
r Human Brain Mapping 33:2415–2427 (2012) r

Age-Related Vulnerabilities Along the
Hippocampal Longitudinal Axis

Anh Tuan Ta,1 Shuo-En Huang,2 Ming-Jang Chiu,2,3 Mau-Sun Hua,2

Wen-Yih Isaac Tseng,4 Shen-Hsing Annabel Chen,2,5* and Anqi Qiu1,6,7*

1Division of Bioengineering, National University of Singapore, Singapore
2Department of Psychology, National Taiwan University, Taipei, Taiwan

3Department of Neurology, College of Medicine, National Taiwan University, Taipei, Taiwan
4Center of Optoelectrical Biomedical Imaging, College of Medicine, National Taiwan University,

Taipei, Taiwan
5Division of Psychology, Nanyang Technological University, Singapore

6Clinical Imaging Research Center, National University of Singapore, Singapore
7Singapore Institute for Clinical Sciences, The Agency for Science, Technology and Research, Singapore

r r

Abstract: Evidence for an anterior-posterior gradient of age-related volume reduction along the
hippocampal longitudinal axis has been reported in normal aging, but functional changes have yet to be sys-
tematically investigated. The current study applied an advanced brain mapping technique, large deforma-
tion diffeomorphic metric mapping (LDDMM), automatically delineating the hippocampus into the anterior
and posterior segments based on anatomical landmarks. We studied this anterior-posterior gradient in terms
of structural and functional MRI in 66 participants aged from 19 to 79 years. The results showed age-related
structural volume reduction in both anterior and posterior hippocampi, with greater tendency for anterior
decrease. FMRI task contrasts that robustly activated the anterior (associative/relational processing) and
posterior (novelty) hippocampus independently, showed only significant reduction of activation in the ante-
rior hippocampus as age increased. Our results revealed positive correlation between structural atrophy and
functional decrease in the anterior hippocampi, regardless of task performance in normal aging. These find-
ings suggest that anatomy and functions related to the anterior hippocampus may be more vulnerable to
aging, than previously thought. Hum Brain Mapp 33:2415–2427, 2012. VC 2011Wiley Periodicals, Inc.
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INTRODUCTION

Converging data from postmortem, structural, and func-
tional imaging studies suggest that aberrant hippocampal
morphology and function play important roles in the patho-
physiology of aging. Evidence from neuropathology
showed neuronal loss, reduced long-term potentiation and
decrease of dendritic growth in the hippocampus in older
adults [Grady and Craik, 2000]. In previous structural and
functional neuroimaging studies, age-related reductions in
the structural hippocampal volumes [Driscoll et al., 2009;
Raz et al., 2010] were more consistently reported than age-
related functional changes in the hippocampal activations to
episodic memory tasks, relevant to encoding and retrieval
processes [Daselaar et al., 2003; Grady and Craik, 2000;
Grady et al., 1995; Miller et al., 2008; Sperling et al., 2003b;
Trivedi et al., 2008]. This discrepancy seen among the func-
tional studies might lie in the task of choice and the contrast
of comparison, as well as the functional segregation of the
hippocampus per se. Both human and animal studies have
suggested a functional segregation along the longitudinal
axis of the hippocampus [Colombo et al., 1998; Fanselow
and Dong, 2010; Fernandez et al., 1998; Lepage et al., 1998;
Strange et al., 1999]. The ventral or temporal pole of the hip-
pocampus, which corresponds to the anterior hippocampus
in humans, has been reported to engage relational/associa-
tive and to a greater extent, encoding processes, as well as
to modulate emotional and affective processes. This is
opposed to the dorsal or septal pole of the hippocampus,
which corresponds to the posterior hippocampus in
humans, has been thought to be mainly engaged in cogni-
tive processes with an emphasis on information retrieval,
although novelty encoding has been reported to activate the
subiculum [Preston et al., 2010] a structure that has greater
involvement with the posterior regions of the hippocampus.
A convergence of the above lines of investigations has
gained much interest in recent years, and paved the way to
study aging processes of the hippocampal morphology and
functions along its longitudinal axis.

Age-related vulnerabilities of the anterior and posterior
hippocampi have thus far been studied using MRI volu-
metric analysis and behavioral assessment. MRI volumet-
ric analysis has generally indicated a greater vulnerability
of the posterior hippocampus to aging than the anterior
hippocampus [Driscoll et al., 2003; Kalpouzos et al., 2009;
Malykhin et al., 2008; Raz, 2000]. For example, Driscoll
et al. [2003] compared 16 young and 16 elderly adults in
terms of the hippocampal volume and their performance
on hippocampus-dependent task. The findings suggested
a greater age-related volume reduction of the posterior
than the anterior hippocampal volume. Moreover, both
anterior and posterior hippocampal normalized volumes
were significantly correlated with the behavioral perform-
ances of hippocampal-related tasks [Driscoll et al., 2003].
Malykhin et al. [2008] found volumetric reductions to be
progressively more severe from hippocampal head to tail
in 28 younger compared with 39 older subjects. In a

study that combined voxel-based morphometry with rest-
ing-state 18FDG-PET in 45 subjects (20–83 years), the an-
terior hippocampal region was found to be least affected
by age [Kalpouzos et al., 2009]. In contrast, other studies
with larger sample sizes [Chen et al., 2010; Hackert et al.,
2002; Jack et al., 1997] revealed a discrepant finding of
age-related anterior hippocampal vulnerability in terms
of volumes in older subjects. Material specific hippocam-
pal laterality was also reported independent of age, gen-
der, education, and speed of processing: the right
hippocampal tail volume correlated with nonverbal learn-
ing and left hippocampal body volume was associated
with delayed verbal memory [Chen et al., 2010]. Thus, it
appears that the effect of aging along the longitudinal
axis of the hippocampus is far from clear. In addition,
the association of structural changes to behavioral
performance and resting-state activity is an indirect infer-
ence. Hence, how age-related structural changes in the
hippocampus along the longitudinal axis would be pre-
sented in its associated cognitive functions remains
uncertain. Clarifying this relationship between structural
and functional changes of the hippocampus in aging
would help understand pathological developments and
cognitive decline. One possible way to directly examine
the functional age-related changes is by employing task-
activated fMRI. A recent study [Persson et al., 2010]
applied an episodic face-name paired-associates task dur-
ing fMRI to 16 young and 20 older subjects, but found
no difference in the activation of the hippocampus
between the groups. However, the authors noted that the
null finding could be due to weak statistical power. The
results were not reported based on the longitudinal axis
of the hippocampus. To our knowledge, fMRI investiga-
tions that apply cognitive tasks which robustly activate
anterior and posterior hippocampi independently have
yet to be conducted for normal aging.

The main aim of this study is to investigate whether
the anterior hippocampus is more resistant to aging in
terms of structural volume and functional activation than
the posterior hippocampus or vice versa by segregating
the hippocampal anatomy and functional activations
along the hippocampal longitudinal axis. Unlike previous
studies focusing on comparisons between young and
elderly groups [Driscoll et al., 2003; Malykhin et al., 2008;
Raz, 2000] or older subjects only [Chen et al., 2010; Hack-
ert et al., 2002; Jack et al., 1997], the present study exam-
ined subjects aged from 19 to 79 years old. This is
somewhat analogous to the age range in the Kalpouzous
et al.’s study [2009]. In our anatomical analysis, we
employed an advanced brain mapping technique, large
deformation diffeomorphic metric mapping (LDDMM)
[Miller and Qiu, 2009], to automatically delineate the hip-
pocampus from the structural MR images and divide it
into the anterior and posterior segments based on ana-
tomical landmarks. Several functional studies showed
that the LDDMM mapping increased statistical power in
detecting regional functional activations when compared
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to SPM or FSL [Kirwan et al., 2007; Miller et al., 2005].
We then applied an fMRI incidental encoding protocol
adapted from [Binder et al., 2005] and originally designed
to segregate anterior and posterior hippocampal activity
for presurgical evaluation of patients with temporal lobe
epilepsy. We revised the protocol using our own stimuli,
condensed the length of presentation duration, and made
it suitable for administration in the elderly. This task
combined two rather different task contrasts that have
been reported to produce hippocampal activity. The first
contrast emphasized stimulus novelty and contrasted
novel to repeating scenes that are either indoor or out-
door. For both conditions, the stimuli are meaningful and
required recognition of indoor or outdoor scenes, and dif-
fer only in the novelty of the stimuli. In regards to the
hippocampus, this contrast has been observed to typically
elicit activation more posterior of the hippocampus,
including the subiculum [Binder et al., 2005; Gabrieli
et al., 1997; Golby et al., 2001; Preston et al., 2010]. The
second contrast emphasized relational processing by
using a contrast between novel scenes and nonsense
stimuli, and both conditions are novel and differ only in
the virtue of meaningfulness. The association of indoor
or outdoor responses to the novel scenes is emphasized in
this contrast. The degree to which the stimuli encouraged
association or relational processing, has been thought to
increase the engagement of the hippocampus in preparation
for later retrieval [Alvarez and Squire, 1994; McClelland
et al., 1995; O’Reilly and Rudy, 2001]. This is supported by
empirical studies that observed greater hippocampal activa-
tion for meaningful/associative relative to meaningless/
nonsemantic stimuli in the anterior hippocampus [Davachi
and Wagner, 2002; Henke et al., 1997; Small et al., 2001; Zei-
neh et al., 2003]. Numerous investigations have also
reported that medial temporal lobe activations, including
the hippocampus, tend to be more anterior when the differ-
ence in degree of relational processing is emphasized (see
meta-analysis by [Schacter et al., 1999]) and findings from
[Binder et al., 2005; Giovanello et al., 2009]). Hence, these
two functional contrasts facilitated our investigation of age-
related structural and functional changes of the anterior and
posterior hippocampus, as well as their interaction.

As the age distribution of our sample size is similar to
that of Kalpouzos et al. [2009], we expect to replicate
their finding showing the posterior hippocampus to have
more reduction in volume than the anterior hippocam-
pus. Age-related reductions in hippocampal activation
should exist after controlling for overall hippocampal vol-
ume atrophy. This is based on previous studies that
found decreased hippocampal activation in the elderly
compared with the young during novel encoding tasks
[Daselaar et al., 2003; Sperling et al., 2003b; Trivedi et al.,
2008]. Based on these findings, we hypothesized that age-
related reduction in fMRI activation would be found in
the posterior hippocampus as elicited by the novelty
processing. As previous studies of associative processing
did not find age-related changes in hippocampal activa-

tion [Miller et al., 2008; Sperling et al., 2003b], we would
not expect to find significant age-related reduction in the
anterior hippocampal activation for the relational process-
ing contrast.

METHODS

Participants

Sixty-six participants were recruited through advertise-
ments posted in the National Taiwan University Hospital
(NTUH) and the surrounding community. 29 males and
37 females ranged from 19 to 79 years old (mean age of
40.3 � 15.5 years) participated in the study. A health
screening questionnaire along with informed consent
approved by the NTUH Institutional Review Board in
accord with the Helsinki Declaration was acquired from
each participant. Any participant with a history of psycho-
logical, neurological disorder, or surgical implantation that
was not MR compatible was excluded from the study.
Subjects with vascular risk factors of hypertension, diabe-
tes, and cardiac abnormalities, as well as, those on medica-
tions, other than supplements, were excluded. All
participants were administered the Edinburgh Handedness
Inventory [Oldfield, 1971] and only right-handers were
recruited. A Mini Mental Status Examination (MMSE) was
also administered to each participant to rule out possible
cognitive impairments. The mean MMSE score for the
young and middle-aged participants (19–55 years) was
29.74 (SD ¼ 0.65) with a range of 27 to 30; for elderly
(greater than 55 years) the mean MMSE score was 28.92
(SD ¼ 1.12) with a range of 26 to 30.

MRI Acquisition

All subjects were scanned in a 3.0T Trio at the National
Taiwan University Hospital (Siemens, Erlangen, Germany).
T2-weighted (FOV 192 � 192 mm, 34 slices, slice thickness
¼ 3 mm, voxel size ¼ 1 mm � 1 mm � 3 mm) images
were acquired to verify proper slice selection before func-
tional imaging and later coregistration of anatomical struc-
tures with functional activations. A three-dimensional
MPRAGE T1-weighted scan (FOV 256 � 256 mm, TR ¼
2,530 ms, TE ¼ 2.64 ms, flip angle ¼ 7�, matrix size ¼ 256
� 256, isotropic voxels of 1 mm3) was acquired. Functional
images were acquired using single-shot echo-planar imag-
ing (EPI) with 39 ascending 3 mm (no gap) axial slices
parallel to the AC-PC plane (FOV ¼ 192 � 192 mm; TR ¼
2,000 ms, TE ¼ 24 ms; flip angle ¼ 90�; matrix ¼ 64 � 64,
slice thickness ¼ 3 mm, in-plane resolution ¼ 3 mm �
3 mm, total number of volumes ¼ 150).

FMRI and Behavioral Experiments

The fMRI and behavioral experiments were designed by
adapting the tasks described in [Binder et al., 2005]. As
illustrated in Figure 1, the fMRI session included one run
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Figure 1.

FMRI experimental design. FMRI task of novel, repeated, and scrambled scenes presented in 24

second-blocks with five cycles adapted from Binder et al. [2005]. Subjects judged if scenes were

indoor or outdoor for the novel and repeated scenes conditions, and for the scrambled scenes

they decided if the two halves of the scrambled scene were identical.

Figure 2.

Hippocampal masks delineating the four regions (left-anterior, right-anterior, left-posterior, right-

posterior) traced on a T1-weighted template in standard space.
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of a blocked design task that contained five cycles and
lasted 6 min. Each cycle contained three 24 second-blocks
that respectively corresponded to the conditions of novel
pictures, repeated pictures, and scrambled pictures. Either
indoor or outdoor pictures were displayed in the novel
and repeated conditions, while pictures made of pixilated
mosaic from the scenic pictures were displayed in the
scrambled conditions. The task was presented using
E-prime (Psychology Software Tools, Pittsburgh, PA)
through a back projection screen. Prior to the fMRI ses-
sion, all participants went through practice trials to ensure
their understanding of the experimental tasks. During the
scan, the participants made a task irrelevant judgment of
whether the scene presented on the screen was indoor or
outdoor, or whether the two halves of the scrambled
scenes were identical. The participants responded to the
stimuli by a button press with their right hand. After
the fMRI scan, a recognition test was administered within
the scanner without image acquisition to ensure the sub-
jects were attending to the tasks.

In the postexperimental recognition task, the participants
were asked to judge if the picture has been shown in the
previous experimental condition. The recognition stimuli
included both indoor/outdoor and scrambled pictures.

Anatomical and Functional MRI Analysis

A hippocampal template with the labels of four areas
(left-anterior, right-anterior, left-posterior, right-posterior)
was manually traced respectively on a normalized
T1-weighted image in MRIcro in MNI space [Rorden and
Brett, 2000]. Inter-rater reliability ([Kappa] ¼ 0.74; see
Fig. 2) was obtained from one experienced rater, a neuro-
radiologist, and a novice rater. We followed the anatomical
definitions of the anterior and posterior hippocampi pro-
vided by Binder [Binder et al., 2005]. In particular, the
uncus was first identified in the image as a boundary
between the anterior and posterior hippocampi. The first
section when the uncus appeared was the first section
labeled as the anterior hippocampus. All sections posterior
to it were labeled as the posterior hippocampus. The ante-
rior hippocampus was traced forward till the slice when
the temporal horn has moved completely from a lateral
position to a medial position and lay completely beneath
the amygdala. We identified the alveus as the superior
boundary, the white matter of the parahippocampal gyrus
as the inferior boundary, the temporal horn of the lateral
ventricle as the lateral boundary, and the ambient cistern
as the medial boundary.

To delineate the anterior and posterior hippocampi from
each individual subject, we first automatically segmented
the entire hippocampus from the intensity-inhomogeneity
corrected T1-weighted MR images [Sled et al., 1998] using
a Markov random field model and then separated it into
the anterior and posterior segments by translating the
labels of the hippocampal template via large deformation

diffeomorphic metric mapping (LDDMM) [Qiu and Miller,
2008]. In details, the Markov random field model was first
applied to label each voxel in the image volume as the
hippocampus and others [Fischl et al., 2002]. Due to lack of
constraint on the hippocampal shape, this labeling process
introduced irregularities and topological errors (e.g. holes)
at the hippocampal boundary. This may increase volume
variation and thus reduce statistical power to detect group
difference in volumes. To avoid this issue, we generated the
hippocampal volumes of each individual subject with prop-
erties of smoothness and correct topology by injecting the
template shape into them using LDDMM [Qiu and Miller,
2008]. Then, the template’s hippocampal binary mask was
registered and deformed to the hippocampal mask of each
individual by affine registration followed by LDDMM dif-
feomorphic map. The labels of the anterior and posterior
segments of the template were then transferred to the sub-
ject’s hippocampus mask. The volumes of the anterior and
posterior hippocampi were computed as the number of
voxels in the corresponding masks. In addition, the intracra-
nial volume (ICV) was also computed as a sum of cerebral
white and gray matter, cerebellum, ventricular systems, and
brainstem.

Within individual subjects, the functional volumes were
first corrected for motion artifacts and temporal offsets
among slices and then temporally low-pass filtered using
SPM5 (Wellcome Trust Centre for Neuroimaging). Finally,
the functional volumes were aligned to their corresponding
anatomical image using rigid transformation found by
maximizing cross-correlation between the anatomical image
and the mean fMRI volume.

Statistical Analysis

Behavior data

Linear regression with a main factor of age and covari-
ates of gender and years of education was performed on
the behavioral data, including reaction time and response
accuracy, to reveal age effects on behavioral response in
the fMRI experiment and post recognition task. The gen-
der was considered as a covariate in all statistical tests
since our sample has slightly more females than males (29
males and 38 females).

Hippocampal volumes

We investigated age effects on total hippocampal vol-
umes, volumes of the anterior and posterior hippocampal
segments using linear regression with a main factor of age
and covariates of gender, ICV, and years of education.
Using Student’s t-test, we further examined whether the
volume atrophy rate of the anterior hippocampus was the
same as that of the posterior hippocampus.

r Age-related Vulnerabilities along the Hippocampus r

r 2419 r



Hippocampal fMRI activation

Within individual subjects, linear regression was used to
model functional temporal data at each voxel of the hippo-
campus. Novel, repeated, and scrambled blocks were
modeled by a boxcar function convolved with a canonical
hemodynamic response function. Contrasts between rele-
vant stimulus types (novel vs. repeated; novel vs.
scrambled) were made to generate t-statistic maps for test-
ing novelty and relational processing, respectively. For
each contrast, activated volumes in the anterior and poste-
rior segments of the hippocampus were counted as voxels
with t-values greater than a threshold, where the threshold
was determined as the mean t-value among voxels above
95th percentile of the t-statistics and divided by 2, in the
entire hippocampal volume [Fernandez et al., 2001].

Within each hippocampal ROIs, age effects on the two
functional contrasts (novel vs. repeated; novel vs.
scrambled) were examined by modeling activated volumes
using linear regression with a main factor of age and cova-
riates of gender, entire hippocampal volume, years of educa-
tion, and behavioral data that showed significant age
effects. Student’s t-test was used to further examine
whether the functional activations were reduced at the
same rate in both anterior and posterior hippocampi.

Hippocampal Structural Volumes and Functional

Activation

To examine the relationship between structure and func-
tion of the hippocampus, we applied partial correlation to
the volumetric size of the hippocampus and the number
of activated voxels within the hippocampal ROIs control-
ling for gender and years of education. This was con-
ducted for each of the contrasts of novelty and relational
processing.

RESULTS

Behavioral Data

Figure 3A,B illustrates the distributions of accuracy rate
and reaction time for each task (novel, repeated, and
scrambled) measured during the fMRI experiment. The
means and standard deviations of each behavioral mea-
sure are listed in Table I. Linear regression revealed no
significant effects of age on reaction time of all tasks after
controlling for gender and years of education (novel:
t62 ¼ �0.918, P ¼ 0.362; repeated: t62 ¼ �0.860, P ¼ 0.393;
scrambled: t62 ¼ �0.589, P ¼ 0.558). In addition, linear
regression revealed no significant age effects on accuracy
rate in all the three tasks after controlling for gender and
years of education (novel: t62 ¼ �0.024, P ¼ 0.981;
repeated: t62 ¼ 0.399, P ¼ 0.691; scrambled: t62 ¼ �1.416,
P ¼ 0.162).

During the postrecognition examination, the accuracy
rate was used to measure subjects’ ability in encoding

each stimulus that had been shown in the fMRI experi-
ment. Figure 3C illustrates its distribution for each task
with respect to age. Table I lists the means and standard
deviations for each task. Linear regression revealed no
significant age effects on recognition accuracy of novel and
repeated tasks (t62 ¼ �0.211, P ¼ 0.833) but significant
negative effect of age on recognition accuracy in scrambled
task (t62 ¼ �3.264, P ¼ 0.002) after controlling for gender
and years of education.

Hippocampal Volumes

Among all subjects, the mean ICV is 1549.3 cm3

(�183.6). Linear regression revealed significant effects of
age on ICV after controlling for gender and years of
education (t62 ¼ �4.144, P < 0.001).

Linear regression revealed a significant reduction in the
total volume of the left hippocampus but a marginally
significant reduction in the total volume of the right
hippocampus with age after controlling for gender, years
of education, and ICV (left: t61 ¼ �2.641, P ¼ 0.010; right:
t61 ¼ �1.890, P ¼ 0.064). Figure 4 illustrates the distribu-
tions of the anterior and posterior hippocampal volumes
with respect to age. After controlling for gender, years of
education, and ICV, bilateral anterior hippocampal vol-
umes significantly reduced as age increased (left anterior
(LA): t61 ¼ �3.123, P ¼ 0.003; right anterior (RA):
t61 ¼ �2.038, P ¼ 0.046). But no significant effects of
age on the volume were found in the bilateral posterior
hippocampi (left posterior (LP), t61 ¼ �1.224, P ¼ 0.225;
right posterior (RP), t61 ¼ �1.154, P ¼ 0.253). Student’s t-
test revealed no statistically significant difference in the
rates of the volume reductions between the anterior and
posterior hippocampi with respect to age (left: t122 ¼
�1.497, P ¼ 0.068; right: t122 ¼ �0.582, P ¼ 0.281), although
a trend for a greater vulnerability of the anterior hippocam-
pal volume to aging was noted. In the application of a
Bonferroni Correction for multiple comparisons, age-related
effects were still significant for the left anterior hippocam-
pus (P < 0.008).

Functional Activations

Novelty contrast (novel vs. repeated)

Linear regression controlling for gender, years of educa-
tion, and structural hippocampal volume revealed signifi-
cant reduction in bilateral hippocampal volumes that were
activated by novelty as age increased (left: t61 ¼ �3.379,
P ¼ 0.001; right: t61 ¼ �2.882, P ¼ 0.005). Figure 5A,B
illustrates the distributions of the anterior and posterior
hippocampal volumes that responded to novelty with
respect to age. The activated volumes in the bilateral ante-
rior hippocampi also significantly reduced as age
increased (LA: t61 ¼ �3.714, P < 0.001; RA: t62 ¼ �2.769,
P ¼ 0.007). However, there were no significant effects of
age on the activated volumes in bilateral posterior
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hippocampi (LP: t61 ¼ �1.515, P ¼ 0.135; RP: t61 ¼ �0.832,
P ¼ 0.409). Student’s t-test revealed greater age effects on
functional activation in the novelty contrast for the bilat-
eral anterior than posterior hippocampus (left: t122 ¼
�2.072, P ¼ 0.020; right: t122 ¼ �1.667, P ¼ 0.049). How-
ever, this difference did not reach significance with the
stringent Bonferroni Correction for multiple comparisons
(P < 0.008), while the activated volumes in the bilateral
anterior hippocampi remained significantly reduced as age
increased.

Relational processing (novel vs. scrambled)

After controlling for gender, years of education, and the
structural hippocampal volume, linear regression revealed
a significant reduction in the activation of bilateral
hippocampi as age increased (left: t61 ¼ �4.972, P < 0.001;

right: t61 ¼ �4.601, P < 0.001). Figure 5C,D illustrates the
distributions of the anterior and posterior functional
hippocampal volumes activated in relational processing.

Figure 3.

Distributions of behavioral data with respect to age. (A and B)

The distributions of accuracy rate and reaction time measured

during the fMRI experiment. Squares, asterisks, and dots respec-

tively denote measures for novel, repeated, and scrambled tasks,

while dotted, solid, dash-dot lines are linear fits with respect to

age for novel, repeated, and scrambled tasks, respectively. (C)

The distribution of accuracy rate for each task measured during

the post recognition examination. Circles and dots respectively

denote measures for novel and repeated task as well as

scrambled task, while dashed and dash-dot lines are linear fits

with respect to age for novel and repeated task as well as

scrambled tasks, respectively.

TABLE I. Mean and standard deviation of behavioral

measures in each task

Task Mean
Standard
deviation

Accuracy rate (%) Novel 98.675 2.335
Repeated 98.528 2.679
Scrambled 71.406 14.771

Reaction
time (msec)

Novel 853.100 118.334
Repeated 721.944 138.938
Scrambled 1549.767 158.644

Postrecognition
accuracy rate (%)

Novel and repeated 75.621 12.451
Scrambled 61.660 11.065
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The activation in the bilateral anterior hippocampi also
significantly reduced as age increased (LA: t61 ¼ �5.431,
P < 0.001; RA: t61 ¼ �4.651, P < 0.001) when structural
hippocampal volume was controlled for. However, no
significant effects of age on the activation in the bilateral
posterior hippocampi were found (LP, t61 ¼ �1.372, P ¼
0.175; RP, t61 ¼ �0.789, P ¼ 0.433). Student’s t-test further
revealed greater age effects on the relational processing
activation in the anterior than posterior hippocampus (left:
t122 ¼ �3.862, P < 0.001; right: t122 ¼ �3.603, P < 0.001).
This age-related reduction in activation remained signifi-
cant with the Bonferroni Correction (P < 0.008).

Structure and Function

After controlling for gender and years of education,
partial correlation analysis revealed significant positive
correlations of the functional hippocampal activations
in the novelty contrast to the structural hippocampal vol-
umes (left: r62 ¼ 0.504, P < 0.001; right: r62 ¼ 0.474, P <
0.001). We further found that the functional volumes in
the anterior and posterior hippocampi were significantly
correlated with their corresponding structural hippocam-
pal volumes (LA: r62 ¼ 0.302, P ¼ 0.015; RA: r62 ¼ 0.362;
P ¼ 0.003; LP: r62 ¼ 0.347, P ¼ 0.005; RP: r62 ¼ 0.248;
P ¼ 0.049) for this contrast.

Partial correlation analysis controlling for gender and
years of education, revealed significant positive correlations
between structural and functional activation of hippocam-
pal volumes in relational processing (left: r62 ¼ 0.318,

P ¼ 0.010; right: r62 ¼ 0.319, P ¼ 0.010). We further found
that the functional volumes in the anterior hippocampi
were significantly correlated with their corresponding struc-
tural hippocampal volumes (LA: r62 ¼ 0.300, P ¼ 0.016; RA:
r62 ¼ 0.325; P ¼ 0.009) but the functional volumes in the pos-
terior hippocampi were marginally significantly correlated
with their corresponding structural hippocampal volumes
(LP: r62 ¼ 0.218, P ¼ 0.084; RP: r62 ¼ 0.220; P ¼ 0.081).

DISCUSSION

To the best of our knowledge, this is the first study to
examine age-related influences on the structural volumes
and functional activations to novelty and relational proc-
essing in the anterior and posterior hippocampi. Our
results showed age-related reductions in both anterior and
posterior hippocampal volumes and in functional activa-
tion of the anterior hippocampus for novelty and relational
processing. Moreover, we found greater age-related reduc-
tion in the anterior than the posterior hippocampus in
terms of functional activation and our data evidenced a
trend for this in structural volumes. This highly suggests
that the structure and function of the hippocampus have
similar vulnerability to aging.

Anatomical Findings

Our findings were in line with results from previous
studies, i.e. the volumes of the anterior and posterior hip-
pocampi decreased with normal aging [Driscoll et al.,

Figure 4.

(A and B) The distributions of the anterior (circles) and posterior (asterisks) hippocampal volumes

with respect to age for the left and right hemispheres, respectively. Dotted and solid lines are

respectively linear fits of the anterior and posterior hippocampal volumes with respect to age.
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2003; Kalpouzos et al., 2009; Malykhin et al., 2008; Raz,
2000; Raz et al., 2010]. We found a trend to suggest that
the anterior hippocampus to have greater vulnerability to
age-related deterioration than the posterior hippocampus,
and this is partly consistent with previous studies with
larger samples (N ¼ 147; N ¼ 511; N ¼ 126) of older adults
(age range: 55–83 yrs; 60–90 yrs; 51–89 yrs) [Chen et al.,
2010; Hackert et al., 2002; Jack et al., 1997], respectively.
However, our findings did not support previous reports of
the anterior hippocampus to be more resistant to aging
[Driscoll et al., 2009; Kalpouzos et al., 2009; Malykhin
et al., 2008]. The discrepant findings were thought to

reflect the underlying biological heterogeneity of normal
aging in the population, and supported the observation
that age-related anatomical findings could differ depend-
ing on whom, among the sample, is carrying the variance
[Buckner, 2004]. In addition, variability of the anterior hip-
pocampus across all age ranges highlighted by Raz et al.,
Lupien et al. [2007] could contribute to this inconsistency.
One possible contribution to this contrary finding is the
difference in the age range and size of our sample. Maly-
kin et al. [2008] and Driscoll et al. [2003] had smaller
groups of 28 young (22–50 yrs) and 27 old (65–84 yrs) and
16 young (20–39 yrs) and 16 old (60–85 yrs), respectively.

Figure 5.

(A and B) The distributions of the anterior (circles) and posterior (asterisks) hippocampal vol-

umes activated to the contrast between the novel and repeated tasks (novelty) with respect to

age for the left and right hemispheres, respectively. (C and D) The distributions for the contrast

between the novel and scrambled tasks (relational processing). Dotted and solid lines are respec-

tively linear fits of the anterior and posterior hippocampal volumes with respect to age.
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However, Kalpouzos et al. [2009] had 45 subjects ranging
from 20 to 83 years that was closer to our pool of 66 sub-
jects but still about one third less. Therefore, differences in
sample size could have contributed to the contrary find-
ing, but not entirely.

Previous studies that included either young and elderly
subjects [Malykhin et al., 2008] or older subjects [Chen
et al., 2010; Hackert et al., 2002; Jack et al., 1997] suggested
a linear relationship for age and hippocampal volumes.
The inclusion of the middle-aged subjects in our study
allowed us to investigate whether age-related curvilinear
changes exist in hippocampal volumes, or if hippocampal
atrophy accelerated with age [Raz et al., 2004]. By incorpo-
rating the second-order term of age in our statistical
model, we did not find significant curvilinear relationship
between age and the hippocampal volumes either. How-
ever, in a large scale aging study with over 300 subjects a
curvilinear reduction of hippocampal shape and volume
was evident [Yang et al., 2011].

Functional Findings and Relationship With

Anatomical Findings

Functional segregation along the longitudinal axis of the
hippocampus has been indicated previously, and it is
plausible that differential age-related functional changes
could be detected in the anterior and posterior hippocampi
for different cognitive tasks based on the volumetric find-
ings. Binder et al. [2005] found that relational processing
and novel scenes respectively elicited functional activa-
tions in the anterior and posterior hippocampi. We repli-
cated this finding in our group where the anterior and
posterior hippocampi were differentially activated by rela-
tional processing and novelty, respectively (see Supporting
Information). In addition, our functional findings were
consistent with those reported by previous functional hip-
pocampus-dependent studies, where increasing age was
associated with reduced activity in the hippocampus when
the hippocampus was considered as a ROI [Cabeza et al.,
2004; Daselaar et al., 2003; Sperling, 2007; Trivedi et al.,
2008]. Our study was the first to analyze hippocampal acti-
vations separately for anterior and posterior sections,
which allowed better understanding of the changes in the
hippocampus along its longitudinal axis in normal aging.
Our functional findings suggested that there is greater
age-related reduction in activations for bilateral anterior
than posterior hippocampi. This was an unexpected find-
ing that did not support our hypotheses that greater
reductions should be seen in the posterior hippocampi for
novel scenes and no age-related functional changes should
be observed for relational processing. However, this inter-
esting finding would have implications for vulnerability of
cognitive functions, such as associative encoding and rela-
tional processing, emphasized in the anterior hippocampus
[De Vogelaere et al., 2010; Jackson and Schacter, 2004;
Prince et al., 2005; Sperling, 2007; Sperling et al., 2003a].

Indeed, a recent meta-analytic study showed that associa-
tive encoding is affected during the course of aging [Old
and Naveh-Benjamin, 2008] providing indirect support to
our finding. Interestingly, post hoc analyses of our current
data showed significant positive correlation between post-
scan recognition accuracy for scramble condition and bilat-
eral posterior but not anterior hippocampus activation.
That is the posterior hippocampus appears to be sensitive
to the recognition of perceptual information where mean-
ingfulness is minimized. This finding is consistent with
the posterior hippocampus role in retrieval that is sensitive
to the exact perceptual match between the meaningless
scrambled images and what is learned during the scan
[Giovanello et al., 2009]. The fact that we found a tendency
for age-related functional reductions in the anterior hippo-
campi for novel versus repeated, a contrast that engaged
more of the posterior hippocampus in the group as a
whole, further supported the functional vulnerability of
the anterior hippocampus in aging. This finding also sug-
gests that perceptual matching and novelty processing
may remain intact in healthy aging.

There are a number of studies that suggested a possible
negative association between hippocampal functional ac-
tivity and its anatomical structure in demented elderly
patients serving as a compensatory response to pathology
(e.g. [Dickerson et al., 2005; Sandstrom et al., 2006]). How-
ever, such an association has never been examined with
normal aging, especially in the context of the anterior and
posterior hippocampi. Our findings did not support this
compensation theory to hold in normal aging. Instead, our
results suggested a positive correlation between volume
atrophy and functional decrease in the whole, anterior and
posterior hippocampi, regardless of performance. This is
also congruent with results from studies that looked at
grey matter cortical atrophy in aging and functional
changes in relation to task performance independently
[Cabeza et al., 2004; Dickerson et al., 2009]. This relation-
ship might indicate a structural change that was significant
enough to interfere with the functional performance of the
hippocampus, which could have implications regarding
the possible decline in functions related to the anterior
hippocampus in the aging brain. Nevertheless, functional
compensation could be manifested in other neocortical
regions, which was not a focus of evaluation in the
current study.

Anterior-Posterior Shift in Aging for the

Hippocampus

A number of previous studies have supported an age-
related reduction along the longitudinal axis in the direc-
tion of posterior-to-anterior hippocampus for structural
volumetric studies, as well as, resting-state function [Dris-
coll et al., 2003; Kalpouzos et al., 2009; Malykhin et al.,
2008; Raz, 2000]. However, both our structural and func-
tional findings supported an age-related reduction in the
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anterior-to-posterior direction of the hippocampus. There
may be a number of factors that could contribute to the
contradictory finding. As mentioned earlier, the age-
related findings could differ depending on whom, among
the sample, is carrying the variance [Buckner, 2004]. More-
over, the conclusion of the age-related functional changes
in the anterior and posterior hippocampi could be depend-
ent on the way that the hippocampus is sectioned. Previ-
ous anatomical studies [Chen et al., 2010; Driscoll et al.,
2003; Hackert et al., 2002; Jack et al., 1997; Malykhin et al.,
2008] have divided the hippocampus into head, body, and
tail, but the delineation of these sections has been variable.
In our study, we sectioned the hippocampus only into an-
terior and posterior sections based on the study where the
fMRI paradigm was adapted from [Binder et al., 2005] for
consistency. However, the results from our structural data
were consistent with the previous studies with larger sam-
ple size in older adults. Hence, different approaches of
segregating the hippocampus should be investigated. In
addition, segregations such as suggested by Malykhin
et al. [2010] and La Joie et al. [2010] using high-resolution
3T MR sequence where the hippocampus was segregated
into three different subfields: subiculum, cornu ammonis
(CA1-3), dentate gyrus, and examined along the longitudi-
nal axis of head, body, and tail should be investigated.
Consistent anatomical definitions are thus needed for
across-studies comparisons.

Nevertheless, our finding of volume and functional
loss in the hippocampus, indirectly supports one of the
explanations provided for the phenomenon of posterior-
anterior shift in aging (PASA) seen in functional neuroi-
maging studies [Davis et al., 2008], where an age-related
reduction in occipital activity was coupled with increased
frontal activity. For older adults, high levels of inferior
frontal activation were associated with low levels of par-
ahippocampal activation, suggesting that the frontal ac-
tivity may be compensatory for decreased medial
temporal activations [Davis et al., 2008; Gutchess et al.,
2005]. This could be further ascertained in analyzing
whole brain activations which was not a focus of our
current study.

CONCLUSION

Our current study shows an anterior-posterior gradient
for age-related reduction in both hippocampal structure
and activation. In other words, the posterior hippocampus
appears to be more resilient to aging than the anterior
hippocampus, and functions associated with the anterior
hippocampus may be more vulnerable to aging than
previously thought. This finding may have clinical
implications regarding the possible pathological changes
of hippocampus in aging brains. As the current study is
limited by the cross-sectional sampling, we would need
to investigate this with larger longitudinal samples in
the future.
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