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ABSTRACT
Atrophy within the hippocampus (HP) as measured by magnetic reso-

nance imaging (MRI) is a promising biomarker for the progression to
Alzheimer’s disease (AD). Subregions of the HP along the longitudinal
axis have been found to demonstrate unique function, as well as undergo
differential changes in the progression to AD. Little is known of relation-
ships between such HP subregions and other potential biomarkers, such
as neuropsychological (NP), genetic, and cerebral spinal fluid (CSF) beta
amyloid and tau measures. The purpose of this study was to subdivide
the hippocampus to determine how the head, body, and tail were affected
in normal control, mild cognitively impaired, and AD subjects, and inves-
tigate relationships with HP subregions and other potential biomarkers.
MRI scans of 120 participants of the Alzheimer’s Disease Neuroimaging
Initiative were processed using FreeSurfer, and the HP was subdivided
using 3D Slicer. Each subregion was compared among groups, and
correlations were used to determine relationships with NP, genetic, and
CSF measures. Results suggest that HP subregions are undergoing
differential atrophy in AD, and demonstrate unique relationships with
NP and CSF data. Discriminant function analyses revealed that these
regions, when combined with NP and CSF measures, were able to classify
by diagnostic group, and classify MCI subjects who would and would not
progress to AD within 12 months. Anat Rec, 295:132–140, 2012. VVC 2011
Wiley Periodicals, Inc.
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INTRODUCTION

Atrophy within the hippocampus in the progression to
Alzheimer’s disease (AD) has been well established. The
hippocampus is one of the earliest regions in the brain
for neurofibrillary tangle (NT) development in AD (Braak
and Braak, 1991; Braak et al., 1993), and such pathology
has also been found in non-demented individuals at the
time of death, (Ulrich, 1985; Price et al., 1991; Bouras
et al., 1993, 1994; Giannakopoulos et al., 1994; Haroutu-
nian et al., 1999; Price and Morris, 1999) suggesting that
they were in the process of developing Alzheimer’s dis-
ease. Several imaging studies have identified the hippo-
campus as an MRI measure useful in identifying
prodromal AD (Fox et al., 1996; Convit et al., 2000;
Callen et al., 2001; Csernansky et al., 2005). Increased
rates of atrophy of medial temporal regions have been
associated with decline to AD (Killiany et al., 2002; Buck-
ner et al., 2005; Chetelat et al., 2005; Desikan et al.,
2008). Baseline hippocampal measures have also been
demonstrated to predict future conversion to AD (Jack
et al., 2005; den Heijer et al., 2006; Devanand et al.,
2007, 2008; Fleisher et al., 2008; Risacher et al., 2009).

The hippocampus is histologically subdivided trans-
versely into several subfields, including the dentate
gyrus, subiculum, and cornu ammonis subfields (CA1-
CA4), which have unique connections to other subcorti-
cal and cortical regions in the brain. Imaging studies
have used methods for identifying these hippocampal
subfields through unfolding methods in high resolution
functional MRI (Zeineh et al., 2000, 2001; Ekstrom
et al., 2009) and high resolution in vivo (Mueller et al.,
2007; Theysohn et al., 2009; Van Leemput et al., 2009)
and ex vivo (Yushkevich et al., 2009) structural MRI
mapping. These subfields are independent of subregional
definitions of the hippocampus along its longitudinal
axis (head, body, and tail) that are more readily eval-
uated in lower resolution imaging studies. Malykhin
et al. (2010) recently investigated relationships between
hippocampal subfields and subregions in 4.7 tesla scans,
and reported that while all subfields were present within
the head, body, and tail of the hippocampus, a majority
of the dentate gyrus was within the hippocampal body,
while a majority of C1–C3 were in the hippocampal
head.

Although unique functional roles along the anterior–
posterior axis of the hippocampus have been reported in
fMRI and PET studies (Lepage et al., 1998; Strange
et al., 1999; Chua et al., 2007; Rosazza et al., 2009), few
studies have addressed the differential effects of AD on
the head, body, and tail of the hippocampus as measured
by structural MRI. There is evidence that the hippocam-
pal head and body undergo increased atrophy in mild
cognitive impairment (MCI) (Martin et al., 2010), and
these subregions are correlated with neuropsychological
measures of memory (Hackert et al., 2002; Chen et al.,
2010). Differential atrophy within the head, body, and

tail of the hippocampus have additionally been reported
in other disease states, such as hippocampal sclerosis
(Bronen et al., 1995), Parkinson’s disease (Bouchard
et al., 2008), temporal lobe epilepsy (Bernasconi et al.,
2003), and schizophrenia (Witthaus et al., 2010), further
suggesting that these hippocampal subregions may be
sensitive to detecting progression to different disease
states, including AD.

An inverse relationship has been found between cere-
bral spinal fluid (CSF) beta amyloid (Aß)42 and Aß depo-
sition in the brain (Strozyk et al., 2003; Tapiola et al.,
2009), and CSF tau has been shown to reflect NT pathol-
ogy in the brain (Blennow et al., 1995; Tapiola et al.,
1997), therefore, suggesting these measures may be effec-
tive in identifying AD neuropathology occurring within
the brain. Although Aß pathology remains sparse in the
hippocampus, associations between hippocampal atrophy
and beta amyloid deposition as measured by Pittsburgh
Compound B (PIB) retention have been reported (Jack
et al., 2008b; Mormino et al., 2009; Storandt et al., 2009;
Bourgeat et al., 2010; Chetelat et al., 2010). Recent stud-
ies have, therefore, investigated the role of combining
CSF biomarkers of Aß42 and tau with MRI imaging
measures in identifying individuals in preclinical stages
of AD (de Leon et al., 2007; Walhovd et al., 2010). Little
is known of the relationship between such CSF measures
and volumes of hippocampal head, body, and tail subre-
gions in AD, or how these measures in combination with
one another and with neuropsychological data may serve
as biomarkers for the progression to AD.

In this study, the hippocampus was subdivided into
three regions along its long axis: the head, body, and
tail, to determine if these subregions are differentially
affected in the progression to AD, and if these subre-
gions are associated with neuropsychological perform-
ance and CSF measures of Aß42, total tau, and
phosphorylated tau in normal (NC), MCI, and AD partic-
ipants of the Alzheimer’s Disease Neuroimaging Initia-
tive (ADNI).

MATERIALS AND METHODS
Study Population

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (www.loni.ucla.edu\ADNI).
The ADNI was launched in 2003 by the National Insti-
tute on Aging (NIA), the National Institute of Biomedi-
cal Imaging and Bioengineering (NIBIB), the Food and
Drug Administration (FDA), private pharmaceutical
companies and non-profit organizations, as a $60 mil-
lion, 5-year public–private partnership. The primary
goal of ADNI has been to test whether serial magnetic
resonance imaging (MRI), positron emission tomography
(PET), other biological markers, and clinical and neuro-
psychological assessment can be combined to measure
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the progression of MCI and early AD. Determination of
sensitive and specific markers of very early AD progres-
sion is intended to aid researchers and clinicians to
develop new treatments and monitor their effectiveness,
as well as lessen the time and cost of clinical trials.

The principle investigator of this initiative is Michael
W. Weiner, M.D., VA Medical Center and University of
California, San Francisco. ADNI is the result of efforts
of many co-investigators from a broad range of academic
institutions and private corporations, and subjects have
been recruited from over 50 sites across the United
States and Canada. The initial goal of ADNI was to
recruit 800 adults, ages 55 to 90, to participate in the
research—�200 cognitively normal older individuals to
be followed for 3 years, 400 people with MCI to be fol-
lowed for 3 years, and 200 people with early AD to be
followed for 2 years.

For this study, 120 subjects from the ADNI (40 NC, 40
MCI, 40 AD; Table 1) were randomly selected from each
group while being matched for gender. Subjects were
administered a neuropsychological (NP) battery at
screening, and MRI and CSF measures were obtained at
baseline. Conversion at follow-up data was available for
a subset of MCI individuals.

MRI Acquisition and Postprocessing

The raw dicom data from two T1-weighted sagittal 3D
MP-RAGE MRI acquisitions for each of the 120 partici-
pants included in this study was downloaded from the
ADNI database (www.loni.ucla.edu\ADNI). The protocol

for scan acquisition and calibration for the ADNI has
been described elsewhere (Jack et al., 2008a).

Hippocampal measures from all scans were obtained
from FreeSurfer, version 4.3.1 (http://surfer.nmr.
mgh.harvard.edu/). The methodology of FreeSurfer has
been described in detail (Dale and Sereno, 1993; Dale
et al., 1999; Fischl et al., 1999; Fischl and Dale, 2000;
Fischl et al., 2001, 2002, 2004a,b; Segonne et al., 2004;
Desikan et al., 2006; Han et al., 2006; Jovicich et al.,
2006; Segonne et al., 2007). Hippocampal measures were
based on subcortical segmentation (Fischl et al., 2002,
2004a; Buckner et al., 2004), and a neuroanatomically
trained operator reviewed images for accuracy.

Once scans were processed through FreeSurfer, output
was loaded into 3D Slicer (http://www.slicer.org/). The
FreeSurfer boundaries of the hippocampus were main-
tained and subdivided into the head, body, and tail.
These subregions were manually defined in a manner
similar to that described by Martin et al. (2010) (Fig. 1).
The head–body boundary was identified in the sagittal
plane, and the body–tail boundary was defined in the cor-
onal plane as the first slice where the fimbria of the fornix
was evident. Operators were blind to diagnostic status
and gender of all participants included in this study. A
subset of scans (n ¼ 5) was re-evaluated to determine
intrarater and inter-rater reliability, and the mean corre-
lation between tracings was 0.98 and 0.99, respectively.

Neuropsychological Testing

All participants underwent NP testing at the baseline
visit. This battery included the Alzheimer’s Disease
Assessment Scale Cognitive exam (Rosen et al., 1984),
Clock Drawing Test, Auditory Verbal Learning test
(AVLT) (Rey, 1964), Digit Span Forward and Backward,
Category Fluency, Trail making A and B (Reitan, 1958),
Wechsler Adult Intelligence Scale-Revised (WAIS-R)
Symbol Digit Substitution, Boston Naming Test (Kaplan
et al., 1983), AVLT 30 min Delay, and the American
National Adult Reading Test. In addition, participants
were given the Mini Mental Status Exam (MMSE)
(Folstein et al., 1975) at each visit.

TABLE 1. Demographics for 120 ADNI
participants

Normal MCI AD

Gender 50% F 50% F 50% F
Age 76.57 74.47 76.34
Education 16.15 15.58 14.78
MMSE 28.93 26.83 23.28

Fig. 1. Methods for identifying boundaries for the head, body, and tail of the hippocampus. A: Arrow is
pointing to the head/body boundary. B: View of body/tail boundary in left hemisphere where the fimbria
of the fornix comes into view; body/tail boundary. C: Subregions after relabeling has been completed
(green: head; yellow: body; blue: tail).

134 GREENE ET AL.



CSF Measures

Measures of CSF Aß42, total tau (t-tau), and tau phos-
phorylated at the threonine 181 (p-tau) taken at the
baseline visit were available for a subset of participants
included in this study (n ¼ 59). The specific CSF
markers included in the ADNI study were selected based
on their high priority as potential biomarkers, as deter-
mined by AD biomarker experts (Frank et al., 2003;
Reckess, 2003) and consultants for the study (http://
www.adni-info.org).

Methods for CSF collection have been described in
detail elsewhere (www.adni-info.org; Shaw et al., 2009).
CSF was collected in the morning after an overnight
fast. The lumbar puncture was performed in the lateral
decubitus or sitting position, depending on each partici-
pant’s preference. After the site was prepared and
numbed with Lidocaine, a 24-guage atraumatic spinal
needle and introducer was used, and CSF was collected
into polypropylene vials after the first 1–2 mL were dis-
carded to clear the sample of blood. Two microliters of
CSF were used for cell counting and for protein and glu-
cose measures. The remainder of the sample was trans-
ferred into polypropylene transfer tubes, frozen within
one hour, and packed in dry ice. Samples were sent over-
night to the University of Pennsylvania Medical Center
AD Biomarker Fluid Bank Laboratory. Samples were
then thawed, aliquoted, and stored in �80�C freezers.
Measures of Aß42, t-tau, and p-tau were taken using the
Innogenetics immunoassay kit (INNO- AlzBio3 Ghent,
Belgium; reagents are for research-use only) with Lumi-
nex platform (Luminex Corp, Austin, TX), using mono-
clonal antibodies 4D7A3, AT120, and AT270 for Aß42,
t-tau, and p-tau, respectively. Assays were performed in
duplicate and averaged.

Statistical Analyses

Kruskal-Wallis tests were run to determine if groups
differed significantly in age or education. Multivariate
analyses of variance (MANOVA) were used to determine
group differences in left, right, and total hippocampal
subregions. Pearson correlations were completed to

determine relationships between MRI, NP, Apolipopro-
tein E epsilon 4 (APOE-e4) load, and CSF measures.
Discriminant function analyses were run to determine
the most effective combination of MRI, NP, and CSF
measures for classifying groups and predicting future
conversion to AD in MCI individuals.

RESULTS

Groups did not significantly differ in age or education
(Table 1). Pearson correlations revealed no significant
correlation between intracranial volume (ICV) and hip-
pocampal measures, analysis of variance (ANOVA)
revealed no difference in ICV between groups, and Chi
Square analysis revealed no ICV gender difference
across all groups in this population. Therefore, raw hip-
pocampal measures (uncorrected for ICV) were included
in analyses. The results of MANOVA comparing right
and left head, body, and tail, as well as combined left/
right hippocampal volumes are outlined in Figure 2.
Pearson correlations revealed significant associations
between the right entorhinal cortex and the right hippo-
campal head (r ¼ 0.614; P < 0.001), body (r ¼ 0.547, P <
0.001), and tail (r ¼ 0.317, P < 0.01), and between the
left entorhinal cortex and the left hippocampal head (r ¼
0.628, P < 0.001), body (r ¼ 0.494, P < 0.001), and tail
(r ¼ 0.366; P < 0.001).

A principle components analysis was completed to
identify NP tests to include in correlations with hippo-
campal and CSF data. This revealed five factors, and
one test was selected from within each factor for correla-
tions: Auditory Verbal Learning 30 min Delay (AV-
Delay), Boston Naming Test, Digit Symbol, Digit Span
Backwards, and Clock Command. Pearson correlations
revealed that Clock Command correlated with the right
head (r ¼ 0.316; P < 0.01), combined right/left head (r ¼
0.265; P < 0.01), and left body (r ¼ 0.264; P < 0.01;
the Boston Naming Test correlated with the right head
(r ¼ 0.356; P < 0.001), left head (r ¼ 0.444; P < 0.001),
combined right/left head (r ¼ 0.424; P < 0.001), left body
(r ¼ 0.329; P < 0.001), combined right/left body (r ¼
0.281; P < 0.01), right tail (r ¼ 0.215; P < 0.05), left tail
(r ¼ 0.303; P < 0.01), and combined right/left tail (r ¼
0.269; P < 0.01); and AV Delay correlated with the right
head (r ¼ 0.428; P < 0.001), left head (r ¼ 0.438; P <
0.001), combined right/left head (r ¼ 0.460; P < 0.001),
right body (r ¼ 0.350; P < 0.001), left body (r ¼ 0.343;
P < 0.001), combined right/left body (r ¼ 0.374; P <
0.001), left tail (r ¼ 0.243, P < 0.05), and combined
right/left tail (r ¼ 0.211, P < 0.05). APOE-e4 load did not
correlate with any hippocampal or NP measures.

The left, right, and combined left/right hippocampal
head, body, and tail volumes were entered into a dis-
criminant function analyses to determine which meas-
ures were best able to correctly classify group
membership (n ¼ 120). This was demonstrated to be the
combined left/right head and body, which were able to
classify NC, MCI, and AD with 67.5%, 17.5%, and 65%
accuracy, respectively. When entorhinal volume was
included, the combined left/right entorhinal volume was
able to predict these groups with 70%, 32.5%, 70% accu-
racy. NP measures were then entered with hippocampal
measures (three AD subjects were excluded due to
incomplete NP data), which resulted in a combination of
AV Immediate and Delay, Digit Symbol and the left

Fig. 2. Group differences in left, right, and combined left/right
hippocampal head, body, and tail measures.
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hippocampal body being able to classify NC, MCI, and
AD with 85%, 80%, and 74.4% accuracy, respectively.
Entering APOE-e4 load did not improve classification.

Analyses were completed in the 59 subjects where
CSF measures were available (22 NC, 17 MCI, 20 AD;
Table 2). MANOVA assessing CSF measures indicated
that the only difference between NC and MCI was in
Aß42 (P < 0.001), while total tau, p-tau, and Aß42 were
significantly different between NC and AD (P < 0.01).
Pearson correlations between CSF and hippocampal
measures (Table 3) revealed that the combined left/right
hippocampal head was the only hippocampal measure
associated with t-tau (r ¼ �0.261, P < 0.05). Aß42 corre-
lated with the left head (r ¼ 0.329, P < 0.05), combined
left/right head (r ¼ 0.288, P < 0.05), left body (r ¼ 0.289;
P < 0.05), combined left/right body (r ¼ 0.284, P < 0.05),
right tail (r ¼ 0.326, P < 0.05), left tail (r ¼ 0.418, P <
0.001), and combined left/right tail (r ¼ 0.402, P < 0.01).
There were no significant correlations between hippo-
campal measures and p-tau. The only measure that was
found to correlate with APOE-e4 status was CSF Aß42
(r ¼ �0.560, P < 0.001).

Fifty-eight participants (22 NC, 17 MCI, 19 AD) had
complete MRI, NP, and CSF measures available (one AD
subject had incomplete NP data). The same NP meas-
ures were included as those in the entire group as
described above to determine relationships between CSF
and cognition. Correlations between CSF and NP meas-
ures are presented in Table 3. Discriminant function
analyses were run to determine the most accurate pre-
dictors of group membership. When hippocampal meas-
ures were entered alone in this subgroup, the combined
left/right hippocampal head was able to classify NC,
MCI, and AD with 72.7%, 35.3%, and 69% accuracy,

respectively. When hippocampal measures were com-
bined with CSF measures, a combination of CSF Aß42
and combined left/right hippocampal head volume was
able to classify NC, MCI, and AD with 81.8%, 52.9%,
and 60% accuracy. Entorhinal measures were then
included, which resulted in the left entorhinal and Aß42
predicting group membership with 72.7%, 52.9%, 60%
accuracy. When NP, hippocampal, entorhinal, CSF, and
APOE-e4 measures were entered, it was found that a
combination of AV Immediate and Delay, Digit Symbol,
left hippocampal body, and right hippocampal tail were
able to classify NC, MCI, and AD with 95.5%, 82.4%,
and 78.9% accuracy, respectively.

At the 12-month follow-up visit, 11 MCI subjects had
converted to AD. These subjects were matched for age
and education with MCI subjects who remained stable at
the 12-month follow-up visit. Baseline measures of hippo-
campal volume, NP performance, CSF, and APOE-e4
load were evaluated in both the stable and converter
groups. Groups did not significantly differ in hippocam-
pal or NP measures. Discriminant function analyses
were run to determine predictors for future conversion to
AD. No hippocampal or entorhinal measures predicted
decline, however, a combination of Digit Symbol and Cat-
egories scores were able to predict stable versus con-
verter subjects with 72.7% and 90.1% accuracy. CSF
measures were available for six MCI subjects who later
converted to AD. A second discriminant function analysis
was run to determine if a combination of CSF, hippocam-
pal, APOE-e4 load, and NP measures were able to predict
future conversion. In this small population of subjects, a
combination of phosphorylated tau, total tau/beta amy-
loid ratio, Digit Symbol, Categories, Trails B, and com-
bined left/right hippocampal head volume were able to
predict stable versus converters with 100% accuracy.

DISCUSSION

Few studies have investigated how subregions of the
hippocampus are affected in the progression to AD, and
even fewer have been able to combine these measures,
with APOE-e4 load, NP performance, and CSF measures
to determine how these variables interact, and therefore
may provide a profile of those who are at risk for

TABLE 3. Correlations between CSF, NP, and hippocampal measures

CSF Abeta42 CSF T-tau CSF P-tau181

NP measures (r values)
Clock command total 0.1705 �0.3407y �0.2180
Digit span backward total 0.0477 �0.1691 �0.1456
Digit symbol total correct 0.3541y �0.4689z �0.6148z

BNT total correct 0.2513 �0.3358y �0.3474y

AV 30 minute delay 0.6006z �0.3910y �0.3677y

Hippocampal measures (r values)
Right hippocampal head 0.2088 �0.2364 �0.2236
Left hippocampal head 0.3290* �0.2496 �0.2465
Right þ Left hippocampal head 0.2882* �0.2612* �0.2526
Right hippocampal body 0.2433 �0.0251 �0.0789
Left Hippocampal body 0.2891* �0.1751 �0.1271
Left þ Right hippocampal body 0.2844* �0.1090 �0.1105
Right hippocampal tail 0.3258* �0.0720 �0.0965
Left hippocampal tail 0.4179z �0.1495 �0.0935
Left þ Right hippocampal tail 0.4015y �0.1170 �0.1040

P < 0.05, yP < 0.01, zP < 0.001.

TABLE 2. Demographics for 59 subjects with
CSF data

Normal MCI AD

Gender 36% F 47% F 45% F
Age 76.77 75.89 74.57
Education 16 15.94 14.4
MMSE 28.72 26.59 23.6
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developing AD. The purpose of the current study was to
determine if MRI measures of the head, body, and tail of
the hippocampus were differentially affected in normal
aging, MCI, and AD, and how these measures interacted
with APOE-e4, CSF, and NP measures to provide accu-
rate classification by diagnostic group and predict future
decline to AD.

The first objective of this study was to determine if the
head, body, and tail of the hippocampus were differen-
tially affected in normal aging, MCI, and AD. An overall
analysis revealed that these subregions were different
between diagnostic groups. Follow-up comparisons dem-
onstrated differences between NC and MCI in the left,
right and combined left/right head and body, with the
largest difference in the combined left/right volume of
the head of the hippocampus. Interestingly, no measures
were significantly different between MCI and AD, sug-
gesting that these changes are occurring very early in
the progression to AD, and are most pronounced in the
rostral hippocampal subregions such as the head and
body. Studies have demonstrated changes in glucose me-
tabolism (Ouchi et al., 1998) and diffusivity (Yushkevich
et al., 2010) in the head of the hippocampus in subjects
with AD, which may contribute to these early volumetric
differences. Discriminant function analyses provided evi-
dence that the combined left/right volumes of the head
and body of the hippocampus were best able to accurately
classify by diagnostic groups when hippocampal meas-
ures were entered alone. This supports the work of Mar-
tin et al. (2010) who reported primary atrophy of
anterior hippocampal regions in normal subjects who
later progressed to MCI. Interestingly, in the current
study, there were no baseline regional hippocampal dif-
ferences between stable MCI subjects and MCI subjects
who converted to AD at one-year follow-up, suggesting
that perhaps these changes are even occurring prior to
an individual entering into the MCI phase of the disease.

The second objective in this study was to explore rela-
tionships between hippocampal subregions, NP, and CSF
measures to determine the effectiveness of these variables
in classifying by diagnostic groups, as well as predicting
future conversion to AD. When performing correlations
with NP measures, most relationships were found with
the hippocampal head and body. The right, left, and com-
bined left/right volumes of the hippocampal head and
body measures correlated with delayed recall, though the
strongest correlations were with hippocampal head. All
but the right body and tail correlated with total correct
score of the Boston Naming Test, again with the strongest
correlations being with the volume of the hippocampal
head. The right and combined left/right volume of the hip-
pocampal head, as well as the left body and tail correlated
with Clock Command scores. Other studies have yielded
similar results, where relationships between volumes of
the hippocampal head (Hackert et al., 2002) and body
(Chen et al., 2010) and verbal memory have been reported
in non-demented individuals. Although Chen et al. (2010)
found this relationship only in the left hippocampal body,
the current study found both the left and right head and
body to be correlated with AV-Delay. These associations
may be due to disruption of the perforant pathway, a con-
nection between the entorhinal cortex and hippocampus
that is important for memory, which is an early site of
neurofibrillary tangle pathology in AD (Hyman et al.,
1984, 1986; Van Hoesen and Hyman, 1990; Hyman,

1997). Correlations were used to explore relationships
between hippocampal subregion and entorhinal volume,
which revealed a pattern where the strongest correlations
with entorhinal volume were with the hippocampal head,
followed by the body and tail. In addition, the hippocam-
pal head was the only subregion to demonstrate a rela-
tionship with CSF tau (a reflection of neurofibrillary
tangle pathology), which together provide further evi-
dence of pathological disruption of connections between
the entorhinal cortex and hippocampal head. These
results suggest that atrophy and related cognitive decline
is occurring earliest in the hippocampal head, followed by
the body and tail, and that the head and body demon-
strate the most salient relationships with NP measures of
memory, with fewer relationships in the hippocampal tail.
This also supports the notion of functional differences
along the anterior-posterior axis of this hippocampus.

In addition to regional differences in connectivity, it is
possible that anterior-to-posterior differences within the
hippocampus are due to cholinergic fiber loss. A higher
density of acetyl cholinesterase has been reported in the
rostral hippocampus (Rosene and Van Hoesen, 1987).
Additionally, when considering the extent to which cholin-
ergic fiber density and loss are evident in hippocampal
subfields, a study based on non-human primates reported
that there is a higher density in CA3 as compared to den-
tate gyrus and CA1, though loss of cholinergic innervation
in aging is consistent across the longitudinal axis of the
hippocampus (Calhoun et al., 2004). CA1 and CA3 have
been found to lie primarily within the hippocampal head,
and the dentate gyrus primarily within the hippocampal
body in humans (Malykhin et al., 2010), which together
with the aforementioned data further suggest there is
increased cholinergic activity within the head of the hip-
pocampus as compared to the body and tail, and loss of
these fibers in AD may contribute to a decline in memory.

With regard to the CSF correlations, because CSF Aß42
has been found to demonstrate a negative correlation
with Aß deposition in the brain (Strozyk et al., 2003;
Tapiola et al., 2009), the positive correlation between hip-
pocampal volumes and CSF Aß42 is what was expected.
These correlations suggest that as hippocampal volume
is reduced, CSF measures of Aß42 also become reduced,
reflecting increased deposition of Aß in the brain.

Discriminant function analyses revealed that the vari-
ables best able to classify by diagnostic group in the
large population were AV-Immediate and Delayed, Digit
Symbol, and the left hippocampal body volume. When
CSF measures were entered into analyses for a subgroup
of individuals, Aß42 did come out as a predictor when
combined with total hippocampal head or left entorhinal
volume (when entorhinal volume was entered), however,
accuracy in classification was not improved from that in
the overall group with these measures. Interestingly,
when all measures were entered, neither CSF nor ento-
rhinal measures came out as predictors, suggesting hip-
pocampal subregions may contribute independent
information to group classification.

When assessing MCI stable and converter subjects,
only NP measures (Digit Symbol and Categories) were
significant predictors of future conversion, and adding
CSF measures to a subgroup of MCI participants
resulted in a combination of NP, hippocampal head vol-
ume, and CSF measures providing a 100% accurate pre-
diction in who would remain stable and who would
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decline within a 12 month period. While promising, this
was based only on a very small group of participants,
and requires additional research on a larger population.
In addition, CSF measures of Aß42 were correlated with
all hippocampal measures except for the right hippocam-
pal body, supporting that lower CSF Aß42 is related to
smaller hippocampal volume.

Overall, the results of this study further support re-
gional differences in function and atrophy in the hippo-
campus in normal aging, MCI, and AD, and how these
subregions relate to other measures including NP tests
and CSF levels in the classification of diagnostic group
and prediction of future decline. These results addition-
ally suggest the head, body, and tail of the hippocampus
may be more useful than total hippocampal volume as
biomarkers in the detection of early AD.

Limitations to this study include that only a small
subset of the entire ADNI population was included in
analyses due to the manual intervention involved in sub-
dividing the hippocampus. Similarly, a limited number
of MCI subjects had converted to AD at the 12-month
follow-up visit, and even fewer of these subjects had
CSF measures available. As MCI subjects are continued
to be followed over longer periods of time and a larger
number of subjects convert to AD, it is possible that
more salient predictors of group classification and pre-
diction of future decline will be evident.
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