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Abstract

The hippocampus contributes to both remembering specific events and generalization across
events. Recent work suggests that information may be represented along the longitudinal axis of
the hippocampus at varied levels of specificity: detailed representations in the posterior
hippocampus and generalized representations in the anterior hippocampus. Similar distinctions are
thought to exist within neocortex, with lateral prefrontal and lateral parietal regions supporting
memory specificity and ventromedial prefrontal and lateral temporal cortices supporting
generalized memory. Here, we tested whether functional connectivity of anterior and posterior
hippocampus with cortical memory regions is consistent with these proposed dissociations. We
predicted greater connectivity of anterior hippocampus with putative generalization regions and
posterior hippocampus with putative memory specificity regions. Furthermore, we tested whether
differences in connectivity are stable under varying levels of task engagement. Participants learned
to categorize a set of stimuli outside the scanner, followed by an fMRI session that included a rest
scan, passive viewing runs, and category generalization task runs. Analyses revealed stronger
connectivity of ventromedial pFC to anterior hippocampus and of angular gyrus and inferior
frontal gyrus to posterior hippocampus. These differences remained relatively stable across the
three phases (rest, passive viewing, category generalization). Whole-brain analyses further
revealed widespread cortical connectivity with both anterior and posterior hippocampus, with
relatively little overlap. These results contribute to our understanding of functional organization
along the long axis of the hippocampus and suggest that distinct hippocampal—cortical connections
are one mechanism by which the hippocampus represents both individual experiences and
generalized knowledge.

INTRODUCTION

Healthy memory function involves both the ability to remember details of individual events
(specificity) and the ability to link related experiences to form new knowledge
(generalization). It is well established that the hippocampus supports rapid learning of
specific events (Vargha-Khadem et al., 1997; Bunsey & Eichenbaum, 1996; Scoville &
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Milner, 1957). More recent work has also demonstrated a role for the hippocampus in
integrating related events to form generalized memories (Bowman & Zeithamova, 2018;
Zeithamova, Dominick, & Preston, 2012; Shohamy & Wagner, 2008). How the
hippocampus can simultaneously support memory for individual experiences and knowledge
generalization is an area of active investigation (Berens & Bird, 2017; Schapiro, Turk-
Browne, Botvinick, & Norman, 2017; Poppenk, Evensmoen, Moscovitch, & Nadel, 2013).

A recent proposal suggests that information is represented at varying levels of specificity
along the long axis of the hippocampus: Representations in the posterior hippocampus are
thought to be detailed and fine-grained, whereas those in the anterior hippocampus are more
coarse and global (Poppenk et al., 2013). This hypothesis stems from animal research
showing that receptive fields of hippocampal place cells increase in size from the dorsal
(analogue of human posterior) to ventral (analogue of human anterior) hippocampus
(Kjelstrup et al., 2008), representing information at increasingly larger spatial scales. Recent
work has extended this representational gradient to humans, finding that fMRI signals within
the anterior hippocampus were more correlated across voxels and self-correlated across time
than signals in the posterior hippocampus (Brunec et al., 2018), consistent with the idea that
posterior hippocampus represents events on a fine-grained temporal and spatial scale to
capture detailed variations whereas anterior hippocampal representations span a larger
temporal and spatial scale to enable generalization across events. Two recent fMRI findings
further corroborate this idea. In an associative inference task where participants encoded
overlapping pairs of items that shared a common element (A-B, B-C), Schlichting,
Mumford, and Preston (2015) found that the anterior hippocampus formed integrated
representations of the overlapping events (A—B—C representation), whereas overlapping
event representations remained separated in the posterior hippocampus. Collin, Milivojevic,
and Doeller (2015) found hierarchical representations of narratives along the hippocampal
long axis, from individual events to multievent narratives, suggesting that this functional
organization may be a consistent property of the hippocampus that spans multiple domains.

In addition to functional differences within the hippocampus, regions outside the
hippocampus also differentially contribute to memory specificity and generalization. Lateral
pFC, particularly the inferior frontal gyrus (IFG), supports memory specificity by resolving
interference between related items (Bowman & Dennis, 2016; Kuhl, Dudukovic, Kahn, &
Wagner, 2007; Badre & Wagner, 2005; Jonides, Smith, Marshuetz, Koeppe, & Reuter-
Lorenz, 1998). Additionally, portions of posterior parietal cortex such as the angular gyrus
(ANG) support memory specificity by representing individual items with high fidelity
during retrieval (Xiao et al., 2017; Kuhl & Chun, 2014). Distinct regions have been
implicated in memory generalization. The ventromedial pFC (VMPFC) contributes to
generalization by integrating related memaories during encoding (Schlichting et al., 2015;
Zeithamova et al., 2012), encoding new information in light of prior knowledge (van
Kesteren et al., 2013), and transferring conceptual knowledge to new examples (Bowman &
Zeithamova, 2018; Kumaran, Summerfield, Hassabis, & Maguire, 2009). Lateral temporal
cortices, especially the middle temporal gyrus (MTG), also support generalized memories,
such as semantic memory (Mummery et al., 2000), conceptual knowledge (Bowman &
Zeithamova, 2018; Davis & Poldrack, 2014), and “gist” representations (Turney & Dennis,
2017; Dennis, Kim, & Cabeza, 2008).
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Despite evidence that generalized and specific memory representations exist both within the
hippocampus and in cortex, we know relatively little about how regions supporting these
distinct functions interact with one another. Studies have shown strong functional
connections during rest between the hippocampus (as a whole) and the cortical regions
indicated above, including the medial pFC, lateral temporal cortices, and portions of parietal
cortex (Andrews-Hanna, Reidler, Sepulcre, Poulin, & Buckner, 2010; Vincent et al., 2006).
However, evidence is mixed regarding functional connectivity differences along the long
axis of the hippocampus (Blessing, Beissner, Schumann, Briinner, & Bar, 2016; Robinson,
Salibi, & Deshpande, 2016; Wang, Ritchey, Libby, & Ranganath, 2016). Recent studies have
also started to investigate the functional relevance of hippocampal—cortical connectivity for
memory specificity and generalization. Regarding specificity, hippocampal-IFG
connectivity supports subtle memory discriminations during retrieval (Bowman & Dennis,
2016; Manelis, Paynter, Wheeler, & Reder, 2013), and neural stimulation manipulating the
strength of hippocampal—parietal connectivity can lead to enhancement of associative
memory (Tambini, Nee, & D’Esposito, 2017; Wang et al., 2014). Regarding generalization,
studies have focused on hippocampal-VMPFC connectivity, which has been shown to track
the demands on memory integration during encoding (Zeithamova et al., 2012; van Kesteren,
Fernandez, Norris, & Hermans, 2010). Furthermore, individual differences in hippocampal-
VMPFC connectivity track individual differences in generalization performance (Gerraty,
Davidow, Wimmer, Kahn, & Shohamy, 2014; van Kesteren et al., 2010), with “smaller”
connectivity values associated with better performance. Recent work has also linked
portions of lateral temporal cortices to this hippocampal-VMPFC circuit (Liu, Grady, &
Moscovitch, 2017, 2018), but not in a memory generalization task, leaving the role of this
region in generalization unclear.

In this study, we sought to characterize differences in hippocampal—cortical connectivity
along the long axis of the hippocampus during rest and in the context of a generalization
task. Participants first trained outside the scanner to classify cartoon animals into two novel
categories and then completed three types of tasks while undergoing fMRI: rest, passive
viewing of training and generalization items, and active classification of training and
generalization items. We hypothesized that putative memory specificity regions (IFG, ANG)
would show stronger connectivity with posterior compared with anterior hippocampus,
whereas putative generalization regions (VMPFC, MTG) would show stronger connectivity
with anterior compared with posterior hippocampus. We further hypothesized that the
strength of these functional connections, especially the connectivity between anterior
hippocampus and cortical generalization regions, would be related to generalization
performance.

To measure connectivity across all task stages, we focused primarily on background
connectivity, a functional connectivity measure of low-frequency signal coupling between
regions after trial-by-trial signal fluctuations are removed. One view of background
connectivity emphasizes its dynamic nature, where background connectivity is interpreted to
be reflective of temporary brain states associated with cognitive processes, such as levels of
attention (Al-Aidroos, Said, & Turk-Browne, 2012), emotional arousal (Tambini, Rimmele,
Phelps, & Davachi, 2017), encoding versus retrieval (Duncan, Tompary, & Davachi, 2014),
and goal states (Norman-Haignere, McCarthy, Chun, & Turk-Browne, 2012). In contrast,
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other research has underscored that patterns of connectivity are relatively stable across levels
of external task engagement (Frank, Preston, & Zeithamova, 2019; Horien, Shen, Scheinost,
& Constable, 2019; Gratton et al., 2018; Touroutoglou, Andreano, Barrett, & Dickerson,
2015), with measures of background connectivity providing principally the same
information as measures of resting-state connectivity. Thus, we computed both background
connectivity across levels of task engagement and traditional resting-state connectivity to
test whether any observed differences in anterior and posterior hippocampal connectivity
with cortical memory regions are dynamic characteristics driven by task engagement or
whether they reflect stable characteristics of hippocampal memory networks. If the
anticipated anterior and posterior connectivity differences are driven by generalization
demands, we might expect them to emerge only when participants are actively categorizing
items. If connectivity patterns are relatively stable, we can principally obtain the same
information from whichever phase of the experiment (including rest alone), but including all
phases provides us with the best estimates of connectivity values for each connection based
on all available data.

METHODS

Participants

Procedure

The sample size was determined based on an a priori power analysis conducted for the task-
based analyses presented in Bowman and Zeithamova (2018), which determined a sample
size of n= 32 to be adequate to detect category representations in hippocampus and VMPFC
with 80% power. Based on the expected 15-20% exclusion rate due to motion or poor task
performance, we decided to collect 40 full data sets. Two participants did not complete the
full scan and were immediately replaced. Thus, a total of 42 individuals were recruited from
the University of Oregon and the surrounding community and received financial
compensation for their participation. Sixteen participants were excluded from analyses for
failing to complete the task (two participants), below-chance performance at the end of
training and/or in the categorization test (five participants), structural abnormality (one
participant), and excessive movement (movement >2 mm within a run or insufficient data
remaining following scrubbing as described in fMRI preprocessing; eight participants),
leaving data from 26 participants reported in all analyses (17 women; age = 18-28 years,
mean age = 20.8 years, SD age = 3.0 years). All participants provided written informed
consent, were right-handed, had learned English before age 7 years, and were screened for
MRI contraindications, neurological conditions, and medications known to affect brain
function. All experimental procedures were approved by Research Compliance Services and
the University of Oregon.

Participants completed four experimental phases: category training (outside the scanner), a
resting-state scan, passive viewing of category examples, and a categorization phase that
required generalization of category knowledge to new stimuli (Figure 1). Results of a task-
based activation analysis of the categorization fMRI data have been reported (Bowman &
Zeithamova, 2018), including detailed descriptions of the stimuli, category structure,
training, and generalization task procedures. Briefly, participants first performed five blocks
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of feedback-based category training outside the scanner. Shortly thereafter, participants
entered the scanner and completed a single run of rest, lasting 5 min, during which
participants viewed a fixation cross and kept their eyes open. During two runs of passive
viewing, participants viewed training items as well as new items of the same typicality
without making overt responses. Participants were told to pay attention to each stimulus
because they might be tested on them later. During categorization runs, participants viewed
training items as well as novel items at all levels of typicality and classified them into the
two categories using button presses. In both passive viewing and categorization, each
stimulus was presented for 5 sec, followed by a 7-sec intertrial interval. Anatomical images
were collected following categorization runs. After the scan, participants completed a brief
questionnaire and were verbally debriefed. Connectivity was measured during rest, passive
viewing, and categorization.

fMRI Data Acquisition

ROls

Scanning was completed on a 3T Siemens MAGNETOM Skyra scanner equipped with a 32-
channel head coil at the University of Oregon Lewis Center for Neuroimaging. Head motion
was minimized using foam padding. The scanning session started with a localizer scan
followed by seven functional runs using a multiband gradient-echo pulse sequence
(repetition time [TR] = 2000 msec, echo time [TE] =26 msec, flip angle = 90°, matrix size =
100 x 100, 72 contiguous slices oriented 15° off the anterior commissure—posterior
commissure line to reduce prefrontal signal dropout, interleaved acquisition, field of view
[FOV] = 200 mm, voxel size = 2.0 x 2.0 x 2.0 mm, generalized autocalibrating partially
parallel acquisitions [GRAPPA] factor = 2). One hundred fifty volumes were collected for
the rest scan, 100 volumes were collected for each passive viewing run, and 106 volumes
were collected for each categorization run. A standard high-resolution T1-weighted
MPRAGE anatomical image (TR = 2500 msec, TE = 3.43 msec, inversion time = 1100
msec, flip angle = 7°, matrix size = 256 x 256, 176 contiguous slices, FOV = 256 mm, slice
thickness = 1 mm, voxel size = 1.0 x 1.0 x 1.0 mm, GRAPPA factor = 2) was collected
following all functional runs. Scanning concluded with a custom anatomical T2 coronal
image (TR = 13,520 msec, TE = 88 msec, flip angle = 150°, matrix size =512 x 512, 65
contiguous slices oriented perpendicularly to the main axis of the hippocampus, interleaved
acquisition, FOV = 220 mm, voxel size = 0.4 x 0.4 x 2 mm, GRAPPA factor = 2).

ROIs were defined anatomically in individual participants’ native space based on the cortical
parcellations and subcortical segmentation from Freesurfer Version 6 (https://
sufer.nmr.mgh.harvard.edu/) and collapsed across hemispheres (Figure 2). We defined
anterior and posterior hippocampal ROIs separately for each participant by dividing the
Freesurfer hippocampal ROI at the middle slice. If there were an odd number of slices, the
middle slice was assigned to the posterior hippocampus. We chose the IFG, ANG, VMPFC,
and MTG for our cortical ROIs based on their differential involvement in memory
generalization and specificity. The IFG ROI was obtained by combining the three IFG
subregions (labeled as pars opercularis, pars orbitalis, and pars triangularis) provided by
Freesurfer. The ANG ROI was defined using the 2009 Freesurfer parcellations inferior
parietal-angular part label (Destrieux, Fischl, Dale, & Halgren, 2010). The VMPFC ROI
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consisted of Freesurfer-defined medial OFC. The MTG ROI was defined using the
Freesurfer MTG label. All individual participant anatomical ROIs were resampled to
functional space using ANTs (Advanced Normalization Tools; stnava.github.io/ANTs/) and
applied as masks to extract the mean time series from each region.

fMRI Preprocessing

Raw dicom images were converted to Nifti format using the dcrmZniifunction from MRIcron
(https://lwww.mtrc.org/projects/mricron). Functional images were skull stripped using BET
(brain extraction tool), which is part of FSL Version 5.0.9 (www.fmrib.ox.ac.uk/fsl). Mation
correction was computed within each functional run using MCFLIRT in FSL to realign all
volumes to the middle volume. Across-run realignment was computed using ANTS with the
first functional volume serving as the reference volume. The first volumes of all other runs
were registered to the reference volume, and the transformation computed was applied to all
other images in the run. Brain-extracted and motion-corrected images from each rest,
passive viewing, and categorization run were entered into the FEAT (fMRI Expert Analysis
Tool) in FSL for high-pass temporal filtering (100 sec) and spatial smoothing using a 2-mm
FWHM kernel.

As connectivity measures can be inflated by motion and physiological noise, additional steps
are required to control for these confounds when calculating connectivity (Murphy, Birn, &
Bandettini, 2013; Power, Barnes, Snyder, Schlaggar, & Petersen, 2012). First, we extracted
the time series for cerebrospinal fluid, white matter, and whole-brain signal and calculated
framewise displacement (FD) and global signal change (DVARS) for each functional scan.
These values were used as nuisance regressors when calculating connectivity (see below)
and used to determine individual volumes for exclusion. Individual volumes were flagged
for exclusion if either FD exceeded 0.5 mm or DVARS exceeded 0.5%, as well as one
volume before and two volumes after each flagged volume (Power et al., 2012). The first
two volumes of each run were also excluded. This scrubbing procedure flagged for removal
an average of 6.9% of volumes from rest, an average of 5.3% from passive viewing runs, and
an average of 6.8% from categorization runs. Individual runs were excluded from analyses if
over 30% of volumes were flagged for removal. All participants included in the final
analyses had the rest run and both passive viewing runs. For three participants, one or two
categorization runs were excluded from the final analysis. Participants were excluded
entirely if they had more than two individual runs excluded across all functional runs (two
participants).

Measuring Connectivity

When measuring background connectivity, the aim is to remove the effect of coactivation
driven by external stimuli before calculating connectivity. For example, if two regions
respond to the same stimulus, their signal will increase synchronously whenever a stimulus
is presented, irrespective of whether these regions communicate with each other. One
method for removing task-related signal from the time series is to first model task-related
activation and compute connectivity on the residuals. However, as the actual hemodynamic
response to each stimulus likely differs somewhat from the model, some residual task-
related activation likely remains. A more recent approach for removing task-related signals
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is to use a low-pass filter set below the task frequency (e.g., Tambini, Rimmele, et al., 2017;
Norman-Haignere et al., 2012). Although it is impossible to rule out that some low-
frequency task-related features remain, this method can successfully remove trial-by-trial
signal fluctuations that may otherwise drive connectivity measures.

Adopting this approach here, all functional scans, including rest, were filtered with a
Gaussian linear low-pass filter (16 sec) to remove activity cycling faster than task frequency
(12 sec during both passive viewing and categorization). To determine the appropriate
threshold for the low-pass filter, we examined the power spectrum of the BOLD signal from
the lateral occipital cortex during a single categorization run (see Figure 3 for an example
participant). A conservative threshold of 16 sec was chosen to adequately remove task-
related frequencies. Although low-pass filtering is not commonly applied to rest scans, it
was necessary to apply it here for analyses that compare connectivity during rest scans with
background connectivity measured during task-based scans (Frank et al., 2019; Van Dijk et
al., 2010). We also recalculated all main analyses on rest connectivity only, using resting-
state connectivity measures from non-low-pass filtered time series, to validate that our
findings were not driven by additional preprocessing.

Following low-pass filtering (or no filtering), we excluded all the volumes previously
flagged for exclusion before calculating connectivity. Connectivity was measured as the
partial correlation between each hippocampal ROI (anterior and posterior hippocampus) and
each cortical ROI (ANG, IFG, VMPFC, MTG) while controlling for motion and
physiological noise. We included the standard six realignment motion parameters, the above-
described physiological noise parameters (cerebrospinal fluid, white matter, whole brain
signal), and all their derivatives as nuisance regressors. Excluded volumes were removed
from all regressors. The resulting correlation coefficients were Fisher ztransformed for
subsequent analysis.

Comparing Hippocampal Connectivity

To test whether functional connectivity differed between anterior and posterior hippocampus
and if these differences depended on the task phase, we conducted a 2 (Hippocampal ROI:
anterior, posterior) x 4 (Cortical ROl: ANG, IFG, VMPFC, MTG) x 3 (Phase: rest, passive
viewing, categorization) repeated-measures ANOVA. Of particular interest was the
interaction between Hippocampal ROI and Cortical ROI. Follow-up ¢tests were conducted
to compare connectivity between anterior and posterior hippocampus with each cortical
ROI. We predicted that memory specificity regions (ANG, IFG) would show greater
connectivity with posterior than anterior hippocampus, whereas generalization regions
(VMPFC, MTG) would be more connected to anterior than posterior hippocampus. The
three-way interaction between Hippocampal ROI, Cortical ROI, and Task phase was also
examined to determine whether anterior and posterior hippocampal connectivity differences
depended on the level of task engagement. The main effects of Hippocampal and Cortical
ROIs were not interpreted as they were not of interest. The full results are reported in an
ANOVA summary table.
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Connectivity—Behavior Correlations

Although our sample size was chosen for task-based analyses and was small for an
individual differences analysis, we wanted to replicate prior reports (Gerraty et al., 2014; van
Kesteren et al., 2010) and test whether connectivity measures tracked behavioral
generalization performance. We conducted a multiple regression with hippocampal—cortical
connections as predictors and generalization (categorization accuracy for new stimuli) as the
outcome. As these analyses were underpowered, the likelihood of Type Il error was quite
high, and the results should be interpreted with caution. To limit the number of predictors in
a single model, separate regressions were conducted for anterior hippocampus connections
and posterior hippocampus connections. We hypothesized that anterior hippocampus
connectivity with generalization regions would be correlated with generalization success. In
addition to average connectivity values, we also related behavior to connectivity within each
phase separately to test the stability of connectivity—behavior relationships across phases.
When a connection was a significant predictor of behavior in at least one phase, we then
compared connection—behavior relationships across phases by computing a ztest for
equality of two dependent correlations (Steiger, 1980).

Continuous Hippocampal Connectivity

In addition to the dichotomous anterior versus posterior analysis, we were interested in
whether connectivity differences along the hippocampal long axis were graded in nature. To
test for a functional connectivity gradient, we measured connectivity continuously (i.e., in
each slice) from the posterior to anterior hippocampus. The time series were extracted from
each slice along the longitudinal axis of the hippocampal ROI in functional space
individually for the right and left hippocampus in each participant. Peripheral slices that
contained fewer than 15 voxels were excluded from the analysis. The number of voxels in
slices retained for analyses ranged between 16 and 71 voxels, with a mean number of voxels
= 32.49. Following the same procedures outlined above, connectivity was measured between
each hippocampal slice in an individual participant and each ipsilateral cortical ROI.
Because the length of the hippocampus differs between hemispheres and between
individuals, the connectivity values from individual slices were interpolated using a
weighted average into six bins (Brunec et al., 2018), resulting in six connectivity values for
each hippocampal ROI, which were then averaged across hemispheres. Because task phase
did not interact with anterior and posterior hippocampal connectivity differences in the prior
ANOVA (see Results below), connectivity was averaged across the task phases and
submitted to a 4 (Cortical ROI: ANG, IFG, VMPFC, and MTG) x 6 (Connectivity bin:
posterior to anterior) repeated-measures ANOVA. Of particular interest was the interaction
between Cortical ROl and Connectivity bin. Following a significant interaction (see
Results), one-way ANOVAs were conducted to investigate the linear and quadratic effects of
connectivity bin for each cortical ROI. Because hippocampal bins were numbered from
posterior to anterior, a linear increase in connectivity across the six bins indicated increasing
connectivity strength from posterior to anterior, whereas a linear decrease indicated
increasing connectivity strength from anterior to posterior. We also examined quadratic
effects of hippocampal bin to determine if connectivity was nonlinear along the posterior to
anterior axis. For all ANOVAs reported in the paper, Greenhouse—Geisser corrections for
sphericity were used when appropriate, indicated by “GG” in the resulting ANOVA reports.
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Whole-brain Connectivity

RESULTS

Although our cortical ROIs were selected based on their contributions to different memory
functions, we wanted to further characterize anterior and posterior hippocampus
connectivity networks and their overlap across the whole brain. A general linear model was
used to identify whole-brain correlations with two seed regions, the bilateral anterior
hippocampus and bilateral posterior hippocampus, during each scanning phase. The mean
time series for each anterior and posterior hippocampus ROI were entered as regressors into
FSL FEAT, along with nuisance regressors (cerebrospinal fluid, white matter, whole brain
signals, six motion parameters) and their derivatives. We first computed whole-brain
connectivity separately for each participant and for each functional scan (one rest scan, two
passive viewing scans, four categorization scans) using first-level analyses in FEAT. We then
averaged the resulting connectivity maps across separate runs of the same task (passive
viewing or categorization) in individual participants using fixed-effects higher level analyses
in FEAT. We then generated a single whole-brain connectivity map per participant by
averaging across the three scanning phases. These maps were normalized to MNI space and
submitted to group-level analyses using one-sample ¢tests to identify regions showing
connectivity with anterior and posterior hippocampus across the group. The resulting maps
were thresholded using a voxel-wise threshold of Z= 3.1 and cluster-extent threshold of p
=.05. As the whole-brain connectivity maps for both anterior and posterior hippocampus
yielded, among others, a large cluster that spanned across many regions and three or four
lobes, we further masked the statistical maps with anatomical masks for each lobe generated
using the MNI Structural Atlas and reported significant clusters within each lobe. Multiple
local maxima are reported when the resulting clusters spanned across multiple regions
within a lobe. The masking procedure was only done to generate meaningful activation
tables; the original activation maps are displayed in figures. Finally, we computed an overlap
map using a conjunction of the anterior and posterior hippocampal connectivity maps,
obtaining regions that were significantly connected with both anterior and posterior
hippocampus.

Anterior versus Posterior Connectivity with Cortical Memory ROIs

To test whether cortical memory ROIs were differentially connected to anterior and posterior
hippocampus and whether their connection strengths were modulated by task demands, we
conducted a 2 (Hippocampal ROI: anterior, posterior) x 4 (Cortical ROI: ANG, IFG,
VMPFC, MTG) x 3 (Phase: rest, passive viewing, categorization) repeated-measures
ANOVA. The complete results of the ANOVA are reported in Table 1. Consistent with our
prediction of differential connectivity patterns between anterior and posterior hippocampus,
we found a significant interaction between Hippocampal ROI and Cortical ROI (Figure 4A).
Follow-up ttests revealed that ANG, £25) = 3.82, p=.001, 77;2) =.37,and IFG, {25) =2.07, p

=.049, n% = .15, showed greater connectivity with the posterior relative to anterior
hippocampus, whereas VMPFC, £25) = 5.34, p<.001, r,g = .53, showed greater connectivity

with anterior than posterior hippocampus. The MTG showed no significant difference in
connectivity with anterior and posterior hippocampus, £25) = 0.66, p= .517, n% =.02.
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The overall pattern of connectivity was similar when measured using rest-only data without
low-pass filtering. There was a significant interaction between Hippocampal and Cortical
ROIs, A2.22,55.39) = 25.37, p<.001, ;11% = .50, GG, driven by greater VMPFC connectivity

with anterior hippocampus, {25) = 6.99, p<.001, n% = .66, and marginally greater ANG
connectivity with posterior hippocampus, 425) = 1.93, p=.066, ;1% =.13. IFG and MTG

connectivity differences were numerically in the predicted direction but were not significant:
IFG, 125) =1.37, p=.184, nﬁ =.07; MTG, #25) = 0.30, p=.766, n% =.004.

The three-way interaction between Hippocampal ROI, Cortical ROI, and Task phase was not
significant, suggesting that the anterior versus posterior differences in hippocampal
connectivity were relatively stable across the task (Figure 4B). Although there was no
significant three-way interaction, we did find a two-way interaction between Cortical ROI
and Task phase. Follow-up one-way ANOVAs examined connectivity of each cortical ROI
with the entire hippocampus (averaged across anterior and posterior) across the three task
phases. The IFG was the only cortical region that demonstrated a significant effect of phase,
A2, 50)=4.90, p=.011, ng = .16 (all others F< 1, p>.4). The effect of task phase in IFG

was driven by significantly smaller IFG connectivity with the hippocampus during rest
compared with passive viewing, {25) = 2.53, p=.018, and categorization, 425) = 2.36, p
=.026, with no difference between passive viewing and categorization, {25) = 0.24, p

= .813. This finding suggests that low-frequency interactions between the IFG and
hippocampus may be driven by task engagement, whereas interactions between the
hippocampus and other cortical regions (ANG, VMPFC, MTG) are more stable.

Connectivity—Behavior Relationships

We tested whether the strength of hippocampal—cortical connectivity, averaged across
phases, was related to participants’ generalization performance using multiple regressions.
Within the anterior hippocampal connections, we found VMPFC-anterior hippocampus
connectivity to significantly predict categorization, p = —.625, {21) = -2.64, p=.015. No
other anterior hippocampal connection tracked performance (all |B| < .37, |{21)| < 1, p> .3).
However, given the small sample size for individual differences and the possibility of Type Il
error, the lack of a relationship to behavior in other ROIs should not be over interpreted.
Within the posterior hippocampal connections, we found no connection to be a significant
predictor of performance, but VMPFC—posterior hippocampus connectivity was a marginal
predictor, p = —.472, {21) = -2.05, p=.053 (all other connections |B| < .32, |{21)|< 1, p

> .3). Contrary to our prediction, the strength of the VMPFC connectivity—behavior
relationship did not differ significantly between anterior and posterior hippocampus (z=
0.17, p=.865).

Given the negative direction of the connectivity—behavior relationship, we wanted to ensure
that it was not driven by noncompliant participants performing poorly and having high
connectivity values due to motion. We first tested whether motion (indexed by mean FD for
each participant) can be predicted from connectivity values, computing the same regression
as above but replacing generalization with mean FD as the dependent variable. No
connection was found to significantly predict motion. Second, we recomputed the above

J Cogn Neurosci. Author manuscript; available in PMC 2021 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frank et al.

Page 11

regression with generalization as the outcome variable but included mean FD for each
participant as a covariate. VMPFC-hippocampal connectivity remained a significant
(anterior) and marginal (posterior) predictor of performance even after controlling for
participants” motion.

Although the anterior versus posterior connectivity differences were relatively stable across
task phases, we wanted to evaluate whether the connectivity—behavior relationship was
relatively stable as well. We thus conducted the same regression analyses within each phase
(rest, passive viewing, categorization; Figure 5). The connectivity—behavior relationship did
not reach significance during the rest phase (all |B| < .41, |{21)| < 1.6, p> .14), both anterior
and posterior hippocampal-VMPFC connections were reliably related to performance
during the passive viewing phase (anterior hippocampus: p = -.59, {21) = -2.78, p=.011,
posterior hippocampus: p = —.44, {21) = -2.12, p=.046), and only anterior hippocampus—
VMPFC connectivity reliably tracked performance during the categorization phase (anterior
hippocampus: B = —.43, {21) = -2.31, p=.031, posterior hippocampus: § = -.31, {21) =
-1.23, p=.232; Figure 5). However, although the relationship between VMPFC—-
hippocampus connectivity and performance was not significant in all phases, we did not find
evidence that the strength of the relationship differed significantly across phases (all
pairwise |7 < 1.1, all ps> .3). No other cortical region beyond VMPFC was implicated in
the analyses of individual phases.

Continuous Hippocampal Connectivity

To test whether the observed differences in connectivity changed along the hippocampal
long axis gradually or in a more step-wise fashion, we examined connectivity of each
cortical region with individual cross-sectional hippocampal slices and then interpolated the
connectivity values into six distinct bins. A 4 (Cortical ROI: ANG, IFG, VMPFC, MTG) x 6
(Hippocampal bin: labeled from posterior to anterior) repeated-measures ANOVA was
conducted (Figure 6). Given that there was no three-way interaction between Hippocampal
ROI, Cortical ROI, and Task phase in the ANOVA reported above, connectivity was
averaged across the three tasks for this analysis. There was a main effect of Cortical ROI,
A3, 75) = 22.83, p<.001, ;11% = 48, and a main effect of Connectivity bin, A2.74, 68.55) =

15.37, p<.001, n% = .38, GG, which were not of interest and not considered further. Of main

interest, there was a significant interaction between Cortical ROl and Hippocampal bin,
HA(5.26, 131.37) = 20.76, p< .001, ;11% = .45, GG. To follow up on this interaction, we tested

the effects of hippocampal bin using separate one-way, repeated-measures ANOVAs for
each cortical ROI. In addition to the main effect of Hippocampal bin, linear and quadratic
trends were of interest. We found main effects of hippocampal bin for all cortical ROlIs:
ANG, A3.07,76.69) = 3.90, p=.011, n% = .14, GG; IFG, A2.68, 66.91) = 4.19, p=.011,

n% = .14, GG; VMPFC, H2.82, 70.54) = 43.97, p< .001, ;1% = .64, GG; and MTG, H2.33,
58.25) = 15.40, p< .001, 17;2) = .38, GG. There was a significant linear effect for both the
VMPFC, A1, 25) = 76.54, p< .001. 113 =.75,and MTG, A1, 25) = 17.30, p< .001, 113 = 41,
showing a gradient of increasing connectivity from posterior to anterior hippocampus. There
was no linear effect of hippocampal bin in ANG, A1, 25) = 1.51, p=.230, '1% = .06, or IFG,
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A1, 25)=0.19, p=.664, ;1[2, =.008. Contrasts also revealed quadratic effects of hippocampal
bin for IFG, A1, 25) = 16.22, p< .001, ;71% = .39, and a marginal quadratic effect for ANG,

A1, 25) = 3.70, p=.066, but not for MTG or VMPFC (both F< 3, p> .1). The effects of
connectivity bin partially replicated when we tested rest connectivity before low-pass
filtering. Both MTG and VMPFC showed significant main effects of bin (both / > 5, both
ps < .005), whereas ANG and IFG showed no effect of bin (both /5 < 2.5, both ps>.1).

Visual inspection of Figure 6 suggested that increases for MTG and VMPFC connectivity
were not gradual but rather increased step-wise from the posterior half of the hippocampus
(Bins 1-3) to the anterior half (Bins 4-6). In addition, there was a drop in connectivity for
most regions with the most anterior bin. This observation was confirmed in MTG with post
hoc pairwise comparisons between hippocampal bins, where Bins 1-3 showed equivalent
connectivity (all pairwise ps> .3), whereas Bins 4-6 showed greater connectivity with MTG
than Bins 1-3 (all ps< .02). The changes between Bins 3 and 4 were the largest increases in
connectivity between neighboring bins (Fisher zincrease = .128, SE=.024, p<.001). In
VMPFC, connectivity values differed significantly across all pairs of bins (all ps <.015),
except for most posterior Bins 1 and 2 (p=.135) and Bins 4 and 6 (p = .383). The greatest
change of connectivity between neighboring bins was again between Bins 3 and 4 (Fisher 2z
increase = 0.146, SE=0.022, p < .001). Bin-to-bin connectivity changes in the IFG were
reliably quadratic, with significant decreases from Bins 1-3 (all ps < .05) and marginal
increases from Bins 3-5 (all ps<.07). Connectivity changes in ANG were less pronounced
from bin to bin, though there was a significant change from Bin 3 to Bin 4 and from Bin 5 to
Bin 6 (both ps<.03).

Whole-brain Connectivity of Anterior and Posterior Hippocampus

We next examined whole-brain connectivity maps for the anterior and posterior
hippocampus and the degree of their overlap. As anterior versus posterior hippocampal
connectivity differences did not significantly vary across task phases in the prior analyses,
our report is limited to connectivity averaged across the three phases. The anterior and
posterior hippocampus showed widespread cortical connectivity (Figure 7). Anterior
hippocampus was correlated with portions of the VMPFC, anterior lateral temporal cortices,
and lateral orbitofrontal cortices (Table 2). Posterior hippocampus formed a larger network
of regions that included lateral pFC, dorsomedial pFC, lateral parietal cortices, and posterior
temporal and occipital visual cortices (Table 3). Though anterior and posterior hippocampal
connectivity maps jointly spanned much of the cortex, there was relatively little overlap
(Figure 7). Regions that interacted with both anterior and posterior hippocampus included
medial pFC, anterior and posterior cingulate cortex, precuneus, portions of lateral temporal
cortex, and portions of lateral occipital cortex (Table 4; Figure 7).

DISCUSSION

How does the hippocampus support memory for individual events and generalization across
experiences? We tested whether distinct portions of the hippocampus (posterior vs. anterior)
differentially interacted with portions of cortex that have been linked to memory specificity

(ANG, IFG) versus those implicated in memory generalization (VMPFC, MTG). Consistent
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with their putative roles in memory specificity, we found that ANG and IFG were
preferentially connected to the posterior hippocampus. Consistent with their putative role in
generalization, we found that the VMPFC and MTG were preferentially connected to the
anterior hippocampus, although the effect in MTG was only apparent when connectivity was
measured continuously along the long axis of the hippocampus. Individual differences in
hippocampal-VMPFC connectivity tracked individual differences in concept generalization
performance, but this relationship was not unique to the anterior portion of the hippocampus.
Whole-brain connectivity analyses revealed widespread connectivity networks for anterior
and posterior hippocampus, with relatively little overlap between them. Lastly, anterior and
posterior hippocampal connectivity differences persisted across the three scanning phases
and were apparent even at rest. This finding suggests that the anterior and posterior
hippocampus may form distinct intrinsic functional networks that are relatively independent
of task engagement.

A key finding of the current study is that anterior and posterior hippocampus have distinct
connectivity profiles that persist across different levels of task engagement. The notion of
long-axis specialization within hippocampus is not new. Several models have posited
functional differences between anterior and posterior portions of the hippocampus in terms
of vestibular versus visual processing (Hufner, Strupp, Smith, Brandt, & Jahn, 2011),
encoding versus retrieval (Kim, 2015; Lepage, Habib, & Tulving, 1998), and emotional
versus cognitive processing (Fanselow & Dong, 2010). Anatomically, cellular and genetic
differences exist between the two hippocampal divisions (Thompson et al., 2008), as do
structural connectivity differences in humans (Adnan et al., 2016) and rodents (Fanselow &
Dong, 2010; Moser & Moser, 1998). Human fMRI studies have also noted differences in the
functional connectivity between the anterior and posterior hippocampus (Adnan et al., 2016;
Blessing et al., 2016; Blum, Habeck, Steffener, Razlighi, & Stern, 2014; Poppenk &
Moscovitch, 2011; Kahn, Andrews-Hanna, Vincent, Snyder, & Buckner, 2008; see also
Poppenk et al., 2013, for a review). Here, we highlight a novel aspect of the anterior versus
posterior dissociations within the hippocampus, demonstrating greater anterior hippocampal
connectivity with putative memory generalization regions and greater posterior hippocampal
connectivity with putative memory specificity regions. These findings align well with a
recent model of representational gradient along the long axis of the hippocampus proposed
by Poppenk et al. (2013), postulating fine-grained representations in the posterior
hippocampus and coarse-grained representations in the anterior hippocampus. As such, the
posterior hippocampus may be especially suited for retaining differentiating details of
individual experiences on fine spatial and temporal scales whereas anterior hippocampus
may be especially suited for aggregating information across events to support generalization
(Bowman & Zeithamova, 2018; Brunec et al., 2018; Schlichting et al., 2015). The novel
evidence that the anterior and posterior hippocampus form distinct functional connections
with cortical regions differentially supporting memory specificity and generalization
provides one mechanism for how these complementary memory functions may both be
served by the hippocampus.

A large body of past research has implicated the ANG and IFG in maintaining specific
memory representations, with the IFG resolving interference between related items
(Bowman & Dennis, 2015, 2016; Kuhl et al., 2007; Achim & Lepage, 2005; Badre,
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Poldrack, Paré-Blagoev, Insler, & Wagner, 2005; Jonides et al., 1998) and ANG supporting
detailed retrieval of past events (Lee, Samide, Richter, & Kuhl, 2018; Xiao et al., 2017,
Richter, Cooper, Bays, & Simons, 2016; Kuhl & Chun, 2014; Johnson, Suzuki, & Rugg,
2013; Vilberg & Rugg, 2007). As such, we predicted that if the critical difference in anterior
versus posterior hippocampal function were one of representational granularity, the posterior
hippocampus would show stronger functional connectivity with these regions than would the
anterior hippocampus. The results were consistent with this prediction, indicating that the
posterior hippocampus may be more strongly geared toward fine-grained representations
both because of the computational properties of its cells (Kjelstrup et al., 2008) and its
functional interactions with cortical regions that support differentiation between overlapping
memories.

Prior studies have shown that the VMPFC and MTG support multiple forms of memory
generalization, including concept generalization (Bowman & Zeithamova, 2018; Davis,
Goldwater, & Giron, 2017), false memories (Turney & Dennis, 2017; Garoff-Eaton,
Slotnick, & Schacter, 2006), and schema-based memories (Brod, Lindenberger, Werkle-
Bergner, & Shing, 2015; van Kesteren et al., 2013). Based on the notion that representations
in the anterior hippocampus are broad and well suited to integrating across experiences
(Brunec et al., 2018; Collin et al., 2015), we expected—and found—greater functional
connectivity of VMPFC and MTG with the anterior than posterior hippocampus. The
VMPFC findings are consistent with work showing that hippocampal-VMPFC interactions
support linking of related information in memory (Gerraty et al., 2014; Zeithamova et al.,
2012; van Kesteren et al., 2010) and provide novel evidence that the VMPFC interactions
are particularly strong with the anterior portion of the hippocampus. The MTG showed
numerically stronger connectivity with anterior compared with posterior hippocampus,
although this relationship was only significant when connectivity was measured
continuously. Although the role of lateral temporal cortices in semantic memory has long
been known (Mummery et al., 1999, 2000), they have only recently been linked to a
VMPFC-hippocampal network that supports learning based on prior knowledge (Liu et al.,
2017). The present findings add to this work by demonstrating that both VMPFC and MTG
are more strongly connected to the anterior hippocampus, both in the context of a concept
generalization task and during rest.

Linking connectivity strength with concept generalization performance, individual
differences in hippocampal-VMPFC connectivity tracked categorization success. These
results corroborate prior reports linking VMPFC activation to the formation of conceptual
knowledge (Kumaran et al., 2009; Zeithamova, Maddox, & Schnyer, 2008), including
generalized concept representations (Bowman & Zeithamova, 2018). Prior work has also
implicated VMPFC-hippocampal interactions in some forms of memory generalization,
such as narrative schema formation (van Kesteren et al., 2010), associative inference
(Zeithamova et al., 2012), and transfer of reward valence across related stimuli (Gerraty et
al., 2014). The current work extends the work on VMPFC-hippocampal interactions to the
new domain of concept generalization, indicating that they may serve to link information
across experiences to serve many forms of memory generalization. Additionally, we also
show the relative stability of the connectivity—behavior relationship that did not significantly
differ across phases, although it was most prominent during task performance specifically.

J Cogn Neurosci. Author manuscript; available in PMC 2021 April 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frank et al.

Page 15

An interesting observation is the negative direction of the relationship between
generalization success and VMPFC-hippocampus connectivity strength observed here, as
well as in two prior reports (Gerraty et al., 2014; van Kesteren et al., 2010), with stronger
connectivity being associated with poorer generalization. These connectivity findings
contrast with findings that involve task-based activations and show its positive relationship
to generalization performance (Kumaran et al., 2009; Zeithamova et al., 2008). The
mechanisms of this negative connectivity—behavior relationship remain unclear. VMPFC-
hippocampal connectivity seems to be increasing when a schema linking previously separate
events needs to be formed (van Kesteren et al., 2010; see also Zeithamova et al., 2012).
Thus, one possibility is that low baseline or postencoding connectivity reflects that
information has been already successfully linked. Gerraty et al. (2014) measured
connectivity based on a rest scan conducted on a separate day from when participants
underwent an associative learning and transfer task. Thus, lower resting/baseline VMPFC-
hippocampal connectivity could also reflect a trait-like property of this network that makes it
open to on-demand engagement in new schema learning. Pending further investigation and
better insights into the mechanisms reflected in VMPFC-hippocampal functional
connectivity, the reasons behind the negative correlation—-behavior relationship remain
speculative.

Although VMPFC-anterior hippocampus connectivity was the strongest predictor of
concept generalization success, the data did not indicate the connectivity—behavior
relationship to be unique to the anterior hippocampus. Posterior hippocampus—VMPFC
connectivity, although not reaching significance overall, showed a similar trend. Prior work
has demonstrated that related events may be encoded as integrated or separated
representations (Chanales, Oza, Favila, & Kuhl, 2017; Zeithamova & Preston, 2010, 2017;
Schlichting et al., 2015). Thus, within the framework of representational granularity along
the long hippocampal axis, one may speculate that these connections reflect different
process. For example, information represented in both portions of the hippocampus may be
relevant to generalization decisions but differentially reflect reliance on specific versus
generalized representations. Alternatively, the posterior hippocampus—VMPFC interactions
may reflect postencoding linking of previously separated representations that are then
encoded in the anterior hippocampus. However, whether the posterior and anterior
hippocampal connectivity with VMPFC reflects the same or distinct processes cannot be
answered based on the current data. As noted above, the sample size was not optimized for
an individual difference analysis, and thus, the findings linking connectivity to behavior
should be replicated in a larger study.

Finding anterior versus posterior differences, we further asked whether hippocampal—
cortical functional connectivity was graded along the long axis or if instead there was a
stepwise increase at an anterior/posterior boundary. The results did not show a clear pattern
of graded changes along the hippocampal long axis and instead pointed to more complex
patterns. In particular, both the VMPFC and MTG showed a stepwise increase from the
posterior half to the anterior half of the hippocampus. The IFG showed a quadratic effect,
which may represent differences in hippocampal anatomy, such as the relative distribution of
hippocampal subfields (Malykhin, Lebel, Coupland, Wilman, & Carter, 2010) or the relative
density of structural connections to other brain regions (Shepherd, Ozarslan, King, Mareci,
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& Blackband, 2006; Dolorfo & Amaral, 1998). For the most anterior bin, the weaker
connectivity detected here across multiple ROIs likely reflects differences in shape, reduced
number of voxels, and/or differences in signal to noise in this portion of the hippocampus
(Brunec et al., 2018). Nonlinearities may have also arisen from functional heterogeneity
within the cortical regions themselves. For example, the IFG has anatomical subregions that
may perform distinct computations that are differentially relevant for memory specificity
and generalization (Badre & Wagner, 2007; Gold et al., 2006; Badre et al., 2005), possibly
leading to differences in connectivity with the hippocampus. Thus, it remains an open
question whether these nonlinear effects are driven by differences within the hippocampus,
the cortical ROIs, or by some other factor.

Across most analyses, we found little evidence that hippocampal connectivity patterns were
modulated by task engagement. Rather, anterior and posterior hippocampal connectivity
differences were present across all phases, including unfiltered rest data. Thus, it seems that
differences in anterior and posterior connectivity are not driven by task demands but are
instead relatively stable characteristics of hippocampal networks. These results extend prior
findings on resting-state connectivity differences between anterior and posterior
hippocampus (Adnan et al., 2016; Blessing et al., 2016; Blum et al., 2014; Poppenk &
Moscovitch, 2011; Kahn et al., 2008) to show that differences in anterior and posterior
hippocampal connectivity persist even under passive and active task demands. These results
are consistent with recent notions of the traitlike properties of functional connectivity
patterns detectable across time and tasks (Frank et al., 2019; Horien et al., 2019; Gratton et
al., 2018; Touroutoglou et al., 2015). Our findings of stable connectivity patterns
complement prior studies that have examined connectivity in the context of categorization
but focused on task-related connectivity changes (Turner, Crossley, & Ashby, 2017; Mack,
Love, & Preston, 2016; Soto, Bassett, & Ashby, 2016; Seger & Cincotta, 2006). Together,
these results highlight that both task-related connectivity changes and stable connectivity
patterns carry information relevant to our understanding on how the brain supports
cognition.

Our findings of stable functional connectivity differences between anterior and posterior
hippocampus may more broadly reflect their structural connectivity profiles. Rodent and
primate literature have shown distinct structural connectivity between anterior (ventral) and
posterior (dorsal) hippocampus both within the medial-temporal lobe (Fanselow & Dong,
2010; Suzuki & Amaral, 1994) and across the cortex (Catenoix, Magnin, Mauguiere, &
Ryvlin, 2011; Kier, Staib, Davis, & Bronen, 2004). Moreover, our pattern of findings is
relatively consistent with structural connections of anterior and posterior hippocampus. In
humans, white matter tracts connect anterior hippocampus with VMPFC and anterior lateral
temporal cortices (Catenoix et al., 2011; Kier et al., 2004). The body and tail of the
hippocampus are connected to parietal regions through more complex pathways (Duvernoy,
Cattin, Risold, Vannson, & Gaudron, 2013), but direct connections exist between ANG and
posterior portions of the medial-temporal lobe surrounding the hippocampus (Uddin et al.,
2010; Rushworth, Behrens, & Johansen-Berg, 2006). IFG forms connections that span the
entire hippocampus (Oishi et al., 2008; Kier et al., 2004). Though future investigation is
required, our findings of functional connectivity differences between anterior and posterior
hippocampus may arise from differences in structural connections.
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The IFG was one exception to the otherwise stable connectivity, showing increased
connectivity from rest to task (both passive viewing and categorization). IFG is part of a
larger frontoparietal network that orients attention to behaviorally relevant stimuli (Raichle,
Fox, Corbetta, Snyder, & Vincent, 2006; Corbetta & Shulman, 2002) and increases in
activation when participants engage in an externally oriented task compared with rest or an
internally oriented task (Scheibner, Bogler, Gleich, Haynes, & Bermpohl, 2017; Spreng,
Stevens, Chamberlain, Gilmore, & Schacter, 2010; Cabeza & Nyberg, 2000). The nature of
the task at hand may dictate the degree to which hippocampus interacts with IFG, as has
been reported for hippocampal interactions with the frontoparietal control network
(Westphal, Wang, & Rissman, 2017). The IFG is also recruited for learning statistical
regularities in the temporal sequence of stimuli (Schapiro, Turk-Browne, Norman, &
Botnivick, 2016; Karuza et al., 2013; Schapiro, Rogers, Cordova, Turk-Browne, &
Botvinick, 2013), with hippocampal-IFG connectivity modulated at boundaries in the
temporal structure (Schapiro et al., 2016). Thus, hippocampal-IFG connectivity may more
strongly reflect dynamic task demands than stable traits of individuals. However, it is not
possible to rule out that what we interpret as task-related increases in background
connectivity may be to some degree driven by coactivation related to task features occurring
below the filter cutoff frequency.

The current findings are complementary to other frameworks that propose hippocampal
interactions with distinct networks to serve multiple memory functions. For example,
Ranganath and Ritchey (2012) propose that the hippocampus interacts with two medial-
temporal lobe networks: a posterior-medial network that includes the parahippocampal
cortex and represents the spatial and temporal context of memory and an anterior-temporal
network that includes perirhinal cortex and represents individual items and their features.
The hippocampus integrates item and contextual information into a coherent representation
(Diana, Yonelinas, & Ranganath, 2007). Consistent with this proposed function, Cooper and
Ritchey (2019) found increased connectivity between the hippocampus and both posterior-
medial and anterior-temporal networks during retrieval of memories with multidimensional
features (i.e., spatial, visual and emotional), with connectivity increases scaling with the
quality of memory retrieval. Interestingly, differences emerged along the hippocampal axis
such that posterior hippocampal connectivity with both medial-temporal lobe networks
demonstrated greater scaling with retrieval quality, which would be consistent with its
hypothesized role in memory specificity. How these different conceptualizations of distinct
hippocampal functions complement or interact with each other is an interesting area for
future research.

The current study provides novel evidence for differential functional interactions along the
hippocampal long axis, showing distinctions in connectivity patterns of anterior versus
posterior hippocampus with cortical regions that align with their putative role in memory
specificity and generalization and that persist across levels of task engagement. The distinct
cortical interactions with anterior and posterior hippocampus may provide one mechanism
for how a single region—the hippocampus—may form both specific and generalized
representations supporting multiple memory functions. More broadly, the findings add to our
understanding of functional organization along the hippocampal long axis and highlight the
utility of functional connectivity measures in the study of cognition.
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Figurel.
Behavioral procedures. Before the fMRI scan, participants were trained on the category

structures of cartoon animals. The scanned portion of the task consisted of three phases that
demanded varying levels of engagement. During rest, participants did not perform any task
and were not required to give responses. During passive viewing, participants viewed old
and new stimuli without giving any response. During categorization, participants viewed old
and new stimuli while responding to which category each one belonged.
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Angular Gyrus Inferior Frontal Posterior & Anterior Ventromedial Middle Temporal
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Figure 2.

ROIs. Functional connectivity was measured between posterior (red) and anterior (blue)
hippocampus with each of the four cortical ROls. We predicted that posterior hippocampus
would be preferentially connected to ANG and IFG, whereas anterior hippocampus would
show greater connectivity with VMPFC and MTG.
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Figure 3.

Low-pass filter for measuring background connectivity. Left: Power spectrum of a lateral
occipital cortex signal during the first run of categorization for an example participant before
filtering shows a peak at task frequency (dashed line, 83 mHz = 12 sec). A conservative
threshold of 62.5 mHz = 16 sec (solid line) was chosen for the low-pass filter to assure the
removal of all task-related frequencies, as demonstrated by a disappearance of the peak at
task frequency on the right panel.
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Figure 4.

Anterior versus posterior hippocampal connectivity. (A) Low-frequency connectivity

between anterior/posterior hippocampus and each cortical region, collapsed across phases.
(B) Results of omnibus ANOVA examining connectivity between each hippocampal section
(anterior, posterior) and each cortical ROl (ANG, IFG, VMPFC, MTG) in each task phase
(rest, passive viewing, categorization).
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Figureb.

Connectivity—generalization relationships. Regressions were conducted on generalization
performance using anterior hippocampal connections and posterior hippocampal
connections as predictors. Separate models were then run at each task phase to test the
relative stability of connectivity—behavior relationships. The rest phase connectivity values
were derived from non-low-pass filtered time series for this figure for a more direct
comparison to prior rest-based connectivity work, but analyses of low-pass filtered data also
did not reveal any significant predictors.
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Figure 6.
Continuous hippocampal connectivity. Hippocampal connectivity with each cortical region

along a posterior to anterior gradient. Connectivity with VMPFC and MTG increased
linearly from the posterior hippocampus to the anterior hippocampus. Each cortical region
also revealed nonlinear trends.
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Figure7.
Whole-brain connectivity of the anterior and posterior hippocampus. Relative to the widely

distributed hippocampal—cortical connectivity, there was little overlap in regions interacting
with both anterior and posterior hippocampus.
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Table 4.

Region Hemisphere Cluster Size
Paracingulate gyrus/superior frontal gyrus M 1153
Frontal orbital cortex L 10
R 23
Frontal orbital cortex/inferior frontal gyrus L 13
Rostral anterior cingulate cortex M 24
M 89
Dorsal anterior cingulate cortex M 44
Caudate R 11
L 89
Thalamus M 32
Precuneus/posterior cingulate gyrus M 1381
Superior frontal/middle frontal gyrus R 75
L 298
Superior frontal gyrus L/M 18
Precentral gyrus M 52
Precentral/postcentral gyrus R 111
L 905
R 444
Insular cortex R 14
R 20
Parietal operculum cortex R 10
Planum temporale L 20
Superior temporal/middle temporal gyrus R 265
Middle temporal gyrus R 19
Middle temporal gyrus/inferior temporal gyrus L 686
Temporal fusiform cortex/parahippocampal cortex R 17
Parahippocampal cortex L 85
Temporal occipital fusiform cortex R 52
L 28
Temporal occipital fusiform cortex/occipital fusiform gyrus L 28
L 16
Occipital fusiform gyrus R 358
Lingual gyrus L 14
L 35
L 16
Lateral occipital cortex R 696
L 88
L 681

Regions of overlap were defined in a conjunction analysis of anterior and posterior whole-brain connectivity maps.
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