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Abstract

The hippocampus is a key limbic region involved in higher-order cognitive processes including
learning and memory. Although both typical and atypical functional connectivity patterns of the
hippocampus have been well-studied in adults, the developmental trajectory of hippocampal
connectivity during infancy and how it relates to later working memory performance remains to be
elucidated. Here we used resting state fMRI (rsfMRI) during natural sleep to examine the
longitudinal development of hippocampal functional connectivity using a large cohort (N=202) of
infants at 3 weeks (neonate), 1 year, and 2 years of age. Next, we used multivariate modeling to
investigate the relationship between both cross-sectional and longitudinal growth in hippocampal
connectivity and 4-year working memory outcome. Results showed robust local functional
connectivity of the hippocampus in neonates with nearby limbic and subcortical regions, with
dramatic maturation and increasing connectivity with key default mode network (DMN) regions
resulting in adult-like topology of the hippocampal functional connectivity by the end of the first
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year. This pattern was stabilized and further consolidated by 2 years of age. Importantly, cross-
sectional and longitudinal measures of hippocampal connectivity in the first year predicted
subsequent behavioral measures of working memory at 4 years of age. Taken together, our
findings provide insight into the development of hippocampal functional circuits underlying
working memory during this early critical period.

Connectivity; Development; Infant; Hippocampus; Working Memory

Introduction

The hippocampus is a critical limbic region that facilitates learning and memory throughout
development (Tamnes et al., 2014; Alberini and Travaglia, 2017). Along with other limbic
regions, the hippocampus develops early on (Insausti et al., 2010), with the number and
density of synapses reaching adult-like levels within the first 6 postnatal months (Seress and
Abraham, 2008). Infancy is also a period of dramatic structural growth; development of
myelination along major axonal bundles connecting distant parts of the brain likely enable
the emergence and establishment of extensive hippocampal functional circuits during the
first years of life (Benes et al., 1994; Gao et al., 2009a; Huang et al., 2015; Van Den Heuvel
et al., 2015). However, to the best of our knowledge, no study has characterized the
longitudinal growth trajectory of hippocampal functional connectivity during this early
critical period.

Early infancy is a period defined by dramatic growth in functional architecture (Gao et al.,
2015a; Gilmore et al., 2018). Resting-state networks, detectable perinatally (Fransson et al.,
2009; Gao et al., 2009b; Fransson et al., 2011; Thomason et al., 2013), are plastic,
modifiable, and demonstrate nonlinear, patterned, and network-specific growth trajectories
during the first two years of life (Gao et al., 2011, 2017). In neurotypical infants, primary
sensory networks (e.g., sensorimotor, auditory) are the first to resemble adult-like patterns
whereas higher-order networks such as the default mode network (Raichle et al., 2001),
dorsal attention network (Fox et al., 2006), and executive control network (Seeley et al.,
2007) develop more gradually over the first years of life (Smyser et al., 2011; Gao et al.,
2015a). Furthermore, a pattern featuring long-range synchronization and local differentiation
has been consistently observed during typical development (Fair et al., 2009; Gao et al.,
2009b; Supekar et al., 2009; Uddin et al., 2010). Importantly, the early development of
functional networks has been shown to index later behavioral outcomes (Alcauter et al.,
2014; Salzwedel et al., 2019a; Chen et al., 2020; Gao et al., 2020), underscoring the
behavioral significance of early functional brain development. Collectively, a growing body
of work suggests that different resting-state networks show unique critical periods,
developmental trajectories, and behavioral implications. Functional connectivity between the
hippocampus and a widespread network of cortical and subcortical regions is critical for
processes underlying learning and memory and can be detected shortly after birth (Gao et
al., 2011; Alcauter et al., 2014; Bajic et al., 2016). Although the developmental profile of
hippocampal functional connectivity has been characterized in children and adolescents
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(Zhong et al., 2014; Blankenship et al., 2017), the development of hippocampal functional
connectivity during the first years of life remains poorly understood.

In contrast to primary systems such as sensorimotor and visual functions, complex external
environmental input is crucial for shaping hippocampus-supported learning and memory
behaviors for better adaptation to the individualized environment (Maguire et al., 2000;
Brunson et al., 2003; Gogtay et al., 2006; Lavenex and Banta Lavenex, 2013; G6mez and
Edgin, 2016). Importantly, early development of learning and memory functions during
infancy likely lays the foundation for later prolonged development of different cognitive
functions (Gogtay et al., 2006). Among these, working memory refers to the ability to retain
and manipulate information over a short period of time, which is critical for learning and
supports many other cognitive capabilities (Baddeley, 2003; D’Esposito and Postle, 2015).
In adults, working memory functions have traditionally been associated with frontoparietal
areas (Cabeza and Nyberg, 2000), but a growing body of work indicates that the
hippocampus may also play a key role in working memory (Olson et al., 2006; Jeneson and
Squire, 2011).

The structural and functional architecture of the hippocampus during development has been
demonstrated to be related to later working memory outcome. For example, several studies
have shown that lower preterm infant hippocampal volumes are associated with later
working memory/cognitive deficits (Beauchamp et al., 2008; Nosarti and Froudist-Walsh,
2016; Strahle et al., 2019), indicating the importance of early hippocampal development for
later working memory performance. The capacity for working memory increases throughout
childhood (Gonthier et al., 2019) and early measures of working memory skills are
predictive of later outcome. Indeed, working memory skills assessed as early as 2—4 years of
age predict school readiness at 6 years of age (Fitzpatrick and Pagani, 2012). Furthermore,
preschoolers (2- to 5-years-old) with attention-deficit/hyperactivity disorder (ADHD)
already show deficits in working memory compared with typically developing controls
(Mahone and Hoffman, 2007), highlighting the importance of investigating the relationship
between early resting state connectivity and later working memory performance to provide
insight into potential mechanisms underlying working memory well before the onset of overt
behavioral symptoms. Prior studies in children have specifically linked the development of
hippocampal functional circuits to working memory performance; longitudinal growth of
hippocampal-neocortical functional circuits is related to individual gains in working
memory-based problem solving in 7- to 9-year-old children (Qin et al., 2014). However, to
our knowledge, there have been no studies on how hippocampal functional connectivity in
infancy may relate to later working memory outcome. As such, the relationship between
early synchronization of hippocampal functional circuits and later working memory
outcome remains to be elucidated.

In this study, we used resting-state functional magnetic resonance imaging (rsfMRI) to
delineate the development of hippocampal functional connectivity patterns during the first
two years of life using a large (N=202) longitudinal sample of infants at 3 weeks (neonate),
1 year, and 2 years of age. Next, we characterized the behavioral implications of early
hippocampal functional connectivity using working memory scores measured at 4 years of
age in a subsample of our infants. We expected to find local connectivity in neonates
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followed by dramatic synchronization during the first year of life (Gao et al., 2009b),
especially with default mode network regions as reported in adults (Andrews-Hanna et al.,
2010). We also hypothesized that functional connectivity growth during the first year of life
would significantly correlate with 4-year working memory scores. Given previous reports of
environmental influences such as socioeconomic status on the structure and function of the
hippocampus (Farah, 2017; Hanson et al., 2011; Yu et al., 2018), we further explored
whether maternal education might be related to early hippocampal connectivity in a
supplemental analysis. To our knowledge, this is the first study to examine the longitudinal
development of hippocampal connectivity during the first two years of life and how it may
relate to later behavioral outcome.

2. Materials and Methods

2.1 Participants

Typically developing infant participants were part of the University of North Carolina Early
Brain Development Study, characterizing early childhood brain and behavior development
(Gao et al., 2017; Gilmore et al., 2018). We retrospectively identified 202 subjects with at
least one successful rsfMRI scan during the first two years of life. Participant characteristics
are listed in Table 1. Exclusion criteria included gestational age at birth <37 weeks, maternal
mental disorder status, and any neonatal illness requiring more than a 24-hour stay at a
neonatal intensive care unit. These criteria were established before data analysis. Study
protocols were approved by the University of North Carolina at Chapel Hill and Cedars-
Sinai Institutional Review Board.

2.2 Imaging Acquisition
Longitudinal rsfMRI data were acquired from the cohort of typically developing infants
(N=202) at 3 weeks (neonates), 1 year, and 2 years of age. The distribution of available
datasets for functional connectivity analyses is shown in Figure 1. As expected, there was
attrition across longitudinal time points, but there was no differential loss due to follow-up
by sex (p=.62) or race (p=.11). Subjects were fed, swaddled, and fitted with ear protection
prior to imaging. All subjects were in a natural sleep state during the imaging session. All
MRI data were collected on a Siemens 3T Allegra (circular polarization head coil; neonates:
N=121, 1-year-olds: N=88, 2-year-olds: N=61) or Tim Trio scanner (32-channel head coil;
neonates: N=22, 1-year-olds: N=8, 2-year-olds: N=7). Scanner was included as a covariate
of no-interest in all subsequent analyses. Functional images were acquired using a T2*-
weighted echo planar imaging (EPI) sequence: TR=2000ms, TE=32ms, 33 slices, voxel
size=4mm?, 150 volumes. Structural images were acquired using a three-dimensional
magnetization prepared rapid acquisition gradient-echo (MPRAGE) sequence: TR=1820ms,
TE=4.38ms, inversion time=1100ms, voxel size=1mm2. The acquisition parameters were
identical for both scanners.

2.3 Working Memory Measures at 4 Years of Age

Developmental assessments examining the development of working memory were
conducted at 4 years of age (Table 1), with a subset of infants providing measurements at
this time point (Table S2). The Behavior Rating Inventory of Executive Function — Preschool
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Version (BRIEF-P; Gioia et al., 2003) was completed by parents to assess their child’s
executive function behaviors in five main domains including inhibition, ability to shift,
emotional control, working memory, and ability to plan/organize. Here we focused on the
domain standard working memory subscale, which assesses a more generalized ability of
working memory across multiple situations (i.e., assesses the application of skills in
everyday situations). Parents are asked to rate how often each of the behaviors listed has
been a problem during the past six months (rating options include: “Never,” “Sometimes,”
“Often”). Items on the working memory subscale include behaviors such as: "When given
two things to do, remembers only the first or last;” “Has trouble concentrating on games,
puzzles, or play activities;” “Unable to finish describing an event, person, or story.” Higher
BRIEF-P working memory scores indicate worse working memory capability and a score of
65 or higher is indicative of more clinically significant difficulties with the index; 26
subjects had working memory scores falling in this range (see Figure 2A for full distribution
of scores).

The Stanford-Binet Intelligence Scales, Fifth Edition (SB-5; Roid, 2003) was also
administered at 4 years of age. This is a task-based assessment administered individually in
a structured setting to assess intelligence across the lifespan, specifically focusing on five
domains including fluid reasoning, knowledge, quantitative reasoning, visual-spatial
processing, and working memory. The working memory subscale provides a measure of
performance (i.e., assesses underlying skills) on two distinct working memory tasks, one
verbal and one nonverbal. Tasks evaluated during the verbal portion of the assessment
include memory for sentences (e.g., “Drink milk;” “The circus came to town”) and recall of
last word in a sequence (e.g., “fast, bark;” “hot, green, soft, wet”). Tasks evaluated during
the nonverbal portion of the assessment include delayed response (e.g., “Car under middle
cup”) and a block span task where individuals are asked to copy a block tapping pattern. In
the current study, the working memory standard score was used whereby a higher score
indicates better working memory capability (see Figure 2B for full distribution of scores).

It is important to note that the two measures utilized in this study employ different modes of
assessment: the BRIEF-P is parent-report whereas the SB-5 is task-based. Parent-report (i.e.,
rating scales) and task-based assessments represent different aspects of cognitive and
behavioral function; both provide important and nonredundant information about an
individuals’ efficiency and success in achieving goals (McAuley et al., 2010; Toplak et al.,
2013; Ten Eycke and Dewey, 2016). A growing body of work has begun to examine the
association between these two types of measures; in particular, the association between
ratings on the BRIEF and task-based measures of executive function (including working
memory) are weak (r=.18; Toplak et al., 2013). Indeed, we observed this in our sample as
well, whereby the correlation between the BRIEF-P and SB-5 (Figure 2C) is statistically
significant albeit weak (r=-.18, p=.02). Given that higher BRIEF-P scores indicate worse
working memory capability whereas higher SB-5 scores indicate better working memory
capability, a negative correlation is expected.
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2.4 fMRI Data Preprocessing

Functional imaging data were preprocessed using FMRIB’s Software Library (FSL; Smith et
al., 2004) and Analysis of Functional Neuroimages (AFNI; Cox J.S., 1996). Preprocessing
included discarding the first 10 volumes, slice-timing correction, rigid-body motion
correction, bandpass filtering (0.01-0.08 Hz), and nuisance signal regression. To further
reduce noise and other confounds, 24 motion-related parameters (Six motion correction
parameters, their derivatives, and their quadratic terms) were included as nuisance regressors
in addition to the following measures: mean white matter time series, mean cerebrospinal
fluid time series, and mean global time series, as well as the temporal derivatives and
quadratic terms of these regressors (Power et al., 2014). All nuisance signals were band-pass
filtered (0.01-0.08 Hz) before regression to match the frequency of the blood oxygenation
level dependent (BOLD) signal. Data scrubbing was performed as an added motion
correction step in addition to the standard rigid-body motion correction procedures; volumes
with global signal changes > 0.5% and/or frame-wise displacements (FD) > 0.3 mm were
removed (“scrubbed”) from the data; one volume immediately preceding and two volumes
following the scrubbed volume were also removed (Power et al., 2012). Subjects with fewer
than 90 volumes remaining after scrubbing were excluded from the study. The number of
volumes removed and residual framewise displacement (rFD) were compared cross-
sectionally to ensure that there were no differences in motion; rFD was included as a
covariate of no-interest in all subsequent analyses. The data were spatially smoothed with a
Gaussian kernel of 6mm full width at half maximum (FWHM) and truncated to 90 volumes.
The University of North Carolina (UNC) infant brain templates were used for co-registration
(Shi et al., 2011). Specifically, spatial normalization to an infant brain template was achieved
using a two-step approach (as recommended for pediatric datasets to improve accuracy and
correct for changes in brain size; Cusack et al., 2018; Pfeifer et al., 2018): 1) subject-specific
nonlinear plus age-specific nonlinear warping (both using Advanced Normalization Tools;
ANTSs; Avants et al., 2008) to the age-specific template, and 2) between-age-group nonlinear
transformations (ANTS) to the 2-year template (Shi et al., 2011), which served as the final
target for spatial normalization. Nonlinear warping using ANTSs has been shown to be
particularly effective for registering pediatric data (Sanchez et al., 2012) and each subject
was visually checked to ensure good registration between time points. Functional
connectivity analyses were conducted in age-specific space (i.e., in the standard neonate
template space for neonates, the standard 1-year template space for 1-year-olds, and the
standard 2-year template space for 2-year-olds) and the resulting measures were
subsequently aligned to the 2-year template space (Shi et al., 2011) for cross-sectional and
longitudinal functional connectivity analyses.

2.5 fMRI Data Analysis

2.5.1 Effect of Age—To examine whole-brain functional connectivity of the
hippocampus, average residual time series were extracted from anatomical regions-of-
interest (ROIs) for left and right hippocampus, as derived from an infant brain atlas (Shi et
al., 2011). For each ROI, the time series extracted from processed residuals in standard space
was correlated with that of every other voxel in the brain, and the resulting correlation
measures were normalized using Fisher’s Ztransformation and analyzed at the regional (i.e.,
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voxelwise) level. Specifically, ¢tests and linear mixed-effect (LME) models in MATLAB
(R2019a) were used to quantify cross-sectional (neonates, 1-year-olds, and 2-year-olds) and
longitudinal (neonates to 1-year-olds, 1-year-olds to 2-year-olds, and neonates to 2-year-
olds) effects, respectively. Given prior work showing log-linear growth trends of functional
connectivity during the first 2 years of life (Alcauter et al., 2015; Gao et al., 2015b; Pendl et
al., 2017; Salzwedel et al., 2019b), log transformation of age was used in the LME
modeling. The LME models included random intercept and slope terms, with the effect
estimate associated with gestational age at scan being the principle variable of interest. Other
participant characteristics were included as covariates of no interest in the LME models
including scanner, sex, gestational age at birth, birthweight, and rFD. Significance was
defined using a clustering approach (AFNI’s 3dClustSim). We used conservative settings
(Eklund et al., 2016; Cox et al., 2017a, 2017b) to achieve the desired correction rate of a

= .05. Specifically, we imposed a voxelwise cutoff of p<.001 and generated smoothness
estimates from the preprocessed data using the mixed-model autocorrelation function.
Cluster sizes (bisided, nearest neighbor = 1) were established for each subsample (Table S1).

2.5.2 Brain-Behavior Analyses—\Voxelwise linear regression was used to investigate
whether infant hippocampal functional connectivity would predict later working memory
scores at 4 years of age. Both crosssectional (neonate, 1-year-olds, and 2-year-olds) and
longitudinal (neonates to 1-year-olds, 1-year-olds to 2-year-olds, and neonates to 2-year-
olds) effects were examined. In the longitudinal prediction analyses, the difference between
the connectivity from each time point was calculated as an individual growth measurement.
In the linear regression model, the cross-sectional and longitudinal measures were used to
predict 4-year BRIEF-P WM and SB-5 WM scores. For both cross-sectional and
longitudinal analyses, covariates of no interested included scanner, sex, gestational age at
birth, birthweight, and rFD. Significance thresholding was defined by a voxelwise cutoff of
p < .001 and cluster-corrected at a = .05 using cluster sizes (bisided, nearest neighbor = 1)
established for each subsample (Table S1). The number of data points for each model (i.e.,
number of infants who contributed both imaging data at each time point and behavioral data
at 4 years of age) are listed in Table S2.

2.5.3 Relationship between Functional Connectivity and Maternal Education
—Supplementary analyses investigating the cross-sectional and longitudinal association
between infant hippocampal functional connectivity and maternal education were conducted
using voxelwise linear regression and LME models. Significance thresholding was defined
by a voxelwise cutoff of p<.001 and cluster-corrected at a = .05. However, as no results
survived correction at this stringent threshold, results from this exploratory analysis are
reported at a more lenient threshold (voxelwise cutoff of p < .05 and cluster-corrected at a
=.05) in the Supplementary Information.

3. Results

3.1 Hippocampal Functional Connectivity During the First 2 Years of Life

Connectivity maps generated from left and right hippocampus seeds in neonates, 1-year-
olds, and 2-year-olds are shown in Figure 3A with corresponding longitudinal effects
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(log(Age); neonates to 1-year-olds, 1-year-olds to 2-year-olds, and neonates to 2-year-olds)
presented in Figure 3B. Across all three time points, similar functional connectivity patterns
were observed between left (Table S4) and right hippocampus (Table S5). In neonates,
whole-brain connectivity maps demonstrated robust local connectivity with adjacent limbic
regions (parahippocampal gyrus, amygdala, insula), temporal areas (temporal pole, middle
temporal gyrus), and subcortical regions (thalamus, caudate, putamen) (Figure 3A; see also
Supplementary Information Figure S1A for axial slices).

During the first year (i.e., neonates to 1-year-olds), there was significant growth of
hippocampal functional connectivity with most default mode network (DMN) regions
including the medial prefrontal cortex, middle/posterior cingulate cortex, and inferior
parietal lobule areas, resulting in adult-like functional connectivity of the hippocampus with
a constellation of DMN core areas (Figure 3A). Connections between the hippocampus and
subcortical areas persisted while connectivity with orbitofrontal cortex and inferior temporal
regions decreased during this period (Figure 3B, top row; Tables S6-7). Qualitatively, 1- and
2-year hippocampal connectivity patterns were similar, although there appeared to be some
retraction of hippocampal connectivity with dorsal DMN regions (e.g., the dorsal medial
prefrontal/parietal cortex), a trend that is consistent with the connectivity pattern observed in
adults whereby the hippocampus is more strongly associated with the ventral part of the
DMN (Greicius et al., 2004; Vincent et al., 2006; Andrews-Hanna et al., 2010). However,
this trend was not statistically significant and the longitudinal LME model only showed
minimal increase of connectivity between the left hippocampus and a small
parahippocampal gyrus cluster from 1 to 2 years of age (Figure 3B, middle row; Figure S1B;
Table S6). Consistent with these observations, growth from neonates to 2-year-olds
primarily reflected first year growth of hippocampal connectivity (Figure 3B, bottom row;
Figure S3B; Tables S6-7).

3.2 Hippocampal Functional Connectivity During Infancy is Associated with 4-Year
Behavioral Outcome

In the brain-behavioral analysis, hippocampal functional connectivity with a visual cortex
region revealed that both cross-sectional values and longitudinal growth were significantly
related to 4-year BRIEF-P working memory scores. Specifically, greater connectivity
between right hippocampus and a left visual cortex cluster at the neonate time point was
associated with better (i.e., lower) BRIEF-P working memory scores at 4 years (Figure 4A—
B, Table S9). Interestingly, infants who showed decreasing connectivity between right
hippocampus and this same visual cortex region during the first year (i.e., neonate to 1-year-
old) had better BRIEF-P working memory scores at 4 years of age (Figure 4C-D, Table S9).
In addition to this visual cluster, infants who displayed greater intrahemispheric connectivity
between right hippocampus and putamen at 1 year of age had better (i.e., higher) SB-5
working memory scores at 4 years (Figure 5, Table S9).

4. Discussion

In this study, we examined the development of hippocampal functional connectivity during
the first two years of life. Early on, neonates exhibited robust positive connectivity with
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nearby limbic and subcortical areas whereas long-range connectivity with key DMN regions
emerged during the first year and further consolidated through the second year. Both cross-
sectional and longitudinal growth of hippocampal connectivity during the first year indexed
4-year working memory scores. These findings support the developmental significance of
hippocampal functional connectivity during the first year of life. Overall, our findings
provide a better understanding of the developing networks underlying learning and memory
in typical development and lay the groundwork for identifying brain-based biomarkers for
atypical development of working memory processes seen in many neurodevelopmental
disorders.

The hippocampus develops early in life (Insausti et al., 2010), with the number and density
of synapses in most regions reaching levels similar to those in adults within the first 6
postnatal months (Seress and Abraham, 2008). Thus, it is not surprising to observe
significant functional connectivity of the hippocampus with adjacent limbic and subcortical
areas in neonates (Blum et al., 2015), including the parahippocampal gyrus, amygdala,
caudate, putamen, and thalamus. These are key regions associated with emotional appraisal
and salience detection (Seeley et al., 2007; Lindquist et al., 2015; Salzwedel et al., 2019Db).
Indeed, the hippocampus plays a major role in the detection of salient environmental events
(Sridharan et al., 2008), which supports selective attention and is crucial for the development
of working memory (Plebanek and Sloutsky, 2019). Our findings indicate that
synchronization of these regions is present shortly after birth and may help support early
development of these processes.

Consistent with prior work demonstrating that long-range connections, which are less
developed during the prenatal period, primarily emerge and strengthen during the first two
years of life (Gao et al., 2015b, 2017; Emerson et al., 2016; Cao et al., 2017), we observed
dramatic synchronization of hippocampal functional connectivity with key DMN regions
resulting in adult-like topology by the end of the first year, which stabilized and further
consolidated by 2 years of age. This is in line with prior research demonstrating that long-
range connectivity increases while short-range connectivity decreases during typical
development (Fair et al., 2009; Gao et al., 2009b; Supekar et al., 2009; Uddin et al., 2010).
Indeed, short-range connectivity between the hippocampus and brain regions that were
anatomically nearby (e.g., inferior temporal regions) decreased over time whereas long-
range connectivity between the hippocampus and regions that were anatomically more
distant (e.g., DMN regions such as anterior and posterior cingulate gyri) increased over time.
The observed dramatic synchronization with DMN regions is also highly consistent with the
adult hippocampal connectivity pattern (Buckner et al., 2008; Gao et al., 2009b) and
previous reports of DMN growth during the first year (Gao et al., 2015b). Interestingly, the
qualitative trend of decreasing connectivity between the hippocampus and dorsal DMN
regions is also in line with connectivity patterns observed in adults whereby the
hippocampus is more associated with the ventral part of the DMN (Andrews-Hanna et al.,
2010; Wylie et al., 2014; Staffaroni et al., 2018). However, this trend was not statistically
significant, suggesting that the functional specialization process between the hippocampus
and dorsal DMN may require additional experienced-based pruning later in life.
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Development of hippocampal functional connectivity was significantly related to 4-year
working memory outcomes. Specifically, neonates showing greater connectivity between
right hippocampus and a left visual cortex cluster were reported by parents (i.e., BRIEF-P)
to have better working memory at 4 years of age. Basic sensory networks including the
primary visual network develop early on in infancy; in fact, fetal fMRI studies have
demonstrated that intrinsic functional connectivity of the occipital lobe is already detectable
prenatally (Thomason et al., 2013; Jakab et al., 2014). After birth, visual areas dramatically
enhance their connectivity during the first 3 months postnatally and are followed by
protracted development of higher-order networks including attention and DMN regions
across the first 6 months (Gao et al., 2015a, 2015b). In addition to being one of the earlier
regions to mature during development, the visual cortex also provides crucial sensory input
to the hippocampus (Tsanov and Manahan-Vaughan, 2009). Our results indicate that this
might be especially critical for working memory development during early infancy.

In line with prior work in older children showing that improvement of working memory
performance is associated with attenuated connections between occipital regions and DMN
(Zhong et al., 2014), we observed a shift in the brain-behavior relationship whereby
decreasing connectivity between right hippocampus and a similar left visual cortex cluster
during the first year was related to better parent-reported working memory scores at 4 years
of age. This may reflect underlying pruning processes that emerge towards the end of the
first year and mediate experience-dependent development (Huttenlocher, 1984; Toga et al.,
2006). Indeed, the visual cortex experiences a period of rapid synapse production that ends
at around 8 months of age, followed by a longer period of synapse elimination (i.e., pruning)
which extends past 3 years of age (Huttenlocher et al., 1982). Thus, while positive
connectivity between the hippocampus and visual cortex may be critical early on in infancy,
synaptic pruning and accompanying regression in functional connectivity that occur towards
the end of the first year may also be crucial for the development of neural networks
underlying working memory. Consistent with a previous study showing that changes in
hippocampal connectivity were related to individual gains in memory-based problem solving
in neurotypical children (Qin et al., 2014), our findings further highlight that developmental
changes in connectivity may provide more dynamic insight into the underlying neural
processes for working memory. Overall, the finding that cross-sectional/longitudinal
functional connectivity between the hippocampus and a visual cluster indexes 4-year
working memory performance measure by parent report (i.e., BRIEF-P) indicates that early
visual input to/interactions with the hippocampus might play a critical role in the application
of working memory skills in everyday situations, as measured by BRIEF-P.

In addition to the relationship between the hippocampus and visual cortex, connectivity
between the right hippocampus and putamen at 1 year of age was related to later working
memory skills assessed by a task-based measure (i.e., SB-5). The putamen is involved the
integration of behavior and plays a major role in recruiting frontal motor areas for higher
cognitive processes such as working memory (Yin and Knowlton, 2006; Chang et al., 2007).
Therefore, this finding likely reflects the importance of early hippocampus-putamen
functional interactions that support the cognitive basis of task-based verbal/non-verbal
working memory development, as measured by SB-5. Previous studies have demonstrated
that the putamen is activated during performance of working memory tasks in children
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(Ciesielski et al., 2006) and adults (Pessoa et al., 2002; Koelsch et al., 2009). Furthermore,
children with ADHD show disrupted connectivity with the putamen as well as with the
DMN (Cao et al., 2009) in addition to reduced hippocampal volumes (Boedhoe et al., 2020).
Here, we found that greater connectivity between right hippocampus and right putamen at 1
year was related to better task-based working memory performance at 4 years of age. This
suggests that greater hippocampal connectivity with striatal areas supports the development
of networks underlying working memory and may provide a possible mechanism for
impaired working memory capacity seen in neurodevelopmental disorders such as ADHD
(Darki and Klingberg, 2015). In this study, functional connectivity growth patterns for left
and right hippocampus were largely similar, but the detected brain-behavior relationships
with 4-year working memory outcomes were lateralized to the right hippocampus. This is
consistent with prior findings demonstrating that the right hippocampus is strongly
implicated in spatial processing, which is critical for early working memory development
(Burgess et al., 2002; Kithn and Gallinat, 2014).

It is worth noting that the two assessments utilized in the present study measure different
aspects of behaviors associated with working memory. The primary difference rests in the
mode of assessment: the BRIEF-P is parent-report whereas the SB-5 is task-based. The
BRIEF-P assesses the application of working memory skills in everyday situations as
evaluated by the parents (Gioia et al., 2003), and the SB-5 provides a measure of the
underlying cognitive skills associated with performance on two distinct working memory
tasks (verbal and nonverbal; Roid, 2003). Although the BRIEF-P is more commonly utilized
as a measure for assessing executive function (including working memory), it can be
influenced by the parent’s interpretation of their child’s behavior and their perspective on
how they are interpreting the questions (e.g., whether they are comparing their child’s ability
to what they have observed in other children), as well as parent-child relationship quality
(Soto et al., 2020). By contrast, the SB-5, which is more broadly used to assess intelligence
and general cognition, is structured to specifically tap into the cognitive basis of working
memory (Roid, 2003). Since parent-report and task-based assessments represent different
aspects of cognitive and behavioral function (i.e., assess different aspects of the same
underlying construct), both provide important and nonredundant information about an
individuals’ ability and success in achieving goals (McAuley et al., 2010; Toplak et al.,
2013; Ten Eycke and Dewey, 2016). As such, our findings of two distinct clusters associated
with the two measures may indicate that two sets of hippocampal connections are related to
two different aspects of working memory development, as measured by BRIEF-P and SB-5,
respectively. Furthermore, impairment on ratings of executive function (e.g., parent-report
on BRIEF-P) does not translate to impairment on task-based measures of executive function
(e.g., SB-5; Biederman et al., 2008). Although 26 children in the present study were rated by
their parents as having BRIEF-P scores indicative of elevated clinically significant
difficulties on the working memory subscale, this does not necessarily translate to or affect
the interpretation of their task-based performance on the SB-5.

Several limitations warrant further discussion. All infants in this study were scanned during
natural sleep. A recent study found that different sleep stages may be a potential confound in
rsfMRI (Mitra et al., 2017), but overt monitoring of sleep stage using electrophysiological
methods has proven to be difficult to accomplish in this population (Raschle et al., 2012). In
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addition, recent work using rapid acquisition fMRI in neonates has demonstrated that higher
frequency signals (> 0.2 Hz) are of interest and may carry meaningful signal that can
provide a more nuanced portrait of developmental changes in functional brain connectivity
(Smith-Collins et al., 2015). In order to remain consistent and ensure comparability with
prior studies using the same dataset with identical imaging parameters (i.e., with a relatively
long TR = 2000 ms; Alcauter et al., 2014, 2015; Gao et al., 2015b, 20153, 2019; Emerson et
al., 2016; Salzwedel et al., 2019b), we chose to implement the same temporal bandpass
filtering range to examine fluctuations at frequencies between 0.01-0.8 Hz. Future studies
with large sample sizes employing rapid acquisition fMRI methods (e.g., developing human
connectome project, dHCP; Ciarrusta et al., 2020) will provide an opportunity to examine
higher frequency signals in this population. While prior research has linked SES and
maternal education to long-term changes in the connectivity, volume, and microstructure of
hippocampal regions in later childhood (Hackman and Farah, 2009; Hanson et al., 2011;
Barch et al., 2016; Farah, 2017; Yu et al., 2018), we did not detect significant (i.e., p < .001)
maternal education effects on early hippocampal functional connectivity development in our
exploratory analyses (marginally significant at p < .05; see Supplemental Information). This
may be related to the minimal variance in maternal education within our sample (Figure S3)
with an average of 15 years of education (Table 1). Future work with a widespread
distribution of maternal education is needed to better investigate the potential impact of SES
on the early development of hippocampal networks. In addition to SES, previous studies
have shown that risk factors such as prenatal drug exposure (Grewen et al., 2015; Salzwedel
et al., 2015; Geng et al., 2018; Morie et al., 2019) and maternal stress/depression (Sheridan
et al., 2013; Rotem-Kohavi et al., 2019; Scheinost et al., 2020) can profoundly influence
hippocampal structure and function. In the present study, although maternal mental illness
was part of the exclusionary criteria, we were unable to exclude based on paternal mental
illness status since that information was not collected. A small but growing body of work is
beginning to demonstrate that paternal psychiatric disorders also impact infant development
(Aktar et al., 2019); as such, future work should take this into account when defining
exclusionary criteria in infant samples. Future studies of different environmental risk factors
and related behavioral implications are needed to provide better insight into atypical
developmental trajectories in these populations and to better inform early interventions.

To our knowledge, this is the first study to characterize the longitudinal development of
hippocampal functional connectivity during the first two years of life. Our findings highlight
the dramatic postnatal functional synchronization between the hippocampus and the DMN,
resulting in an adult-like hippocampal network by the end of the first year, with further
consolidation through the second year of life. Importantly, both cross-sectional and
longitudinal growth of hippocampal functional connectivity during the first year indexed 4-
year working memory outcomes, underscoring the critical importance of early growth of
hippocampal functional circuits for later behavioral outcomes
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Figure 1. Data Distribution.
The distribution of gestational age at scan for all included infant subjects (N=202 totaling

307 datasets) whose image quality passed the quality control procedures is shown. Each dot
represents a successful rsfMRI scan, and dots along each line represent all the available
longitudinal scans for a given subject. Neonates (NEO): N=143; 1-year-olds (1YR): N=96;
2-year-olds (2YR): N=68; NEO and 1YR: N=53; 1YR and 2YR: N=44; NEO and 2YR:
N=33; NEO, 1YR, and 2YR: N=25.
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Figure 2. Distribution and correlation of 4-year working memory (WM) scores.
Higher BRIEF-P WM scores indicate worse working memory capability; a score of 65 or

higher is indicative of more clinically significant difficulties with the index (A). Higher SB-5
scores indicate better working memory capability (B). In our sample of infants, the two
measures were negatively correlated (r=-.18, p=.02).
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Figure 3. Regional functional connectivity and corresponding longitudinal changes for the left
and right hippocampus.
Cross-sectional patterns of significant hippocampal functional connectivity are detected at

all three time points (A). Patterns of significant changes in hippocampal connectivity over
time show dramatic growth from neonate to 1 year, with minimal differences from 1 to 2
years of age (B; warm colors indicate increases in the strength of connectivity and cool
colors indicate decreases in the strength of connectivity between the twotime points). See
Supplemental Tables S4-S7 for full breakdown of significant clusters (abbreviations denoted
in Table S3). (L HIP: left hippocampus; R HIP: right hippocampus; Neo: neonate; 1yr: 1-
year-old; 2yr: 2-year-old; Neo-1yr: neonate to 1-year-old; 1yr-2yr: 1-year-old to 2-years-old,;
Neo-2yr: neonate to 2-years-old)
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Figure 4. Hippocampal connectivity predicts 4-year BRIEF-P working memory score.
Greater neonatal connectivity between right hippocampus and left visual cortex was related

to better (i.e., lower) BRIEF-P WM scores at 4 years of age (A-B). Longitudinal growth in
connectivity between these regions was also associated with BRIEF-P WM outcome (C-D).
See Supplemental Table S9 for full breakdown of significant clusters (abbreviations denoted
in Table S3). (R HIP: right hippocampus; Neo: neonate; Neo-1yr: neonate to 1-year-old;

WM: working memory)
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Figure 5. Hippocampal connectivity predicts 4-year SB-5 working memory score.
Greater connectivity between right hippocampus and right putamen at 1 year was related to

better (i.e., higher) SB-5 WM scores at 4 years of age (A-B). See Supplemental Table S9 for
full breakdown of significant clusters (abbreviations denoted in Table S3). (R HIP: right
hippocampus; 1yr: 1-year-old; WM: working memory)
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Subject Demographics

Subjects (N=202)

Sex (Female/Male) 106/96
Race (White/Non-white) 137/65
Mean (SD)

Birth Weight (pounds) 7.05 (1.10)
Gestational Age at Birth (days) 273.86 (9.41)
Gestational Age at Scan (days)

Neonates (N=143) 297.28 (11.47)

1-Year-Olds (N=96) 657.98 (20.77)

2-Year-Olds (N=68) 1021.44 (26.17)
Maternal Education (years) 15.77 (3.24)

BRIEF-P Working Memory Score (4 years)

S-B Working Memory Score (4 years)

52.23 (10.13)?

113.07 (10.20)”

IN=111,

bN:97
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