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In this study we segment the hippocampus according to functional connectivity assessed from resting state
functional magnetic resonance images in healthy subjects and in patients with Alzheimer's disease (AD).
We recorded the resting FMRI signal from 16 patients and 22 controls. We used seed-based functional corre-
lation analyses to calculate partial correlations of all voxels in the hippocampus relative to characteristic re-
gional signal changes in the thalamus, the prefrontal cortex (PFC) and the posterior cingulate cortex (PCC),
while controlling for ventricular CSF and white matter signals. Group comparisons were carried out control-
ling for age, gender, hippocampal volume and brain volume. The strength of functional connectivity in each
region also was correlated with neuropsychological measures.
We found that the hippocampus can be segmented into three distinct functional subregions (head, body, and
tail), according to the relative connectivity with PFC, PCC and thalamus, respectively. The AD group showed
stronger hippocampus–PFC and weaker hippocampus–PCC functional connectivity, the magnitudes of which
correlated with MMSE in both cases.
The results are consistent with an adaptive role of the PFC in the context of progression of dysfunction in PCC
during earlier stages of AD. Extension of our approach could integrate regional volume measures for the hip-
pocampus with their functional connectivity patterns in ways that should increase sensitivity for assessment
of AD onset and progression.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Studies in animals show that the hippocampus can be anatomically
and functionally segmented into distinct subregions along its ventro-
dorsal axis in rat which is equivalent to the anterio-posterior axis in
primates (Fanselow and Dong, 2010). Human studies suggest an anteri-
or–posterior subdivision of cognitive functional domains in the hippo-
campus (Dong et al., 2009; Greicius et al., 2003a; Maguire et al., 1997;
Moser and Moser, 1998).

Anatomical studies using anterograde or retrograde neural tracing
have demonstrated that the hippocampus has direct connections with
the anterior and ventromedial nuclei of the thalamus in both rodents
and primates (Amaral and Cowan, 1980; Parvizi et al., 2006; van Groen
et al., 1999). We previously demonstrated similar connections in
ces Studies, Vali-e-Asr Street,
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human brain using probabilistic diffusion tensor tractography (Zarei et
al., 2010). The connection of the hippocampus with PFC via the para-
hippocampus and entorhinal cortex in monkey has been also reported
using invasive neural tracing techniques (Carmichael and Price, 1995;
Insausti et al., 1987; Lavenex et al., 2002; Morris et al., 1999; Suzuki
and Amaral, 1994). The posterior cingulate cortex (Lavenex et al.,
2002; Morris et al., 1999; Parvizi et al., 2006; Suzuki and Amaral, 1994;
van Groen et al., 1999) and posterior parietal cortex (Lavenex et al.,
2002; Mesulam et al., 1977) also are connected with hippocampus via
parahippocampal gyrus and entorhinal cortex.

FMRI studies have identified several so-called resting state networks
(RSNs), defined as brain regions displaying high temporal correlations
in spontaneous changes of the BOLD signal of the unstimulated, resting
brain (Beckmann et al., 2005; Damoiseaux et al., 2009; Fox et al., 2005;
Raichle, 2010). Onewell-knownnetwork is known as the “defaultmode
network” (DMN) (Biswal et al., 1995; Cordes et al., 2001) which in-
cludes the PCC, precuneus and anterior cingulate, medial prefrontal
and lateral parietal cortices as well as the hippocampus and thalamus
(Greicius et al., 2009). The DMN is characterized by correlated BOLD
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Table 1
Patient characteristics and neuropsychological profile.

Control AD AD versus
control

M±SD M±SD t

Gender (male/female) 9/13 8/8 0.54
Age (years) 70.73±6.0 69.50±6.7 0.60
MMSE 28.73±1.4 22.88±3.2 6.78*
GDS 0.64±1.0 1.20±1.2 1.51
NLV 110.67±18.7 102.5±19.7 1.29

Attention, concentration and speed
Digit span

Forward span 6.23±1.0 5±1.4 3.07
Backward span 5.14±0.9 3.87±1.0 4.07*

WAIS Symbol
substitution/encoding

58.73±15.3 36.80±21.4 3.65

Trail making test A 43.55±15.4 72.20±29.0 3.50
Stroop

Word card 46.18±6.4 54.69±13.6 2.32
Color card 60.82±11.0 84.69±26.0 3.46
Color-word card 116.73±37.3 180.27±72.8 2.94

Episodic memory
15 word test

Total immediate recall 42.91±10.7 21.88±5.9 7.75*
Delayed recall 8.41±3.1 1.63±1.7 8.57*

Visual association test
A 11.50±1.1 5.13 ±3.8 6.47*
B 10.63±1.5 3.06±3.6 4.85*

WAIS symbol
substitution/memory
Cued reproduction 9.40±4.0 2.46±2.8 5.37*
Free reproduction 6.41±1.6 3.08±1.5 6.19*

Memory impairment
screen plus
Direct reproduction 10.95±1.6 8.80±2.5 3.40
Delayed reproduction 10.41±1.7 2.85±2.7 9.67*

Executive function
WISC maze

Total time (s) 217.50±87.8 299±147.1 2.12
Mistakes 2.45±1.6 4.58±4.1 1.91

Trail making test B 101.09±44.2 251.43±134.2 4.26
Fluency

Animals (within 2 min) 35.23±7.9 18.27±6.7 6.82*
Insects (within 1 min) 8.95±3.1 4.67±2.4 4.50*

Praxis
Rey complex figure

Copy 32.71±3.0 25.88±8.6 2.76
Organization 3.33±2.0 1.92±1.9 2.00

MMSE=mini mental status examination, GDS= geriatric depression scale, NLV= the
Dutch version of the New Adult Reading test WAIS =Wechsler adult intelligence scale,
WISC = Wechsler intelligence scale for children, TMT = trail making test. Note that
higher scores in Stroop, WISC maze, and MMSE indicate poorer performance. * indi-
cates significant difference at p=0.0005.
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signal reductions during the performance of cognitive tasks relative to
the resting state (Greicius et al., 2003b, 2004; Raichle et al., 2001).

A resting state functional connectivity study revealing two separate
brain networks correlated with distinct subregions within the medial
temporal region suggested that connectivity might be able to be used
to functionally parcellate the hippocampus (Kahn et al., 2008). These
authors showed that activity in the body of hippocampus and posterior
parahippocampal gyrus correlated with the activity in lateral parietal
cortex, posterior cingulate, retrosplenial cortex, and ventral medial
prefrontal cortex, while resting BOLD signal in the anterior hippocam-
pus and the perirhinal/entorhinal cortices correlated with the lateral
temporal cortex extending into the temporal pole. Functional par-
cellation of the human thalamus (Zhang et al., 2008) and cerebellum
(O'Reilly et al., 2009) has been possible using these methods.

Such work may be relevant to relating structural, functional and
behavioral pathologies in AD. Several studies have shown changes of
functional connectivity between structures that are part of the DMN
in earlier stages of AD (Greicius et al., 2004; Sorg et al., 2007; Wang et
al., 2006; Zhang et al., 2009). For example, reduced functional connec-
tivity between the right hippocampus and medial PFC, ventral anterior
cingulate cortex and PCC, as well as an increase of functional connec-
tivity between the left hippocampus and the right lateral PFC were
reported (Stein et al., 2000; Wang et al., 2006).

In this study we tested: 1) if the human hippocampus can be seg-
mented into distinct subregions based on relative patterns of functional
connectivity in the “resting state”; 2) if connectivity pattern of the hip-
pocampal subregions changes in AD; and, 3) if themagnitude of change
in regional functional connectivity of the hippocampus can be related
with cognitive impairment in AD.

Methods

Subjects

MR images were obtained from two groups of right-handed sub-
jects: 22 old healthy subjects without memory complaints (age 70.7±
6.0, range 60 to 81 years;MMSE28.7±1.4; 13 females), and 16 patients
with mild Alzheimer's disease (AD) (age 69.5±6.9 years, range 59 to
79 years; MMSE 22.9±3.2; 8 females). Patients were recruited at the
Alzheimer Center of the VU University Medical Center, Amsterdam,
the Netherlands. Diagnostic criteria of AD were that of NINCDS-
ADRDA (McKhann et al., 1984), with MMSE scores >18 and CDRb2.
Healthy subjects were recruited by two means: (1) as family members
of patients and (2) through advertisements posted in the medical cen-
ter, the medical faculty of the University and activity centers for the el-
derly in the community.

The Ethical Review Board of the VU Medical Center, Amsterdam ap-
proved the study. Informed consentwas provided by the all participants
or his/her legal guardian. Participantswere excluded if they had any sig-
nificant medical, neurological or psychiatric illness (other than AD in
the patient group) or if theywere takingmedication known to influence
cerebral function (except for AD medication such as cholinesterase in-
hibitors). In order to assess the presence of vascular abnormalities in
the white matter, T2-weighted fluid attenuation inversion recovery
(FLAIR) scans of each subject were reviewed by a neuroradiologist. Sub-
jects with WM abnormalities outside the normal range were excluded
from participation in the study. The Fazekas scale provides a summary
index of white matter hyperintensities for the entire brain as assessed
from T2-weighted images. Mean Fazekas score (Fazekas et al., 1987)
for control group was zero and for AD group 0.9±0.9 (mean±SD).

Neuropsychological assessment

All participants underwent aMMSE, Geriatric Depression Scale (GDS)
and the Dutch version of the New Adult Reading test (NLV) as an indica-
tor of premorbid IQ, followed by an extensive neuropsychological test
battery including tests measuring attention/concentration, processing
speed, episodic memory, executive functioning and praxis (see Table 1
for details). Scores on these neuropsychological tests were compared be-
tween groups using independent t-tests (one-tailed, control>AD). The
significance threshold was set at pb0.05 after Bonferroni correction for
multiple comparisons.

Image acquisitions

Magnetic resonance imaging (MRI) examinations were conducted
on a 1.5 T Sonata system (Sonata, Siemens AG, Erlangen, Germany),
and included a T1-weighted 3D MR sequence (TR=2700 ms, TE=
3.97 ms, TI=950 ms, flip angle=8°, 160 coronal slices, voxel size=
1×1.5×1 mm). Headmotion was minimized by the use of tightly pad-
ded clamps attached to the head coil.
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For resting state FMRI, an echo planar imaging sequence was used
(TR=2850 ms, TE=60 ms, flip angle 90°, matrix 64×64, field of
view 192×192mm,), to obtain 200 volumes with isotropic 3.0 mm
voxels. Subjects were asked to stay awake during the scan.

Data preprocessing

Data processing was carried out using tools from the FMRIB Soft-
ware Library, FSL 4.1 (Smith et al., 2004). The first 6 volumes from the
functional MRI runs were discarded, then the following pre-statistic
processing was applied: motion correction using MCFLIRT (Jenkinson
and Smith, 2001), spatial smoothing using a Gaussian kernel of
FWHM 6 mm, grand-mean intensity normalization of the entire 4D
data set by a single multiplicative factor, high-pass temporal filtering
(Gaussian-weighted least-squares straight line fitting, with sigma=
50.0 s to ensure that at least half of power was retained for frequencies
down to 0.01 Hz.

Masks

We initially conducted a pilot study and found that hippocampal
segments showed functional connectivity with the precuneus and the
posterior parietal and posterior cingulate cortices but that the hippo-
campal connectivities overlap and do not distinguish subregions. Simi-
larly, hippocampal segments thatwere functionally connectedwith PFC
subregions (dorsolateral, orbitofrontal, frontal polar and ventrolateral
cortex) also overlap. However, functional connectivities to the prefron-
tal and posterior cingulate cortices and to the thalamus showed ana-
tomically distinct patterns of in the hippocampus. These then were
characterized in the work described in this report.

The thalamus, hippocampus, prefrontal and posterior cingulatemasks
(spatially normalized to the Montreal Neurological Institute (MNI) brain
template) were taken from the Harvard–Oxford Structural Atlas (http://
www.fmrib.ox.ac.uk/fsl/data/atlas-descriptions.html), available as a tool-
box in FSLview (http://www.fmrib.ox.ac.uk/fsl/fslview). These cortical
masks were transformed into the space of individual anatomical scans
using FNIRT, FMRIB's Nonlinear Image Registration Tool (Andersson et
al., 2007), and then into individual functional space using FLIRT, FMRIB's
linear image registration tool (Jenkinson and Smith, 2001). These masks
were individually checked to ensure accuracy of the masks created and
Fig. 1. Shows seed and target masks including prefrontal cortex (PFC), posterior cingu-
late cortex (PCC), thalamus (Thal) and hippocampus (Hpc).
registered to functional space using FLIRT before functional connectivity
was calculated. Fig. 1 shows all masks.

Voxel-wise correlation mapping

We used a voxel-wise approach to map resting state functional
connectivity across the hippocampus, between each voxel in the hippo-
campal mask and characteristic time series associated with the defined
targetmasks (thalamus, PFC, and PCC). Details of thismethod have been
previously described (O'Reilly et al., 2009). In contrast to the use of
independent component analysis in which functional connectivity
between different brain regions is explored (Beckmann and Smith,
2004), seed-based functional connectivity analysis requires clear hy-
pothesis and a priori definition of regions of interest (seed regions and
target regions) accordingly. In brief, first, we calculated the major
Eigen time series representing activity in each of the target masks of
thalamus, PFC and PCC in each of the individual subjects. The major
Eigen time series is the single time series which best reflects activity
across the target mask in that it represents the largest amount of vari-
ance across the set of voxels within the mask. In order to discount nui-
sance effects we also calculated the major Eigen time series in masks
representing the white matter and cerebro-spinal fluid (CSF: across
the whole brain volume). These masks were first derived using FAST,
FSL tissue segmentation tool (Zhang et al., 2001) and similar to all
other target masks transformed into the native space of the functional
data. Furthermore, time series representing headmotionwere extracted
using MCFLIRT (Jenkinson and Smith, 2001). These 8 confound time
series (white matter and CSF Eigen-timeseries plus 6 time series rep-
resenting head motion) were partialled out of all hippocampal voxel
time series and target masks Eigen-time series as part of the partial re-
gression analysis (O'Reilly et al., 2009). The reason for adding confound
regressors such as white matter and CSF time series is to minimize the
potential confounding effect of including non-graymatter voxels in hip-
pocampus and the target masks, and to remove any non-tissue-specific
confound effects such as scanner drift.

Taking the preprocessed functional data, for each voxel in the hip-
pocampus we calculated the partial correlation scores between its
BOLD time series and the major Eigen time series for each cortical re-
gion, in each case regressing out the time series of all other cortical
regions, so that the resulting correlation maps represented only cor-
relations specific to the target mask in question. The output of the
analysis took the form of correlation maps (across the hippocampus)
in individual functional space, pertaining to each target mask. Finally,
voxels were thresholded at b0.2 to exclude voxels with weak correla-
tions before group comparison analysis was carried out.

To create an anatomical map that represents the relative likelihood
of functional connectivity of each voxel in the hippocampus, each hip-
pocampal voxel was assigned to one of targets with which it had the
highest connectivity strength (‘hard segmentation’).

Group analysis

Individual un-thresholded correlation maps were registered into
MNI space,first using an affine transformation from the individual func-
tional space to the anatomical space, then into MNI space using non-
linear registration implemented using FNIRT (as above). The resulting
hippocampal standard-space correlation maps (one per subject and
per target mask) were normalized so that the value of each voxel
representing the strength of functional connectivity (r) of the voxel
with the target masks. These correlational maps were thresholded at
0.2 to remove spurious correlations. A group map of each hippocampus
was created for each ipsilateral target mask by averaging r values for
all subjects within each group. These maps were assessed for within
and between-group effects for hippocampal subregion using non-
parametric permutation testing (Randomize, part of FSL) (Nichols and
Holmes, 2002) controlling for age, gender, brain and hippocampal
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Fig. 2. Functional connectivity of hippocampus with prefrontal, thalamus and posterior cingulate cortex in controls and AD patients. Red–yellow and blue–light blue represent cor-
relation and anticorrelation respectively.
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volume. The latter is particularly important to ensure that any group
difference is not driven by the structural changes in the hippocampus
that is often associated with AD. Further correlational analyses were
carried out between each functional connectivity map and neuropsy-
chological measures using Pearson's correlation. All results were
corrected for voxel-wise multiple comparison using false discovery
rate (pb0.05) (Genovese et al., 2002).

Results

Demographic and neuropsychological data of patients and control
groups have previously been reported (Damoiseaux et al., 2009). Both
groups had similar demographic characteristics in terms of age, gen-
der and educational level. As expected, AD subjects performed signif-
icantly worse in neuropsychological tests than the control group (see
Table 1).

Functional segmentation of the hippocampus in controls

Seed-based functional connectivity analysis in the healthy control
group showed that the hippocampus is differentially connected with
the PFC, thalamus, and PCC. Activity of the head of the hippocampus
Fig. 3. Exclusive or “hard” segmentation map from control subjects illustrating functional c
prefrontal or posterior cingulate cortex.
positively correlated with the PFC. A similar subregion of the hippo-
campus displayed negative correlations with the thalamus and PCC
(Fig. 2). Activity in a middle region corresponding to the body of the
hippocampus positively correlated with the PCC and negatively corre-
lated with the PFC. Signal changes in the tail of the hippocampus cor-
related positively with thalamus and PCC (Fig. 2). The few voxels in
the tail (which is the smallest part) of hippocampus appeared to be
correlated negatively with PFC (color coded in blue).

These observations can be used to create exclusive or “hard segmen-
tation” maps to visualize hippocampal subregions defined on the basis
of their strongest functional connectivity to one of the three large ROIs
using data fromhealthy aged subjects. This approach defines three sub-
regions in the longitudinal axis corresponding to the head, body and tail
of the hippocampi (Fig. 3). These regions are symmetrically located in
both hippocampi, but somewhat different in location depending on
whether positive or negative correlations are used for the segmentation
(data not shown).

Differences between controls and AD patients

Good correspondences of subregions of the hippocampi and their
predominant functional connectivities were found between data
onnectivity of the hippocampus according to its principal connectivity with thalamus,

image of Fig.�2
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Fig. 4. Group comparison of functional connectivity shows difference in PFC–hippocampus (green= controlbAD) and PCC–hippocampus (red= control>AD) connectivity. Images
are radiologically oriented.
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obtained from the AD and the healthy subject group. Quantitative com-
parisons of the partial correlations between the groups showed that the
mean correlation of the head of the hippocampus with the PFC was
stronger in AD subjects than in controls. In contrast, correlation of the
body of the hippocampus with PCC was stronger in the healthy control
subjects than in AD subjects (Fig. 4, Table 2).

To understand the potential behavioral relevance of these differ-
ences, the relation between the strength of these partial correlations
and behavioral measures was explored. In the AD group, positive par-
tial correlations between the PFC ROI and the head of hippocampus
were negatively correlated with MMSE, Memory Impairment Screen-
ing (left), Visual Association Test (right), 15 Word Test (left), but pos-
itively correlated with Stroop Test (bilateral). In addition, in the AD
group positive partial correlations between functional connectivity
of the body of hippocampus with the PCC were positively correlated
with MMSE (right) and 15 Word Test and negatively correlated
with the Stroop Test (right) (Figs. 5 and 6).
Discussion

In this study, we have shown that the hippocampus can be func-
tionally divided into three distinguishable subregions (head, body
and tail) according to the dominant functional connectivity in resting
state fMRI data with large grey matter ROIs defined anatomically to
include the PFC, PCC and thalamus, respectively. To the best of our
knowledge this is the first report of anatomical segmentation of the
hippocampus based on functional connectivities to other brain re-
gions in humans in vivo.

A populationmapof the voxel-wise hippocampal functional connec-
tivities to these larger ROIs showed a remarkable consistency across
cases. Significant functional connectivities could be found between a
subregion defining the head of the hippocampus and the PFC, thalamus
and PCC, the body of the hippocampus and the PCC and PFC, and the tail
is connectedwith the thalamus, PCC and PFC. Themagnitude and distri-
bution of the partial correlations defining the functional connectivity to
the selected target ROIs vary along the longitudinal axis of the hippo-
campus. Activity within the head of the hippocampus was positively
correlated with the PFC, but negatively correlates with the thalamus
and PCC. The activity of the body correlatedwith the PCC, but negatively
Table 2
Comparison of hippocampal functional connectivity between AD and control subjects
in relation to each target region.

OC AD

Mean±SD Mean±SD

Left PCC 0.294±0.031* 0.201±0.035
Left PFC 0.202±0.035 0.266±0.056*
Left thalamus 0.289±0.072 0.312±0.112
Right PCC 0.233±0.040 0.230±0.033
Right PFC 0.234±0.041 0.243±0.054
Right thalamus 0.316±0.076 0.338±0.094

Group comparison between AD and control subjects in relation to their mean correla-
tion coefficient of signal changes between hippocampus and each target masks. Note
mean values were calculated before it was thresholded at b0.2.
correlated with the PFC. The activity of the tail was correlated with the
thalamus and PCC, but negatively correlated with the PFC. These distin-
guishable patterns of partial correlation of BOLD signal in which activity
within a given target ROI changes synchronously with one part of the
hippocampus, but anti-synchronously with another part suggests a co-
ordinated interaction between these structures that may be important
in mediating hippocampal functions.

Our approach based on using large ROI targets has the advantages
of computational simplicity, while establishing the proof of principle
for the methodology. However, it has at least two limitations. First,
it does not formally assess the extent to which the partial correlations
explain BOLD signal variation in each subregion of the hippocampus.
We elected for this simplification as the explanatory power of the
partial correlations is confounded by nuisance signal correlations of
no interest that may vary between individuals arising from, e.g., sub-
ject movements during the scanning. Second, we used the mean sig-
nal from large, anatomically defined ROIs, rather than from individual
voxels in target regions. This simplified the computational aspects of
parcellation, but ignores the information that may arise from distin-
guishable patterns of partial connectivity of hippocampal subregions
within the larger ROIs. More sophisticated approaches analogous to
this have been used previously in grey matter parcellations based on
diffusion tensor imaging structural connectivities (Beckmann et al.,
2009) and should be explored in future studies of functional connectiv-
ity parcellations, potentially employing resting state datasets acquired
over longer time periods and with greater temporal resolution (Smith
et al., 2012).

Anatomical correlates of the functional map of hippocampus

Most anatomical studies of the hippocampus have been carried out
in rats and some in monkey (Amaral and Cowan, 1980; Dong et al.,
2009; Fanselow and Dong, 2010; Parvizi et al., 2006; van Groen et al.,
1999). The ventral hippocampus in rats corresponds with the anterior,
and the rat dorsal hippocampus with the posterior hippocampus in pri-
mates, including humans. Studies in rats are consistent with the general
patterning identified in our functional segmentation map of the hippo-
campus. For example, Swanson and Cowan (Swanson and Cowan,
1977) segmented the rat hippocampus into dorsal, intermediate, and
ventral parts which generally correspond with posterior, middle and
anterior part of hippocampus in man. The dorsal and ventral subiculum
were also defined as the parts that are dorsomedial and ventromedial to
CA1, while the intermediate part was considered the portion that is the
caudal end of CA1 (Kishi et al., 2000). In another study, attempts were
made to divide the hippocampus into five functional segments on a flat-
tenedmap along the longitudinal axis, although the exact boundaries of
these domains were not very clear (Cenquizca and Swanson, 2007;
Petrovich et al., 2001; Risold and Swanson, 1996). In the rat hippocam-
pus, the dorsal part is connected with the retrosplenial area of the
cingulate gyrus, the ventral part connects with visceral and somatic
sensory cortices, basolateral nucleus of amygdala, agranular insular,
and rostral part to prefrontal, and olfactory cortices (Cenquizca and
Swanson, 2007). A single neuron recording study of awake monkeys
showed an anterior–posterior heterogeneity of the hippocampal func-
tion (Colombo et al., 1998). They showed that the posterior part is
more responsive to spatial tasks.
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Fig. 5. Correlation of behavioral measures with functional connectivity of hippocampus with PFC and PCC respectively. Red–yellow and blue–light blue represent positive and neg-
ative correlations respectively. All voxels have correlation coefficient of rb0.2 (red–yellow) or rb−0.2 (blue–light blue). Images are radiologically oriented.
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Differences of functional connectivity in between the AD and healthy
control populations

Group comparisons of functional connectivity of the hippocampus
with the target of interest showed that patients with AD had weaker
connectivity with the PCC in the body of the hippocampus and stronger
connectivity with the PFC in the head of the hippocampus compared to
the healthy control subjects. The same relative, bidirectional change in
the functional connectivity of PCC and PFC in AD patients has recently
been demonstrated independently (Zhang et al., 2011).

Evidence for relative disruption of functional connectivity of the
right hippocampus with the medial PFC, and PCC, as well as with the
ventral anterior cingulate cortex, right inferotemporal cortex, right
cuneus extending into precuneus, left cuneus, right superior andmiddle
temporal gyrus and PCC has been shown previously (He et al., 2007;
Wang et al., 2006). Others also have provided evidence of impaired
hippocampus-PCC functional connectivity in AD (Greicius et al., 2004).

Diffusion tensor imaging (DTI) measures are consistent with these
observations, e.g., in providing evidence that structural connectivity
between PCC and hippocampus decreases in earlier stages of AD
(Zhou et al., 2008). Relevant relationships between changes in the
PCC and PFC are suggested by observations of decreased PCC-PFC
structural connectivity in AD relative to healthy controls (Allen et al.,
2007; Zhang et al., 2009). BOLD signal activity in the PCC correlates neg-
ativelywith activity of the dorsolateral PFC (Fox et al., 2005). Changes of
PFC–PCC, PCC–thalamus or PFC–thalamus functional connectivities
thus also may affect the nature and magnitude of their partial correla-
tions with hippocampal activity. Although the anatomical targets
are defined broadly by ROIs, these definitions allow correspondences
acrossmultiple studies for a hypothesis-driven approach to characterise
functional connectivities in AD and explore their relationships with be-
havioralmeasures. Functional connectivity to the hippocampus appears
as though itmay provide an additional biomarker of disease state for AD
that may be used for diagnosing mild AD or identifying those in a
pre-symptomatic stage of the disease (Sorg et al., 2007). The latter
will demand further study, however.

We believe that changes in functional connectivity of the hippocam-
pus are likely to contribute to cognitive deficits in AD. Changes that we
observed specifically associated with neuropsychological functions
assessing episodic memory and attention. Hippocampal-PFC connectiv-
ity correlated negatively with the 15 Word Test, Visual Attention Test,
Memory Impairment Screening (episodicmemory) andMMSE andpos-
itively with reaction time in the Stroop test (attention, concentration
and speed); greater functional connectivity between the hippocampus
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Fig. 6. Shows distribution of correlation coefficient of PFC and PPC versus MMSE in AD
subjects.
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and the PFC thus was related with worse cognitive performance in AD.
In addition, as expected in the patient group, verbal episodic memory
(15 Word Test, Memory Impairment Screening) correlated with
the left and visual episodic memory (Visual Attention Test) with the
right hippocampus. PCC–hippocampus functional connectivity has an
opposite direction to the PFC–hippocampus functional connectivity. In
addition, these functional connectivities were associated with changes
in 15 Word Test (episodic memory), MMSE and Stroop test (attention,
concentration and speed). Interactions between PCC and PFC, as well
as with the hippocampus, may contribute to better memory and atten-
tion in AD. Changes in functional connectivity per semay reflect pathol-
ogy but not in themselves be pathological, however, changes in
functional connectivity also can reflect adaptive mechanisms that com-
pensate for underlying pathology changes at microanatomical and re-
ceptor levels (Geddes et al., 1985; Scheff and Price, 2003).
Distinguishing pathological and positive adaptive changes with future
studies would be expected to improve the accuracy of functional con-
nectivity as a biomarker for AD and define how functional connectivity
can be used as an index of response for interventions intended to aug-
ment positive adaptive responses.

The hippocampus–PFC–thalamus–PCC network plays an impor-
tant role in cognitive functions such as memory and consciousness.
Anatomical studies in monkeys showed connections between the
PCC and the hippocampus via the perirhinal cortex, parahippocampal
gyrus and entorhinal cortex (Lavenex et al., 2002; Suzuki and Amaral,
1994). A resting state fMRI study showed that the activity of the body
of the hippocampus correlated with the PCC (Zhang et al., 2009). Con-
nections between the hippocampus and PCC are thought to play an
important role in autobiographical and episodic memory (Cabeza
and St Jacques, 2007; Svoboda et al., 2006).

Neuropsychological tests used in this study mainly tested memory
function that is characteristically impaired in AD. It is therefore not
surprising that most neuropsychological tests correlated with the an-
terior half of the hippocampus which is generally associated with
memory function (as opposed to, e.g., posterior half that is associated
with spatial navigation). In addition, the relatively large voxel size in
fMRI and small size of hippocampus mean that no comments can be
made about differentiation between CA1, CA3 and dentate gyrus sub-
regions of hippocampus.
Conclusions

We conclude that the human hippocampus consists of three func-
tionally distinct regions in which resting state activity is correlated
with activities in the thalamus, theprefrontal cortex and posterior cingu-
late cortex. Relative changes in the coordinated activities across this sys-
tem, characterized by increased functional connectivity between the PFC
and the hippocampus, and decreased functional connectivity between
the PCC and the hippocampus, is seen in early AD. These changes corre-
lated with worse performance on cognitive tests in AD, suggesting that
these functional connectivitiesmay provide specific indices for assessing
memory functions and their changes in AD.We suggest that thismethod
of hippocampal functional segmentation could be of use in early diagno-
sis of AD and possibly in monitoring the effects of interventions to im-
prove memory functions or slow the progression of pathology.
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