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Abstract Recent research suggests the anterior and posterior hippocampus form part of two distinct functional
neural networks. Here we investigate the structural underpinnings of this functional connectivity difference using
diffusion-weighted imaging-based parcellation. Using this
technique, we substantiated that the hippocampus can be
parcellated into distinct anterior and posterior segments.
These structurally defined segments did indeed show different patterns of resting state functional connectivity, in that
the anterior segment showed greater connectivity with
temporal and orbitofrontal cortex, whereas the posterior
segment was more highly connected to medial and lateral
parietal cortex. Furthermore, we showed that the posterior
hippocampal connectivity to memory processing regions,
including
the
dorsolateral
prefrontal
cortex,
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parahippocampal, inferior temporal and fusiform gyri and
the precuneus, predicted interindividual relational memory
performance. These findings provide important support for
the integration of structural and functional connectivity in
understanding the brain networks underlying episodic
memory.
Keywords DTI  fMRI  Hippocampus  Recognition
memory  Networks

Introduction
There is a growing consensus for the specialization of hippocampal function along the anterior–posterior axis, arising
out of differential involvement in large-scale brain networks
(Poppenk et al. 2013). Functional neuroimaging has shown
that the anterior and posterior hippocampi (antHC, postHC)
are nodes within two distinct intrinsic networks: the antHC is
functionally connected to perirhinal, lateral temporal, and
ventromedial prefrontal cortices, and the postHC is connected to regions of the default mode network (DMN)
including medial and lateral parietal areas, medial prefrontal
cortex (PFC), and posterior cingulate cortices (PCC) (Kahn
et al. 2008; Poppenk and Moscovitch 2011; Libby et al.
2012). This distinction has also found support in studies
examining co-activation of regions during memory retrieval.
The postHC has been shown to be a key node of the recollection memory network, a group of regions including the
parahippocampal gyrus (PHG), retrosplenial posterior cingulate cortex (rsPCC), and lateral parietal cortices that are
preferentially engaged when individuals are able to recall
rich contextual details about events (e.g., Henson et al. 1999;
Eldridge et al. 2000; Yonelinas et al. 2005; Rugg and Vilberg, 2013). In contrast, the antHC is considered to be a node
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in the lateral temporal network, which includes the perirhinal/entorhinal and anterior lateral temporal cortices (Kahn
et al. 2008; Libby et al. 2012; Poppenk and Moscovitch
2011), subserving memory processes including familiarity
or the sense of prior occurrence in the absence of recall of
other qualitative details (e.g., Yonelinas et al. 2005; Ranganath 2010).
Distinct structural connectivity profiles of the antHC and
postHC could play an important role in supporting the
distinct functional engagement of these regions that
underlie different memory processes (Honey et al. 2009).
Indeed, the antHC has direct connections with the amygdala (Duvernoy 2005), and to the temporal pole, insula and
ventromedial PFC via the uncinate fasciculus (Kier et al.
2004; Catenoix et al. 2011), while the postHC is connected
to frontal and parietal neo-cortical regions via a polysynaptic pathway involving the fornix projections to mammillary bodies, anterior nucleus of the thalamus, and
anterior cingulum (Duvernoy 2005; for review see Poppenk
et al. 2013). While behavioral and functional neuroimaging
findings suggest the presence of functional subregions
along the longitudinal axis of the hippocampus, the structural basis of such divisions has not been previously
investigated in humans. Thus, we used diffusion-weighted
imaging (DWI) to elucidate the structural connectivity of
the hippocampus in vivo to assess whether there are discernible subregions within the hippocampus along the
longitudinal axis. We hypothesized that the functional
heterogeneity attributed to the antHC and postHC arises
from differences in their structural connectivity.
These structural connections can be estimated using
tractography (Johansen-Berg et al. 2004), which we applied
to identify two hippocampal regions with unique white
matter connectivity to the rest of the brain. We then
investigated whether these structurally defined subregions
were differentially functionally connected to the rest of the
brain based on resting state fMRI (rs-fMRI). Finally, we
examined the relationship between the intrinsic functional
connectivity of hippocampal segments with performance
on a memory task. Specifically, we tested the hypothesis
that connectivity of the postHC would predict relational
memory (Poppenk and Moscovitch 2011), which we
operationalized as the performance advantage obtained on
a verbal recognition task when the study context was
reinstated compared to when decisions were based on
single items (Cohn et al. 2009a, b).

investigate the cingulate, parietal, and temporoparietal
junction, frontal polar cortices (Beckmann et al. 2009;
Johansen-Berg et al. 2004; Mars et al. 2011, 2012;
Tomassini et al. 2007; Moayedi et al. 2014). Our analysis
involved four steps: (1) probabilistic tractography seeded
from the hippocampus to the rest of the brain, (2) determination of the number of spatially consistent subregions
using a K-means clustering algorithm of the tractographic
data in each subject, (3) characterization of the functional
connectivity of these subregions, and (4) examination of
the relationship between functional connectivity of these
subregions and memory performance on a verbal recognition memory task.
Data acquisition
All subjects provided informed consent to procedures
approved by the UHN Research Ethics Board. Diffusionweighted images (DWI) were acquired for 15 healthy
subjects (5 women and 10 men; mean ± SD age:
34.33 ± 11.9 years) on a 3T Sigma MR System (GE
Medical Systems, Milwaukee). DWI were acquired along
25
non-colinear
diffusion-encoding
directions
(b = 1000 s/mm2). For each acquisition, one B0
(b = 0 mm/s2) volume was acquired at the beginning of
the run, and the parameters were as follows:
TR = 12,000 ms,
FOV = 24 9 24 cm2,
128 9 128
matrix, 1.875 9 1.875 mm2 in-plane resolution, 3-mm
thick, 46 axial slices.
Also, a whole brain high-resolution anatomical scan was
also acquired for each subject using a 3D fast spoiled
gradient echo (FSPGR) sequence. The parameters were as
follows: flip angle: 12°, TR = 7.88 ms, TE = 3.08 ms,
120 sagittal slices, FOV: 22 9 22 cm2, 256 9 256 matrix,
0.9 9 0.9 9 1 mm voxels, 1-mm thick.
Task-free rs-fMRI T2*-weighted functional MRI scans
with an echo-planar pulse imaging (EPI) sequence were
also acquired for every subject. The parameters were as
follows:
TR = 2000 ms,
TE = 25 ms,
FOV:
24 9 24 cm2, 64 9 64 matrix, 3.75 9 3.75 9 5 voxels,
5-mm thick, 28–32 slices depending on head size, for 180
volumes. Subjects were instructed to lie still, clear their
thoughts and ‘‘not to think about anything in particular,’’
with their eyes open (the entire field of view was black).
Anatomical parcellation using DWI
Seed region definition

Materials and methods
We investigated the structural connectivity of the hippocampi to determine whether there are subregions within
this structure with an approach that has been used to
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A hippocampal mask for each hemisphere was selected
based on the Harvard-Oxford subcortical atlas (Desikan
et al. 2006), available in FSL v4.0 (Jenkinson et al. 2012).
The probabilistic mask was then thresholded to ensure full
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Fig. 1 Hippocampal masks used for tractography-based parcellation. The left hippocampal mask is shown in the top panel (green) and right
hippocampal mask is shown in the bottom panel (red). All masks are displayed on the MNI152 brain

coverage of the hippocampus while eliminating voxels
outside the structure such as in the amygdala or the PHG.
Based on this requirement, we thresholded at 62 % for each
hemisphere (Fig. 1). The hippocampus mask was transformed to individual space using the linear registration tool
(FLIRT) implemented in FSL, using 12 degrees of freedom
(Jenkinson et al. 2002), and visually checked for aberrant
registration (See Supplementary Fig. 1). All registrations
were satisfactory upon visual inspection.

Cluster-based parcellation
DWI data were preprocessed using tools from FDT, part of
FSL. Motion and eddy current correction were performed
using affine registration of all volumes to a target b0 volume—the second acquired volume. Probability density
functions on up to 2 principal fiber directions were estimated at each voxel in the brain using the Bayesian Estimation of Diffusion Parameters obtained using sampling
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techniques toolbox (BEDPOSTX; Behrens et al. 2007)
implemented in FSL.
We parcellated the left and right hippocampi using
previously described methods (Beckmann et al. 2009;
Johansen-Berg et al. 2004; Mars et al. 2011, 2012;
Moayedi et al. 2014) in the ‘‘ccops’’ toolbox implemented
in FSL. This type of analysis has been shown to be successful with as few as 12 gradient directions (Behrens et al.
2007) and with as few as eight participants (Klein et al.
2007). For each subject, a connectivity matrix between
voxels in each hippocampus and all voxels of the whole
brain was computed (Johansen-Berg et al. 2004). The
matrices consist of rows indicating each hippocampal
voxel, and columns representing each voxel in the rest of
the brain. The values in each matrix element represent the
connectivity value (i.e., number of streamlines) of the
hippocampal voxel and the brain voxel. We then generated
a symmetric cross-correlation matrix of dimensions equal
to the number of seed voxels in each hippocampus. The (i,
j)th element within the matrix represents the correlation
between the connectivity profile of voxel i and the connectivity profile voxel j. We then permuted the rows of the
cross-correlation matrix using a K-means clustering segmentation algorithm, implemented in the ccops toolbox in
FSL, for automated clustering to define K different clusters.
We included a scaled Euclidian distance matrix to the
cross-correlation matrix (Tomassini et al. 2007), imposing
a weak distance constraint of 0.2, as has been previously
used (Beckmann et al. 2009; Mars et al. 2011, 2012;
Tomassini et al. 2007).
The K-means clustering algorithm requires the experimenter to provide the number of clusters to be resolved.
We used an iterative approach (Beckmann et al. 2009;
Mars et al. 2011) in which the number of clusters that are
searched for within the K-means clustering algorithm is
gradually increased as long as it is possible to identify the
same component clusters in each subject. In the present
study, clustering was performed with three different values
for K (K = 2, 3, and 4 clusters) in separate analyses. Our a
priori hypothesis was that the hippocampus would divide
into 2 subregions, anterior and posterior segments, along
the longitudinal axis. We also tested K = 3 and 4 to
ascertain the stability of the subregions in our participants.
rs-fMRI
Data analysis
Preprocessing procedures were performed with Statistical
Parametric Mapping 8 (SPM8; http://www.fil.ion.ucl.ac.uk/
spm/software/spm8), a toolbox running in MATLAB v8 12.0
(Mathworks). Functional images were co-registered to the
subject’s anatomical image, and spatially realigned and
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unwarped. The subject’s anatomical image was segmented
and normalized to the T1-weighted MNI152, and the normalization parameters were then written to the functional
data to ensure alignment between anatomical and functional
data. Finally, fMRI data were smoothed using a Gaussian
kernel of 8-mm full-width half-maximum (FWHM).
Resting state analysis was performed using the Conn
toolbox (Whitfield-Gabrieli and Nieto-Castanon) as follows. Using SPM8, an MNI152-T1-weighted image was
segmented for gray matter, white matter, and cerebrospinal
fluid (CSF). The data were also temporally preprocessed to
control for other potential confounds, and to restrict the
analysis to frequencies of interest (\0.1 Hz). These steps
include using linear regression to remove potential sources
of noise, including estimated subject motion parameters (3
translation components and 3 rotation components) and
removal of BOLD covariates in white matter and CSF
areas with the anatomical component based noise correction method (aCompCor; Behzadi et al. 2007). Next, the
time series of voxels within the antHC and postHC (ROIs
provided by K-means clustering of DWI data at K = 2,
subtracting out overlapping voxels) for each hemisphere
was averaged and correlated with the time series of every
other voxel in the brain. Correlation values were then
converted to z scores with a Fisher transformation.
To examine the functional connectivity fingerprints of
the antHC and postHC, we conducted second-level random
effect analyses of antHC and postHC functional connectivity. Statistical maps of connectivity were thresholded
with an explicit mask to constrain our analysis to a priori
defined regions known to be connected to the antHC and
postHC (Andrews-Hanna et al. 2010; Kahn et al. 2008;
Poppenk and Moscovitch 2011).This mask was constructed
using the Harvard-Oxford cortical and subcortical atlases
(Harvard Center for Morphometric Analysis; http://www.
cma.mgh.harvard.edu/fsl_atlas.html) and included bilateral
anterior cingulate cortex and posterior cingulate cortex, the
paracingulate gyrus, frontal orbital cortex, frontal pole,
subcallosal cortex, insular cortex, angular gyrus, supramarginal gyrus, lateral occipital cortex, precuneus, cuneal
cortex anterior division of the inferior temporal, middle
temporal and superior temporal gyrus, temporal pole,
amygdala, thalamus, accumbens, anterior and posterior
division of the parahippocampal gyrus, temporal fusiform
cortex, and hippocampi. These regions were thresholded at
20 % probability of being present in the normative data
provided by the atlas (See Supplementary Fig. 3). Statistical maps were thresholded at a height threshold of
z = 1.96 and an extent threshold of p \ 0.05, cluster corrected. Finally, using these masks, we contrasted the antHC
connectivity against postHC connectivity, at a height
threshold of z = 1.96 and an extent threshold of p \ 0.05),
cluster corrected.
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Hippocampal functional connectivity correlations
with verbal memory task
Next, we sought to test whether the patterns of functional
connectivity for the hippocampal subregions during rest
were related to memory performance on different components of the associative verbal memory task. The experimental memory task was designed to evaluate relational
retrieval versus item recognition, by asking individuals to
study adjective–noun pairs (e.g., happy mother) and make
recognition decisions on the noun (mother) versus a novel
distractor (e.g., baker), first without cues and second in the
context of the same (happy) or different (grumpy) adjective
cues. Using the Medical Research Council (MRC) psycholinguistic database, 188 adjectives and 248 nouns were
selected that depict fictional people to create two alternate
versions of the task equated for word frequency (each to be
presented during two separate testing sessions). For each
version, 90 adjective–noun pairs were presented for
4500 ms during the study phase and participants were
instructed to rate whether it was easy or hard to imagine
such a character. Recognition testing took place approximately 2–5 min after the encoding session ended. This time
was used to repeat instructions for the participants to
ensure accurate understanding of the task and recheck
setup for EEG (electrode signals) and fMRI (setup of next
sequence by MRI technician). Participants were first presented with a single noun and indicated whether the item
was new or old using a 6-point Likert confidence rating
scale (1 very sure new to 6 very sure old). This was followed by a cued trial in which the same noun was presented with its studied adjective (intact pair) or a studied
adjective originally paired with another noun (rearranged
pair when the test noun was previously studied and new–
old pair when the test noun was a lure). Again, participants
were required to make a judgment solely about the noun
using the same 6-point Likert confidence rating scale,
irrespective of which adjective was paired with it. In total,
the test phase included 60 studied single nouns and 30
single lures, as well as 30 intact, 30 rearranged, and 30 old–
new pairs.
Each participant completed two versions of the task on
two different testing sessions: one during an fMRI session,
and one during an EEG session. Given the different time
resolution of these techniques, the timing of the two versions differed at test. Test item presentation was fixed to
5500 ms for the fMRI and was self-paced during the EEG,
but in both modalities, each item was followed by a jittered
fixation ranging from 500 to 4500 ms. The experiment was
programmed using E-prime software (Psychology Software
Tools Inc). Prior to each version of the task, participants
completed a practice study and test runs. For each session,
different sets of 90 adjective–noun pairs were used.

Furthermore, the order of the pairs was randomly shuffled
across participants.
For the purpose of our study, we were interested in
investigating the relationship between intrinsic functional
connectivity and behavioral performance. To do so we
included both sets of behavioral data acquired from the
fMRI and EEG sessions. Using data for this task, we calculated an index for single item memory (SIM) which
included all hits to single items (ratings 4, 5, and 6 for
targets) corrected for false alarms by subtracting these
(ratings 4, 5, and 6 for lures). Note that this index includes
guesses (4 ratings). We then averaged this measure of SIM
across both testing sessions for each subject. Second, we
calculated a measure of relational memory, which was
based on the advantage typically seen for recognizing a
target item when its original encoding context is reproduced, termed reinstatement memory (RIM). This measure
included only items with high confidence ‘‘old’’ responses
(rating 6) as we know these are more likely to reflect
recollection processes (Yonelinas et al. 2010). RIM was
calculated as the proportion of high confidence hits to
targets when presented in their studied pairing (intact
pairs) versus when presented alone (single targets). Again,
we averaged across both testing sessions for each participant to obtain a RIM index. Note that while the reinstatement effect is likely to capture the same memory processes
as recollection, as both are sensitive to retrieval of context
(Cohn et al. 2009a, b), the SIM index cannot be considered
a specific index of familiarity as both types of recognition
processes (recollection and familiarity) could contribute to
hits for this condition.
We sought to test whether intrinsic functional connectivity of the hippocampal subregions predicted memory
performance. Thus, we performed four second-level analyses correlating the functional connectivity of each subregion to the other voxels within the ROI mask with
measures of memory performance: antHC connectivity
with SIM and RIM and postHC connectivity with SIM and
RIM. Age was entered as a covariate of no interest. This
produced maps relating subregion functional connectivity
to individual differences in each type of memory. The
threshold for determining statistical significance was set at
a height threshold of z = 1.96 with a cluster-corrected
threshold of p \ 0.05 within our a priori mask.

Results
Tractography-based parcellation
The first goal was to structurally parcellate the hippocampus using DWI. The two-cluster solution (K = 2) resulted
in a consistent anterior and posterior segment across all
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subjects. The K = 3 and K = 4 solutions revealed segmentation patterns that were much more variable across
subjects (see Supplementary Fig. 2). Hence, we deemed
the parcellations obtained from K = 2 as acceptable, with
the following center of gravity for each segment and created an average segment for each across all participants (all
co-ordinates in MNI space (X, Y, Z); right antHC: (24, 13,
-21); right postHC: (29, -26, -9); left antHC: (-22,
-12, -20); left postHC: (27, 25, -12). The results of the
parcellation for K = 2, 3, and 4 averaged across the group
are shown in Fig. 2.
After averaging, the anterior and posterior segment
obtained from K = 2 were found to be overlapping by 49
voxels in the left hemisphere and 20 voxels in the right
hemisphere. The overlapping region in each hemisphere
was subtracted to give non-overlapping anterior and posterior clusters for both hemispheres and the resulting
antHC and postHC segments for each hemisphere were
used as seeds in our resting state connectivity analysis.

between the bilateral postHC and a network including the
right precuneus, anterior cingulate cortex, superior frontal
gyrus, and frontal pole was positively correlated with RIM
(p B 0.05, corrected). In contrast, there were no significant
functional connectivity patterns with the antHC to RIM or
of the postHC to SIM, underscoring the specificity of the
RIM-postHC network relationship. We also observed a
pattern of connectivity associated with SIM performance
and the antHC seed, an inverse correlation with connectivity to regions including right frontal pole, middle frontal
gyrus, supramarginal gyrus, and lateral occipital cortex
(p B 0.05, corrected). Table 2 and Fig. 4 provide details
for these findings. Behavioral data for the encoding and test
phase of the task are detailed in Supplementary Table 1
and behavioral performance for the two memory indices,
RIM and SIM, is detailed in Supplementary Table 1.

Hippocampal rs-fMRI connectivity

The aims of this study were (1) to investigate whether the
hippocampus can be subdivided along its longitudinal axis
based on structural connectivity using DWI, (2) to characterize the subregion connectivities at rest, and (3) to
determine whether these are related to memory performance. To our knowledge, this is the first study to investigate the structural basis of anterior and posterior divisions
of the human hippocampus and to delineate these subregions in a data-driven manner. We provide evidence for
reliable anterior–posterior hippocampal segmentation in a
sample of healthy adults. In accordance with other recent
studies using a priori, manually defined anterior and posterior parcellation of the hippocampus (Poppenk and
Moscovitch 2011; Vincent et al. 2008; Andrews-Hanna
et al. 2010; Kahn et al. 2008; Voets et al. 2012), we found
that these subregions had distinct patterns of intrinsic
functional connectivity. Finally, we provide novel evidence
that not only do these subregions co-activate with distinct
cortical regions during different memory tasks, but, crucially, the posterior region is shown as a critical component
of a resting state network that can predict memory performance. Altogether, our results provide a structural basis
for the functional division of the hippocampus, and provide
novel evidence that the subregion connectivities are related
to distinct memory task performance.

The second goal was to examine the resting state functional
connectivity of the hippocampal subregions based on DWIbased parcellation. Our analyses (Table 1; Fig. 3) demonstrated that the left antHC is functionally connected to the
right antHC and amygdala, and bilateral frontal pole, and
PHG (cluster corrected, p \ 0.05). The right antHC displayed a similar pattern of functional connectivity with the
contralateral antHC, right PHG and orbitofrontal cortex
(OFC), and bilateral medial OFC and perigenual anterior
cingulate cortex (cluster corrected, p \ 0.05).
The left postHC was functionally connected with the
ipsilateral PHG and rsPCC, contralateral postHC and PHG,
and bilateral thalamus (cluster corrected, p \ 0.05). Similarly, the right postHC showed significant connectivity
with the right PHG, left postHC and PHG, and bilateral
rsPCC (cluster corrected, p \ 0.05).
In a direct contrast of the connectivity patterns of the
two subregions (Table 1; Fig. 3), we found greater connectivity for the antHC to bilateral amygdala, right temporal pole, and right OFC (cluster corrected, p \ 0.05). We
report greater postHC connectivity to the left dorsal PCC,
rsPCC, and PHG and right superior parietal lobule,
supramarginal gyrus lateral occipital cortex and frontal
pole.

Discussion

Diffusion-based parcellation of the hippocampi
rs-fMRI connectivity and memory performance
Finally, the third goal of this study was to examine the
relationship between intrinsic functional connectivity of
the hippocampal subregions with measures of memory
performance. We found that the functional connectivity
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Previous studies of anatomical connectivity in animals and
functional connectivity in humans have identified differences along the longitudinal axis of the hippocampus. In
rodents, the dorsal hippocampus (posterior analog to
humans) is more connected with visuospatial and other
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Fig. 2 Group-level results of parcellation solutions for the bilateral
hippocampi shown on the MNI152 brain. Group maps (n = 15) of the
K-means clustering algorithm parcellations images were created
based on areas of the hippocampus that showed overlap across
subjects. The images are thresholded at 62 % (9/15) of all subjects for
the left and right hippocampi. Views of the left (L) hippocampal
parcellations are shown in sagittal view in the top panel. The right
(R) hippocampal parcellations are shown in sagittal view in the
middle panel and both are shown in coronal views in the bottom
panel. Images are in radiological convention. For the K = 2 solution,
the anterior hippocampus (antHC) is shown in yellow, and the
posterior hippocampus (postHC) is shown in blue. The left antHC had
a center of gravity (COG) at (-22, -12, -20) and the right antHC
had a COG at (24, 13, -21). The left postHC had a COG at (27, 25,
-12), and the right postHC had a COG at (29, -26, -9). COG and all
co-ordinates are in MNI space. In the K = 3 solution, the antHC is

shown in yellow, the middle hippocampus is shown in green, and the
postHC is shown in blue. The antHC had a COG at (-22, -13, -21)
on the left and at (-23, -12, -20) on the right; the middle
hippocampus had a COG at (-27, -20, -16) on the left and at (29,
-18, -17) on the right; and the postHC had a COG at
(-27,-30,-8.34) on the left and at (29.5, -28.5, -8.5) on the right.
The K = 4 solution, the antHC is shown in yellow, the middle
hippocampus is shown in green, the middle-anterior hippocampus is
shown in pink, and the postHC is shown in blue. The antHC had a
COG at (-25.5, -12, -21) on the left, and at (25, -12, -20) on the
right. The middle hippocampus had a COG at (-26, -20, -17) on the
left, and the COG at (29, -19, -15) on the right. The middle-anterior
hippocampus had a COG at (-19, -13, -19) on the left and the COG
at (23, -14, -19) on the right. The postHC had a COG at (-27, -31,
-7) on the left and the COG at (28, -30, -6) on the right
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Table 1 Peak functional
connectivity between brain and
hippocampal parcels derived
from K-means clustering

Anatomical region

BA

Hemisphere

Peak MNI co-ordinate

z score

X

Y

Z

Anterior hippocampal connectivity
Left seed
Hippocampus

–

L

-26

-18

-18

6.45

Parahippocampus

28

L

-20

-26

-20

5.30

Hippocampus

–

R

26

-14

-16

5.48

Amygdala

–

R

28

-6

-14

4.94

Parahippocampus

28/34

R

22

-14

-24

4.57

Frontal pole

10

R

4

58

-10

4.44

Frontal pole

10

L

-8

54

-6

3.60

Hippocampus
Hippocampus

–
–

R
L

18
-26

-12
-16

-16
-24

6.33
5.91

Parahippocampus

28

R

30

-16

-24

5.66

Orbital frontal cortex

11 m/14r

R

14

44

-22

4.23

Orbital frontal cortex

32/14 m

L/R

0

50

-10

3.98

PG/ACC

32

R

2

58

-12

3.41

PG/ACC

32/14 m

L

-4

40

-6

3.39

-14

7.16

Right seed

Posterior hippocampal connectivity
Left seed
Hippocampus

–

L

-28

-20

Parahippocampus

34

L

-22

-30

-12

6.53

Hippocampus

–

R

22

-22

-18

5.96

Parahippocampus

34

R

22

-34

-20

5.14

Retrosplenial cortex

29/30

L

-2

-56

14

4.51

Thalamus

–

L

-14

-34

2

4.08

Thalamus

–

R

16

-28

0

3.63

Right seed
Retrosplenial cortex

29/30

L

-16

-58

4

5.97

Hippocampus

–

R

26

-18

-14

5.82

Retrosplenial cortex

29/30

R

18

-54

14

5.47

Hippocampus

–

L

-24

-22

-18

5.41

Parahippocampus

–

R

18

-28

-16

5.24

Parahippocampus

–

L

-20

-28

-16

4.86

Posterior cingulate

23/31

L

-8

-44

36

3.15

Anterior vs. posterior connectivity
Anterior [ posterior
Hippocampus

–

R

18

-12

-16

4.79

Amygdala

–

R

20

-4

-16

4.7

Temporal pole

38

R

42

12

-32

4.67

Orbital frontal cortex

14c

R

20

34

-18

4.5

Amygdala

–

L

-32

-4

-20

5.85

–

L

-22

-6

-22

5.27

dPCC

23

L

-4

-26

28

4.46

Frontal pole

46

R

56

36

10

4.33

Parahippocampus

34/27

L

-18

-34

-4

4.28

Retrosplenial cortex

29/30

L

-8

-46

8

4.25

Supramarginal gyrus

40

R

52

-40

42

4.28

Hippocampus
Anterior \ posterior
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Table 1 continued

Anatomical region

BA

Hemisphere

Peak MNI co-ordinate

z score

X

Y

Z

Angular gyrus

7

R

46

-54

38

3.72

Sup parietal lobule

7

R

38

-50

42

3.3

ACC anterior cingulate cortex, BA Brodmann Area, dPCC dorsal posterior cingulate cortex, L left, MNI
Montreal Neurological Institute, PG paracingulate gyrus, R right, Sup superior

Left

Right

Ant HC

mPFC

Amyg
Thal

rsPCC

HC/PHG

mPFC
X=0

Post HC

mPFC

HC/PHG
Y = -24

TP

X=6

Z= -6

rsPCC/PCu

HC/PHG

Y = 10

Z = -20

rsPCC/PCu
Thal

Thal

X = -8

OFC

mPFC

HC/PHG
Y = -24

rsPCC/PCu
Z= 10

[R Ant + L Ant]

TP

TP Y = 14

rsPCC/PCu
Z=8

[R Post + L Post]
OFC
Amyg

rsPCC/PCu

HC/PHG
TP

X = 50
-5

HC/PHG
Y = -28

X = 10

FP

AG/SMG
OFC

Thal

X = -8
-1.96

score 1.96

X = 30

Z= -12
5

Fig. 3 Hippocampal subregion resting state functional connectivity.
Top panel Functional connectivity of the left and right anterior
hippocampus. Both the left and right are connected to the lateral
temporal network and midline structures related to the default mode
network. Middle panel Functional connectivity of the left and right
posterior hippocampus. Both the left and right are connected to the
nodes of the recollection memory network and midline structures
related to the default mode network. Bottom Statistically significant

differences (p \ 0.05, corrected) in the connectivity of both anterior
versus both posterior hippocampi parcels. All images are displayed in
radiological convention. AG angular gyrus, Amyg amygdala, Ant
anterior, FP frontal pole, HC hippocampus, L left, mPFC medial
prefrontal cortex, OFC orbital frontal cortex, PCu precuneus, PHG
parahippocampal gyrus, Post posterior, R right, rsPCC retrosplenial
cortex, SMG supramarginal gyrus, Thal thalamus, and TP temporal
pole

sensory areas, whereas the ventral hippocampus (anterior
analog to humans) is more connected with limbic areas
(Fanselow and Dong 2010; Bannerman et al. 2004; Segal
et al. 2010; Czerniawski et al. 2009; Royer et al. 2010).
Both animal and human studies have found that the
perirhinal cortices and PHG differ in their anatomical
connectivity with the hippocampus along a ventral/dorsal
and anterior/posterior axis (Suzuki and Amaral 1994;
Burwell and Amaral 1998; Libby et al. 2012).

Additionally, in humans, high-resolution MRI has
demonstrated differences in subfield volume along the
anterior–posterior axis, suggesting the presence of two
subregions. The antHC comprises the largest part of CA1-3
and the smallest part of the dentate gyrus (Malykhin et al.
2010). Furthermore, both antHC and postHC have unique
pathways to distributed cortical and subcortical regions.
There is an evidence of anatomical connectivity of the
antHC with the fusiform cortex (Duvernoy 2005), temporal
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Table 2 Peak correlations
between hippocampal
functional connectivity and
memory performance for item
and reinstatement memory

Anatomical Region

BA

Hemisphere

Peak MNI Co-ordinate
X

Y

z score
Z

Anterior hippocampal connectivity
Item memory
Middle frontal gyrus

8

R

34

6

56

-4.27

Lat occipital cortex

7/39

R

42

-68

40

-3.99

Supramarginal gyrus

40

R

46

-42

52

-3.43

Frontal pole

9

R

36

38

36

-2.64

Posterior hippocampal connectivity
Reinstatement memory
Frontal pole

9

R

36

44

34

4.72

Sup frontal gyrus

32

L

-4

28

44

3.9

Precuneus
Lat Frontal pole

30
10

L
L

-4
-30

-78
62

36
-6

3.87
3.58

antHC - Item Memory

Y = -68

X = 42

Z = 40

Z score
-5

-1.96

postHC - Reinstatement Memory

pole (Kier et al. 2004), insula, and ventromedial PFC
(Catenoix et al. 2011). The postHC, in contrast, has
anatomical projections primarily to the PHG and via the
fornix to diencephalic and medial forebrain regions, from
which communication with other cortical regions occurs
via polysynaptic pathways, (Duvernoy 2005). Our findings
mirror these differences in anatomical connectivity
between the antHC and postHC by demonstrating a reliable
parcellation of the hippocampus into these segments based
on its anatomical connectivity.
Having stressed the differences between antHC and
postHC connectivity to the rest of the brain, it is important
to keep in mind that there are also prominent longitudinal
intrahippocampal fibers connecting both segments (Sloviter
and Lømo 2012; Yang et al. 2014). These intrahippocampal connections might facilitate the integration of information stemming from antHC and postHC subregions
(Patel et al. 2013; Strange et al. 2014).
Resting state functional connectivity of the anterior
and posterior hippocampi

Z = 34

X = -4

X = -32

Z score
1.96

5

Fig. 4 Hippocampal resting state functional connectivity and memory performance. Top panel Anterior hippocampus (antHC) connectivity to the frontal pole, middle frontal gyrus, supramarginal gyrus,
and lateral occipital cortex is negatively correlated with item memory
(p \ 0.05, corrected). Bottom panel Posterior hippocampus (postHC)
connectivity to precuneus, anterior cingulate cortex, superior frontal
gyrus, and frontal pole was positively correlated with reinstatement
memory (p \ 0.05, corrected)

123

The second aim of this study was to investigate whether the
data-driven anatomical parcellation of the hippocampus
translated into discernable intrinsic functional connectivity
patterns. Our findings that the antHC and postHC are nodes
in two partially distinct resting state networks related to
memory are in line with previous findings that used a priori
manual segmentation (Poppenk and Moscovitch 2011;
Poppenk et al. 2013). Direct contrasts of the resting state
activity of the hippocampal subregions revealed the antHC
was more functionally connected with limbic areas,
including the amygdala, OFC, and temporal pole. This
network has been related to semantic processing and social

Brain Struct Funct

and emotional cues (Rogers et al. 2006; Cohn et al. 2014).
In contrast, the postHC had greater functional connectivity
with the PHG, rsPCC, superior parietal lobe, and supramarginal gyrus. Notably, our report of postHC-PHG and
postHC-PCC connectivity is consistent with other reports
(Libby et al. 2012; Ward et al. 2014).
Correlations between memory performance
and resting state functional connectivity
Two different processes support recognition memory:
recollection and familiarity (e.g., Mandler 1980; Yonelinas
2002). In an experimental context, recollection occurs
when a recognition test item elicits retrieval of qualitative
and relational information about the study episode.
Familiarity supports a sense of past occurrence, but usually
lacks any contextual information about the original episode. There is compelling evidence in studies of both
encoding (e.g., Ranganath et al. 2004; Uncapher and Rugg
2005; Otten 2007; Davachi et al. 2003; Duarte et al. 2011;
Kensinger and Schacter 2006) and retrieval (e.g., Diana
et al. 2010; Eldridge et al. 2000; Yonelinas et al. 2005;
Montaldi et al. 2006; Cohn et al. 2009b) that the hippocampus is activated to a greater extent during recollection processes than those associated with familiarity. While
we did not directly contrast recognition decisions based on
recollection and familiarity judgments, we used a measure
of item recognition (hits to a target item presented alone)
and one that shows a benefit due to context reinstatement
(highly confident hits to targets presented in the study
context compared to presented alone). Thus, while both
recollection and familiarity could contribute to the former
measure (SIM), the reinstatement effect (RIM) is arguably
much more aligned with recollection. Indeed, we have
previously shown context reinstatement to be sensitive to
hippocampal damage and to enhance recollection and
hippocampal activation (Cohn et al. 2009a, b).
Most of the data relating to hippocampal engagement
and different memory tasks/conditions come from taskbased studies of activation of these regions and interpretations regarding memory ‘networks’ are typically based
on reliable co-activation of these regions rather than direct
assessment of connectivity patterns (for a comprehensive
review, see Rugg and Vilberg 2013). Furthermore, there
has been relatively little focus on anterior versus posterior
engagement in this literature, although a few observations
support the hypothesis that the posterior segment plays a
greater role in recollection. Several studies reported a
correlation between a static ‘offline’ measure (hippocampal
segment volume) and memory performance (recollection
and spatial memory) in healthy adults suggesting that the
posterior hippocampus is the critical region (Poppenk and
Moscovitch 2011; Maguire et al. 2000). Voets et al. (2014)

recently reported that resting state connectivity between
posterior hippocampus and posterior cingulate differed
between patients with temporal lobe epilepsy and controls,
and furthermore that reductions in this connectivity were
associated with impairments on clinical memory measures.
Examining all nodes in the DMN, which shows strong
overlap with the recollection network, we found that connectivity between the hippocampus and posterior neo-cortical regions was also predictive of better memory
performance in temporal lobe epilepsy (McCormick et al.
2014). In a study on autobiographical retrieval in healthy
adults, we found enhanced connectivity between the
postHC and posterior cortical regions when individuals
were retrieving perceptual details of events as compared
with generating memories from verbal cues (McCormick
et al. 2013b). Thus, we hypothesized that RIM performance
in healthy adults would be positively correlated with the
functional connectivity of postHC to the recollection
memory network (Rugg and Vilberg 2013). It is important
to note that a positive result would support the notion that
RIM performance on a temporally remote test would be
indicated by the strength of intrinsic functional correlations
amongst these network constituents, and thus this network
connectivity predicts interindividual memory performance.
We found support for this hypothesis as we observed that
increased functional connectivity between RIM performance and connectivity between bilateral postHC and
nodes of the recollection memory network and other relevant brain regions, including the right frontal pole, left
lateral frontal pole, and midline regions such as cuneus,
precuneus, superior frontal gyrus, and anterior cingulate
cortex. Furthermore, we highlight the potential utility of
using resting state functional connectivity as a predictor of
task performance in healthy adults as has been shown
elsewhere in etiologies such as epilepsy impacting the
medial temporal lobes (McCormick et al. 2013a).
The antHC and associated lateral temporal network has
been shown to be involved in familiarity-based recognition
(Ranganath and Ritchey 2012). As we did not include a
direct measure of familiarity-based decisions, but rather
SIM, which can involve both familiarity and recollection,
we did not have an a priori hypothesis regarding possible
correlations involving the antHC and other brain regions.
To our surprise, we found a negative correlation between
SIM performance and antHC functional connectivity with
right supramarginal gyrus, lateral occipital cortex, and right
middle frontal gyrus and frontal pole. As the correlation is
negative, it implies that across subjects, stronger connectivity is associated with weaker item memory, a pattern that
is difficult to interpret. These regions do not align with the
lateral temporal network that has been proposed to be
important in other episodic and conceptual memory operations (Poppenk et al. 2013; Ranganath and Ritchey 2012).
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Future studies should investigate the role of intrinsic
structural and functional connectivity of the antHC with
familiarity-based memory performance.

Conclusion
Our study is, to the best of our knowledge, the first to use a
DWI-based parcellation to examine the existence of subregions suggested both by both animal and human studies
of hippocampal function. We present novel structural evidence for the existence of an anterior and posterior subregion within the hippocampus based on its structural
connectivity profile. Furthermore, we also provide converging support for the notion that these structurally
defined subregions are also functionally different—the
antHC and postHC are nodes in two functional networks.
These data suggest that the functional connectivity of the
hippocampus relies on a structural substrate for these
connections. Previous evidence from our group supports
this concept, demonstrating that functional connectivity is
disrupted with hippocampal damage in medial temporal
lobe epilepsy (McCormick et al. 2013a), and lesion studies
by others provide further support (O’Reilly et al. 2013). As
highlighted by Neubert and colleagues (2014), both structural and functional connectivity have limitations, but
combining the two methods provides a powerful tool to
elucidate brain mechanisms of behavior. In the current
study, we believe that using structural connectivity to
delineate an anatomical region provides a powerful tool to
then relate functional measures of that region to behavior.
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Local Generation and Propagation of Ripples along the Septotemporal Axis of the Hippocampus. J Neurosci
33:17029–17041. doi:10.1523/JNEUROSCI.2036-13.2013
Pitkänen A, Pikkarainen M, Nurminen N, Ylinen A (2000) Reciprocal
connections between the amygdala and the hippocampal formation, perirhinal cortex, and postrhinal cortex in rat: a review. Ann
N Y Acad Sci 911:369–391. doi:10.1111/j.1749-6632.2000.
tb06738.x
Poppenk J, Moscovitch M (2011) A hippocampal marker of
recollection memory ability among healthy young adults:
contributions of posterior and anterior segments. Neuron
72:931–937. doi:10.1016/j.neuron.2011.10.014
Poppenk J, Evensmoen HR, Moscovitch M, Nadel L (2013) Longaxis specialization of the human hippocampus. Trends Cogn Sci
17:230–240. doi:10.1016/j.tics.2013.03.005

123

Brain Struct Funct
Ranganath C (2010) A unified framework for the functional
organization of the medial temporal lobes and the phenomenology of episodic memory. Hippocampus. 20:1263–1290. doi:10.
1002/hipo.20852
Ranganath C, Ritchey M (2012) Two cortical systems for memoryguided behaviour. Nat Rev Neurosci 13:713–726. doi:10.1038/
nrn3338
Ranganath C, Johnson MK, D’Esposito M (2003) Prefrontal activity
associated with working memory and episodic long-term memory. Neuropsychologia 41:378–389. doi:10.1016/S00283932(02)00169-0
Ranganath C, Yonelinas AP, Cohen MX, Dy CJ, Tom SM,
D’Esposito M (2004) Dissociable correlates of recollection and
familiarity within the medial temporal lobes. Neuropsychologia
42:2–13. doi:10.1016/j.neuropsychologia.2003.07.006
Rockland KS, Van Hoesen GW (1999) Some temporal and parietal
cortical connections converge in CA1 of the primate hippocampus. Cereb Cortex 9:232–237. doi:10.1093/cercor/9.3.232
Rogers TT, Hocking J, Noppeney U, Mechelli A, Gorno-Tempini
ML, Patterson K, Price CJ (2006) Anterior temporal cortex and
semantic memory: reconciling findings from neuropsychology
and functional imaging. Cogn Affect Behav Neurosci
6:201–213. doi:10.3758/CABN.6.3.201
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