1 week (M, 7.32 d; SD, 2.92 d; max, 14 d). At each visit, children were
exposed to two songs. Each of the songs was played in one specific laboratory
room while toddlers were involved in game activities during which they
interacted with a unique toy character and played with at least eight distinct
objects (e.g., a toy car, a crayon, and a yo-yo). Children were shown a distinct
and simple action for each object by the experimenter (e.g., move the car) and
joined the experimenter with completing each action. Each action was brief
and simple, and toddlers spent ∼20 s with each object (cf. refs. 44 and 45).
This procedure was used to make sure that the play session was consistent
across participants and as unencumbered as possible with distractions. We
reasoned that this procedure would facilitate children’s formation of
memory associations between the song that was playing in the background
and the room. Notably, the toy character (e.g., a doll or a bear) was present
throughout the whole session and children could engage with the toy
character along with each object. During the third and last laboratory ses-
sion, after experiencing the song and activities in each room, children’s
memory for the association between song and room was assessed. The
target song (to be tested during the fMRI session) was played while children
were in front of the two unmarked closed doors that led to the two rooms in
which songs and activities were experienced; toddlers were asked to indicate
(by saying or pointing) where they had heard the song. The second song
(i.e., the nontarget song) was not tested, but its inclusion in the sessions
prevented toddlers from simply forming an association between hearing a
song and a room (as opposed to that particular song). The assignment of
song to game, game to room, and the order in which children played them
were counterbalanced between participants. In addition to responding to
this room choice question, toddlers were also asked to indicate which of
three toy characters (the one associated with target song, the one associated
with the nontarget song, and a toy character never met in either room) they
played with while listening to the song. One toddler responded by identi-
fying the correct toy character after the presentation of two characters (i.e.,
associated with the target and nontarget song), instead of three characters.

In preparation for the neuroimaging session, parents were sent homewith
a practice kit that consisted of earplugs and headphones, as well as in-
formation about the online location of audio files of sample scanner sounds.
Parents were instructed to insert the earplugs and have children wear head-
phones while listening to the scanner sounds for approximately 1 hour at the
beginning of each night for 1 week before the scan. This allowed parents and
children to become familiar with the MR environment. Experimenters were in
frequent contact with parents during this time to assess their preparation and
determine aplan of action specific to the child’s needs for the neuroimaging session.
Neuroimaging session. Nonsedated toddlers underwent their neuroimaging
session during nocturnal sleep a few days after the last laboratory visit (M,
1.55 d; SD, 1.10 d; max, 4 d) (cf. refs. 17, 18, and 42). One participant was
unable to complete this session within this time due to unexpected family
reasons and completed it 11 days following his third laboratory visit. To
reinstate memory for the target song and associated experience, this par-
ticipant was given a fourth laboratory session that was identical to the first
three and was followed by the fMRI 2 days later. However, memory for
song–location and song–toy character associations were only assessed dur-
ing the third visit as for all other participants. During the night visit, families

arrived between 7 PM and 10 PM depending on their toddler’s sleeping
schedule and the session lasted approximately 2 hours. Five toddlers fell
asleep on the way to the Imaging Research Center, while others fell asleep
after arrival at the center. In the latter case, children were able to fall asleep
either in a separate room outfitted for the occasion with mattress, night
lamp, etc., or on the scanner bed itself. The scanner bed was outfitted with a
memory foam mattress and pillows, as well as several blankets and stuffed
animals for the child’s comfort. Parents could bring comfort items for their
child, which were properly screened for safety ahead of time. Earplugs and
headphones were placed on the child for sound protection and auditory
stimulus delivery ∼10–15 min after they had fallen asleep on the scanner
bed. We confirmed children were asleep if they had been lying on their back
with earplugs and headphones on the scanner bed and had not moved for
10 min. At this point, the parent and experimenter would attempt to move
the child’s arm to determine whether they would wake up with the move-
ment. If the child continued to sleep through this disruption, the scan pro-
ceeded. Using this procedure, the scan generally began at least 20 min after
sleep onset and was completed within the first hour and a half after sleep
onset to increase our chances that children were in slow-wave sleep during
the functional scans (16, 17). Although the examination of the effects of
slow-wave sleep falls beyond the scope of the current research, it was critical
to maximize our chances of observing reliable hippocampal activation. A
parent and a researcher were present inside the scanner room within arm’s
reach of the child for the duration of the scan. Lights in the back of the scanner
allowed the parent and experimenter to have full view of the child’s face and
body, and monitor for signs of waking up (e.g., any body, face, or eye move-
ments). When the child showed such signs, it was determined that the child was
(or close to being) awake and the experimenter stopped the scan (n = 9). We are
confident that all children in this sample remained asleep during the scan.
fMRI acquisition and design. Images were acquired using a 3-T Siemens TIM Trio
MRI System at the University of California, Davis, Imaging Research Center
using an eight-channel coil. This coil accommodates the auditory stimuli
delivery and noise-dampening materials, while maintaining comfort within
it. Functional images were acquired using a gradient echo-planar imaging
pulse sequence [repetition time (TR), 1,500 ms; echo time (TE), 24 ms; field of
view (FOV), 216 mm; number of slices, 46; voxel size, 3 mm isotropic; 248 vol-
umes acquired]. During the functional scan, children heard three 20-s blocks of
three different songs: the target song heard during laboratory visits (T), a novel
song to the child (N), and the target song played in reverse (R). Twenty-second
blocks of silence separated the song blocks. Altogether, there were nine song
blocks, three blocks of each song, interspersed by silence, with each 20-s song
blockmodeled as a distinct T, R, or N event block.We counterbalanced between
subjects whether the first block was a T, R, or N block and used a randomized
sequence to present the order of T, R, and N blocks for the remaining eight
blocks for each participant (Fig. 1 provides a depiction of this model). A T1-
weighted high-resolution magnetization-prepared rapid-acquisition gradient
echo (MPRAGE) scan in the sagittal plane was also obtained (TR, 2,500 ms; TE,
3.23 ms; FOV, 226 mm; voxel size, 0.70 mm isotropic). Overall, the MPRAGE
and functional scan took 20 min to complete.
Statistical analysis. Data were preprocessed and analyzed using FEAT in FSL5.0.8
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Preprocessing included slice timing and
motion correction, as well as spatial smoothing using a 6-mm FWHM isotropic
Gaussian kernel and was coregistered to the MPRAGE. FSL’s motion outliers
function (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLMotionOutliers) identified mo-
tion outliers by measuring relative intensity differences and defining outliers
using the upper threshold for creating boxplots. We planned to exclude scans
with more than 25% of the volumes with motion outliers as defined by this
function. We found a negligible number of outlier volumes (M, 2% of total
volumes or 4.82 outlier volumes; range, 0–15 of 248 volumes) and, as such, did
not exclude any scans from our analyses based on motion.

However, to ensure that our results were not affected by absolute motion
not fully captured by the FSL motion outlier function, we compared motion
volume-by-volume to a fixed frame displacement threshold (0.50 mm). The
mean absolute frame displacement for a scan across our sample was 0.17 mm
(SD, 0.14) with a range of 0.06–0.69 mm across all scans. This resulted in an
average of 5% (SD, 9%) of the volumes (SD, 22 volumes; range, 0–29%, or 0–
72 of 248 volumes) exceeding a fixed threshold of 0.50 mm. Correlational
analyses found that the mean proportion of volumes above this fixed
threshold did not correlate with either of our behavioral measures, room
choice performance [point-biserial r = −0.04, t(19) = 0.17, P = 0.867] or our
composite memory measure (ρ = 0.17, P = 0.463). They also were not related
with activation levels in any of the contrasts [−0.27 < values of r < −0.07,
values of t(20) < 0.77, values of P > 0.223]. We found the same results when
comparing activation levels and behavioral results with the mean absolute
frame displacement of each participant’s scan. This measure of motion was
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not correlated with room choice accuracy [point-biserial r = 0.05, t(19) = 0.22,
P = 0.828] nor with our combinedmemory measure (ρ = 0.19, P = 0.308). It was
also not correlated with activation levels in any of the contrasts [−0.24 < values
of r < 0.09, values of t(20) < 1.10, values of P > 0.280]. Thus, the motion that
was apparent did not influence either behavioral or hippocampal results.
Functional and structural data were all registered to a standard toddler tem-
plate created by the University of North Carolina (26) from a sample of
95 toddlers (M, 33.65 mo) (bric.unc.edu/ideagroup/free-softwares/). Each reg-
istration was visually inspected by investigators to ensure the registration
procedure was successful. We confirmed that all were successfully standard-
ized to the toddler template.

General linear models were conducted using FEAT in FSL to model target,
novel, and reverse song types during the time series and were convolved with
a double-gamma hemodynamic response function to yield a general contrast
corresponding to activation for past experiences: (target + reversed) > novel.
Motion parameters were incorporated into the model to regress out effects
of movement. Our hypotheses centered on hippocampal function, and thus
we restricted our analyses to left and right hippocampal masks, which were
obtained from parcellation maps provided by the University of North Car-
olina baby template. Significant clusters of activation for the (target + re-
versed) > novel contrast were identified using a cluster threshold of z >
2.30 and corrected for multiple comparisons using a P threshold of P <
0.025 within the left and right hippocampus mask. A P value of 0.025, in-
stead of P < 0.05, was used for multiple comparisons since analyses were
conducted separately for the left and right hippocampus. Parameter esti-
mates were extracted from each hippocampal cluster (right, 1,107 voxels;
left, 1,839 voxels) for target > novel and reversed > novel contrasts, re-
spectively. We conducted a repeated-measures ANOVA to determine the

effects of contrast (target > novel vs. reversed > novel) and laterality (right
vs. left hippocampus) on the strength of hippocampal activation.

We also conducted two sets of correlations to compare previously assessed
overt memory performance and parameter estimates from the target > novel
and reversed > novel contrasts. The first set of correlations focused on memory
for room location. Altogether, four point-biserial correlations were computed to
determine relations between an accurate or inaccurate response in the location
task and parameter estimates from the two contrasts within each of the two
hippocampal masks, left and right. The same analytical approach was repeated
with the more comprehensive memory measure. For this measure, we calculated
a composite score that summed source and toy character accuracy for each
participant. A total of four Spearman’s ρ correlations were computed to examine
the relations between the two contrasts within each of the two hippocampal
masks, left and right, and the composite memory measure. Out of 22 partici-
pants, one participant refused to provide an answer to the location and toy
character questions. Therefore, all correlations with behavior reflect a total of
21 participants. Following an anonymous reviewer’s suggestion, we tested for
specificity of our associations between behavior and activation. We thus con-
ducted a mixed ANOVA including 2 (room: accurate vs. inaccurate) × 2 (char-
acter: accurate vs. inaccurate) × 2 (contrast: target > novel vs. reversed > novel) ×
2 (laterality: left vs. right) with the first two factors varied between subjects and
the second two factors varied within.
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