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Abstract (< 200 words) 15 

Studies in school-aged children and adults consistently implicate hippocampus, cortical 16 

regions, and their interaction as being critical for memory. However, few studies have examined 17 

this neural network in younger children (<8 years) although behavioral studies consistently 18 

report substantial improvements in memory earlier in life.  This study aimed to fill this gap by 19 

integrating task-based (i.e., encoding task) and task-free fMRI scans in 4- to 8-year-old children. 20 

Results showed that during memory encoding the hippocampus and several cortical regions (e.g., 21 

inferior frontal gyrus, IFG) were activated, consistent with findings in older individuals.  Novel 22 

findings during memory encoding suggested: 1) additional regions (i.e., orbital frontal gyrus, 23 

OFG) were recruited, 2) hippocampal activation varied due to age and performance, and 3) 24 

differentiation of connectivity between hippocampal subregions and IFG was greater in older 25 

versus younger participants, implying increased speicalization with age. Novel findings from 26 

task-free fMRI data suggested the extent of functional differentiation along the longitudinal axis 27 

of the hippocampus, particularly between hippocampus and OFG, was moderated by both age 28 

and performance. Our findings support and extend previous research, suggesting that maturation 29 

of hippocampal activity, connectivity, and differentiation may all contribute to development of 30 

memory during early childhood.   31 

 32 

Keywords: anterior/posterior hippocampus, task-based functional connectivity, 33 

hippocampal subfields, psychophysiological interaction analysis, task-free functional 34 

connectivity  35 
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1. Introduction 36 

The ability to remember the details of events, often termed episodic memory, is 37 

important for learning and future planning in our daily life (Schneider, 2010). Based on a large 38 

amount of studies on adults and school-aged children (see Ghetti & Bunge, 2012; Ofen, 2012; 39 

Tulving, 2002 for reviews), one well-accepted model, known as the component process model of 40 

memory  (Moscovitch, Cabeza, Winocur, & Nadel, 2016) has been proposed to suggest that 41 

hippocampus and its interaction with other cortical regions (e.g., prefrontal cortex, PFC) are the  42 

neural networks supporting  episodic memory. Additionally, this model has emphasized the 43 

regional specificity along the longitudinal axis of hippocampus. Specifically, it has been 44 

suggested that anterior hippocampus codes information in term of the general or global relations 45 

among entities and posterior hippocampus codes information in term of precise position. This 46 

model has been well supported by the studies focusing on the development of episodic memory 47 

ability and its underlying neural correlates in school-aged children, through adolescence and into 48 

adulthood (> 8 years, Ghetti, DeMaster, Yonelinas, & Bunge, 2010; Ofen, 2012; Ofen et al., 49 

2007). However, the neural mechanisms associated with changes in episodic memory during 50 

early childhood (< 8 years) are under investigated despite the fact that behavioral studies suggest 51 

that episodic memory shows significant development during this period (Bauer et al., 2012; 52 

Drummey & Newcombe, 2002; Riggins, 2014; Riggins & Rollins, 2015; Sluzenski, Newcombe, 53 

& Kovacs, 2006). The goal of this investigation was to examine the neural correlates of episodic 54 

memory during early childhood using the tools of modern cognitive neuroscience. 55 

Recently, researchers have begun integrating task-based and task-free fMRI methods to 56 

study neural networks (Di, Gohel, Kim, & Biswal, 2013; Gabard-Durnam et al., 2016; Jackson, 57 

Hoffman, Pobric, & Lambon Ralph, 2016). For example, Gabard-Durnam et al. (2016) used a 58 
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sequential design following 4- to 18-year-olds over a 2 year period, and reported that age-related 59 

changes in amygdala functional connectivity converged on medial PFC and IFG during both task 60 

and rest. In addition, they found that the magnitude of amygdala-medial PFC and amygdala-IFG 61 

connectivity unidirectionally predicted resting-state functional connectivity 2 years later, 62 

supporting the long-term phasic molding hypothesis suggesting the task-free connectivity 63 

patterns are shaped by accumulating experiences of phasic stimulus-elicited functional 64 

connectivity (Gabard-Durnam et al., 2016). Thus, the similarity and differences between task-65 

related and task-free neural networks can provide a more holistic understanding of human brain 66 

function. 67 

To the best of our knowledge, there has been no study integrating task-based and task-68 

free fMRI methods to study the neural correlates of episodic memory in early childhood.  69 

However, there are reports of task-based fMRI in adults and school-aged children as well as 70 

separate reports of task-free fMRI and memory in adults and young children. We briefly review 71 

these separate lines of research, highlighting developmental differences, and then introduce the 72 

specific goals and hypotheses of the present study.   73 

1.1 Task-based fMRI studies of memory 74 

Previous task-based fMRI studies examining the encoding of episodic memories in adults 75 

and school-aged children have consistently reported that hippocampus is critical for encoding 76 

contextual details, however, its contribution to this process differs across development (Ghetti et 77 

al., 2010; Ofen, 2012; Ofen et al., 2007; Xue, 2018). For example, Ghetti et al. (2010) found that 78 

14-year-olds and young adults differentially engaged hippocampus for encoding memories with 79 

or without contextual details, but 8- and 10- to 11-year-olds did not. In addition to hippocampus, 80 

other brain regions such as parietal cortex and PFC have also been suggested to support the 81 
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encoding of contextual details into episodic memory in school-aged children and adults (see 82 

Ghetti & Bunge, 2012; Kim, 2011; Ofen, 2012; Xue, 2018 for reviews). For example, through 83 

meta-analyses, Kim (2011) indicated that fusiform, premotor cortex, left inferior frontal gyrus 84 

(IFG), and right posterior parietal cortex were engaged in associative encoding in adults .  85 

In addition to activation of separable brain regions, the communication between them 86 

has also been shown to be important for memory in school-aged children and adults (Menon, 87 

Boyett-Anderson, & Reiss, 2005; Schlichting & Preston, 2016; Tang, Shafer, & Ofen, 2017). For 88 

example, Tang et al (2017) used psychophysiological interaction (PPI) analyses in 8-25 year olds 89 

revealing that during successful memory formation, functional connectivity between lateral PFC 90 

and regions in medial temporal lobe increased with age, but the connectivity between superior 91 

PFC and regions within medial temporal lobe decreased with age  (see also Menon et al., 2005 ).  92 

1.2 Task-free fMRI studies of memory 93 

It is difficult to collect classical resting-state fMRI data from young children. However, 94 

task-free scans (e.g., watching a movie without explicit demands) allows us to measure brain 95 

networks in young children. Although there could be differences between classical resting-state 96 

and task-free scans, studies on children and adults have consistently indicated that episodic 97 

memory is associated with the interaction between hippocampus and cortical regions during 98 

resting and/or task-free states(e.g., Riggins, Geng, Blankenship, & Redcay, 2016; Vincent et al., 99 

2006; Wang, LaViolette, et al., 2010; Wang, Negreira, et al., 2010).  In adults, functional 100 

connectivity during rest from hippocampus to posterior cingulate cortex and precuneus positively 101 

predicted memory performance on tasks performed outside the scanner (Wang et al., 2010).  In 102 

children, functional connectivity during  task-free scans from hippocampus to several cortical 103 

regions (e.g., precuneus, superior temporal gyrus, middle temporal gyrus) was related to episodic 104 
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memory in 4- and 6-year-old children (Riggins et al., 2016). However, some of these 105 

associations were influenced by age. For example, memory performance was positively related 106 

to the connectivity between anterior hippocampus and precuneus in 6-year-old children but 107 

negatively related in 4-year-old children. In contrast, the connectivity between posterior 108 

hippocampus and right medial temporal gyrus was positively related to memory performance in 109 

4-year-old children but negatively related in 6-year-old children. These results were interpreted 110 

within an interactive specialization framework, suggesting that both integration and segregation 111 

of cortical networks is important for developmental change (Johnson, 2001). Age-related 112 

differences in functional connectivity along the longitudinal axis likely have functional relevance 113 

because the relations between hippocampal volume and memory performance have been shown 114 

to vary between hippocampal subregions as well as across development (DeMaster, Pathman, 115 

Lee, & Ghetti, 2014; Riggins et al., 2018). 116 

1.3 Current study 117 

Despite findings of the importance of the hippocampus, cortical regions, and their 118 

connectivity in school-aged children and adults, their role in early childhood remains under-119 

investigated. Thus, the first goal of the current study was to explore the contribution of 120 

hippocampus and cortical regions and their interaction during both a memory encoding task and 121 

task-free state in early childhood. Based on previous studies showing the heterogeneity of the 122 

hippocampus along the longitudinal axis and the hippocampal heterogeneity varies as a function 123 

of age (Blankenship, Redcay, Dougherty, & Riggins, 2017; Poppenk, Evensmoen, Moscovitch, 124 

& Nadel, 2013), we also explored this potential regional specificity in our analyses of both task 125 

and task-free data. 126 
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Finally, previous developmental studies in older children suggest that the activity of the 127 

regions identified above and the connectivity between these regions can  be influenced by both 128 

age and performance (Church, Petersen, & Schlaggar, 2010; Duarte, Ranganath, Trujillo, & 129 

Knight, 2006; Geng, Canada, & Riggins, 2018; Paz-Alonso, Gallego, & Ghetti, 2013; Sastre, 130 

Wendelken, Lee, Bunge, & Ghetti, 2016). For example, Sastre et al. (2016) reported that during 131 

memory retrieval, high-performing 10- to 11-year-olds showed whole hippocampus activation 132 

similar to low performing adults, but only high performing adults showed activation in the 133 

hippocampal head. Therefore, a secondary aim of the present investigation was to explore the 134 

influence of age and performance on regions (and connections) identified as contributing to 135 

episodic memory.  136 

In summary, the current study sought to identify brain regions engaged in the encoding 137 

of contextual details and test whether age and performance at retrieval influenced the activation 138 

or the connectivity of these brain regions both during an active memory encoding task and in a 139 

task-free state. Based on previous studies, we predicted that the encoding of contextual details 140 

would alter activation in the hippocampus, IFG, parietal cortex, occipital cortex, fusiform, and 141 

temporal cortex. In addition, we predicted that there would be age- and performance-related 142 

differences in the activity of hippocampus during encoding as well as in the connectivity from 143 

hippocampus to other cortical regions during encoding task and during task-free state. Regional 144 

specificity along the longitudinal axis of hippocampus was expected for these age- and 145 

performance-related differences. Finally, an exploratory question was whether age- and 146 

performance-related differences would be observed in the activity of other cortical regions as 147 

well.  148 

2. Material and Methods 149 
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2.1 Participants 150 

Children were recruited from a major metropolitan area through the use of both a 151 

University maintained database of families interested in participating in research and the 152 

distribution of recruitment flyers. To determine eligibility for the current study, children were 153 

screened to ensure they were not more than three weeks premature and had no diagnoses for any 154 

neurological conditions, developmental delays, or disabilities or contraindications for MRI.  155 

Participants were part of a larger sample of children participating in a longitudinal study 156 

on memory and brain development (n=200). Usability of participants' scans was determined via 157 

objective criteria. A total of 44 children provided useable data for memory task-based analyses 158 

(4.19-8.94 years, mean age = 7.12, SD = 1.23, 27 females). Children were excluded due to poor 159 

behavioral performance (9), missing data (5), no time to finish or perform the task (129), or too 160 

much motion (13). For task-free fMRI data, 110 children provided usable data (4.02-8.96 years, 161 

mean age = 6.51, SD = 1.48, 55 females). Children were excluded due to falling asleep (4), too 162 

much motion (63), incomplete data (18), or no data (5). For the task and task-free fMRI data 163 

analyses, 29 children were included in both analyses (17 females). 164 

2.2 Procedure  165 

The Institutional Review Board at University of Maryland approved all procedures.  166 

Parents or guardians provided informed consent for all participants. Children older than 7 years 167 

gave written assent, children younger than 7 years provided verbal assent. After participating, 168 

children received monetary compensation, a small gift, and a picture of their brain.   169 

Children visited the laboratory twice, approximately 7 days apart (mean = 7.13 days, SD 170 

= 2.62). During the first visit, children performed a series of behavioral tests including the 171 

encoding part of an episodic memory task (the retrieval part was performed during the second 172 
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visit). This out-of-scanner episodic memory task was designed based on previous studies and has 173 

been extremely successful at identifying age-related differences in children across this age range 174 

(i.e., Drummey & Newcombe, 2002; Riggins, 2014; see also Riggins et al., 2018). During the 175 

second visit, children participated in the fMRI portion of the study. All participants completed 176 

training in a mock scanner before MR data acquisition in order to help children acclimate to the 177 

scanner environment and learn stay still. In the scanner, a different memory task was performed, 178 

which was adapted from previous fMRI studies examining memory in older children (Ghetti et 179 

al., 2010, see details below). The retrieval part of this in-scanner episodic memory task was 180 

performed after getting out of the scanner approximately 15 minutes later. The primary 181 

differences between in-scanner and out-of-scanner tasks included the type of stimuli (pictorial vs. 182 

verbal), encoding-retrieval interval (7 days vs. 15 minutes), presentation time of stimuli (limited 183 

vs. unlimited), and whether it was intentional or incidental.  184 

2.3 In-scanner episodic memory task  185 

2.3.1 Training and practice 186 

Participants first completed training and practice blocks/phases outside the scanner to 187 

ensure they understood the task. The training session introduced the child to both the encoding 188 

and retrieval portions of the task. For encoding, the experimenter first showed a picture of a 189 

character alone on the screen and identified the character by name. The characters were well 190 

known to children (i.e., The Little Mermaid, SpongeBob, or Mickey Mouse) and one of the 191 

characters was selected as a typically female-preferred character, one was a typically male-192 

preferred character, and one was a character typically liked by both males and females. Then the 193 

experimenter sequentially presented two items next to the character and verbally labeled each 194 

item. The items (animals and objects) determined to be age appropriate were selected from the 195 
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Bank of Standardized Stimuli. The child was told that it was important to remember both the 196 

item and the character. This was done for each of the 3 characters, which resulted in a total of 6 197 

paired items. Immediately following encoding training, the child was sequentially shown each of 198 

the 6 old items and 3 new items.  For each item, they were asked to identify whether it was old or 199 

new. In addition, for items identified as “old”, they were also asked with which character the 200 

item had previously been presented (source memory). During this training retrieval period, the 201 

experimenter corrected inaccurate responses.   202 

Following training, the child practiced both the encoding and retrieval portions of the 203 

paradigm.  During encoding practice, each character was paired with 5 different items and 204 

children were instructed to observe and remember which items went with which characters.  205 

During retrieval practice, inaccurate responses were not corrected. Children were required to 206 

make item and source memory judgments on the 15 old items and 5 new items and obtain an 207 

accuracy score of 80% or higher before proceeding.  If children did not pass with the required 208 

accuracy, the experimenter explained the task rules again and participants were asked to 209 

complete another practice session with different stimuli.   210 

2.3.2 Encoding (in scanner).  211 

The design of the encoding task in the scanner was the same as the design of the task 212 

during training and practice. The only difference was that the encoding task in the scanner 213 

engaged more stimuli including 120 stimuli (40 per character block) paired with one of three 214 

different character sources. As in the mock scanner, participants were instructed to observe and 215 

remember which items went with which characters.  No deliberate strategy to accomplish this 216 

was recommended. Item presentation order was randomized within block by the presentation 217 

software, Eprime (Psychology Software Tools, Pittsburgh, PA).  Within each character-block, 218 
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only one character was presented, item presentation progressed automatically with items 219 

presented for 1500 ms and an inter-stimulus interval ranging from 1000-3000 ms, with an 220 

average time of 2000 ms.  221 

2.3.3 Retrieval (outside of scanner) 222 

The retrieval portion of the task began approximately 15 minutes after the conclusion of 223 

the encoding portion. This delay was to ensure that working memory did not drive performance 224 

on the task and to allow for leaving the fMRI data collection room properly and the inclusion of 225 

a brief break. There were a total of 160 items (120 old and 40 new items) presented to children 226 

during retrieval. Children were instructed to respond “yes” if the item presented was one they 227 

had seen during encoding, and “no” if the item presented was new.  If children indicated seeing 228 

the item previously, they were then asked to indicate to which of the three characters the item 229 

belonged.  Items were presented on the screen until children identified them as being old or new. 230 

If the item was identified as old, the three characters remained on the screen until children 231 

indicated which character they believed the item belonged to.  Children gave all answers verbally 232 

and responses were recorded by the experimenter.  233 

Variables of interest included the following: stimuli accurately recalled as old were 234 

further categorized as ‘source correct’ if the child correctly recognized the character with whom 235 

the item was presented (these items were labeled as subsequent source correct items during 236 

encoding), or ‘source incorrect’ if the child correctly identified an item as old but attributed the 237 

item to the incorrect character (these items were labeled as subsequent source incorrect items 238 

during encoding). Source memory was computed as the proportion of characters accurately 239 

recalled among the recognized items. 240 

2.4 Out-of-scanner episodic memory task  241 
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2.4.1 Encoding.  242 

During the first visit to the lab, children were taught novel facts (e.g., “A group of 243 

rhinos is called a crash”) from one of two different sources, a female adult (“Abby”) and a male-244 

voiced puppet (“Henry”), via digital videos. The children learned 6 facts from each source for a 245 

total of 12 facts. Presentation of facts was blocked by source, where children first learned 6 facts 246 

from one source followed by 6 facts from the other source, and the order of blocks was randomly 247 

assigned across participants. There were 3 lists of facts; each list consisted of unique facts that 248 

were similar across lists (e.g., “A group of kangaroos is called a mob” or “A group of goats is 249 

called a tribe”). These lists were randomly assigned across participants. Children were told to 250 

pay attention to the facts as they would be tested on the facts the following week, but were not 251 

told that they would be tested on the source of the facts. Children were asked about each fact to 252 

find out if they knew the facts prior to the experiment. Known facts were excluded at testing and 253 

additional novel facts from the list from the same source were presented; this rarely occurred. 254 

Each source had 8 possible facts to account for the possibility that children would know 1 or 2 of 255 

the facts. If a child knew 3 or more facts from one source, the total number of facts the child was 256 

tested on was reduced (but this was rare, n = 4).  257 

2.4.2 Retrieval 258 

When children returned to the lab for their second visit, they were tested on their memory 259 

for the facts and sources from the first visit. Children were asked to answer 22 trivia questions 260 

and to tell the experimenter where they had learned the answers to those trivia questions. They 261 

were told that they had learned some of the questions the week before from either “Abby” or 262 

“Henry,” some they might have learned outside the laboratory (e.g., from a teacher or parent), 263 

and some they may not know. The children had learned 6 of the 22 facts presented from “Abby,” 264 
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6 from “Henry,” 5 were facts commonly known by children (e.g., “What color is the sky?”), and 265 

5 were facts that children typically would not know (e.g., “What is the colored part of your eye 266 

called?”). Each list of 22 facts had two random presentation orders, and these orders were 267 

counterbalanced across participants. If children did not know an answer to a question, they were 268 

given five multiple choice options: parents, teacher, girl in the video, puppet in the video, or just 269 

knew/guessed.  270 

Source memory was calculated as the proportion of questions for which the child 271 

accurately recalled both the fact and the source of the fact (i.e., source memory conditionalized 272 

on fact memory) as this is thought to reflect the binding of the fact and source. Additionally, 273 

three types of error were computed: children indicated they guessed or always knew the facts, 274 

children indicated a person outside the experiment taught them the fact (extra-experimental 275 

errors), or children indicated the wrong experimental source taught them the fact (intra-276 

experimental errors). Source memory, extra-experimental error, and intra-experimental error 277 

were included for the analyses of brain-behavioral relations.  278 

2.5 Imaging Data Acquisition 279 

Participants were scanned in a Siemens 3.0-T scanner (MAGNETOM Trio Tim System, 280 

Siemens Medical Solutions, Erlangen, Germany) using a 32-channel coil. Children first 281 

completed the task-free scan, followed by the structural scans (T1 and T2, during which they 282 

watched a movie of their choice) and then, if time permitted, the memory task. This order was 283 

selected because task-free was our main interest and previous research shows that tasks 284 

completed prior to resting scans can influence resting activity (Pyka et al., 2009).  During the 285 

task-free scan, children were instructed to lie as still as possible with eyes open without any overt 286 

task. To minimize motion, Inscapes, a movie designed for collecting fMRI data to reduce 287 
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potential head motion, was played (Vanderwal, Kelly, Eilbott, Mayes, & Castellanos, 2015). A 288 

total of 210 whole-brain task–free fMRI data were collected using a T2*-weighted gradient echo 289 

planar imaging sequence (TR 2 s, TE 25 ms, slice thickness 3.5 mm, voxel size 290 

3.0 mm × 3.0 mm × 3.5 mm, voxel matrix 64 × 64, flip angle 70°, field of view 192 mm, 36 291 

slices), duration of 7 minutes and 6 seconds. Structural images were acquired with a T1-weighted 292 

magnetization prepared rapid gradient echo sequence: TR 1.9 s; TE 2.32 ms; slice thickness 0.9 293 

mm with no gap; voxel size 0.9×0.9×0.9 mm; voxel matrix 256×256 mm; flip angle 9°; field of 294 

volume 230 * 230 mm, duration of 4 minutes and 26 seconds.  Finally, task fMRI data were 295 

collected while children performed the encoding part of the source memory task using a T2*-296 

weighted gradient echo-planar imaging sequence (parameters were the same as that for the above 297 

task-free scan).  298 

During the task-free and task fMRI scans, participant head motion was monitored in 299 

real-time. If a participant exhibited excessive head motion (>3mm in any direction) during the 300 

first half of any run, the scan was restarted and the participant was reminded to stay as still as 301 

possible. This re-starting procedure occurred for 16 out of 110 subjects during task-free scan, and 302 

to 1 out of 44 subjects during the memory encoding task. 303 

2.6 Data Analysis 304 

2.6.1 Task fMRI data 305 

The preprocessing steps including slice timing correction, motion correction, and 306 

smoothing (Gaussian kernel FWHM=5mm) were conducted using DPABI 1.3 (a toolbox for 307 

Data Processing & Analysis for Brain Imaging, version 1.3, Yan, Wang, Zuo, & Zang, 2016). 308 

The smoothed 4D dataset was then analyzed with FSL MELODIC ICA software 309 

(www.fmrib.ox.ac.ukfsl melodic2index.html) to decompose the signal into 40 components 310 
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(McKeown et al., 1998). An experienced rater viewed each component and categorized it as 311 

task-related signal or artifact-related component with the toolbox of FSLeyes 312 

(https://zenodo.org/record/1470762#.W-JRgPkzb4Y). With the aim to calculate intra-rater 313 

reliability, the rater categorized the components for 10 subjects again in two months. Based on 314 

the cut-off proposed by Landis and Koch (Landis & Koch, 1977), the intra-rater reliability was 315 

from substantial to excellent (Cohen’s kappa = 0.75-0.90). To calculate inter-rater reliability, 316 

another rater categorized the components for 10 subjects independently. The inter-rater reliability 317 

was from substantial to excellent (Cohen’s kappa = 0.60-0.90). After removing all artifact-318 

related components, brain extraction and normalization were conducted. Brain extraction was 319 

conducted separately in 6 toolboxes including the Advanced Normalization Tools (ANTs), AFNI, 320 

FSL, BSE, ROBEX, and SPM8. The voxels extracted by at least four toolboxes were included in 321 

the brain mask (Tillman et al., 2018). We used ANTs (Avants et al., 2011) to carry out 322 

coregistration and normalization. Statistical analyses were carried out in AFNI (Cox, 1996). For 323 

the first level analyses, multiple regression analyses were conducted. The encoding events were 324 

convolved based on SPMG 2-parameter gamma variant regression model to create 3 regressors 325 

of interest: subsequent source correct items, subsequent source incorrect items, and subsequent 326 

forgotten items. All subjects included for statistical analyses had mean framewise displacement 327 

(FD) from 0.08 to 0.5 (group mean FD = 0.26, SD = .12). No censoring was carried out in order 328 

to preserve as many trials as possible for each condition. 329 

The second level analyses included ROI and whole brain analyses. ROI analyses were 330 

conducted using individual seed regions (anterior and posterior hippocampus) that were derived 331 

from Freesurfer 5.1 (surfer.nmr.mgh.harvard.edu; Fischl, 2012) and edited using Automatic 332 

Segmentation Adapter Tool (ASAT, nitrc.org/projects/segadapter; Yushkevich et al., 2015). The 333 
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hippocampus was divided into anterior and posterior hippocampus using manual identification of 334 

standard anatomical landmarks. The uncal apex served as the border between anterior and 335 

posterior hippocampus (Weiss et al., 2005; see also Duvernoy, 2005 and Gloor, 1997).  Raters 336 

were blind to participant age and sex. Reliability for identification of these landmarks indicated 337 

94.6% agreement within 1 slice and 99.992% agreement within 2 slices. Intra-class correlation 338 

coefficients (ICCs) were high and ranged from .897 – .985. Repeated measure ANOVA was 339 

conducted with Condition (subsequent source correct versus subsequent source incorrect) and 340 

Subregion included as within-subject factors. Age, Performance and their interaction were 341 

entered as continuous covariates.  342 

Whole-brain analyses was conducted using 3dttest++ program within AFNI. BOLD 343 

signal was compared between subsequent source correct and subsequent source incorrect trials 344 

(i.e., subsequent recollection effect). Mean FD, age, performance, and age × performance 345 

interaction were included as covariates. The 3dClustSim mixed model autocorrelation function 346 

(ACF) indicated that clusters with a minimum of 12 voxel size and puncorrected < .001 were viewed 347 

as significant with multiple comparison correction (pcorrected < .05).   348 

In order to further characterize the contribution of hippocampus to contextual information 349 

encoding, seed-based psychophysiological interaction (PPI) analyses (Friston et al., 1997) were 350 

performed to test the effective connectivity from anterior and posterior hippocampus to the brain 351 

regions showing subsequent recollection effects (https://afni.nimh.nih.gov/CD-CorrAna). The 352 

steps included extracting the average time series of the ROIs and removing the trend from the 353 

seed time series, running deconvolution, obtaining and concatenating the interaction regressor, 354 

inspecting data for extreme values (defined as +/- 2.5 SD from mean), and conducting regression 355 

analysis. Finally, for each subject, we defined the brain regions (ROIs) showing subsequent 356 
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recollection effects during the memory encoding task by running leave-1 out procedure (the 357 

ROIs for Nth subject was defined by using the data of the other N-1 subjects). The ROIs for each 358 

subject were then used to extract the beta value of the interaction regressor for repeated ANOVA 359 

analyses, which were performed with Subregion (anterior and posterior hippocampus) and 360 

Condition (subsequent source correct versus subsequent source incorrect) as within-subject 361 

factors and with Age, Performance, and their interaction as continuous covariates.  362 

2.6.2 Task-free fMRI data 363 

In the analyses, all 210 collected rs-fMRI images were included, as the first 4 volumes 364 

were discarded before data collection due to the instability of the initial MRI signal and 365 

participant adaptation. Preprocessing included the following steps. First, slice timing, head 366 

motion correction, and smoothing (Gaussian kernel FWHM=5mm) were performed using 367 

DPABI 1.3. MELODIC ICA was then run on smoothed data to remove artifact-related 368 

components using the same procedure as that for task fMRI data. After removing all artifact-369 

related components, brain extraction, normalization, and filtering were conducted. Brain 370 

extraction was conducted separately in 6 toolboxes and ANTs was used to carry out 371 

coregistration and normalization (the procedure was the same as that for task fMRI data). 372 

Statistical analyses were carried out in AFNI (Cox, 1996). Temporal bandpass filtering (0.01-0.1 373 

Hz) and spatial smoothing with a 5 mm full-width-at-half-maximum Gaussian kernel was 374 

performed in AFNI to normalized data.  375 

Task-free functional connectivity analyses were conducted in AFNI. First, we scrubbed 376 

any volumes with FD ≥ 0.3 mm as well as 1 back and 1 forward volumes in order to minimize 377 

the head motion effect. All children included in final statistical analyses had data ≥ 4 minutes in 378 

length and mean FD from 0.06 to 0.33 (group mean FD = 0.16, SD = 0.06). The connectivity 379 
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between the time series of the seed regions (anterior and posterior hippocampus) and those of the 380 

whole brain was calculated to generate individual rs-fc maps (r-maps). Subsequently, we used 381 

Fisher’s r-to-z transformation to convert r-maps into z-maps to obtain normally distributed 382 

values of the connectivity maps. The z values were extracted by using the ROI regions showing 383 

subsequent recollection effect at task. Extreme values (define +/- 2.5 SD from mean) were 384 

excluded.  For each ROI, repeated measures ANOVA was conducted. Subregion (anterior and 385 

posterior hippocampus) was entered as within-subject factor. Age, Performance and their 386 

interaction were included as continuous covariates. 387 

3. Results 388 

3.1 Behavioral results 389 

The descriptive data for the memory tasks performed in and out of the scanner are 390 

presented in Table 1. Consistent with our hypothesis, age was related to source memory 391 

performance, intra- and extra-experimental errors and guessed-knew responses on the task 392 

performed outside of the scanner, r (108) = 0.40, p < .001; r (108) = 0.57, p < .001; r (108) = -393 

0.47, p < .001; r (108) = - 0.36, p < .001, respectively. However, counter to this hypothesis, 394 

relations between age and source memory performance on the episodic memory task performed 395 

in the scanner was not significant (r (42) = 0.25, p = .11). However, the difference between these 396 

two correlation coefficients (i.e., correlations between age and the in and out-of scanner task 397 

performance) was not significant. The variation in magnitude could be due to the differences in 398 

sample size, variations in task design, ages of subjects included (e.g., very few 4-year-old 399 

children remained for final analysis for the behavioral task performed in the scanner), or testing 400 

environment (i.e., in versus out of scanner).  401 

 402 
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Table 1. Descriptive data for the two memory tasks 403 

  

Source 
memory 

performance 

Knew/gues
sed error 

Intra-
experimenta

l error 

Extra-
experimenta

l error 
Hit 

False 
alarm 

In-
scanner 
task* 

Mean 0.53 N/A N/A N/A 0.5 0.08 
SD 0.13 N/A N/A N/A 0.16 0.14 
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-
scanner 
task 

Mean 0.26 0.27 0.12 0.08 0.59 0.04 
SD 0.18 0.26 0.09 0.12 0.23 0.08 
Minimum 0 0 0 0 0.08 0 
Maximum 0.67 1 0.29 0.5 1 0.5 

Note: N/A = not applicable. For the in-scanner task, data were only used for analyses if children 404 

had enough useable trials for analysis of all conditions; thus, average performance on the task is 405 

skewed compared to all children in the study who were asked to complete the task. 406 

 407 

3.2 fMRI task activation  408 

3.2.1 A priori hippocampal ROI analyses 409 

Individual anterior and posterior hippocampal ROIs (Anterior-Posterior; Figure 1A) were 410 

used to extract signal in order to test if there was main effect of Condition (subsequent source 411 

correct vs. incorrect trials during encoding) or any interaction involving Age or Performance 412 

(during retrieval). We found a main effect of Condition (F (1, 37) = 16.15, p < .001), that was 413 

qualified by interactions between Condition × Age × Performance, Condition × Anterior-414 

Posterior× Performance, and Condition × Anterior-Posterior × Age × Performance (F (1, 37) = 415 

10.18, p = .002; F (1, 37) = 10.72, p = .002; F (1, 37) = 8.20, p = .007). Follow-up analyses 416 

indicated a main effect of Condition (Anterior: F (1, 37) = 18.30, p < .001; Posterior: F (1, 37) = 417 

11.51, p = .002) and a Condition × Age × Performance interaction (Anterior: F (1, 37) = 11.48, p 418 

= .002; Posterior: F (1, 37) = 5.56, p = .024) for anterior and posterior hippocampus separately.  419 
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To disentangle the Condition × Age × Performance interactions, we split the subjects into 420 

younger and older age groups according to mean age (i.e., 7.12 years): 17 ‘younger’ children 421 

(mean age = 5.83 years, age range = 4.19 – 6.83, SD = .81), 27 ‘older’ children (mean age = 7.93 422 

years, age range = 7.21 – 8.94, SD = .59). Older children showed greater activation in 423 

subsequent source correct versus subsequent source incorrect trials for both the anterior and 424 

posterior hippocampus (F (1, 23) = 8.96, p = .006; F (1, 23) = 4.60, p = .043). However, there 425 

was no interaction with Performance. In contrast, in the younger group, we found that there were 426 

Condition × Performance interactions for both anterior and posterior hippocampus (F (1, 13) = 427 

15.59, p = .002; F (1, 13) = 5.14, p = .041). Due to the limited sample size, we were unable to 428 

further divide young children into low and high performance groups. Thus, we tested how 429 

Performance predicted the difference in the activation to the conditions in anterior and posterior 430 

hippocampus separately within groups. The results indicated that better performance was related 431 

to greater activation differences between subsequent source correct versus subsequent source 432 

incorrect trials in both regions in the younger group (anterior: r = 0.74, p = 0.002; posterior: r = 433 

0.53, p = .041). 434 
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 435 

Figure 1. The Condition × Anterior-Posterior × Age × Performance interaction in hippocampal 436 

activation. A) Illustrates subregions used as Regions of Interest (ROIs).  B) Illustrates activation 437 

for each condition, subregion and age group. C) and D) Illustrate the relation between memory 438 

performance and the activation difference between subsequent source correct and incorrect 439 

conditions in each age group and subregion. Across all children, differences in activation were 440 

apparent for items remembered with correct versus incorrect details. However, within younger 441 
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children, greater differences in activation between conditions were associated with better 442 

performance.  443 

3.2.2 Whole-brain analyses 444 

As showed in Figure 2, the analyses indicated 7 brain regions showed greater 445 

activation in subsequent source correct versus subsequent source incorrect trials.  The 7 regions 446 

included bilateral inferior/superior parietal lobule (IPL/SPL; cluster size: left = 182, right = 15; 447 

contained regions within middle/superior occipital gyrus), bilateral inferior occipital gyrus (IOG; 448 

cluster size: left = 166, right = 36; contained regions within calcarine gyrus), left inferior 449 

temporal gyrus (ITG, cluster size = 114), bilateral fusiform (cluster size: left = 48, right = 13), 450 

left inferior frontal gyrus (IFG, cluster size = 45), left anterior hippocampus (cluster size =16), 451 

right posterior hippocampus (cluster size =29), and orbital frontal gyrus (OFG, cluster size = 25). 452 

In contrast, no regions showed greater activation in subsequent source incorrect versus correct 453 

trials.  454 

There was a region (right anterior hippocampus, Figure 2) showing a significant 455 

interaction between Condition and Performance. Better performance was associated with greater 456 

activation of right anterior hippocampus (containing regions in parahippocampus) in subsequent 457 

source correct versus subsequent source incorrect trials, t = 4.26, p < 0.001. This latter finding 458 

was generally consistent with the results from the ROI analyses, which showed a similar pattern, 459 

albeit only in younger children. 460 
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 461 

Figure 2. Brain regions showing greater activation in subsequent source correct versus incorrect 462 

trials. IPL/SPL: inferior/superior parietal lobule; IOG: inferior occipital gyrus; ITG: inferior 463 

temporal gyrus; IFG: inferior frontal gyrus; hipp: hippocampus; OFG: orbital frontal gyrus. 464 

Across all subjects, only greater activation of right anterior hippocmapus in subsequent source 465 

correct versus subsquent source incorrect trials was related to better task performance.  466 

 467 

3.3 Functional connectivity  468 

3.3.1 Task-based functional connectivity.  469 
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We calculated task-based functional connectivity  from bilateral anterior and posterior 470 

hippocampus to the six regions (excluding hippocampus) showing main effects of condition (i.e., 471 

subsequent recollection effects; subsequent source correct > incorrect condition). Then, we tested 472 

how age, performance, and their interaction predicted the functional connectivity. There was an 473 

interaction between Condition, Anterior-Posterior, and Age in the connectivity from 474 

hippocampus to left IFG (F (1, 39) = 4.10, p = .049). Follow-up analyses indicated that the 475 

difference in connectivity between subsequent source correct and incorrect conditions for 476 

anterior and posterior hippocampus interacted with Age (F (1, 39) = 4.10, p = .049), indicating 477 

that age was positively related to the difference between anterior and posterior hippocampus in 478 

their connectivity to left IFG (see Figure 3A). In other words, during the encoding tasks, older 479 

participants showed greater differentiation of connectivity between the hippocampal subregions 480 

and left IFG. 481 

3.3.2 Task-free functional connectivity 482 

We then examined the effects of Subregion, Age, and Performance on brain activity by 483 

calculating functional connectivity from anterior and posterior hippocampus to the six regions 484 

(excluding hippocampus) showing greater activation for the items subsequently rememerbered 485 

with correct versus incorrect source. The results indicated that posterior hippocampus showed 486 

greater connectivity to bilateral IPL/SPL, bilateral IOG, left ITG, fusiform, and left IFG than 487 

anterior hippocampus (F (1, 100) = 91.60, p < .001; F (1, 100) = 57.33, p < .001; F (1, 100) = 488 

62.82, p < .001; F (1, 100) = 120.70, p < .001; F (1, 100) = 5.33, p = .023). In contrast, anterior 489 

hippocampus showed greater connectivity to orbital frontal gyrus than posterior hippocampus (F 490 

(1, 100) = 30.20, p < .001).  491 
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Additionally, for OFG, we found Anterior-Posterior × Age (F (1, 100) = 4.95, p = .028) 492 

and Anterior-Posterior × Performance (source intra-experimental error) interactions (F (1, 100) = 493 

6.05, p = .016).  Then, we calculated the difference between anterior and posterior hippocampus 494 

in their connectivity to OFG. Regression analyses indicated that the difference was positively 495 

related to age and negatively related to the proportion of intra-experimental errors, such that 496 

older children and children with fewer intra-experimental errors showed greater differences 497 

between anterior and posterior hippocampus in their connectivity to OFG (illustrated in Figure 498 

3B and 3C). There were no other age- or performance related difference in functional 499 

connectivity during task-free scan.  500 

 501 

Figure 3. Age- and performance-related differences in the connectivity from anterior and 502 

posterior hippocampus during encoding and task-free scans.  A) illustrates the connectivity from 503 
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anterior and posterior hippocampus to left IFG (task-based) and OFG (task-free). B) illustrates 504 

the difference between anterior and posterior hippocampus in connectivity to IFG was positively 505 

related to age.  C) illustrates the difference between anterior and posterior hippocampus in 506 

connectivity to OFG was positively related to age and D) negatively related to intra-experimental 507 

errors.  508 

4. Discussion 509 

The goals of the current study were to identify the neural correlates of episodic 510 

memory during early childhood and explore whether the findings in this young population 511 

would be consistent with the component process model, which suggests that hippocampus and 512 

its interaction with other cortical regions make up the core of the neural networks related to 513 

episodic memory (Moscovitch, Cabeza, Winocur, & Nadel, 2016). Therefore, we collected 514 

fMRI data from children aged 4-8 years during memory encoding and task-free states. Then, 515 

the data were analyzed to test age- and performance-related differences in hippocampal 516 

activation and connectivity. The findings indicated that, consistent with the component process 517 

model (Moscovitch et al., 2016), encoding contextual details activated hippocampus and 518 

multiple cortical regions (bilateral IPL/SPL, bilateral IOG, left ITG, left IFG, and fusiform) in 519 

young children. In contrast to adult studies, we found that OFG was activated during the 520 

successful encoding of contextual details in young children. Other novel findings included age- 521 

and performance-related differences in the activation of hippocampus as well as in the 522 

interaction between the hippocampus and other cortical regions (specifically, left IFG and 523 

OFG). Finally, results revealed functional differentiation along the longitudinal axis of 524 

hippocampus is present during early childhood, as were age- and performance-related 525 

differences.  526 
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Results from the task-based fMRI data indicated that the hippocampus showed greater 527 

activation for items that were subsequently remembered with correct versus incorrect source 528 

details. This activation difference was greater in anterior versus posterior hippocampus. This 529 

finding suggests that in early childhood, there is functional differential along the longitudinal 530 

axis of hippocampus, as suggested by the component process model (Moscovitch et al., 2016). 531 

Moreover, we found that among children aged 4 to 6 years, better memory performance was 532 

related to greater difference in hippocampal activation elicited by the items subsequently 533 

remembered with correct versus incorrect source. In other words, for children aged 4 to 6 years, 534 

high performers differentially engaged the hippocampus to a greater extent compared to low 535 

performers during encoding. However, this finding should be interpreted with caution because 536 

there were only 3 4-year-old children and 5 5-year-old children among the 17 children aged 4-6 537 

years. Among children aged 7-8 years, there was no relation between performance and 538 

hippocampal activation, suggesting that high and low performers in this group showed no 539 

difference in engaging hippocampus. Therefore, the hippocampus, a structure involved in 540 

encoding contextual details, might be still maturing during early childhood. The individual 541 

differences in such maturation relates to memory ability, particularly between the age of 4 and 6 542 

years. These findings were consistent with behavioral findings in this report and others 543 

(Drummey & Newcombe, 2000; Riggins, 2014), suggesting the ability in encoding contextual 544 

details is improving during early childhood. Such development might be supported by the 545 

maturation and differentiation of the hippocampus.  546 

The  finding that all children aged between 4 and 8 years engaged hippocampus for 547 

encoding contextual details stands in contrast to a previous study in school-aged children Ghetti 548 

et al. (2010), which reported that only 14-years-olds and adults showed the evidence supporting 549 
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the engagement of hippocampus during memory encoding (i.e.,  8- and 10-11-year-old children 550 

did not show this evidence). The root of this discrepancy is unknown, but it may be related to 551 

differences in sample size, task performance, the design of memory task, or other methodological 552 

factors between this study and Ghetti et al., 2010. Therefore, future research would benefit from 553 

studies including subjects both younger and older than 8 years to fully understand how 554 

hippocampus supports the development of episodic memory across childhood.   555 

Bilateral IPL/SPL also showed activation during encoding. This region, suggested to be a 556 

part of the dorsal visual pathway, receives the signal from primary visual regions to represent 557 

spatial information (Culham & Kanwisher, 2001; Rizzolatti & Matelli, 2003) and has also been 558 

related to memory (Ghetti & Bunge, 2012; Kim, 2011; Ofen et al., 2007). In terms of 559 

engagement with dorsal visual system, the encoding task used in the current study did involve 560 

spatial information (e.g., as the item and the character were presented side by side), which could 561 

be contributing to these effects. However, children were not instructed to use the spatial 562 

information to help encode contextual details nor were they specifically tested on their ability in 563 

remembering the spatial information. It is also possible that the activation of bilateral IPL/SPL 564 

reflects the voluntary allocation of attention during perception because this region has been 565 

suggested as a part of the frontoparietal attention system (Cabeza, Ciaramelli, Olson, & 566 

Moscovitch, 2008). During encoding, more attention may have been allocated to the items 567 

subsequently remembered with correct versus incorrect source details, consistent with a previous 568 

finding that sustained attention measured by the activation of posterior parietal cortex during 569 

encoding was related to memory performance in adults (Otten, Henson, & Rugg, 2002). More 570 

research is needed to test how attention modulates the development of episodic memory in early 571 

childhood. 572 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

29 

 

In addition, left IFG, bilateral IOG, left ITG, and fusiform also showed greater 573 

activation for the items subsequently remembered with correct versus incorrect source details. 574 

These regions are part of the brain system related to high-level perceptual processing in visual 575 

memory tasks (Brewer, Zhao, Desmond, Glover, & Gabrieli, 1998; Cansino, Maquet, Dolan, & 576 

Rugg, 2002; Kim, 2011; Miyashita, 1993). It is possible that these regions transform visual input 577 

into internal representations that could be sent to the hippocampus for consolidation and, 578 

ultimately, long-term memory storage, which could be accessed and retrieved into consciousness 579 

later. Alternatively, activation in left IFG has been suggested to be related to the organization of 580 

multiple pieces of information in working memory for building associations between them (Kim, 581 

2011).  Thus, the increased activation of left IFG might suggest complex organization processes 582 

were engaged to a greater extent for items subsequently remembered with correct versus 583 

incorrect source during encoding.   584 

The OFG also showed activation during the encoding of contextual details that varied as 585 

a function of whether those details were remembered. This region is not commonly reported in 586 

studies of memory. Therefore, it may reflect that young children (< 8 years) recruit a wider 587 

network of brain regions than older children and adults, including regions “outside” of what is 588 

commonly thought of as memory regions in older children and adults (see Riggins et al., 2016 589 

for similar findings).  An alternative possibility is that because this region receives the outputs of 590 

a number of sensory systems such as visual, taste, and somatosensory stimuli (Rolls, 2004) and 591 

relates to volitional intention to perform a task (Frey & Petrides, 2002; Ramus, Davis, Donahue, 592 

Discenza, & Waite, 2007; Rolls, 2004), the activation of this region during encoding in the 593 

current study might reflect the intention of children to encode visual details of the objects or their 594 

visual association with the character. However, because previous developmental and adult 595 
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studies using visual stimuli do not report the activation of OFG during encoding (Ghetti & 596 

Bunge, 2012; Kim, 2011; Ofen, 2012), this interpretation seems less likely.  Additional studies 597 

within this age range are needed to address these and other possibilities.  598 

In addition to the independent activation of brain regions, we also examined 599 

connectivity between hippocampus and other cortical regions during both task-based and task-600 

free scans. The results indicated that age was related to the difference between anterior and 601 

posterior hippocampus in their connectivity to left IFG during the encoding task. Moreover, age- 602 

and performance-related differences were observed between anterior and posterior hippocampus 603 

in their connectivity to OFG during task-free state. First, these findings support the component 604 

process model in terms of the important role of the interaction between hippocampus and cortical 605 

regions in episodic memory and the regional specificity along the longitudinal axis of the 606 

hippocampus (Moscovitch et al., 2016; Poppenk et al., 2013). In addition, as it has been 607 

suggested that anterior hippocampus codes information in term of the general or global relations 608 

among entities and posterior hippocampus codes information in term of precise position 609 

(Moscovitch et al., 2016; Poppenk et al., 2013), these findings might suggest that for older or 610 

high performing children, OFG may interact more with anterior versus posterior hippocampus to 611 

process the stimuli via global relations rather than localized details.  However, it should be noted 612 

that the effect size for the relations was modest and more research is needed to verify the 613 

findings.   614 

Differences were also observed between findings for the task-based and task-free 615 

functional connectivity. At least two possible reasons exist. First, Smith et al. (2009) proposed 616 

that the connectivity patterns defined using resting-state functional data are organized in 617 

functionally-relevant ways because the involved regions typically show co-activation during 618 
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tasks. This proposal was mainly based on the findings using adult data. In contrast, according to 619 

the long-term phasic molding hypothesis proposed by Gabard-Durnam et al. (2016), the task-free 620 

connectivity patterns are shaped by accumulating experiences of phasic stimulus-elicited 621 

functional connectivity. Therefore, the connectivity patterns between brain regions related to 622 

episodic memory might have not stabilized yet during early childhood, which might underlie the 623 

discrepancy in functional connectivity characterized during encoding task and during task-free 624 

scan in the current study. Second, during the encoding task, brain activation or connectivity may 625 

have been influenced by the attributes of the stimuli used in the task. For example, the 626 

connectivity between hippocampus and left IFG may be the result of the visual stimuli used in 627 

the task. In contrast, the functional connectivity measured in the task-free scan may be more 628 

general, not specific to any type of stimuli (Vincent et al., 2006).  629 

Related to this second possibility, during the encoding task, brain activation in ITG and 630 

IFG was lateralized to the left hemisphere. Previous studies have suggested that lateralization is 631 

related to the type of material used in the study (Kim, 2011). For example, left-lateralized results 632 

were mostly found in the studies using verbal materials and slightly left-lateralized or bilaterally 633 

balanced results were exhibited in the studies using pictorial material. However, although 634 

pictures were mainly used as stimuli in our study, the findings on ITG and IFG were lateralized 635 

to left hemisphere. Other studies have suggested that, in addition to the type of stimuli, 636 

verbalization or even intrinsic encoding mechanisms affect the lateralization (Menon et al., 2005).  637 

It is possible that verbalization might have been used by children to bind the items and build 638 

relations between them, which may be part of the reasons for our current findings, which are 639 

lateralized to the left hemisphere. 640 
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Although the current study made novel contributions to the field, there were limitations 641 

that future research could overcome to help understand how brain maturation supports the 642 

development of episodic memory across life span. First, this is a cross-sectional study and 643 

multiple extraneous factors could contribute to what appear to be age-related differences; only 644 

longitudinal designs can be used to characterize developmental change accurately. Another 645 

limitation could have been differences in the engagement level during encoding task because 646 

previous studies have indicated that attention modulates memory; this also could be addressed in 647 

future studies (Chun & Turk-Browne, 2007). In addition, keeping young children still during a 648 

task is not as easy as in older children or adults. This difficulty might have influenced our results 649 

(e.g., we had fewer 4- and 5-year-old children than older children for task fMRI data analyses; 650 

more high performing children were included). Therefore, researchers should continue to think 651 

about how to elicit better cooperation from young children with the aim to improve the 652 

generalizability of studies in early childhood. 653 

5. Conclusions 654 

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

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

evidence in support of the component process model, which proposes that the hippocampus and 657 

its communication with cortical regions are the core components of the neural networks related 658 

to episodic memory (Moscovitch et al., 2016). In addition, differentiation along the longitudinal 659 

axis of hippocampus was shown to increase with age and be related to better performance on 660 

memory tasks involving encoding and recall of contextual details.  In sum, our findings suggest 661 

that the maturation of hippocampa1) activity, 2) connectivity and 3) functional differentiation 662 
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along the longitudinal axis in early childhood are related to age-related differences in memory 663 

performance. 664 
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