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Differential Associations of Age With Volume
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Abstract: Hippocampal atrophy in advanced healthy aging has frequently been reported. However,
the vulnerability of different hippocampal subfields to age-related atrophy is still a source of debate.
Moreover, the association of age with the microstructural integrity of subfields is largely unknown. In
this study, we investigated the associations between age and volume as well as microstructural integ-
rity of hippocampal subfields using a three-dimensional (3D) surface mapping approach. Forty-three
healthy older adults spanning the age range from 60 to 85 years underwent Tl-weighted and
diffusion-tensor imaging. Analyses demonstrated an association of age with hippocampal volume pre-
dominantly in the most anterior part of the hippocampal head, mainly corresponding to the subicu-
lum. In contrast, the association of age with hippocampal microstructural integrity was mainly
confined to regions located in the hippocampal body and tail, corresponding to the subiculum and
CA1. Results indicate that age-related volumetric and microstructural alterations within hippocampal
subfields provide complementary information and reflect different age-related processes. Potential
mechanisms underlying the differential associations of age with volume and microstructure of hippo-
campal subfields are discussed. Hum Brain Mapp 36:3819-3831, 2015.  © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

The hippocampus has been one of the most studied cer-
ebral structures in neuroimaging research during the last
decades. Significant volume reductions have been reported
in geriatric depression [Sawyer et al., 2012; Steffens et al.,
2011], in Parkinson’s disease [Camicioli et al., 2003], and,
most consistently, in Alzheimer’s disease (AD) [Barnes
et al.,, 2009; Jack et al., 2000]. Hippocampal atrophy is not
limited to age-related psychiatric and neurodegenerative
disorders but has also been reported in normal aging.
However, the pattern of age-related atrophy is still a
source of debate. The hippocampus is composed of molec-
ularly and functionally distinct subfields, comprising the
subiculum, the four cornu ammonis (CAl1-4), and the
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dentate gyrus (DG) [Duvernoy, 2005]. While some studies
reported associations of age with the volume of CA1l and
DG and CA3 [Mueller and Weiner, 2009], others found
associations of age with the volume of the subiculum and
CA1 [Frisoni et al., 2008], the subiculum alone [Chételat
et al,, 2008], or with all of these subfields [Apostolova
et al., 2012]. Moreover, age-related changes in hippocam-
pal microstructure are barely studied. A more profound
understanding of both micro- and macrostructural hippo-
campal changes within normal aging is necessary, not
only to gain deeper insights into the healthy aging process
but also to more precisely delineate normal and pathologi-
cal age-related structural alterations.

Most studies have assessed the hippocampus as a single
structure. In the last decade, several sophisticated methods
have been developed that enable the investigation of hippo-
campal subfields based on magnetic resonance imaging
(MRI), including surface mapping [Apostolova et al., 2012;
Chételat et al., 2008; Frisoni et al., 2008], manual segmenta-
tion of ultrahigh resolution images [La Joie et al., 2010;
Mueller and Weiner, 2009; Winterburn et al., 2013; Wisse
etal., 2012], and automated delineation [Pipitone et al., 2014;
Van Leemput et al., 2009; Yushkevich et al., 2010, 2015]. The
application of these in vivo methods has led to an increased
awareness of different vulnerabilities of hippocampal sub-
field volumes to age-related processes. However, the pattern
of volumetric alterations of hippocampal subfields is still a
source of debate. While several studies reported an associa-
tion of age with the volume of CA1 [de Flores et al., 2015;
Frisoni et al., 2008; Mueller et al., 2007, 2008; Shing et al.,
2011; Wisse et al., 2014b] and the subiculum [Chételat et al.,
2008; de Flores et al., 2015; Frisoni et al., 2008; La Joie et al.,
2010; Thomann et al., 2013; Wang et al., 2003], others found
smaller volumes of CA3-4 and DG with increasing age
[Mueller and Weiner, 2009; Pereira et al., 2014; Wisse et al.,
2014b]. The discrepancies in the results may be a conse-
quence of the application of different methodological
approaches as well as of the investigation of different age-
ranges.

In addition to studies on age-related hippocampal atro-
phy the investigation of changes in hippocampal micro-
structure, as measured by diffusion-tensor imaging (DTI), is
receiving increasing attention. DTI measures the random
thermal motion of water molecules in biological tissues,
which permits an indirect reconstruction of the structural
organization and integrity of brain tissues. The most fre-
quently applied diffusion metrics are mean diffusivity (MD)
and fractional anisotropy (FA) [Basser and Pierpaoli, 1996].
MD is thought to be an indicator of microscopic barriers or
obstacles in both gray matter (GM) and white matter (WM).
In GM regions such as the hippocampus, increasing MD is
most likely related to loss of cellular barriers, increases in
extracellular fluid caused by shrinkage of neurons, and axo-
nal degeneration [Basser et al., 1994, den Heijer et al., 2012].
FA is thought to quantify the directional dependence of dif-
fusion and reflects the organization of neuronal elements
particularly within myelinated fiber bundles [Basser et al.,

1994, den Heijer et al., 2012]. Accordingly, FA analyses have
primarily been performed in WM regions. In GM regions,
the existence of multiple crossing unmyelinated fibers low-
ers FA, which leads to a low sensitivity of FA to microstruc-
tural changes within GM regions.

DTI-based studies demonstrated a strong positive asso-
ciation between age and hippocampal MD in older adults
beyond their 50s. Of note, this association was stronger
than the association of age with hippocampal volume
[Carlesimo et al., 2010; den Heijer et al., 2012]. However,
analyses within these studies were restricted to DTI meas-
ures of the entire hippocampus. In spite of the increasing
awareness of different vulnerabilities of hippocampal sub-
field volumes to age-related processes, to date only one
study investigated the relationship between age and the
microstructure of specific hippocampal subfields. Using
automated subfield segmentation implemented in Free
Surfer [Van Leemput et al., 2009], this study demonstrated
positive associations between age and MD in CA2-3.
Moreover, a positive association between age and MD in
the whole hippocampus and a negative association
between age and FA in the subiculum has been found
[Pereira et al., 2014]. However, recent studies cast doubts
on the accuracy of the automated segmentation procedure
applied in this study [de Flores et al., 2015; Pluta et al.,
2012; Schoene-Bake et al., 2014; Wisse et al., 2014a].

The present study was motivated by the need of a more
profound understanding of micro- and macrostructural
changes of hippocampal subfields in normal aging. The
study aimed at investigating and comparing the associations
of age with volume and microstructural integrity of hippo-
campal subfields using a semiautomated 3D surface map-
ping approach. This approach has been validated against
manual segmentation using ultrahigh-resolution MRI [La
Joie et al.,, 2010]. Since several studies demonstrated an
acceleration of hippocampal atrophy after the age of 60
years [Pfefferbaum et al., 2013; Raz et al., 2010], this study
focused on older adults with an age range of 60-85 years.
Other studies that investigated a comparable age range
demonstrated strong associations of age with the volume of
the subiculum and CA1 [Frisoni et al., 2008; Thomann et al.,
2013; Wang et al., 2003]. We expected to find a negative asso-
ciation between age and the volume of the same hippocam-
pal subregions. Moreover, we hypothesized that those
hippocampal subfields showing a negative association
between age and volume also demonstrate a negative asso-
ciation between age and microstructural integrity. Against
the background of the low sensitivity of FA in GM, hippo-
campal microstructure was quantified exclusively by MD.

METHODS
Participants

We examined the data of 43 healthy older adults span-
ning the age range from 60 to 85 years (demographics of
the sample are given in Table I). Participants were
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recruited via newspaper announcement and advertise-
ments posted in the University Medical Center of the
Johannes Gutenberg University Mainz as well as in several
public institutions. Prior to study enrolment participants
underwent a psychiatric screening interview, including the
Diagnostic expert system for psychiatric disorders—Stamm
Screening Questionnaire [Wittchen and Pfister, 1997] and
the International Diagnostic Checklists for ICD-10 and
DSM-1V [Hiller et al., 1996]. Participants were excluded if
they had a history of psychiatric, neurologic, cerebrovascu-
lar, or cognitive illness. To ensure that they were cogni-
tively normal, all participants underwent a broad battery
of neuropsychological tests: (a) Verbal learning and mem-
ory test [Helmstaedter et al., 2001], which is a German ver-
sion of the auditory verbal learning test that requires
learning of a list of 15 words in five consecutive trials, free
recall of these words after each trial, and recognition after
20 minutes; (b) Wechsler memory scale-revised, digit and
block span (forward and backward, respectively) [Wechs-
ler, 1987]; (c) Tower of London, which is a measure of
planning and problem solving [Shallice, 1982]; (d) Trail
Making Test Parts A and B, which are measures of infor-
mation processing speed (Part A) and cognitive flexibility
(Part B) [Reitan, 1958]. Participants were excluded if the
performance in any test was lower than two standard
deviations under the group mean. The study was
approved by the local Ethics Committee. Written informed
consent was provided by all participants according to the
Declaration of Helsinki.

MRI Data Acquisition

MRI was conducted on a 3-T Siemens TrioTim scanner
(Siemens, Erlangen, Germany). The identification of cur-
rently existing brain pathology (e.g., brain tumors, lacunar,
or silent infarcts) was based on PD/T2-weighted, fluid
attenuated inversion recovery-weighted and time-of-flight
sequences. To investigate microstructural properties of
hippocampal subfields, a diffusion-weighted, single shot,
spin-echo, echoplanar-based sequence was performed (30
directions; b = 1,000 s/mm?; matrix dimensions: 128 X 128;
slice thickness: 3 mm; spatial resolution: 1.5 X 1.5 X
3 mm; repetition time (TR)/echo time (TE): 7,100 ms/102
ms). To investigate volumetric properties of hippocampal
subfields a high-resolution T1l-weighted magnetization
prepared rapid gradient echo sequence was applied (MP-
RAGE; matrix dimensions: 256 X 256 mm; spatial resolu-
tion: 0.8 X 0.8 X 0.8 mm; repetition time: 1.770 ms; echo
time: 2.38 ms; inversion time: 900 ms; flip angle: 15°; num-
ber of slices 224).

Hippocampal Surface Analyses

The relationship between age and volume of hippocam-
pal subfields was investigated using an automated voxel-
based morphometric (VBM) approach combined with

TABLE I. Demographic characteristics of the study
group

N 43
Age (range in years) 70.02 =7.75 (60-85)
Education (range in years) 12.23 +3.21 (9-17)
Gender
Male (N (%))
Female (N (%))
Hypertension (N (%))

18 (42%)
25 (58%)
22° (51%)

Continuous variables are represented as mean * SD. The range is
given in parentheses.

Categorical variables are represented as number. Percentage val-
ues are given in parenthesis.

?All cases of hypertension were regulated with medication.

projection of the association maps onto a 3D surface view
of the hippocampus [Chételat et al., 2008]. This approach
was extended by the application of voxelwise analyses on
the association between age and DTI measures and their
projection onto the same hippocampal 3D surface view.
The procedure included the following steps, which are
described in detail below: (a) preprocessing and coregistra-
tion of the T1- and DTI data (see MRI data preprocessing
section), (b) application of voxelwise multiple-linear
regression analyses on the relationship between age and
GM volume as well as age and DTI measures (see Statis-
tics section), and (c) preparation of a hippocampal region
of interest (ROI) and projection of the association maps
resulting from the regression analyses on its surface (see
3D hippocampal surface mapping section).

MRI data preprocessing

T1-weighted images were preprocessed using the VBM
protocol implemented in the Statistical Parametric Map-
ping toolbox (SPM8, Wellcome Trust Centre for Neuroi-
maging, University College London, England) as described
in detail elsewhere [Ashburner and Friston, 2007]. Briefly,
images were segmented into probability maps of different
tissue classes (GM; WM; cerebrospinal fluid, CSF) using
the revised unified segmentation routine of SPM8 [Ash-
burner and Friston, 2005]. The resulting GM partitions
were high-dimensionally registered to a group template
and transformed to MNI space using diffeomorphic ana-
tomical registration through exponentiated lie algebra
(DARTEL) [Ashburner, 2007]. The GM segments were
modulated using the Jacobian determinant to account for
effects of local volume changes induced by the spatial nor-
malization (corrected for linear and nonlinear warping)
and to preserve the original amount of GM volume. To
control the analyses of hippocampal volume for the effect
of different brain sizes, the total intracranial volume (TIV)
was calculated by summing up the volumes of the GM,
WM, and CSF compartments using the VBMS8 toolbox.

Diffusion-weighted imaging data were preprocessed as
follows: (a) eddy current and motion correction using the
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FMRIB Software Library (FSL) (FMRIB Analysis Group,
Oxford, UK), (b) adjusting Gradients accordingly by appli-
cation of the rotational part of the resulting affine transfor-
mation, (c) removal of nonbrain tissue using Brain
Extraction Tool [Smith, 2002], and (d) calculation of MD
images by fitting a single diffusion tensor to the data using
CAMINO v.2 [Basser and Pierpaoli, 1996] (Microstructural
Imaging Group, University College London, UK, http://
cmic.cs.ucl.ac.uk/camino).

Subsequent to the above described preprocessing steps,
the DARTEL-GM segments and MD images of each partic-
ipant were coregistered using SPM8 by applying the fol-
lowing steps: (a) linear registration of the individual DTI-
b0 images to the T1 images in native space, (b) application
of the resulting transformation parameters to the individ-
ual MD images, and (c) application of the individual DAR-
TEL transformations (warp fields) resulting from the
generation of the modulated GM segments to the coregis-
tered MD images.

Finally, the modulated and spatially normalized GM
segments and the spatially normalized MD data were
smoothed. A Gaussian kernel of 6 X 6 X 6 mm® full-
width-at-half-maximum was used for the GM segments.
Since the DTI data had a different original spatial resolu-
tion, differential smoothing was applied. DTI data were
smoothed using a Gaussian kernel of 5.8 X 5.8 X 52 mm?®
full-width-at-half-maximum, resulting in an effective
smoothness identical to the GM segments smoothed at 6 X
6 X 6 mm® [Poline et al., 1995; Van Laere and Dierckx,
2001; Villain et al., 2010].

Statistics

Statistical analyses included the application of voxelwise
multiple-linear regression analyses using SPMS8. Analyses
were performed using f statistics, resulting in SPM-t maps.
The SPM-t maps were superimposed onto a hippocampal
ROI, as described in the next section. The relationship
between age and hippocampal volume was investigated
by setting the modulated and smoothed GM segments as
dependent variable, age as covariate of interest, and TIV
as covariate of noninterest. Further covariates of noninter-
est were determined by testing the influence of potential
confounding variables (i.e., education and gender) on hip-
pocampal volume using simple voxelwise regression anal-
yses. The association between age and hippocampal
microstructure was examined by setting the smoothed MD
maps as dependent variables and age as covariate of inter-
est. Covariates of noninterest were determined by testing
the influence of potential confounding variables (i.e., edu-
cation and gender) on hippocampal microstructure using
simple voxelwise regression analyses.

To ensure that potential associations between hippocam-
pal volume and age are independent of microstructural
alterations (and vice versa), additional analyses were per-
formed to evaluate the association of age with hippocam-
pal volume under control of hippocampal microstructure

(and vice versa), using Biological Parametric Mapping
(BPM). BPM is a statistical toolbox for voxelwise multimo-
dality brain image analyses, which uses the theoretical
framework behind the SPM methodology [Casanova et al.,
2007]. The independent association of age with hippocam-
pal volume was investigated by setting the modulated and
smoothed GM segments as dependent variable, age as
covariate of interest, and the smoothed MD data as well as
TIV as covariates of noninterest. The independent associa-
tion of age with hippocampal microstructure was exam-
ined by setting the smoothed MD data as dependent
variable, age as covariate of interest, and the smoothed
GM segments as covariate of noninterest. Further covari-
ates of noninterest were determined as described above.
BPM analyses were performed using t statistics, resulting
in SPM-t maps.

3D hippocampal surface mapping

The investigation of hippocampal subfields was based on
the superimposition of the SPM-t maps onto the surface of a
3D view of the left and right hippocampus. 3D representa-
tions of the hippocampus were built manually by delineating
the left and right hippocampus of a group template (built by
averaging the unsegmented T1-images that have been nor-
malized to MNI space) on coronal slices according to the
recently published tracing guidelines of the Harmonized
Hippocampal Protocol [Frisoni et al.,, 2014] (http://www.
hippocampal-protocol.net/SOPs/index.php). The resulting
binary ROIs were then converted to 3D meshes representing
the surface of the hippocampal ROIs. Subsequently, SPM-t
maps were superimposed onto these meshes, using the pub-
licly available software “BrainVISA/Anatomist” (http://
www.brainvisa.info). To not restrict the analyses to the outer-
most layer of the hippocampus and to minimize potential
partial volume effects in the DTI analyses, we superimposed
the mean of t-values of voxels located between the outermost
layer and a layer 2 mm inside the hippocampus. To comple-
ment the projection of SPM-t maps, we also superimposed
corresponding statistical significances onto the 3D mesh.
Statistical significance was set at P <0.001, uncorrected for
multiple comparisons. A schematized representation of hip-
pocampal subfields based on the 3D view of the hippocampal
ROIs is given in Figure 1-3A.

RESULTS

Prior to the application of the main analyses, simple
voxelwise regression analyses were performed to test the
effect of the potential confounding variables education and
gender on hippocampal volume/microstructure. Neither
education nor gender was associated with the volume/
microstructure of any voxel within the left or right hippo-
campal ROIL Consequently, gender and education were
not included as covariates of noninterest in the main
analyses.
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Association of Age With Hippocampal Volume

The association between age and hippocampal volume
is illustrated in Figure 1. Negative associations between
age and volume have been observed bilaterally at the
most anterior part of the hippocampal head, mainly corre-
sponding to the subiculum. Furthermore, negative associa-
tions have been observed bilaterally at medial-dorsal parts
of the hippocampal body (mainly corresponding to the
subiculum), medial-ventral parts of the hippocampal head
(covering the subiculum), and lateral-ventral parts of the
hippocampal head (corresponding to CA1l). However, t-
values of these regions were not significant at P <0.001.
Volumes of regions at the level of the hippocampal tail
were only weakly related to age. Significant positive asso-
ciations between age and volume have not been observed.

Association of Age With Hippocampal
Microstructure

The association between age and hippocampal micro-
structure is illustrated in Figure 2. In contrast to the results
of the volumetric analyses, the strongest associations
between age and MD have been found at the level of the
hippocampal body and tail. Positive associations have
been observed bilaterally at large medial-dorsal and
medial-ventral parts of the hippocampal body and tail,
mainly corresponding to the subiculum. At the level of the
hippocampal body, positive associations have also been
observed adjacent to the subiculum in other subfields,
mainly corresponding to CA3. Moreover, positive associa-
tions have been found at lateral-ventral parts of the left
hippocampal body, corresponding to CAl. At the level of
the hippocampal head, positive associations have been
observed bilaterally at small medial-dorsal and lateral-
ventral (left hippocampus) parts, corresponding to CAIL.
Significant negative associations between age and MD
have not been observed.

Independent Associations of Age With
Hippocampal Volume and Microstructure

The associations between age and hippocampal volume/
microstructure under control of the respective imaging
covariate of noninterest are illustrated in Figure 3. Analyses
on the relationship between age and hippocampal volume
controlled for MD demonstrated the same pattern of associ-
ation that has been found in analyses without controlling
for MD as reported in the section “Association of Age with
Hippocampal Volume” (Fig. 3A,B). Likewise, analyses on
the relationship between age and MD controlled for
volume demonstrated the same pattern of association that
has been observed without controlling for hippocampal
volume as reported in the section “Association of Age with
Hippocampal Microstructure” (Fig. 3C,D).

Supplementary Analyses

Additional analyses were performed to investigate
potential nonlinear (quadratic) relationships between age
and hippocampal volume as well as microstructure using
quadratic polynomial regression models. The quadratic
models were built by adding an age-squared term as cova-
riate of interest to the linear models. The variables of the
regression analyses were mean-centered in order to reduce
collinearity among predictors (the age-squared term was
calculated from the mean-centered age). In accordance to
the previous analyses, the resulting SPM-t maps were
superimposed onto the hippocampal surface. No quadratic
associations between age and hippocampal volume as well
as hippocampal MD have been observed (P > 0.001, uncor-
rected for multiple comparisons; data not shown).

DISCUSSION

This study aimed at investigating and comparing the
associations of age with volume and microstructure of hip-
pocampal subfields in a group of cognitively healthy older
adults, using a semiautomated 3D surface mapping
approach. This approach has been validated against man-
ual segmentation using ultrahigh-resolution MRI [La Joie
et al., 2010].

Association of Age With Hippocampal Volume

In accordance to our hypothesis, linear regression analy-
ses demonstrated a strong negative association between
age and the volume of the left and right subiculum. The
volume of CA1 showed a tendency for a negative associa-
tion with age but this relationship did not reach the signif-
icance threshold of P <0.001. Supplementary nonlinear
(quadratic) regression analyses did not show any quad-
ratic associations between age and hippocampal volume.
The subiculum has been shown to shrink linearly from the
age of 20 years while the volume of CAl is thought to
decline nonlinearly across the lifespan with a progressive
shrinkage starting at about 50 years [de Flores et al., 2015;
Ziegler et al., 2012]. Given the age range of our sample
(>60 years), a linear association between age and the vol-
ume of CA1l and the subiculum was expected.

An association between age and the volume of the subicu-
lum has been found in several studies [Chételat et al., 2008;
Frisoni et al., 2008; La Joie et al., 2010; Wang et al., 2003]. It has
been proposed that this association reflects age-related hippo-
campal atrophy due to significant neuronal loss accompany-
ing normal aging [Simic et al., 1997; West et al., 1994]. More
recent studies using advanced and unbiased methods for cell
counting have challenged the belief that age-related hippo-
campal atrophy always involves neuronal loss. Instead,
hippocampal atrophy could reflect shrinkage of neuronal ele-
ments such as dendrites [Miller and O’Callaghan, 2005].
Mechanisms underlying different vulnerabilities of
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(A) Schematized representation of hippocampal subfields based
on a 3D view of the hippocampus (CAl = blue, subiculum =
green, other subfields = red), according to an illustration pro-
vided in a previous publication [Chételat et al., 2008]. (B) Pro-

jection of the association between age and mean diffusivity (MD)
onto the 3D hippocampal mesh (SPM t-map). (C) lllustration of
corresponding significances (in red: P<0.001, uncorrected for
multiple comparisons).
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(A) Schematized representation of hippocampal subfields based
on a 3D view of the hippocampus (CAl = blue, subiculum =
green, other subfields = red), according to an illustration pro-
vided in a previous publication [Chételat et al., 2008]. (B, C):
(B) Projection of the association between age and gray matter
(GM) volume onto the 3D hippocampal mesh (SPM t-map; with
total intracranial volume and MD as covariates). (C) lllustration

hippocampal subfield volumes to age-related processes are
largely unknown. CA subfields as well as the DG are part of
the three-cell layered archicortex, which is phylogenetically
an older part of the brain. The subiculum is part of the phylo-
genetically younger perarchicortical zone of the mesocortex,
which consists of five-cell layers [Nieuwenhuys et al., 2008].
According to the “last-in first out theory,” phylogenetically
younger brain structures tend to be more susceptible to age-
related neuronal degeneration than phylogenetically older
brain structures [Raz, 2000], which might explain the largely
selective association of age with the volume of the subiculum.

A few studies found an association of age with the vol-
ume of CA3-4 or DG [Mueller and Weiner, 2009; Pereira
et al., 2014; Wisse et al., 2014b]. The differences in results
between these studies and the present study might be

of corresponding significances (in red: P<0.00l, uncorrected
for multiple comparisons). (D, E): (D). Projection of the associa-
tion between age and MD onto the 3D hippocampal mesh (SPM
t-map; with GM volume as covariate). (E) lllustration of corre-
sponding significances (in red: P <0.001, uncorrected for multi-
ple comparisons).

based on differences in the applied methodological
approaches. Pereira et al. [2014] used an automated sub-
field segmentation procedure implemented in FreeSurfer.
However, this method is thought to lack reliability when
applied to T1-weighted MRI [de Flores et al., 2015; Pluta
et al., 2012; Schoene-Bake et al., 2014]. Mueller and Weiner
[2009] performed manual delineations on 3 consecutive 2-
mm-thick slices at the level of the hippocampal body
using high-resolution imaging (4-T, voxel-size: 0.4 X 0.4 X
2 mm). The hippocampal head and tail were not included
in the analyses, which might partly explain the discrep-
ancy with our findings as we found an association
between age and volume predominantly in the anterior
part (head) of the hippocampus. As Wisse et al. [2014b]
applied manual subfield segmentation along the entire
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hippocampus (with the exception of the most posterior
parts of the hippocampus) using ultrahigh-field MRI (7-T,
voxel-size: 0.7 X 0.7 X 0.7), the lack of an association
between age and the DG in this study may reflect a lack
of sensitivity of surface-based analyses to changes in this
structure due to the location of the DG in the middle of
the hippocampus. However, the absence of associations
between age and volume of CA3-4 and DG has also been
reported using manual delineation [de Flores et al., 2015;
La Joie et al., 2010]. The differences in results within stud-
ies using manual segmentation might be based on differ-
ences in the applied segmentation and normalization
procedure as well as differences in the investigated age-
range. Taken together, more studies are needed before a
reliable conclusion about the presence or lack of an associ-
ation between age and volume of individual hippocampal
subfields can be drawn.

Importantly, our results demonstrated that negative
associations between age and hippocampal volume are
most pronounced in regions of the hippocampal head.
This result is in line with several publications and suggests
an anterior—posterior gradient of age-related volume
decline along the longitudinal axis of the hippocampus
[Chen et al.,, 2010; Hackert et al.,, 2002; Ta et al.,, 2012;
Wang et al., 2003]. There are, however, some studies that
reported a strong vulnerability of medial and posterior
parts of the hippocampus to aging [Driscoll et al., 2003;
Frisoni et al., 2008; Kalpouzos et al., 2009; Malykhin et al.,
2008; Thomann et al.,, 2013]. The differences in results
might be due to differences in the age range of study
groups. Of note, our study group was restricted to
advanced older adults spanning the age range from 60 to
85 years, including 15 participants aged 75 years and
older. Thus, pronounced atrophy of the hippocampal head
might characterize advanced aging. In line with this
hypothesis, previous studies that demonstrated pro-
nounced atrophy in anterior parts of the hippocampus
focused on advanced aging [Chen et al., 2010; Hackert
et al., 2002; Wang et al., 2003], whereas studies that found
stronger atrophy in posterior parts also included younger
adults [Driscoll et al., 2003; Kalpouzos et al., 2009; Maly-
khin et al.,, 2008]. Two studies are not in line with this
hypothesis, since they found pronounced atrophy in poste-
rior regions although the study groups were restricted to
older adults [Frisoni et al., 2008, Thomann et al., 2013].
However, compared to the age distribution of participants
of this study, the number of participants aged 75 years
and older within these studies was significantly smaller
[Thomann et al. 2013: N,g.-75=0; Frisoni et al. 2008:
N, age >75 = 8]

One possible explanation for greater atrophy of the ante-
rior hippocampus in advanced aging may be a dysregula-
tion of the hypothalamic—pituitary—adrenal (HPA)-axis
[Gordon et al., 2013]. The anterior part of the hippocam-
pus is connected with subcortical and hypothalamical
nuclei involved in neuroendocrine function. It is a target

of stress hormones released by the HPA-axis (e.g., cortisol)
and plays a major role in the regulation of the HPA-axis
[Fanselow and Dong, 2010; Moser and Moser, 1998]. In
advanced aging, dysregulations in the activity of the HPA-
axis and concomitant cortisol hypersecretion have fre-
quently been reported [Aguilera, 2011; Lupien et al., 1998;
Sapolsky et al.,, 1986]. These increases in cortisol levels
may lead to a predominant atrophy of anterior parts of the
hippocampus.

Association of Age With Hippocampal
Microstructure

Strong linear associations of age with hippocampal
microstructure (as measured by MD) have been observed
bilaterally at large parts of the subiculum. Moreover, asso-
ciations of age with the microstructure of CA1 have been
found. These associations were mainly confined to regions
of the hippocampal body and tail. At the level of the hip-
pocampal body, associations of age with microstructure
have also been observed in regions adjacent to the subicu-
lum (located in other subfields and corresponding to
CA3). However, due to the direct proximity to the subicu-
lum, findings within these regions are most likely an arti-
fact of the smoothing of the MD data. Of note, the
association of age with hippocampal microstructure was
stronger than the association of age with hippocampal vol-
ume (age-microstructure: t-values up to 6.8, age-volume: t-
values up to —3.9). Supplementary nonlinear (quadratic)
regression analyses did not show any quadratic associa-
tions of age with hippocampal microstructure.

MD is thought to be an indicator of microscopic barriers
or obstacles in both GM and WM. In GM regions such as
the hippocampus, increasing MD is most likely related to
loss of cellular barriers, increases in extracellular fluid
caused by shrinkage of neurons, and axonal degeneration
[Basser et al., 1994; den Heijer et al., 2012]. The subiculum
is a pivotal structure that mediates the interaction between
the hippocampus and cortical regions. It receives projec-
tions from CA1 and several cortical regions and sends pro-
jections to the entorhinal cortex and to cortical regions via
the fornix [Duvernoy, 2005; Goldman-Rakic et al., 1984;
Mufson and Pandya, 1984]. Moreover, the perforant path-
way traverses the subiculum on its way from the entorhi-
nal cortex to DG, CA3 and CA1 [O’Mara et al., 2001]. CA1
receives projections from CA3 via the Schaffer collateral
pathway. Moreover, it receives direct projections from the
perforant pathway. It sends projections to the subiculum
which proceed to the entorhinal cortex and form one of
the principle output bundles of the hippocampus
[Duvernoy, 2005]. Studies in rats showed that both the
subiculum and CA1 are parts of two main neuronal cir-
cuits, the perirhinal cortex—lateral entorhinal cortex—
hippocampus circuit and the postrhinal cortex—medial
entorhinal cortex—hippocampus circuit [Naber et al.,
2001]. Given the high proportion of fibers within the
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subiculum and CA1, age-related axonal degeneration (pos-
sibly accompanied by increases of extracellular fluid) may
underlie the observed association between age and MD in
both hippocampal subregions. The high proportion of
fibers within the subiculum and CA1l compared to other
hippocampal subregions may also explain the restriction
of the association between age and MD to the subiculum
and CAT.

Of note, the positive associations between age and MD
of the subiculum and CA1 were restricted to the hippo-
campal body and tail. The density of afferent and efferent
projections varies along the longitudinal axis of the hippo-
campus. In particular, afferent projections from the perirhi-
nal and entorhinal cortices, which provide the main
environmental input to the hippocampus, project most
densely to medial and posterior parts of the hippocampus
[Lavenex and Amaral, 2000; Witter et al., 1989]. This high
density of projection fibers to medial and posterior parts
might explain the restriction of age-related alterations in
MD to the hippocampal body and tail.

To date, only one study investigated the association of
age with the microstructure of hippocampal subfields
based on MRI [Pereira et al., 2014]. In line with our results,
the authors reported a negative association between age
and integrity of the subiculum. However, they also found
a negative association between age and integrity of CA2-3.
The discrepancies in study results are most likely based
on differences in the methodological assessment of hippo-
campal subfields. Apart from methodological aspects, dif-
ferences in the age range between study groups may
explain the discrepancies in study results, as participants
of the present study were significantly older.

Comparison of the Associations of Age With
Hippocampal Volume and Microstructure

Importantly, the association pattern of age with hippo-
campal volume differed from the association pattern with
hippocampal microstructure. Although the strongest asso-
ciations of age with hippocampal volume and microstruc-
ture could be observed in the same hippocampal subfields
(subiculum and small parts of CA1l), associations between
age and hippocampal volume have mainly been found in
the hippocampal head, whereas associations between age
and hippocampal microstructure have predominantly been
observed in the hippocampal body and tail. Moreover,
analyses on the relationship between age and hippocampal
volume controlled for hippocampal microstructure, and
vice versa, demonstrated the same pattern of association
that has been found without controlling for hippocampal
volume and microstructure, respectively. These results
suggest, that alterations in hippocampal volume and
microstructure within normal aging reflect largely inde-
pendent processes. As described above, the observed nega-
tive association between age and volume of the
hippocampal head in advanced aging may be explained

by neuronal shrinkage or loss caused by an age-related
dysregulation of the HPA-axis and concomitant increases
in cortisol secretion. Positive associations between age and
MD in hippocampal body and tail in normal aging may
reflect age-related axonal degeneration (possibly accompa-
nied by increases of extracellular fluid) rather than neuro-
nal shrinkage or loss.

Of note, in AD patients alterations in volume and
microstructure have been observed in the same hippocam-
pal regions [Fellgiebel and Yakushev, 2011; Yakushev
et al., 2010, 2011]. In AD, higher MD may be a conse-
quence of neuronal death rather than a consequence of
changes in the integrity of fibers. Thus, in contrast to nor-
mal aging, volumetric and diffusivity measures in AD
may sensitively detect structural alterations that are based
on the same neurobiological mechanisms. Specifically, in
AD increased diffusivity and decreased integrity of brain
tissue microstructure may be detectable early in the degen-
eration process when global or regional brain volume
reduction is not yet observable. In advanced disease
stages, microstructural pathology and atrophy may largely
spatially overlap. In other words, in AD atrophy may gen-
erally be accompanied by microstructural changes illus-
trating the preceding damage of brain tissue
microstructure, which seems not to be a necessary condi-
tion of atrophy in normal aging.

Functional Relevance of Age-Related Structural
Alterations Along the Longitudinal Axis of the
Hippocampus

The functional specialization of the hippocampus differs
along its longitudinal axis [Poppenk et al., 2013]. The ante-
rior hippocampus is thought to be associated with encod-
ing, vestibular memory and navigation, as well as global
spatial representations. Moreover, it is thought to be
related to emotion and motivation. The posterior hippo-
campus has been proposed to be related to retrieval, spa-
tial memory, visual memory and navigation, as well as to
local spatial representations [Poppenk et al., 2013]. Against
the background of these theoretical proposals for
longitudinal-axis specialization, age-related alterations in
hippocampal volume in anterior regions and age-related
alterations in hippocampal microstructure in medial/pos-
terior regions (as indicated by the present results) are
likely to have different functional consequences. However,
differences in the functional significance of volumetric and
microstructural hippocampal changes in general as well as
of changes in specific hippocampal subfields are largely
unknown and need to be investigated in future studies.

Limitations

The findings of this study should be considered in the
context of some limitations. First, the study is based on a
cross-sectional study design. Potential cohort effects cannot
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be excluded. Moreover, a cross-sectional design does not
allow for investigations of temporal orders or causalities.
Longitudinal studies are necessary to confirm and comple-
ment the findings of this study. A further limitation is the
rather small sample size of this study. Future studies
should confirm the results based on a larger sample size.
Another limitation relates to the applied methodological
procedure. Although the 3D surface mapping approach
underlying this study has been validated against manual
segmentation on ultrahigh-resolution images [La Joie et al.,
2010], future studies should confirm the observed results
based on manual segmentation procedures. Moreover,
surface-based analyses are rather insensitive to changes in
the DG and thus do not allow for a specific evaluation of
age-related structural alterations within this subfield.
Finally, the application of ultrahigh-resolution DTT is nec-
essary. Standard DTI sequences provide only a low resolu-
tion that does not allow for the investigation of specific
tracts that pass hippocampal subfields. The investigation
of such tracts (e.g., perforant pathway) might contribute to
a more profound understanding of age differences in the
microstructure of hippocampal subfields.

CONCLUSION

This study demonstrated differential associations of age
with volume and microstructure of hippocampal subfields
in healthy older adults. Although the strongest associa-
tions of age with hippocampal volume and microstructure
have been observed in the same hippocampal subfields
(mainly subiculum and small parts of CA1), associations
of age with volume were largely confined to the hippo-
campal head, whereas associations with microstructural
integrity were most pronounced in regions of the hippo-
campal body and tail. Thus, results indicate that altera-
tions in hippocampal volume and microstructure within
advanced healthy aging reflect largely independent proc-
esses. Future studies should compare the patterns of volu-
metric and microstructural alterations within the
hippocampus between healthy older adults and AD
patients to determine potential differences between normal
and pathological aging. Moreover, future studies should
investigate differences in the functional significance of vol-
umetric and microstructural hippocampal changes in gen-
eral as well as of changes in specific subfields.
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