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Abstract (< 200 words)

Studies in school-aged children and adults congigtanplicate hippocampus, cortical
regions, and their interaction as being criticalrfeemory. However, few studies have examined
this neural network in younger children (<8 yealthough behavioral studies consistently
report substantial improvements in memory earhdifeé. This study aimed to fill this gap by
integrating task-based (i.e., encoding task) aski-teee fMRI scans in 4- to 8-year-old children.
Results showed that during memory encoding theduampus and several cortical regions (e.g.,
inferior frontal gyrus, IFG) were activated, conerg with findings in older individuals. Novel
findings during memory encoding suggested: 1) autthd regions (i.e., orbital frontal gyrus,
OFG) were recruited, 2) hippocampal activationegudue to age and performance, and 3)
differentiation of connectivity between hippocampabregions and IFG was greater in older
versus younger participants, implying increasedcgfieation with age. Novel findings from
task-free fMRI data suggested the extent of fumeti@ifferentiation along the longitudinal axis
of the hippocampus, particularly between hippocasrand OFG, was moderated by both age
and performance. Our findings support and extepdipus research, suggesting that maturation
of hippocampal activity, connectivity, and diffet@tion may all contribute to development of

memory during early childhood.

Keywords: anterior/posterior hippocampus, task-based fanaticonnectivity,
hippocampal subfields, psychophysiological intaoacanalysis, task-free functional

connectivity
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1. Introduction

The ability to remember the details of events,rofeyrmed episodic memory, is
important for learning and future planning in ouaild life (Schneider, 2010). Based on a large
amount of studies on adults and school-aged chil(iee Ghetti & Bunge, 2012; Ofen, 2012;
Tulving, 2002 for reviews), one well-accepted mo#abwn as the component process model of
memory (Moscovitch, Cabeza, Winocur, & Nadel, 20#s been proposed to suggest that
hippocampus and its interaction with other cortregfions (e.g., prefrontal cortex, PFC) are the
neural networks supporting episodic memory. Addaily, this model has emphasized the
regional specificity along the longitudinal axistoppocampus. Specifically, it has been
suggested that anterior hippocampus codes infoomatiterm of the general or global relations
among entities and posterior hippocampus codesmation in term of precise position. This
model has been well supported by the studies fogusn the development of episodic memory
ability and its underlying neural correlates in@ohaged children, through adolescence and into
adulthood (> 8 years, Ghetti, DeMaster, YoneligaBunge, 2010; Ofen, 2012; Ofen et al.,
2007). However, the neural mechanisms associatidcivanges in episodic memory during
early childhood (< 8 years) are under investigatesbite the fact that behavioral studies suggest
that episodic memory shows significant developnaeming this period (Bauer et al., 2012;
Drummey & Newcombe, 2002; Riggins, 2014; Riggin®8llins, 2015; Sluzenski, Newcombe,
& Kovacs, 2006). The goal of this investigation ia&xamine the neural correlates of episodic

memory during early childhood using the tools ofd@m cognitive neuroscience.

Recently, researchers have begun integrating tas&eband task-free fMRI methods to
study neural networks (Di, Gohel, Kim, & Biswal,1Z) Gabard-Durnam et al., 2016; Jackson,

Hoffman, Pobric, & Lambon Ralph, 2016). For exam@abard-Durnam et al. (2016) used a
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sequential design following 4- to 18-year-olds oxeé year period, and reported that age-related
changes in amygdala functional connectivity congdrgn medial PFC and IFG during both task
and rest. In addition, they found that the magmtatlamygdala-medial PFC and amygdala-IFG
connectivity unidirectionally predicted restingtstéunctional connectivity 2 years later,
supporting the long-term phasic molding hypothssiggesting the task-free connectivity
patterns are shaped by accumulating experiengaisasic stimulus-elicited functional
connectivity (Gabard-Durnam et al., 2016). Thus,gimilarity and differences between task-
related and task-free neural networks can proviamie holistic understanding of human brain

function.

To the best of our knowledge, there has been iy stitegrating task-based and task-
free fMRI methods to study the neural correlatesm$odic memory in early childhood.
However, there are reports of task-based fMRI ultacand school-aged children as well as
separate reports of task-free fMRI and memory uitacdaind young children. We briefly review
these separate lines of research, highlightingldpueental differences, and then introduce the

specific goals and hypotheses of the present study.
1.1 Task-based fMRI studies of memory

Previous task-based fMRI studies examining the @ingoof episodic memories in adults
and school-aged children have consistently repdhadhippocampus is critical for encoding
contextual details, however, its contribution tis ghrocess differs across development (Ghetti et
al., 2010; Ofen, 2012; Ofen et al., 2007; Xue, JOE8r example, Ghetti et al. (2010) found that
14-year-olds and young adults differentially enghlygppocampus for encoding memories with
or without contextual details, but 8- and 10- teyghar-olds did not. In addition to hippocampus,

other brain regions such as parietal cortex and R&@ also been suggested to support the
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encoding of contextual details into episodic memnorgchool-aged children and adults (see
Ghetti & Bunge, 2012; Kim, 2011; Ofen, 2012; Xu818 for reviews). For example, through
meta-analyses, Kim (2011) indicated that fusifopngmotor cortex, left inferior frontal gyrus

(IFG), and right posterior parietal cortex were &yped in associative encoding in adults .

In addition to activation of separable brain regicime communication between them
has also been shown to be important for memorghoal-aged children and adults (Menon,
Boyett-Anderson, & Reiss, 2005; Schlichting & Poest2016; Tang, Shafer, & Ofen, 2017). For
example, Tang et al (2017) used psychophysiologitataction (PPI) analyses in 8-25 year olds
revealing that during successful memory formatfanctional connectivity between lateral PFC
and regions in medial temporal lobe increased aggh, but the connectivity between superior

PFC and regions within medial temporal lobe de@@agth age (see also Menon et al., 2005 ).
1.2 Task-freefMRI studies of memory

It is difficult to collect classical resting-staffdRI data from young children. However,
task-free scans (e.g., watching a movie withoutiexplemands) allows us to measure brain
networks in young children. Although there coulddiféerences between classical resting-state
and task-free scans, studies on children and adais consistently indicated that episodic
memory is associated with the interaction betweppdtampus and cortical regions during
resting and/or task-free states(e.g., Riggins, GBlamkenship, & Redcay, 2016; Vincent et al.,
2006; Wang, LaViolette, et al., 2010; Wang, Negreat al., 2010). In adults, functional
connectivity during rest from hippocampus to pasteringulate cortex and precuneus positively
predicted memory performance on tasks performesidrithe scanner (Wang et al., 2010). In
children, functional connectivity during task-freeans from hippocampus to several cortical

regions (e.g., precuneus, superior temporal gynigdle temporal gyrus) was related to episodic
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memory in 4- and 6-year-old children (Riggins et 2016). However, some of these
associations were influenced by age. For exampdeony performance was positively related
to the connectivity between anterior hippocampus@ecuneus in 6-year-old children but
negatively related in 4-year-old children. In cast; the connectivity between posterior
hippocampus and right medial temporal gyrus wagipely related to memory performance in
4-year-old children but negatively related in 6+yell children. These results were interpreted
within an interactive specialization framework, gagting that both integration and segregation
of cortical networks is important for developmerdaénge (Johnson, 2001). Age-related
differences in functional connectivity along thaditudinal axis likely have functional relevance
because the relations between hippocampal volumhengmory performance have been shown
to vary between hippocampal subregions as weltassa development (DeMaster, Pathman,

Lee, & Ghetti, 2014; Riggins et al., 2018).
1.3 Current study

Despite findings of the importance of the hippocamortical regions, and their
connectivity in school-aged children and adultsjrthole in early childhood remains under-
investigated. Thus, the first goal of the curréntly was to explore the contribution of
hippocampus and cortical regions and their intewsaaluring both a memory encoding task and
task-free state in early childhood. Based on prev&iudies showing the heterogeneity of the
hippocampus along the longitudinal axis and th@dgampal heterogeneity varies as a function
of age (Blankenship, Redcay, Dougherty, & Riggi®l 7; Poppenk, Evensmoen, Moscovitch,
& Nadel, 2013), we also explored this potentiaioagl specificity in our analyses of both task

and task-free data.
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Finally, previous developmental studies in olddtdrten suggest that the activity of the
regions identified above and the connectivity befvthese regions can be influenced by both
age and performance (Church, Petersen, & Schlag@a6; Duarte, Ranganath, Trujillo, &
Knight, 2006; Geng, Canada, & Riggins, 2018; Paanab, Gallego, & Ghetti, 2013; Sastre,
Wendelken, Lee, Bunge, & Ghetti, 2016). For examphestre et al. (2016) reported that during
memory retrieval, high-performing 10- to 11-yeatioEhowed whole hippocampus activation
similar to low performing adults, but only high figming adults showed activation in the
hippocampal head. Therefore, a secondary aim gbrbeent investigation was to explore the
influence of age and performance on regions (andections) identified as contributing to

episodic memory.

In summary, the current study sought to identifgilbregions engaged in the encoding
of contextual details and test whether age andpednce at retrieval influenced the activation
or the connectivity of these brain regions bothimyian active memory encoding task and in a
task-free state. Based on previous studies, weagbeekthat the encoding of contextual details
would alter activation in the hippocampus, IFG,igat cortex, occipital cortex, fusiform, and
temporal cortex. In addition, we predicted thar¢heould be age- and performance-related
differences in the activity of hippocampus durimgeding as well as in the connectivity from
hippocampus to other cortical regions during enegdiask and during task-free state. Regional
specificity along the longitudinal axis of hippogams was expected for these age- and
performance-related differences. Finally, an exgilany question was whether age- and
performance-related differences would be obsemeéte activity of other cortical regions as

well.

2. Material and Methods



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

2.1 Participants

Children were recruited from a major metropolita@eathrough the use of both a
University maintained database of families intezdsh participating in research and the
distribution of recruitment flyers. To determinég@ility for the current study, children were
screened to ensure they were not more than threkswgemature and had no diagnoses for any
neurological conditions, developmental delays,isalilities or contraindications for MRI.

Participants were part of a larger sample of chitdparticipating in a longitudinal study
on memory and brain development (n=200). Usalilitgarticipants' scans was determined via
objective criteria. A total of 44 children providedeable data for memory task-based analyses
(4.19-8.94 years, mean age = 7.12, SD = 1.23,19éls). Children were excluded due to poor
behavioral performance (9), missing data (5), metio finish or perform the task (129), or too
much motion (13). For task-free fMRI data, 110 dreh provided usable data (4.02-8.96 years,
mean age = 6.51, SD = 1.48, 55 females). Childrere wxcluded due to falling asleep (4), too
much motion (63), incomplete data (18), or no d&jaFor the task and task-free fMRI data

analyses, 29 children were included in both analy$@ females).

2.2 Procedure

The Institutional Review Board at University of Mimnd approved all procedures.
Parents or guardians provided informed conserdlfgrarticipants. Children older than 7 years
gave written assent, children younger than 7 yeargided verbal assent. After participating,
children received monetary compensation, a smillagid a picture of their brain.

Children visited the laboratory twice, approximgtéldays apart (mean = 7.13 da§b,
= 2.62). During the first visit, children performadseries of behavioral tests including the

encoding part of an episodic memory task (theee#li part was performed during the second
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visit). This out-of-scanner episodic memory tasls\dasigned based on previous studies and has
been extremely successful at identifying age-rdldiéferences in children across this age range
(i.e., Drummey & Newcombe, 2002; Riggins, 2014; alse Riggins et al., 2018). During the
second visit, children participated in the fMRI pon of the study. All participants completed
training in a mock scanner before MR data acqoisith order to help children acclimate to the
scanner environment and learn stay still. In tteneer, a different memory task was performed,
which was adapted from previous fMRI studies examgmemory in older children (Ghetti et
al., 2010, see details below). The retrieval pathis in-scanner episodic memory task was
performed after getting out of the scanner appratéhy 15 minutes later. The primary
differences between in-scanner and out-of-scaasé&stincluded the type of stimuli (pictorial vs.
verbal), encoding-retrieval interval (7 days vs.mifiutes), presentation time of stimuli (limited
vs. unlimited), and whether it was intentional meidental.
2.3 In-scanner episodic memory task
2.3.1 Training and practice

Participants first completed training and pracht@cks/phases outside the scanner to
ensure they understood the task. The training@essiroduced the child to both the encoding
and retrieval portions of the task. For encodihg, éxperimenter first showed a picture of a
character alone on the screen and identified taeacker by name. The characters were well
known to children (i.e., The Little Mermaid, SpoBgd, or Mickey Mouse) and one of the
characters was selected as a typically femalepeefeharacter, one was a typically male-
preferred character, and one was a character tiypid@d by both males and females. Then the
experimenter sequentially presented two items twettte character and verbally labeled each

item. The items (animals and objects) determinduektage appropriate were selected from the
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Bank of Standardized Stimuli. The child was toldttih was important to remember both the
item and the character. This was done for eacheoBtcharacters, which resulted in a total of 6
paired items. Immediately following encoding traigj the child was sequentially shown each of
the 6 old items and 3 new items. For each itepy there asked to identify whether it was old or
new. In addition, for items identified as “old” ey were also asked with which character the
item had previously been presented (source membDuy)ng this training retrieval period, the
experimenter corrected inaccurate responses.

Following training, the child practiced both theceding and retrieval portions of the
paradigm. During encoding practice, each charaeésrpaired with 5 different items and
children were instructed to observe and remembeahntems went with which characters.
During retrieval practice, inaccurate response®wet corrected. Children were required to
make item and source memory judgments on the 1Bestts and 5 new items and obtain an
accuracy score of 80% or higher before proceedihghildren did not pass with the required
accuracy, the experimenter explained the task adas and participants were asked to
complete another practice session with differantdt.

2.3.2 Encoding (in scanner).

The design of the encoding task in the scannertieasame as the design of the task
during training and practice. The only differencasvthat the encoding task in the scanner
engaged more stimuli including 120 stimuli (40 pearacter block) paired with one of three
different character sources. As in the mock scarp@eticipants were instructed to observe and
remember which items went with which characters. ddliberate strategy to accomplish this
was recommended. Iltem presentation order was raaddrwithin block by the presentation

software, Eprime (Psychology Software Tools, Pitgh, PA). Within each character-block,
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only one character was presented, item presentatagressed automatically with items
presented for 1500 ms and an inter-stimulus inteargging from 1000-3000 ms, with an
average time of 2000 ms.

2.3.3 Retrieval (outside of scanner)

The retrieval portion of the task began approxityal® minutes after the conclusion of
the encoding portion. This delay was to ensurewhmaiking memory did not drive performance
on the task and to allow for leaving the fMRI detdlection room properly and the inclusion of
a brief break. There were a total of 160 items (&20and 40 new items) presented to children
during retrieval. Children were instructed to respoyes” if the item presented was one they
had seen during encoding, and “no” if the item enésd was new. If children indicated seeing
the item previously, they were then asked to indita which of the three characters the item
belonged. Items were presented on the screenahwiitdren identified them as being old or new.
If the item was identified as old, the three chegecremained on the screen until children
indicated which character they believed the itetorged to. Children gave all answers verbally
and responses were recorded by the experimenter.

Variables of interest included the following: stilmaccurately recalled as old were
further categorized as ‘source correct’ if the @lubrrectly recognized the character with whom
the item was presented (these items were labelsdle®quent source correct items during
encoding), or ‘source incorrect’ if the child cartly identified an item as old but attributed the
item to the incorrect character (these items wapeled as subsequent source incorrect items
during encoding). Source memory was computed aprtbportion of characters accurately
recalled among the recognized items.

2.4 Out-of-scanner episodic memory task

11
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2.4.1 Encoding.

During the first visit to the lab, children wereitdt novel facts (e.g., “A group of
rhinos is called a crash”) from one of two differsnurces, a female adult (“Abby”) and a male-
voiced puppet (“Henry”), via digital videos. Theildnen learned 6 facts from each source for a
total of 12 facts. Presentation of facts was blddig source, where children first learned 6 facts
from one source followed by 6 facts from the oth@urce, and the order of blocks was randomly
assigned across patrticipants. There were 3 lidtsots; each list consisted of unique facts that
were similar across lists (e.g., “A group of karayex is called a mob” or “A group of goats is
called a tribe”). These lists were randomly assigaeross participants. Children were told to
pay attention to the facts as they would be testethe facts the following week, but were not
told that they would be tested on the source ofdbts. Children were asked about each fact to
find out if they knew the facts prior to the expeeint. Known facts were excluded at testing and
additional novel facts from the list from the saso@irce were presented; this rarely occurred.
Each source had 8 possible facts to account fgpdsibility that children would know 1 or 2 of
the facts. If a child knew 3 or more facts from @oerce, the total number of facts the child was

tested on was reduced (but this was nare 4).

2.4.2 Retrieval

When children returned to the lab for their secwoisd, they were tested on their memory
for the facts and sources from the first visit. |@t@n were asked to answer 22 trivia questions
and to tell the experimenter where they had leathe@nswers to those trivia questions. They
were told that they had learned some of the questite week before from either “Abby” or
“Henry,” some they might have learned outside #imtatory (e.g., from a teacher or parent),

and some they may not know. The children had lebénef the 22 facts presented from “Abby,”

12
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6 from “Henry,” 5 were facts commonly known by chign (e.g., “What color is the sky?”), and
5 were facts that children typically would not knésvg., “What is the colored part of your eye
called?”). Each list of 22 facts had two randonspreation orders, and these orders were
counterbalanced across participants. If childrehnait know an answer to a question, they were
given five multiple choice options: parents, teackel in the video, puppet in the video, or just
knew/guessed.

Source memory was calculated as the proportioues$tipns for which the child
accurately recalled both the fact and the sourd¢heofact (i.e., source memory conditionalized
on fact memory) as this is thought to reflect timellmg of the fact and source. Additionally,
three types of error were computed: children indidahey guessed or always knew the facts,
children indicated a person outside the experirtaarght them the fact (extra-experimental
errors), or children indicated the wrong experiménburce taught them the fact (intra-
experimental errors). Source memory, extra-experiederror, and intra-experimental error
were included for the analyses of brain-behaviettions.
2.51maging Data Acquisition

Participants were scanned in a Siemens 3.0-T scé@MiAeGNETOM Trio Tim System,
Siemens Medical Solutions, Erlangen, Germany) ugiBg-channel coil. Children first
completed the task-free scan, followed by the stirat scans (T1 and T2, during which they
watched a movie of their choice) and then, if tppeemitted, the memory task. This order was
selected because task-free was our main interdgpr@wious research shows that tasks
completed prior to resting scans can influencangsictivity (Pyka et al., 2009). During the
task-free scan, children were instructed to listdlsas possible with eyes open without any overt

task. To minimize motion, Inscapes, a movie degigoe collecting fMRI data to reduce
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potential head motion, was played (Vanderwal, Kelijbott, Mayes, & Castellanos, 2015). A
total of 210 whole-brain task—free fMRI data weodlected using a T2*-weighted gradient echo
planar imaging sequence (TR 2 s, TE 25 ms, slic&rkss 3.5 mm, voxel size

3.0 mm x 3.0 mm x 3.5 mm, voxel matrix 64 x 64 #ingle 70°, field of view 192 mm, 36
slices), duration of 7 minutes and 6 seconds. &trakimages were acquired with a T1-weighted
magnetization prepared rapid gradient echo sequdiité.9 s; TE 2.32 ms; slice thickness 0.9
mm with no gap; voxel size 0.9x0.9x0.9 mm; voxetnm&@56x256 mm; flip angle 9°; field of
volume 230 * 230 mm, duration of 4 minutes and @6osds. Finally, task fMRI data were
collected while children performed the encoding pathe source memory task using a T2*-
weighted gradient echo-planar imaging sequenceupaters were the same as that for the above
task-free scan).

During the task-free and task fMRI scans, particfggead motion was monitored in
real-time. If a participant exhibited excessivedetion (>3mm in any direction) during the
first half of any run, the scan was restarted &eddarticipant was reminded to stay as still as
possible. This re-starting procedure occurred ot of 110 subjects during task-free scan, and
to 1 out of 44 subjects during the memory encodtiisg.

2.6 Data Analysis
2.6.1Task fMRI data

The preprocessing steps including slice timingetiron, motion correction, and
smoothing (Gaussian kernel FWHM=5mm) were conduatag DPABI 1.3 (a toolbox for
Data Processing & Analysis for Brain Imaging, versL.3, Yan, Wang, Zuo, & Zang, 2016).
The smoothed 4D dataset was then analyzed withNHSILODIC ICA software

(www.fmrib.ox.ac.ukfsl melodic2index.html) to decpose the signal into 40 components
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(McKeown et al., 1998). An experienced rater viewadh component and categorized it as
task-related signal or artifact-related componeitt the toolbox of FSLeyes
(https://zenodo.org/record/1470762#.W-JRgPkzb4Yijh\tthe aim to calculate intra-rater
reliability, the rater categorized the componentslO subjects again in two months. Based on
the cut-off proposed by Landis and Koch (Landis &cl, 1977), the intra-rater reliability was
from substantial to excellent (Cohen’s kappa = @2®). To calculate inter-rater reliability,
another rater categorized the components for 1j@stshindependently. The inter-rater reliability
was from substantial to excellent (Cohen’s kap@a66-0.90). After removing all artifact-
related components, brain extraction and normatizatere conducted. Brain extraction was
conducted separately in 6 toolboxes including tdeafced Normalization Tools (ANTSs), AFNI,
FSL, BSE, ROBEX, and SPM8. The voxels extractedtdgast four toolboxes were included in
the brain mask (Tillman et al., 2018). We used ANAgants et al., 2011) to carry out
coregistration and normalization. Statistical anal/were carried out in AFNI (Cox, 1996). For
the first level analyses, multiple regression asetywere conducted. The encoding events were
convolved based on SPMG 2-parameter gamma vaggression model to create 3 regressors
of interest: subsequent source correct items, suigse source incorrect items, and subsequent
forgotten items. All subjects included for statiatianalyses had mean framewise displacement
(FD) from 0.08 to 0.5 (group mean FD = 0.26, S[12).. No censoring was carried out in order
to preserve as many trials as possible for eactiton.

The second level analyses included ROI and wha@mmlanalyses. ROl analyses were
conducted using individual seed regions (antemar @osterior hippocampus) that were derived
from Freesurfer 5.1 (surfer.nmr.mgh.harvard.edscli 2012) and edited using Automatic

Segmentation Adapter Tool (ASAT, nitrc.org/projésegadapter; Yushkevich et al., 2015). The
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hippocampus was divided into anterior and postdmgpocampus using manual identification of
standard anatomical landmarks. The uncal apex dexv¢he border between anterior and
posterior hippocampus (Weiss et al., 2005; seel@s@rnoy, 2005 and Gloor, 1997). Raters
were blind to participant age and sex. Reliabfittyidentification of these landmarks indicated
94.6% agreement within 1 slice and 99.992% agreewmignn 2 slices. Intra-class correlation
coefficients (ICCs) were high and ranged from .89985. Repeated measure ANOVA was
conducted with Condition (subsequent source coumesus subsequent source incorrect) and
Subregion included as within-subject factors. ABerformance and their interaction were
entered as continuous covariates.

Whole-brain analyses was conducted using 3dttgstegram within AFNI. BOLD
signal was compared between subsequent sourceicane subsequent source incorrect trials
(i.e., subsequent recollection effect). Mean FI&, ggrformance, and age x performance
interaction were included as covariates. The 3dSlas mixed model autocorrelation function
(ACF) indicated that clusters with a minimum ofvdXkel size ang,ncorrectes< -001 were viewed
as significant with multiple comparison correcti@orrected< -05).

In order to further characterize the contributidémippocampus to contextual information
encoding, seed-based psychophysiological intera¢B®I) analyses (Friston et al., 1997) were
performed to test the effective connectivity fromtaior and posterior hippocampus to the brain
regions showing subsequent recollection effectpgtitafni.nimh.nih.gov/CD-CorrAna). The
steps included extracting the average time sefidgeedRrOls and removing the trend from the
seed time series, running deconvolution, obtaimaimgy concatenating the interaction regressor,
inspecting data for extreme values (defined a2 8/-SD from mean), and conducting regression

analysis. Finally, for each subject, we definedliten regions (ROIs) showing subsequent
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recollection effects during the memory encodinds tagrunning leave-1 out procedure (the
ROIs for Nth subject was defined by using the aétilae other N-1 subjects). The ROIs for each
subject were then used to extract the beta valtieeohteraction regressor for repeated ANOVA
analyses, which were performed with Subregion (artand posterior hippocampus) and
Condition (subsequent source correct versus subségaurce incorrect) as within-subject
factors and with Age, Performance, and their irtiéoa as continuous covariates.
2.6.2 Task-freefMRI data

In the analyses, all 210 collected rs-fMRI imagesenincluded, as the first 4 volumes
were discarded before data collection due to thmbility of the initial MRI signal and
participant adaptation. Preprocessing includeddhewing steps. First, slice timing, head
motion correction, and smoothing (Gaussian kerNéHM=5mm) were performed using
DPABI 1.3. MELODIC ICA was then run on smoothedadtd remove artifact-related
components using the same procedure as that fof\#&l data. After removing all artifact-
related components, brain extraction, normalizataod filtering were conducted. Brain
extraction was conducted separately in 6 toolbaxesANTs was used to carry out
coregistration and normalization (the procedure thassame as that for task fMRI data).
Statistical analyses were carried out in AFNI (Ct896). Temporal bandpass filtering (0.01-0.1
Hz) and spatial smoothing with a 5 mm full-widthketif-maximum Gaussian kernel was
performed in AFNI to normalized data.

Task-free functional connectivity analyses weredranted in AFNI. First, we scrubbed
any volumes with FD> 0.3 mm as well as 1 back and 1 forward volumesdier to minimize
the head motion effect. All children included indl statistical analyses had datd minutes in

length and mean FD from 0.06 to 0.33 (group mear=FEDL6, SD = 0.06). The connectivity
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between the time series of the seed regions (antmd posterior hippocampus) and those of the
whole brain was calculated to generate individadtrmaps -maps). Subsequently, we used
Fisher’sr-to-z transformation to convertmaps intaz-maps to obtain normally distributed
values of the connectivity maps. Thealues were extracted by using the ROI regionsvsig
subsequent recollection effect at task. Extremees(define +/- 2.5 SD from mean) were
excluded. For each ROI, repeated measures ANOVocoaducted. Subregion (anterior and
posterior hippocampus) was entered as within-stilgetor. Age, Performance and their
interaction were included as continuous covariates.
3. Results
3.1 Behavioral results

The descriptive data for the memory tasks performehd out of the scanner are
presented in Table 1. Consistent with our hypo#)egie was related to source memory
performance, intra- and extra-experimental erracsguessed-knew responses on the task
performed outside of the scanne(108) = 0.40p < .001;r (108) = 0.57p < .001;r (108) = -
0.47,p < .001;r (108) = - 0.36p < .001, respectively. However, counter to thisdtiesis,
relations between age and source memory perforn@ntige episodic memory task performed
in the scanner was not significani(42) = 0.25p = .11). However, the difference between these
two correlation coefficients (i.e., correlationdween age and the in and out-of scanner task
performance) was not significant. The variatiooagnitude could be due to the differences in
sample size, variations in task design, ages géstgoincluded (e.g., very few 4-year-old
children remained for final analysis for the beloa&l task performed in the scanner), or testing

environment (i.e., in versus out of scanner).
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403 Table 1. Descriptive data for the two memory tasks
Source Intra- Extra-

memory Knew/gues experimenta experimenta Hit False

performance sed error | error | error alarm

Mean 0.53 N/A N/A N/A 0.5 0.08

o er SD 0.13 N/A N/A NA 016 0.14
task* Minimum 0.28 N/A N/A N/A 0.21 0
Maximum 0.83 N/A N/A N/A 0.83 0.58

Out-of- Mean 0.26 0.27 0.12 0.08 0.59 0.04

scanner °P 0.18 0.26 0.09 0.12 0.23 0.08
task Minimum 0 0 0 0 0.08 0
Maximum 0.67 1 0.29 0.5 1 0.5

404  Note: N/A = not applicable. For the in-scanner takdta were only used for analyses if children
405 had enough useable trials for analysis of all cionl; thus, average performance on the task is

406  skewed compared to all children in the study whoevasked to complete the task.

407
408 3.2fMRI task activation

409 3.2.1 A priori hippocampal ROI analyses

410 Individual anterior and posterior hippocampal RRsterior-Posterior; Figure 1A) were
411 used to extract signal in order to test if thers weain effect of Condition (subsequent source
412  correct vs. incorrect trials during encoding) oy amteraction involving Age or Performance
413  (during retrieval). We found a main effect of Carah (F (1, 37) = 16.15p < .001), that was
414  qualified by interactions between Condition x AgPerformance, Condition x Anterior-

415  Posteriorx Performance, and Condition x AnteriostBoor x Age x Performanc€ (1, 37) =
416 10.18,p=.002;F (1, 37) = 10.72p = .002;F (1, 37) = 8.20p = .007). Follow-up analyses

417 indicated a main effect of Condition (Anteriér(1, 37) = 18.30p < .001; Posteriof= (1, 37) =
418 11.51,p=.002) and a Condition x Age x Performance irtgoa (Anterior:F (1, 37) = 11.48p

419 = .002; Posterior= (1, 37) = 5.56p = .024) for anterior and posterior hippocampusssely.
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To disentangle the Condition x Age x Performanteractions, we split the subjects into
younger and older age groups according to meaii.@ger.12 years): 17 ‘younger’ children
(mean age = 5.83 years, age range = 4.19 — 6.88,.8D), 27 ‘older’ children (mean age = 7.93
years, age range = 7.21 — 8.94, SD = .59). Oldié&ren showed greater activation in
subsequent source correct versus subsequent sococeect trials for both the anterior and
posterior hippocampus$-((1, 23) = 8.96p = .006;F (1, 23) = 4.60p = .043). However, there
was no interaction with Performance. In contrasthe younger group, we found that there were
Condition x Performance interactions for both anteaind posterior hippocampus (1, 13) =
15.59,p = .002;F (1, 13) = 5.14p = .041). Due to the limited sample size, we waralble to
further divide young children into low and high feemance groups. Thus, we tested how
Performance predicted the difference in the agowatb the conditions in anterior and posterior
hippocampus separately within groups. The resattcated that better performance was related
to greater activation differences between subseqence correct versus subsequent source
incorrect trials in both regions in the youngerugrdanteriorr = 0.74,p = 0.002; posterior. =

0.53,p = .041).
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Figure 1. The Condition x Anterior-Posterior x Age x Penfiance interaction in hippocampal
activation. A) lllustrates subregions used as Regaf Interest (ROIs). B) lllustrates activation
for each condition, subregion and age group. C)@nidlustrate the relation between memory
performance and the activation difference betwedasequent source correct and incorrect
conditions in each age group and subregion. Aabshildren, differences in activation were

apparent for items remembered with correct venscsriect details. However, within younger
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children, greater differences in activation betweenditions were associated with better
performance.
3.2.2 Whole-brain analyses

As showed in Figure 2, the analyses indicated inlveggions showed greater
activation in subsequent source correct versusesulesit source incorrect trials. The 7 regions
included bilateral inferior/superior parietal loblPL/SPL; cluster size: left = 182, right = 15;
contained regions within middle/superior occipdgtus), bilateral inferior occipital gyrus (I0G;
cluster size: left = 166, right = 36; containedio®g within calcarine gyrus), left inferior
temporal gyrus (ITG, cluster size = 114), bilatdusiform (cluster size: left = 48, right = 13),
left inferior frontal gyrus (IFG, cluster size =}%eft anterior hippocampus (cluster size =16),
right posterior hippocampus (cluster size =29), arimital frontal gyrus (OFG, cluster size = 25).
In contrast, no regions showed greater activaticsubsequent source incorrect versus correct
trials.

There was a region (right anterior hippocampusyféi@) showing a significant
interaction between Condition and Performance.eBgirformance was associated with greater
activation of right anterior hippocampus (contaghregions in parahippocampus) in subsequent
source correct versus subsequent source incori@stt= 4.26,p < 0.001. This latter finding
was generally consistent with the results fromRIi@d analyses, which showed a similar pattern,

albeit only in younger children.
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Figure 2. Brain regions showing greater activation in sgogat source correct versus incorrect
trials. IPL/SPL: inferior/superior parietal lobul®G: inferior occipital gyrus; ITG: inferior
temporal gyrus; IFG: inferior frontal gyrus; higgippocampus; OFG: orbital frontal gyrus.
Across all subjects, only greater activation ohtignterior hippocmapus in subsequent source

correct versus subsquent source incorrect triatsrelated to better task performance.

3.3 Functional connectivity

3.3.1 Task-based functional connectivity.
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We calculated task-based functional connectiviiymf bilateral anterior and posterior
hippocampus to the six regions (excluding hippoaahghowing main effects of condition (i.e.,
subsequent recollection effects; subsequent s@orcect > incorrect condition). Then, we tested
how age, performance, and their interaction predithe functional connectivity. There was an
interaction between Condition, Anterior-Posteramgd Age in the connectivity from
hippocampus to left IFGH((1, 39) = 4.10p = .049). Follow-up analyses indicated that the
difference in connectivity between subsequent sooacrect and incorrect conditions for
anterior and posterior hippocampus interacted wgh F (1, 39) = 4.10p = .049), indicating
that age was positively related to the differenesveen anterior and posterior hippocampus in
their connectivity to left IFG (see Figure 3A).dther words, during the encoding tasks, older
participants showed greater differentiation of cagtivity between the hippocampal subregions
and left IFG.

3.3.2 Task-free functional connectivity

We then examined the effects of Subregion, Age,Rerbrmance on brain activity by
calculating functional connectivity from anteriordaposterior hippocampus to the six regions
(excluding hippocampus) showing greater activatarthe items subsequently rememerbered
with correct versus incorrect source. The resaltigcated that posterior hippocampus showed
greater connectivity to bilateral IPL/SPL, bilatei@G, left ITG, fusiform, and left IFG than
anterior hippocampug$-((1, 100) = 91.60p < .001;F (1, 100) = 57.33p < .001;F (1, 100) =
62.82,p < .001;F (1, 100) = 120.7Qy < .001;F (1, 100) = 5.33p =.023). In contrast, anterior
hippocampus showed greater connectivity to orlfitedtal gyrus than posterior hippocampés (

(1, 100) = 30.20p < .001).
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Additionally, for OFG, we found Anterior-PosterisrAge (1, 100) = 4.95p = .028)
and Anterior-Posterior x Performance (source isttperimental error) interactiong (1, 100) =
6.05,p =.016). Then, we calculated the difference betwanterior and posterior hippocampus
in their connectivity to OFG. Regression analysescated that the difference was positively
related to age and negatively related to the ptapoof intra-experimental errors, such that
older children and children with fewer intra-expeental errors showed greater differences
between anterior and posterior hippocampus in ttainectivity to OFG (illustrated in Figure
3B and 3C). There were no other age- or performagiated difference in functional

connectivity during task-free scan.
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Figure 3. Age- and performance-related differences in thenectivity from anterior and

posterior hippocampus during encoding and taskdoams. A) illustrates the connectivity from
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anterior and posterior hippocampus to left IFGKtased) and OFG (task-free). B) illustrates

the difference between anterior and posterior feppgous in connectivity to IFG was positively

related to age. C) illustrates the difference leetwanterior and posterior hippocampus in

connectivity to OFG was positively related to agd ®) negatively related to intra-experimental

errors.

4. Discussion

The goals of the current study were to identifyrnieearal correlates of episodic

memory during early childhood and explore whetherftndings in this young population
would be consistent with the component process imadiéch suggests that hippocampus and
its interaction with other cortical regions makethp core of the neural networks related to
episodic memory (Moscovitch, Cabeza, Winocur, & 8lad016). Therefore, we collected
fMRI data from children aged 4-8 years during meyremcoding and task-free states. Then,
the data were analyzed to test age- and performratated differences in hippocampal
activation and connectivity. The findings indicatldt, consistent with the component process
model (Moscovitch et al., 2016), encoding contextiedails activated hippocampus and
multiple cortical regions (bilateral IPL/SPL, biéaal 10G, left ITG, left IFG, and fusiform) in
young children. In contrast to adult studies, wenfibthat OFG was activated during the
successful encoding of contextual details in yocimtdren. Other novel findings included age-
and performance-related differences in the actwadif hippocampus as well as in the
interaction between the hippocampus and othercabmegions (specifically, left IFG and
OFG). Finally, results revealed functional diffetiation along the longitudinal axis of
hippocampus is present during early childhood, aewage- and performance-related

differences.
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Results from the task-based fMRI data indicated ttehippocampus showed greater
activation for items that were subsequently remest®ith correct versus incorrect source
details. This activation difference was greateginterior versus posterior hippocampus. This
finding suggests that in early childhood, thertuisctional differential along the longitudinal
axis of hippocampus, as suggested by the comp@nectss model (Moscovitch et al., 2016).
Moreover, we found that among children aged 4 yed&'s, better memory performance was
related to greater difference in hippocampal atitiveelicited by the items subsequently
remembered with correct versus incorrect sourcetiar words, for children aged 4 to 6 years,
high performers differentially engaged the hippopamto a greater extent compared to low
performers during encoding. However, this findihgwd be interpreted with caution because
there were only 3 4-year-old children and 5 5-y@drehildren among the 17 children aged 4-6
years. Among children aged 7-8 years, there waglation between performance and
hippocampal activation, suggesting that high amdperformers in this group showed no
difference in engaging hippocampus. Thereforehthpocampus, a structure involved in
encoding contextual details, might be still matgrtturing early childhood. The individual
differences in such maturation relates to memomjtglparticularly between the age of 4 and 6
years. These findings were consistent with behabfordings in this report and others
(Drummey & Newcombe, 2000; Riggins, 2014), suggesthe ability in encoding contextual
details is improving during early childhood. Su@velopment might be supported by the
maturation and differentiation of the hippocampus.

The finding that all children aged between 4 ang&s engaged hippocampus for
encoding contextual details stands in contrastgresious study in school-aged children Ghetti

et al. (2010), which reported that only 14-yeadsand adults showed the evidence supporting
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the engagement of hippocampus during memory engdden, 8- and 10-11-year-old children
did not show this evidence). The root of this dépamcy is unknown, but it may be related to
differences in sample size, task performance, #s&ggd of memory task, or other methodological
factors between this study and Ghetti et al., 20b@refore, future research would benefit from
studies including subjects both younger and oldan 8 years to fully understand how
hippocampus supports the development of episodimangacross childhood

Bilateral IPL/SPL also showed activation during@diag. This region, suggested to be a
part of the dorsal visual pathway, receives theaifrom primary visual regions to represent
spatial information (Culham & Kanwisher, 2001; Rilatti & Matelli, 2003) and has also been
related to memory (Ghetti & Bunge, 2012; Kim, 200fen et al., 2007). In terms of
engagement with dorsal visual system, the encadisigused in the current study did involve
spatial information (e.g., as the item and the attar were presented side by side), which could
be contributing to these effects. However, childrame not instructed to use the spatial
information to help encode contextual details nerenthey specifically tested on their ability in
remembering the spatial information. It is alsogdole that the activation of bilateral IPL/SPL
reflects the voluntary allocation of attention dgyiperception because this region has been
suggested as a part of the frontoparietal atterstystem (Cabeza, Ciaramelli, Olson, &
Moscovitch, 2008). During encoding, more attentiaaty have been allocated to the items
subsequently remembered with correct versus inciosurce details, consistent with a previous
finding that sustained attention measured by thigaton of posterior parietal cortex during
encoding was related to memory performance in aq@tten, Henson, & Rugg, 2002). More
research is needed to test how attention modullagegevelopment of episodic memory in early

childhood.
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In addition, left IFG, bilateral I0G, left ITG, arfdsiform also showed greater

activation for the items subsequently rememberehl eorrect versus incorrect source detalils.
These regions are part of the brain system retatbdyh-level perceptual processing in visual
memory tasks (Brewer, Zhao, Desmond, Glover, & @#bd998; Cansino, Maquet, Dolan, &
Rugg, 2002; Kim, 2011; Miyashita, 1993). It is pbtsthat these regions transform visual input
into internal representations that could be settteéchippocampus for consolidation and,
ultimately, long-term memory storage, which coudddzcessed and retrieved into consciousness
later. Alternatively, activation in left IFG hasdresuggested to be related to the organization of
multiple pieces of information in working memory fauilding associations between them (Kim,
2011). Thus, the increased activation of left Ha§ht suggest complex organization processes
were engaged to a greater extent for items subadguemembered with correct versus
incorrect source during encoding.

The OFG also showed activation during the encodfrgpntextual details that varied as
a function of whether those details were remembdrkis region is not commonly reported in
studies of memory. Therefore, it may reflect thatryg children (< 8 years) recruit a wider
network of brain regions than older children andltd including regions “outside” of what is
commonly thought of as memory regions in olderdrieih and adults (see Riggins et al., 2016
for similar findings). An alternative possibility that because this region receives the outputs of
a number of sensory systems such as visual, tasesomatosensory stimuli (Rolls, 2004) and
relates to volitional intention to perform a taskdy & Petrides, 2002; Ramus, Davis, Donahue,
Discenza, & Waite, 2007; Rolls, 2004), the actmatof this region during encoding in the
current study might reflect the intention of chéddrto encode visual details of the objects or their

visual association with the character. Howeverahee previous developmental and adult
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studies using visual stimuli do not report the\aatton of OFG during encoding (Ghetti &
Bunge, 2012; Kim, 2011; Ofen, 2012), this interptiein seems less likely. Additional studies
within this age range are needed to address tmesether possibilities.

In addition to the independent activation of bnagions, we also examined
connectivity between hippocampus and other cortegibns during both task-based and task-
free scans. The results indicated that age watecdeta the difference between anterior and
posterior hippocampus in their connectivity to IBIG during the encoding task. Moreover, age-
and performance-related differences were obsergagden anterior and posterior hippocampus
in their connectivity to OFG during task-free stdtest, these findings support the component
process model in terms of the important role ofitheraction between hippocampus and cortical
regions in episodic memory and the regional spetyfalong the longitudinal axis of the
hippocampus (Moscovitch et al., 2016; Poppenk.e2813). In addition, as it has been
suggested that anterior hippocampus codes infoomatiterm of the general or global relations
among entities and posterior hippocampus codesmaton in term of precise position
(Moscovitch et al., 2016; Poppenk et al., 2013 séhfindings might suggest that for older or
high performing children, OFG may interact morehaanterior versus posterior hippocampus to
process the stimuli via global relations rathentlaralized details. However, it should be noted
that the effect size for the relations was modedtraore research is needed to verify the
findings.

Differences were also observed between findingshtask-based and task-free
functional connectivity. At least two possible reas exist. First, Smith et al. (2009) proposed
that the connectivity patterns defined using ressitate functional data are organized in

functionally-relevant ways because the involvedaeg typically show co-activation during
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tasks. This proposal was mainly based on the fgglusing adult data. In contrast, according to
the long-term phasic molding hypothesis proposeGalpard-Durnam et al. (2016), the task-free
connectivity patterns are shaped by accumulatipgreences of phasic stimulus-elicited
functional connectivity. Therefore, the connectiypiatterns between brain regions related to
episodic memory might have not stabilized yet dyearly childhood, which might underlie the
discrepancy in functional connectivity charactedigeiring encoding task and during task-free
scan in the current study. Second, during the @ngddsk, brain activation or connectivity may
have been influenced by the attributes of the dtiogsed in the task. For example, the
connectivity between hippocampus and left IFG mayhe result of the visual stimuli used in
the task. In contrast, the functional connectivityasured in the task-free scan may be more
general, not specific to any type of stimuli (Vintet al., 2006).

Related to this second possibility, during the elireg task, brain activation in ITG and
IFG was lateralized to the left hemisphere. Previstudies have suggested that lateralization is
related to the type of material used in the stidyn( 2011). For example, left-lateralized results
were mostly found in the studies using verbal mateand slightly left-lateralized or bilaterally
balanced results were exhibited in the studiesgysictorial material. However, although
pictures were mainly used as stimuli in our stutlg,findings on ITG and IFG were lateralized
to left hemisphere. Other studies have suggestdithaddition to the type of stimuli,
verbalization or even intrinsic encoding mechanisififisct the lateralization (Menon et al., 2005).
It is possible that verbalization might have besediby children to bind the items and build
relations between them, which may be part of thsaas for our current findings, which are

lateralized to the left hemisphere.
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641 Although the current study made novel contributitmthe field, there were limitations
642  that future research could overcome to help undedshow brain maturation supports the

643  development of episodic memory across life spaist,fhis is a cross-sectional study and

644  multiple extraneous factors could contribute to idy@pear to be age-related differences; only
645 longitudinal designs can be used to characterizeldpmental change accurately. Another

646 limitation could have been differences in the emgagnt level during encoding task because
647  previous studies have indicated that attention ratdsi memory; this also could be addressed in
648  future studies (Chun & Turk-Browne, 2007). In aguit keeping young children still during a
649  task is not as easy as in older children or adtitiss difficulty might have influenced our results
650 (e.g., we had fewer 4- and 5-year-old children tblaer children for task fMRI data analyses;
651  more high performing children were included). There, researchers should continue to think
652  about how to elicit better cooperation from youhgdren with the aim to improve the

653  generalizability of studies in early childhood.

654 5. Conclusions

655 In conclusion, the current study showed age- antbpeance-related differences in

656  hippocampal activity and its connectivity to otlgertical regions. These findings provided

657 evidence in support of the component process madeth proposes that the hippocampus and
658  its communication with cortical regions are theecoomponents of the neural networks related
659  to episodic memory (Moscovitch et al., 2016). ldlig&idn, differentiation along the longitudinal
660  axis of hippocampus was shown to increase witheagebe related to better performance on
661 memory tasks involving encoding and recall of cgntal details. In sum, our findings suggest

662  that the maturation of hippocampal) activity, 2nectivity and 3) functional differentiation
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667

668

669

670

671

672

673
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675

676

677

678

679

680

681

682

683

684

along the longitudinal axis in early childhood estated to age-related differences in memory
performance.
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