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Hippocampus-dependent functions display marked reductions in older age, an observation
that has led to the extensive study of age effects on hippocampal properties. Even though
research indicates that the hippocampus is structurally and functionally heterogeneous along
its longitudinal axis, its anterior and posterior regions differentially supporting episodic and
spatial memory representations, few studies explicitly consider age effects in relation to axis.
Relatedly, as men and women commonly differ in episodic and spatial memory performance,
and sometimes also in rates of age-related hippocampal atrophy, sex could be a potential
modifier of age effects. The aim of this thesis was therefore to assess age effects on the
hippocampus and its role in episodic and spatial memory across young (20-35 years), middleaged (40-50 years) and older (60-70 years) adults, adopting a longitudinal-axis approach
while considering interactions with sex. Study I evaluated hippocampal volume and activation
in relation to associative memory across middle-aged and older adults. Age differences in
associative memory were largest in men and paralleled by smaller volumes and less activation in
the anterior hippocampus. Study II assessed hippocampus-dependent network-like organization
of gray matter by measures of structural whole-brain covariance. The anterior and posterior
hippocampus showed shared and distinct patterns of covariance, which were qualitatively
comparable across age groups. However, participants’ expression of these patterns decreased
as a function of age, comparably for men and women, and showed significant associations with
episodic memory. Study III investigated age effects on resting-state functional connectivity
and demonstrated that both the anterior and posterior hippocampus decreased in connectivity
with several brain regions across middle-aged and older adults. Memory was only associated
with age-related connectivity of the posterior hippocampus: episodic memory negatively with
connectivity increasing as a function of age, and spatial memory positively with connectivity
that decreased. These studies demonstrate distinct effects of age on the anterior and posterior
hippocampus, and show that age-related decline of these regions differentially relates to episodic
and spatial memory. Overall, findings highlight the importance of explicitly considering the
heterogeneity of the hippocampal axis in the assessment of its role in age-related memory
decline.
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Abbreviations

BOLD

Blood Oxygen Level Dependent

CA

Cornu Ammonis

DG

Dentate Gyrus

EC

Entorhinal Cortex

fMRI

functional Magnetic Resonance Imaging

LTP

Long-Term Potentiation

LV

Latent Variable

mOFC

medial Orbitofrontal Cortex

mPFC

medial Prefrontal Cortex

MRI

Magnetic Resonance Imaging

MTL

Medial Temporal Lobe

PFC

Prefrontal Cortex

PLS

Partial Least Squares

ROI

Region of Interest

TIV

Total Intracranial Volume

VBM

Voxel-Based Morphometry

Introduction

Our ability to remember personally experienced events, in a manner best described as a form of mental time traveling, is termed episodic memory and
involves coherent representation of separate components and the associations
among them in memory. This type of memory, together with spatial memory
supported by our ability to maintain mental representations of our spatial surroundings allowing for efficient navigation through often complex environments, has been consistently linked to the brain structure called hippocampus
across both animal and human studies.
In parallel, cognitive decline characterizes both normal and pathological
aging, negatively impacting the quality of every-day life for many individuals.
With some of the most striking effects of age evident in episodic and spatial
memory functions, the hippocampus has been suggested as particularly susceptible to age-related decline, and as such, it has been the focus of numerous
studies assessing its structural and functional properties and their role in
memory in older age.
Relevant to the understanding of episodic and spatial memory, and their
age-related decline, is a substantial amount of studies demonstrating that the
hippocampus is a heterogeneous brain structure – its internal anatomy and
whole-brain connections varying along its anterior-posterior axis in a functionally significant manner. It is suggested that this heterogeneity is associated
with different roles of the anterior and posterior hippocampus in episodic and
spatial memory, and also that these two regions display differential decline in
aging. Relatedly, two groups that commonly differ in episodic and spatial
memory, and to some extent also in aging of the brain, are men and women.
Given these findings, it is reasonable to argue that a comprehensive account
of the hippocampus and its association with episodic and spatial memory in
aging should explicitly consider effects as being potentially axis-dependent
and modified by sex. Nonetheless, such assessments are still relatively few.
As such, this thesis aimed at providing further insight to the link between agerelated decline of the hippocampus and memory by separately assessing properties of the anterior and posterior hippocampus across young, middle-aged
and older men and women.
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The hippocampus
The hippocampus is undoubtedly one of the most studied structures in the
mammalian brain. As part of the limbic lobe, it extends longitudinally through
the bilateral medial temporal lobes (MTL) and connects to widespread areas
of the brain, enabling its principal role in memory-guided behavior. Its name
is credited to the Italian anatomist Arantius who in 1587 noted its seahorseresembling shape. Since then, studies have throughout shown that the hippocampus is an anatomically diverse structure, both internally and in its connections to the rest of the brain. Widely interconnected with cortical association
areas and found to display characteristics optimal for the synaptic plasticity
underlying learning, neurobehavioral studies in both animals and humans indeed confirm that the hippocampus is vital to memory functioning.

Internal anatomy and neural pathways
The hippocampus’ bilaminar structure is most clear when viewed from a coronal perspective (Figure 1). This reveals its two interlocked c-shaped layers,
the cornu Ammonis (CA: i.e. Ammon’s horn) and the dentate gyrus (DG).
While the CA is commonly divided into four distinct subfields (CA1-CA4),
the DG, displaying a saw-toothed indented shape, runs along the length of the
hippocampus as one consistent segment (Duvernoy, 2013). Throughout this
theses, the hippocampus is considered as these two layers together with the
adjoining subiculum, located between CA1 and the neighboring entorhinal
cortex (EC).
Positioned immediately adjacent to the parahippocampal gyrus, the hippocampus receives its input from the EC, from which neurons signal granular
cells in the DG. This so called perforant path makes up the first stage of the
polysynaptic intrahippocampal pathway which connects the components of
the hippocampus in a chain-like, unidirectional, manner. From the DG, mossy
fiber axons synapse with the pyramidal neurons of CA3, in turn projecting to
CA1 through the Schaffer collateral pathway. Ending the chain are finally projections from CA1, via the subiculum, back to the EC which is also a main
hippocampal output site. Distinct from the polysynaptic pathway is the direct
pathway which, by connecting fibers of the EC directly to neurons of CA1,
reaches the EC output area independently of a longer synaptic chain (Duvernoy, 2013; Kandel, 2013).
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Figure 1. Medial and coronal view of the human hippocampus and parahippocampal
gyrus (including the perirhinal cortex, parahippocampal cortex and entorhinal cortex).

Cortical connections
The hippocampus is structurally connected to multiple regions of the brain and
receives its primary input through fibers originating in cortical association areas. As such, information is already highly processed when converging on the
EC before entering the hippocampus.
The two intrahippocampal pathways described above however differ in
their cortical connections, receiving information from the EC by way of the
parahippocampal and perirhinal cortices, respectively (Duvernoy, 2013; Suzuki and Amaral, 1994). Input to the polysynaptic pathway stems from posterior parietal association areas, reaching the EC via the parahippocampal cortex. Output from this pathway is projected through the fornix on to the anterior
thalamic nucleus, terminating in the posterior cingulate and retrosplenial cortices. In contrast, the direct pathway receives its input from inferior temporal
association areas, reaching the EC via the perirhinal cortex (anterior part of
the parahippocampal gyrus), eventually projecting back to inferior temporal
areas, the temporal pole and prefrontal cortex (PFC) (Duvernoy, 2013). While
input to the polysynaptic pathway primarily involves spatial information from
the dorsal visual stream, input to the direct pathway comes from areas part of
the ventral visual stream associated with object identification (Mishkin et al.,
1983; Ungerleider and Mishkin, 1982).
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Neural mechanisms of learning and memory
Synaptic plasticity, long-lasting alterations in the strength and efficacy of connections between neurons resulting from one neuron taking part in repeatedly
activating another, has since Hebb in 1949 suggested it as a mechanism for
learning and memory been demonstrated across the brain, not least in the hippocampus (Kandel, 2013; Lømo, 2003).
The mechanism for this synaptic plasticity, long-term potentiation (LTP),
is a key characteristic of all synapses within both the polysynaptic and direct
intrahippocampal pathways. Particularly relevant for memory storage are the
properties of LTP in the Schaffer collaterals between CA3 and CA1. Reliant
on the activation of postsynaptic N-Methyl-D-Aspartate (NMDA) glutamate
receptors, dependent on depolarization of the postsynaptic cell, it allows for
the highly specific encoding of only sufficiently significant input. As such,
weak input – less likely to depolarize the neuron on its own – will only induce
LTP if paired with a stronger input. In that way, hippocampal NMDA-mediated LTP is also considered associative, allowing for the paired storage of
separate inputs fundamental to long-term memory (Kandel, 2013).

Hippocampus-dependent memory
Two main lines of research on hippocampal function dominate the literature,
one investigating its involvement in spatial cognition and the other in the
somewhat distinct process of episodic memory, both similarly dependent on
the hippocampus.
Remembering an episode from yesterday takes us back to the same time
and place, sometimes also to the same emotional state, in which we first encoded that episode. This mental time traveling we engage in when recalling a
past event is a fundamental characteristic of episodic memory, involving the
long-term storage of personally experienced events recollected in a conscious
manner. In this way, episodic memory is separate from semantic memory,
which in contrast predominantly involves factual knowledge – of which recollection is conscious but independent of the contextual timestamp specific to
episodic memory (Tulving, 2002).
The division of memory into these separate categories is to a great extent
based on lesion studies showing that brain damage located in different regions
result in selective types of memory impairments. The anterograde amnesia
observed in Henry Molaison (H.M.), after the bilateral resection of large portions of his MTL in 1953, is possibly the single most famous and well-studied
case (Scoville and Milner, 1957). In an effort to treat his severe epilepsy, portions of the amygdala, hippocampus and parahippocampal gyrus were surgically removed. Although this reduced his epileptic symptoms, it also resulted
in the inability to form new long-term memories and difficulties in remembering old ones. However, as H.M. still displayed priming effects and motor
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learning skills after the surgery, his amnesia seemed limited to memories of
declarative nature, indicating a distinction between MTL-dependent declarative memory on the one hand and non-declarative memory, less dependent on
the MTL, on the other (Augustinack et al., 2014; Corkin, 1984). The amnesia
observed in patient K.C., who in a motorcycle accident in 1981 sustained MTL
damage predominantly localized to the hippocampus, later indicated a role of
the hippocampus in episodic memory more specifically. K.C. suffered anterograde amnesia as well as complete episodic retrograde amnesia, but at the
same time displayed intact semantic memory function (Rosenbaum et al.,
2005). This selective lack of episodic and autobiographical components in
memories of his past as such gave rise to a further distinction within the MTL
system for declarative memory; the one between episodic and semantic
memory.
Neuroimaging studies adopting positron-emission tomography (PET) and
functional magnetic resonance imaging (fMRI) methods have since these amnesic cases further demonstrated a role for the hippocampus in episodic
memory, showing significant hippocampal activation during both episodic encoding and retrieval of various types of material (Eichenbaum et al., 2007;
Eldridge et al., 2000; Greicius et al., 2003; Henson, 2005; Paller and Wagner,
2002; Rombouts et al., 1997; Strange et al., 2002). More specifically, the hippocampus seems particularly involved in associative processes, supporting
memory for inter-item relations and associations between items and their context, commonly reported in comparison to a significantly lesser involvement
in single-item memory which in contrast is considered more greatly dependent
on the perirhinal and parahippocampal cortices (Davachi, 2006; Davachi et
al., 2003; Davachi and Wagner, 2002; Giovanello et al., 2004; Henke et al.,
1999, 1997; Ranganath et al., 2004; Yonelinas et al., 2001).
In parallel, the discovery of hippocampal place cells and later also grid cells
in the EC, demonstrated that the hippocampus is central to spatial cognition
and memory (Hafting et al., 2005; O’Keefe, 1976; O’Keefe and Dostrovsky,
1971). First suggested by Tolman in 1948, it is now widely accepted that the
hippocampus contains map-like representations of the environment, allowing
us to experience and navigate our surroundings independently of our own personal viewpoint (Moser et al., 2008; O’Keefe and Nadel, 1978). Consider being stopped by a tourist visiting your hometown asking for directions to the
train station – pointing from your position at the other side of town in the
direction of the station would require the cognitive map maintained by the
hippocampus.
The role of the hippocampus in such an allocentric, that is, view-point independent, self-locating system was in the beginning established in rodents
where single-cell recordings and lesion studies repeatedly confirmed the hippocampus-dependent nature of spatial memory through navigation tasks in
which successful performance required the formation and maintenance of allocentric spatial representations (Morris, 1981; Morris et al., 1982; O’Keefe,
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1976). It has since also been demonstrated in humans, through single-cell recordings of place-cell like neurons in the hippocampus (Ekstrom et al., 2003);
by lesion studies in which hippocampal damage is associated with impaired
navigation performance (Astur et al., 2002; Maguire et al., 2006); and through
fMRI paradigms showing hippocampal activation during tasks of virtual navigation adapted from those originally developed in rodent studies (Astur et al.,
2005; Burgess et al., 2002; Iaria et al., 2007).

Opposing theories of hippocampal function
Although it is clear that episodic and spatial memory is hippocampus-dependent, both benefitting from the structure’s widespread connections with cortical
association areas and its aptitude for LTP, there is no real consensus on the
manner by which the hippocampus supports these arguably different processes.
In one view, the hippocampus is suggested as essentially spatial, representing the world and our experiences in terms of the cognitive map maintained
by its place cells (O’Keefe and Nadel, 1978). As a consequence, episodic
memory is in this view simply considered dependent on the hippocampus to
the extent that it involves spatial components. By an opposing account, coherent with the hippocampus’ involvement in associative learning, it is suggested
to support these various types of memory functions by performing so called
relational binding. That is, the linking of separate components making up an
event (e.g. a person’s name, shirt color and placement at the dinner table) into
complex memory traces, enabling the storage of coherent representations in
our long-term memory (Cohen and Eichenbaum, 1991; Eichenbaum, 2000;
Olsen et al., 2012). Rather than being predominantly spatial, the hippocampus
as such treats spatial components like any other type of element in memory.
More recently, efforts have been made to unite these two views, by also
considering the time-processing properties of hippocampal neurons discovered in parallel to its place cells (Eichenbaum, 2014; MacDonald et al., 2011;
Manns et al., 2007; Paz et al., 2010). By this account, the hippocampus is still
considered relational, but instead of viewing spatial information as components stored in memory, space – along with time – should be seen as the context in which memories are organized (Eichenbaum, 2017; Eichenbaum and
Cohen, 2014; Ekstrom and Ranganath, 2017). Although other dimensions
could also serve as the contextual backdrop for memory organization, depending on the task at hand, space and time seem prioritized – at the top of a functional hierarchy. In this regard, the hippocampus performs a relational function within a spatiotemporal framework maintained by its place- and timecoding neurons.
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Age-related decline in memory and the hippocampus
Advanced age is associated with decline in numerous cognitive domains, as
well as with both structural, functional and molecular changes in the brain.
Notably, a common finding is that age-related cognitive impairments qualitatively mimic those observed resulting from hippocampal damage, suggesting
that the hippocampus and therefore hippocampus-dependent functions might
be particularly susceptible to age-related decline (Geinisman et al., 1995). For
instance, episodic memory declines significantly with age while semantic
memory and implicit learning seem relatively stable across life (Nilsson,
2003; Rönnlund et al., 2005). Similarly, although several aspects of spatial
cognition and memory deteriorate in older age, performance requiring maintenance of allocentric representations is more consistently impaired in comparison to egocentric-based (view-point related) performance, less dependent on
the hippocampus (Driscoll et al., 2003; Klencklen et al., 2012; Lester et al.,
2017).
Within episodic memory, consistent with a relational account of hippocampal function, age-related decline further seems to parallel deficits observed in
patients with hippocampal damage, who primarily display impaired associative memory function while relatively intact single-item memory (Konkel et
al., 2008; Mayes et al., 2007, 2002; Turriziani et al., 2004); as memory for
associations among items, or between items and their context, repeatedly
shows greater age-related decline in comparison to memory for single-item
material (Naveh-Benjamin, 2000; Old and Naveh-Benjamin, 2008; Schacter
et al., 1991).
Taken together, findings point towards the age-related decline in episodic
and spatial memory, largely driven by reduced associative and allocentric processes, as likely connected to age-related alterations in hippocampal properties.

Hippocampal correlates of memory in older age
Hippocampal structure
Structurally, the hippocampus undergoes changes throughout adulthood, displaying neuronal loss and decreased neurogenesis with increasing age (Bettio
et al., 2017; Driscoll et al., 2003). In accordance, the hippocampus displays
significant age-related gray matter atrophy, increasing in rate after the age of
50 (Fjell et al., 2009; Liu et al., 2003; Raz et al., 2004b, 2005; Raz and Rodrigue, 2006; Resnick et al., 2003). Granted that there is a clear co-occurrence
of reduced hippocampus-dependent memory and hippocampal gray matter in
older age, it is however only occasionally reflected in significant structurefunction associations, indicating that a simple “bigger is better” account of the
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link between hippocampal volume and memory is insufficient (Raz and Rodrigue, 2006; Van Petten, 2004). Although several studies report no associations between hippocampal volume and episodic memory in older adults
(Charlton et al., 2010; Rajah et al., 2010; Rodrigue and Raz, 2004), there are
nonetheless some contrasting examples, suggesting that lower levels of atrophy could benefit memory performance in older age. Within groups of older
adults, volume shows positive correlations with associative (Shing et al.,
2011), but also single-item word recognition (Hackert et al., 2002; Yonelinas
et al., 2007). Further, several studies report significant correlations between
longitudinal decline in episodic memory and hippocampal atrophy in older
age (Gorbach et al., 2017; Kramer et al., 2007; Persson et al., 2012).
Testing hippocampus-dependent aspects of episodic and spatial memory in
a sample of older adults, Driscoll and colleagues (Driscoll et al., 2003) showed
that performance on both tasks was positively linked to hippocampal volume.
Correspondingly, more recent studies using virtual navigation tasks have reported similar findings in older age, with structure-function correlations primarily present in allocentric-dependent conditions (Head and Isom, 2010), out
of which different aspects of performance, such as path length and complexity,
seem differentially associated with volume in hippocampal CA/DG sub fields
(Daugherty et al., 2016).
Hippocampal function
Age-related alterations in synaptic transmission and hippocampal LTP have
been demonstrated in both rodent and human studies, indicating age-dependent changes at a cellular level in hippocampal function relevant to memory
(Barnes et al., 2000; Bettio et al., 2017).
Although older adults activate the hippocampus during both episodic encoding and retrieval, they often show decreased hippocampal involvement
paralleled by inferior memory performance in comparison to young adults
(Nyberg, 2017), also demonstrated by longitudinal assessments of individual
change over time (Persson et al., 2012). On the other hand, equal levels of
hippocampal activation in different age groups have also been reported as paralleled by both comparable and impaired levels of memory performance in
older adults (Persson et al., 2011; Sperling et al., 2003). As such, the interpretation of general activation findings from cross-sectional studies can be complicated, instead favoring event-related fMRI paradigms providing a more
specific measure of performance-related hippocampal involvement by identifying subsequent and successful memory effects, that is, activation during encoding and retrieval specifically related to remembered items. In older adults,
lower levels of hippocampal activation during both successful encoding
(Daselaar et al., 2003) and retrieval (Daselaar et al., 2006; Kukolja et al., 2009)
have been observed compared to young adults.
In connection to associative and allocentric functions appearing particularly susceptible to age-related decline, many neuroimaging studies including
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older adults explicitly assess hippocampal recruitment in associative compared to single-item memory, as well as in spatial memory specifically requiring allocentric processing. Overall, findings mirror behavioral results, on the
one hand showing selective age effects on hippocampal activation for successful associative memory (Dennis et al., 2008), and on the other significantly
weaker activity in older compared to young adults during spatial navigation
(Antonova et al., 2009; Moffat et al., 2006).
Age-effects are however not only reflected in magnitude-differences in activation between young and older adults, but rather, studies report a shift in
activation from the hippocampus to areas supporting item- and egocentricbased processes, as well as qualitative changes in hippocampal task-involvement. While the hippocampus throughout shows a preference for associative
encoding and retrieval in young adults, a lack of such specificity has in contrast been observed in older adults (Giovanello and Schacter, 2011; Kukolja
et al., 2009; Mitchell et al., 2000). Similarly, older adults display a shift from
allocentric-based recruitment of the hippocampus to activation more greatly
related to landmark-based egocentric processing (Schuck et al., 2015), and in
comparison to young adults also show increased recruitment of areas such as
the medial PFC (mPFC) and the caudate nucleus (Moffat et al., 2006; Schuck
et al., 2015). At a behavioral level, these observations are reflected in differential use of spatial navigation strategies; while older adults show a clear preference for egocentric strategies, most often related to impairments in spatial
navigation performance, younger adults instead adopt and benefit from allocentric strategies (Harris et al., 2012; Rodgers et al., 2012; Wiener et al.,
2013).
Hippocampal whole-brain connections
Although established as central to normal memory functioning, the hippocampus is not an isolated structure, rather, it should be considered part of largescale functional and structural networks of regions interacting to support episodic and spatial memory. Most commonly, such networks are defined in
terms of white-matter connections and synchronized brain activity during task
and rest across distributed areas (i.e. functional connectivity), but can also be
assessed by measures of structural covariance – indicative of a systematic organization of gray matter across the brain.
Unrelated to specific tasks, separate brain regions display correlated fluctuations in activity referred to as resting-state connectivity (Biswal et al.,
1995; Deco et al., 2011). This type of connectivity has with consistency been
demonstrated as organized in distinct networks, corresponding to neuroanatomical systems linked to specific functions such as attention, language, executive control and motor function (Damoiseaux et al., 2006; Greicius et al.,
2003; Seeley et al., 2007). Similarly, separate brain regions display significant
covariation in morphology, such that gray matter reliably correlates between
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spatially distributed regions indicating network-like associations between areas (Alexander-Bloch et al., 2013; Evans, 2013; Mechelli et al., 2005). Regions that are highly correlated in gray matter tend to be part of systems supporting specific functions (Alexander-Bloch et al., 2013), for instance, significant gray matter correlations has been demonstrated between the hippocampus and neighboring MTL regions such as parahippocampal, perirhinal and
entorhinal cortices (Bohbot et al., 2007). Taken together with indications of a
correspondence to functional connectivity networks, structural covariance is
in a similar manner considered reflecting an aspect of intrinsic brain organization (Alexander-Bloch et al., 2013; Evans, 2013). While the biological interpretation of structural covariance remains relatively unknown, it is suggested that covariance reflects genetic and plasticity-related influences. For
instance, genetic factors might account for a coordination in growth across
brain regions giving rise to covariance, while experience and learning-based
alterations in regional morphology similarly might contribute to covariance
among regions (Alexander-Bloch et al., 2013).
In general, older age is associated with reduced integrity of structural and
functional networks; notably, age effects have been reported on structural covariance in areas corresponding to known functional networks (DuPre and
Spreng, 2017; Li et al., 2013; Montembeault et al., 2012; Spreng and Turner,
2013), such as the brain’s default mode network (DMN; Buckner et al., 2008;
Raichle et al., 2001) also deteriorating in older age (Andrews-Hanna et al.,
2007; Toussaint et al., 2014). Considered supporting internally directed cognition and self-referential processes, age-related decline within the DMN has
further been linked to impairments in episodic memory (Bernard et al., 2015;
Persson et al., 2014a).
In line with a general shift from distributed to more localized organization
of both functional and structural networks in older age (Alexander-Bloch et
al., 2013; Damoiseaux, 2017; Evans, 2013; Ferreira and Busatto, 2013), the
hippocampus displays age-related decoupling from the structural networks it
is part of (Zhu et al., 2012). However, few studies have assessed age effects
on structural covariance specifically using the hippocampus as a seed region
in analyses. As such, there is to date limited knowledge on potential age effects on hippocampal whole-brain structural covariance and its association
with memory.
In contrast, previous studies have successfully linked hippocampal restingstate functional connectivity in older adults to episodic memory, showing that
its functional interaction with regions of the DMN is positively correlated with
associative memory (Wang et al., 2010). While reporting a similar link between associative memory and hippocampal-DMN connectivity, which decreased as a function of age, Salami and colleagues (Salami et al., 2014) observed that connectivity between the left and right hippocampus instead increased with age. Further, this elevated within-hippocampal coupling showed
significant negative associations with memory performance, indicating that
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such an age-related reorganization in connectivity – away from beneficial between-network coupling – results in less effective episodic memory functioning.
Onset of decline in hippocampal correlates of memory
Age-related decline in hippocampal volume and memory is, as described
above, observed by the age of 50 and 60 years, respectively (Raz and Rodrigue, 2006; Rönnlund et al., 2005). However, much of our knowledge about
the hippocampus and memory, and the association between those measures in
older individuals, is relative mainly to observations in young adults. Granted
that there are some longitudinal assessments available, and studies including
life-span samples, the majority of cross-sectional studies fail to include middle-aged adults – as such limiting the understanding of when age-related alterations emerge. An initial concern is further the variation in the definition of
middle-age, with classifications ranging from spans between 30 and 58 years
(Li et al., 2013) to 55 and 60 years (Gorbach et al., 2017).
In general, studies that do include middle-aged samples report somewhat
inconsistent findings, with hippocampal volume significantly associated with
episodic memory in older but not middle-aged adults (Gorbach et al., 2017),
and in contrast with spatial memory in middle-aged but not older adults
(Korthauer et al., 2016). In terms of activation, comparable hippocampal involvement in successful associative encoding has been demonstrated across
young, middle-aged and older adults (de Chastelaine et al., 2016), while reduced hippocampal activation for successful single-item encoding in contrast
has been observed by middle-age (Park et al., 2013). While activation for successful associative recognition did not decline between young and middleaged adults, similar to encoding-related activation, Cansino and colleagues
(Cansino et al., 2015) showed that older adults nonetheless failed to engage
the hippocampus to the same degree as middle-aged participants. Additionally, increased negative subsequent memory effects have been demonstrated
in older groups as compared to young and middle-aged, that is, an increase in
greater hippocampal activation for forgotten versus remembered items; observed during both episodic encoding (Park et al., 2013) and retrieval (Cansino
et al., 2015).
Although the examples are relatively few, hippocampal network decoupling has by two previously mentioned studies been demonstrated in structural
covariance between middle-aged and older adults (Zhu et al., 2012), and in
functional connectivity between the hippocampus and the DMN in a longitudinally assessed sample ranging between 25 and 80 years (Salami et al., 2014),
in which longitudinal decline in connectivity was negatively associated with
episodic memory.
Overall, the hippocampus frequently displays gray matter atrophy and altered
task-related activation in older age, often but not throughout, associated with
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episodic and spatial memory. Importantly, increasing age is not accompanied
only by an attenuation in hippocampal activation and connectivity, but previous literature suggests that also qualitative changes and reorganization characterize properties of the hippocampus in older age. Studies with middle-aged
samples and those providing unified assessments across multiple measures
and modalities are however relatively scarce, leaving our present understanding of hippocampal structure and function in aging, and the association of such
measures with both episodic and spatial memory, somewhat restricted. Including middle-aged adults, the studies composing this thesis as such consider regional hippocampal volume in parallel to activation during both encoding and
retrieval (Study I), patterns of structural whole-brain covariance (Study II),
and resting-state functional connectivity (Study III), pertaining specifically to
the hippocampus – throughout in relation to associative, single-item and navigation-based spatial memory.
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Differentiation of the hippocampus’ longitudinal-axis
The hippocampus has so far been discussed as a functionally homogeneous
structure, equally representing episodic and spatial memory along its anteriorposterior axis. However, a substantial amount of evidence converge to indicate that the hippocampus in contrast is structurally and functionally heterogeneous along its longitudinal axis; its properties related to both memory and
aging in an axis-dependent manner.

Internal properties and whole-brain connections
The CA and DG layers are represented throughout the hippocampus, but differ
in proportion along the anterior-posterior extension of the structure, with a
greater CA-to-DG ratio in anterior regions decreasing towards the structure’s
posterior parts (Malykhin et al., 2010). Based on anatomical markers, the hippocampus is further divided into three main subregions: head, body and tail
(Duvernoy, 2013; Malykhin et al., 2007), although many studies commonly
adopt a simpler division of only two portions, referred to as the anterior and
posterior hippocampus. A similar definition is utilized throughout Studies IIII of this thesis, such that the anterior hippocampus corresponds to the hippocampal head, while references to the posterior hippocampus includes the body
and tail, a division made posterior to the uncal apex (Poppenk et al., 2013).
Demarcations between regions along the hippocampus’ anterior-posterior
extension are marked by differences in gene expression, intrinsic white matter
connections and in similarly axis-graded whole-brain connections (Strange et
al., 2014). Further, the density of place cells differs between ventral and dorsal
hippocampal regions in rodents (corresponding to the anterior and posterior
hippocampus in humans); reported as greatest in the dorsal (posterior) hippocampus (Jung et al., 1994). Correspondingly, properties of hippocampal place
cells seem to vary in an axis-dependent manner; their firing fields decreasing
in size in an anterior-to-posterior gradient, demonstrated in rodents (Kjelstrup
et al., 2008) and indicated in humans via fMRI assessment (Brunec et al.,
2017).
As the main input area to the hippocampus, the EC conveys information
from the distinct perirhinal and parahippocampal cortices (Suzuki and Amaral,
1994a), which in turn receive input from largely separate cortical regions
(Fanselow and Dong, 2010; Suzuki and Amaral, 1994b). In large corresponding to the dorsal and ventral visual streams, respectively (Goodale and Milner,
1992; Mishkin et al., 1983), the parahippocampal cortex connects to the posterior cingulate, retrosplenial and posterior parietal cortices, commonly implied in spatial cognition, while the perirhinal cortex displays primary connections to anterior temporal regions thought to represent semantic knowledge.
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Importantly, the anterior and posterior hippocampus show dissociated connections to the perirhinal and parahippocampal cortices, as revealed by functional
connectivity in humans (Kahn et al., 2008; Libby et al., 2012), indicating that
the two hippocampal subregions receive distinct forms of input from widespread cortical areas. Further, this division in functional connectivity reflects
a division evident in white matter connections of the anterior and posterior
hippocampus (Duvernoy, 2013; Fanselow and Dong, 2010; Strange et al.,
2014).

Functional specialization
The axis-related variation in internal anatomy and whole-brain connectivity
observed for the hippocampus has been linked to behavior by several different
accounts. For instance, some emphasize a role of the posterior hippocampus
in cognitive functions, while the anterior hippocampus in contrast is considered supporting emotional and motivational behavior, much due to its close
connections to the amygdala (Fanselow and Dong, 2010). However, the
graded manner in which properties map onto the hippocampal long-axis indicates that the anterior and posterior hippocampus primarily differ in terms of
supporting representations of different granular resolution; global and coarse
in nature anteriorly, contra local and fine-grained more posteriorly. By this
account, the graded granularity in combination with the two regions’ different
cortical inputs determine the type of representations supported by the anterior
contra posterior hippocampus (Moscovitch et al., 2016; Poppenk et al., 2013;
Strange et al., 2014).
Findings from the human literature points towards an organization of function along the hippocampal axis expressed in terms of spatial and contextbased, or associative, memory. Perhaps most well-known is the report by
Maguire and colleagues (Maguire et al., 2000), who demonstrated axis-dependent associations between spatial navigation and hippocampal volume in
London taxi drivers. While posterior volume was positively related to time
spent as a taxi driver, a negative correlation between experience and volume
was in contrast observed for the anterior hippocampus. Correspondingly, and
in line with the greater density of place cells observed in the dorsal hippocampus, impaired navigation ability in rodents follows posterior but not anterior
hippocampal lesions (Moser et al., 1995). Anterior volume, on the other hand,
has been reported as predictive of associative memory in young adults (Rajah
et al., 2010), consistent with associative encoding (Chua et al., 2007; Davachi,
2006) and retrieval (Giovanello et al., 2009, 2004) primarily activating the
anterior hippocampus.
Comparing hippocampal activations for spatial context versus spatial relations within a framework of episodic memory, tapping event-location associations and allocentric representations of those events respectively, showed that
context-related memory preferentially activated the anterior hippocampus
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while memory for spatial relations recruited the posterior hippocampus (Nadel
et al., 2012). Considering both episodic and spatial memory encoding in relation to the longitudinal axis of the hippocampus, Kühn and Gallinat (Kühn and
Gallinat, 2014) further provided meta-analytic results indicating a similar anterior-posterior division of function. It should be noted however, that the distribution of episodic memory activations along the hippocampal axis seems
related to the type of memory material used. While predominantly verbal and
associative materials engage anterior regions, activations related to pictorial
material in contrast seem to gather in more posterior regions of the hippocampus (Persson and Söderlund, 2015).
In aging, impaired associative memory seems paralleled by anterior atrophy (Rajah et al., 2010) and reduced specificity of anterior activation (Mitchell
et al., 2000), while spatial memory has been linked to volume of the posterior
hippocampus (Chen et al., 2010), and navigation observed to activate the posterior hippocampus in young but not older adults (Antonova et al., 2009;
Moffat et al., 2006).

Heterogeneous aging of the hippocampal axis
Neuroimaging studies indicate that structural and functional properties of the
hippocampus are susceptible to age-related decline differentially along the
hippocampal axis. Although only a subset of previous studies have assessed
age effects on the anterior and posterior hippocampus separately, there are
examples showing that the posterior hippocampus displays the greatest agerelated decline across samples including young adults (Kalpouzos et al., 2009;
Malykhin et al., 2008), while the anterior hippocampus in contrast often shows
greater age-related decline in samples 50 years and older (Chen et al., 2010;
Hackert et al., 2002; Jack et al., 1997). However, adding to the inconclusiveness of results, Ta and colleagues (Ta et al., 2012) observed that age effects
on volume and encoding-related activation were most pronounced in the anterior hippocampus in a sample ranging from young to older age. Additionally,
studies contrasting older adults to young have reported both anterior (Rajah et
al., 2010) and posterior (Driscoll et al., 2003) atrophy. On the other hand, in
line with greater susceptibility of the anterior hippocampus across samples not
including younger adults, Gordon and colleagues (Gordon et al., 2013)
demonstrated more atrophy in the anterior compared to the posterior hippocampus across healthy middle-aged and older adults.
Longitudinal assessments of regional hippocampal integrity specifically
considering axis as a factor are however lacking, making it difficult to conclude to which extent rates of decline are comparable between the anterior and
posterior hippocampus. Changes in resting-state functional connectivity have
on the other hand been longitudinally assessed for anterior and posterior MTL
regions separately, showing that while connectivity within regions of the anterior MTL decreased over time, connectivity within the posterior MTL in
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contrast increased (with the onset of increase at about 60 years). This agingrelated increase in connectivity was further negatively associated with episodic memory and paralleled by a decoupling from the DMN, not observed
for the anterior MTL (Salami et al., 2016). Correspondingly, greater decoupling of the posterior compared to the anterior hippocampus from regions of
the DMN was reported in a cross-sectional study including participants between 18 and 83 years, although no significant associations with memory were
found (Damoiseaux et al., 2016).
In terms of structure, there are however, to the best of our knowledge, no
previous assessments of axis-dependent age effects on hippocampal wholebrain structural covariance, leaving our understanding of gray matter network
properties of the anterior and posterior hippocampus in relation to episodic
and spatial memory in aging fairly limited.
It becomes evident, after reviewing literature demonstrating the different characteristics of the anterior and posterior hippocampus, that an account of the
hippocampus and its role in episodic and spatial memory in older age must
take axis into consideration.

26

Sex as a modulating factor of age effects
Sexual dimorphism is repeatedly observed in a number of domains, behavioral
and neurological, with findings indicating differences in memory, brain structure, neurotransmitter systems, and in the susceptibility to disease between
men and women (Cahill, 2006; Gur and Gur, 2017). Particularly relevant in
studying the hippocampus are observations from the rodent literature of sex
differences in its internal anatomy, neurochemical properties, and in NMDAmediated LTP (Madeira and Lieberman, 1995; Maren et al., 1994). In humans,
sex differences have been found in hippocampal volume (Goldstein et al.,
2001; Jack et al., 2015; Ruigrok et al., 2014; but see Tan et al., 2016), in global
manifestation of Alzheimer’s disease symptoms (Barnes et al., 2005), and in
hippocampus-dependent functions, showing a male advantage in spatial
memory (Astur et al., 2004, 1998; Voyer et al., 1995), and a female advantage
in verbal episodic and associative memory (Bender et al., 2010; Herlitz et al.,
1997; Herlitz and Rehnman, 2008), advantages preserved in older age (de
Frias et al., 2006; Driscoll et al., 2005; Gerstorf et al., 2006; León et al., 2016).
Differences in sex hormones, development, and evolutionary factors are
some of the suggested mechanisms behind these sex-dependent variations
(Cahill, 2006; McEwen and Milner, 2017). Such mechanisms are possibly also
related to the sex differences observed in susceptibility to age effects, reported
for several cognitive domains and in global brain structure (Alexander et al.,
2006; Cowell et al., 1994; McCarrey et al., 2016). More specifically, there are
reports of differential effects of age on hippocampal volume in men and
women, often indicating greater age-related decline in men (Malykhin et al.,
2017; Pruessner et al., 2001; Raz et al., 2004a), although some find more pronounced atrophy in women (Murphy et al., 1996), or differences dependent
on analysis methods (Li et al., 2014; Pfefferbaum and Sullivan, 2015).
Although findings are inconsistent, observations overall indicate that age
might differentially impact the hippocampus in two groups displaying differences in hippocampus-dependent functions differentially organized along the
hippocampal axis – which in turn displays heterogeneous age-related decline.
As such, descriptions of characteristics of the anterior and posterior hippocampus in older age, and the association between hippocampal integrity and
episodic and spatial memory, stand to benefit from explicitly considering sex
as a factor potentially modulating age effects.
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Aims

Memory functions dependent on the hippocampus significantly decline in
older age and previous research indeed suggest that these alterations can be
attributed to the similar decline observed in structural and functional properties of the hippocampus. Yet, there are aspects that remain fairly unaccounted
for, such as the relevance to age-related effects of sex and the heterogeneous
organization of neural properties and memory functions along the hippocampal longitudinal axis. The aim of this thesis is to provide a unified account of
age effects on structural and functional properties of the hippocampus and its
whole-brain connections in relation to episodic and spatial memory across
young, middle-aged and older men and women, throughout considering the
differential organization of these properties and memory functions along the
hippocampal axis.
This thesis more specifically addressed to which extent
•

associative memory differs between middle-aged and older adults and is
reflected in hippocampal volume and task-related activation (Study I)

•

structural whole-brain covariance of the anterior and posterior hippocampus varies with age and relates to episodic and spatial memory
across young, middle-aged and older adults (Study II)

•

age impacts resting-state functional connectivity of the anterior and
posterior hippocampus, and to which extent age-related connectivity is
associated with episodic and spatial memory (Study III)
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Methods

Magnetic resonance imaging
MRI is an imaging technique allowing for morphological and functional assessment of the brain. It has become a method extensively used within neuroscience, often assessing brain structure and function in relation to behavior.
The technique takes advantage of the magnetic properties of hydrogen protons, abundant in water and fat within the body, which align themselves to the
external magnetic field maintained by the MRI scanner. A radiofrequency
pulse then excites the protons, altering their position in relation to the magnetic field. When the pulse is turned off, protons return back into alignment,
while emitting radiofrequency energy used to generate images of the brain.
Varying the parameters of the radio pulse sequence creates images of different
contrasts, making use of the differences in proton relaxation properties between different tissues in the brain.
Two types of images are utilized in this thesis: anatomical images of high
spatial resolution that accentuate gray matter in contrast to white matter, allowing for estimations of hippocampal volume (Study I and II) and assessments of covariance between hippocampal gray matter and gray matter distributed across the brain (Study II); and functional images indicating brain
activation during memory encoding and retrieval (Study I), as well as functional connectivity during rest (Study III). Functional images are acquired by
an imaging sequence sensitive to oxygenation-dependent variation in the MR
signal, stemming from the different magnetic properties of oxygenated and
de-oxygenated hemoglobin. Referred to as blood-oxygen level dependent
(BOLD), this signal is, through inference from neuronal activity being associated with a heightened need for oxygen, an indicator of brain activation (Huettel et al., 2014).
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Project overview
Participants
Neuroimaging and behavioral data were collected within two main projects,
the first including a total of 100 young adults (50 men and 50 women, between
18 and 35 years), and the second including a total of 122 middle-aged (30 men
and 30 women, between 40 and 50 years) and older adults (31 men and 31
women, between 60 and 70 years), see Table 1 for demographics as a function
of age group, sex and study. Participants were recruited through newspaper
ads, posters on the Uppsala University campus (the young adults), and via
postal mail to a sample randomly drawn from the Uppsala population register
(the middle-aged and older adults). Criteria for study inclusion were righthandedness, no history of neurological disease or brain damage, and ability to
undergo magnetic resonance imaging (e.g. no claustrophobia, no metal implants). Prior to inclusion, the Mini Mental State Examination (MMSE; Folstein et al., 1975) was further administered to the middle-aged and older
adults, adopting a cut-off score for inclusion set at ≥ 24. Participants gave
informed written consent and received either monetary compensation, cinema
vouchers (young adults) or a gift voucher (middle-aged and older adults). Both
projects were approved by the regional ethics review board in Uppsala.

Procedure
Imaging was performed with the same 3T scanner (Achieva, Philips Medical
Systems, Best, the Netherlands) in both projects at the Uppsala University
Hospital. Acquired data included anatomical T1-weighted images, functional
resting-state time-series, diffusion tensor imaging (DTI) data (although not
included in this thesis), and functional images during episodic and spatial
memory tasks. Scanning parameters for anatomical images were identical
across age groups, while functional resting-state protocols differed between
the two projects (i.e. different for the middle-aged and older groups compared
to the young). While all participants were scanned for structural MRI and resting-state data, not all participants performed the associative and spatial
memory tasks during scanning. Tasks were presented through goggles attached to the MRI head coil (Nordic Neuro Lab, Bergen, Norway) and participants’ answers were registered by MRI-compatible response buttons (Tethyx
Joystick, Current Designs Inc., Philadelphia, USA). For the remaining participants, memory testing took place on a separate occasion at the Department of
Psychology at Uppsala University, scheduled as to minimize the time interval
between sessions. In this thesis, only functional data related to the associative
memory task, and not the task assessing spatial memory, is presented (Study
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I). Genetic data and blood samples were also collected, although these
measures are not considered in the studies included in this thesis.
MRI scanning protocols
MRI was performed on a 3T scanner (Achieva, Philips Medical Systems, Best,
the Netherlands) at Uppsala University Hospital using an 8 channel head coil.
Anatomical T1-weighted images were acquired using a 3D magnetization prepared rapid gradient echo sequence (TR = 9 ms; echo time = 4 ms; flip angle
= 9°; field of view = 240 × 240 mm2; voxel size = 1 mm3 isotropic voxels; 170
slices).
For the middle-aged and older adults, functional T2*-weighted images
were collected during associative memory encoding and retrieval with an echo
planar imaging sequence (TR = 3000 ms; echo time = 35 ms; flip angle = 90°;
field of view = 230 × 230 mm2; voxel size = 3 × 3 × 5 mm3; 34 coronal slices
perpendicular to the longitudinal axis of the hippocampus).
Resting-state data for the young group, a total of 120 T2*-weighted volumes consisting of 34 slices, were acquired with an echoplanar imaging sequence (TR = 3000 ms; TE = 35 ms; flip angle = 90°; field of view = 230 ×
230 mm2; voxel size = 3 × 3 × 5 mm3). For the middle-aged and older groups,
functional resting-state data were acquired using an echoplanar imaging sequence (TR = 2000 ms; TE = 30 ms; flip angle = 90°; FOV = 192 × 192 × 159
mm; voxel size = 3 × 3 × 4 mm3), in total 180 T2*-weighted volumes consisting of 32 slices collected in an interleaved order.
MRI data preprocessing and analysis
Structural and task-related functional MRI data were preprocessed and analyzed in SPM, versions 8 (Study I) and 12 (Study II-III) (Statistical Parametric
Mapping, Wellcome Trust Centre for Neuroimaging, Institute of Neurology,
UCL, London, UK), implemented in MATLAB R2012b (Mathworks Inc.,
MA), while resting-state functional data were preprocessed in RESTplus
(Song et al., 2011) before subsequently analyzed in SPM.
Anatomical T1-weighted images were preprocessed for voxel-based morphometry (VBM), an automated analysis method allowing for voxel-wise assessment of morphological properties of the brain (Ashburner and Friston,
2000). A voxel is the unit out of which the 3D anatomical images are composed; a cube-like building block representing a distinct region of brain tissue,
equivalent to the pixels of a 2D digital image. Statistical testing at voxel-level
enables comparisons at high spatial resolution between regions and individuals, as well as the assessment of associations between gray matter and other
measures, such as age or memory. Prior to VBM, anatomical images were
segmented into images of gray matter, white matter and cerebrospinal fluid,
normalized to MNI-space (Montreal Neurological Institute) through
DARTEL (Diffeomorphic Anatomical Registration Through Exponentiated
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Lie Algebra: Ashburner, 2007) and finally smoothed. Normalization is the
step in which individual images are registered to a common template, manipulating each brain into a standard mold whilst conserving the original value
representing the gray matter of each voxel, as such allowing for statistical
analysis at a group level which requires voxels to represent the same anatomical location across individuals. Normalized images are then smoothed, a process improving the signal-to-noise ratio by averaging data across neighboring
voxels. Smoothing was throughout the studies included in this thesis done by
applying a Gaussian kernel of 8 mm full-width at half-maximum (FWHM). A
measure of total intracranial volume was calculated for each participant by
summing voxel values of the gray matter, white matter and cerebrospinal fluid
segmentations. This global measure was used in analyses to control for the
influence of individual differences in brain size on regional volume.
In this thesis, age effects on regional gray matter was assessed through a.
voxel-wise group comparisons and regression analyses in SPM (Study I); and
through b. statistical assessment of voxel values extracted from preprocessed
anatomical images submitted to ANOVAs and regression analyses outside of
SPM (Study I and II). Structural covariance of the hippocampus was assessed
using the multivariate method Partial Least Squares (PLS), allowing for the
identification of voxels of gray matter that covary with gray matter of one or
several pre-defined so called seed regions, for instance, the anterior and posterior hippocampus (McIntosh et al., 1996; McIntosh and Lobaugh, 2004;
Spreng and Turner, 2013). PLS identifies latent variables (LVs) accounting
for the relation between seed data and global brain data across participants in
a manner explaining the most variance. In terms of gray matter, significant
LVs indicate patterns of structural covariance. For each LV, a measure of the
extent to which the corresponding covariance pattern is expressed in each individual is calculated. This is called a brain score; reflecting voxel values of
both the individual’s gray matter image and the PLS-derived group image.
Brain scores can then be used as a variable in separate analyses, for instance
examining associations between the expression of hippocampal whole-brain
covariance patterns and memory (Study II).
Functional images acquired during associative memory encoding and retrieval
were spatially realigned to correct for head movements during scanning and
the realignment parameters were later included as covariates in analyses at
single-subject level. Images were further slice time corrected for acquisition
order and normalized to MNI-space before finally being smoothed with a
Gaussian kernel of 6 mm FWHM. At single-subject level, a 128s high-pass
filter was applied in order to minimize low frequency noise, and experimental
conditions were modeled with a canonical hemodynamic response function.
Hippocampal activation was then assessed in two ways related to the mixeddesign of the memory task used to test associative memory in the scanner.
First, activation was assessed by contrasting blocks of encoding and retrieval
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against control blocks, and then by contrasting remembered items (hits)
against forgotten items (misses), identifying activation specifically related to
successful encoding and retrieval. At group level, t-tests determined significant activation within and between age groups, and multiple regression analyses were used to test potential associations between hippocampal activation,
age and memory performance. Values representing signal-change were extracted from significant clusters of activation and submitted to ANOVAs and
regression analyses outside of SPM, testing age-by-sex interaction effects and
correlations with memory (Study I).
Although following the same steps, resting-state functional data belonging to
the young adults were preprocessed separately from that belonging to the middle-aged and older adults, as scanning parameters differed between the two
projects. Functional images were slice-time corrected and realigned, and nuisance covariates including realignment transformations and the BOLD signal
from white matter and cerebrospinal fluid were regressed out. Images were
normalized into MNI space and smoothing was performed using a 6mm
FWHM Gaussian kernel, before filtering the normalized time series with a
band pass filter preserving frequencies between 0.01 and 0.08 Hz. In Study
III, whole-brain connectivity was then calculated for the anterior and posterior
hippocampus for each participant by correlating the time series of each hippocampal seed with the time series of all other brain voxels. This step produced
correlation maps which, after transformation using the Fisher r-to-z-transformation, were submitted as input in voxel-wise SPM analyses testing effects of
age on hippocampal resting-state connectivity.
Voxel-wise volumetric and functional analyses adopted a significance threshold of p < .05, family-wise error (FWE) corrected for multiple comparisons.
Definition of the anterior and posterior hippocampus
The hippocampus, defined through Freesurfer’s automated subcortical segmentation process (Fischl et al., 2004, 2002) in Study I, and by the Automated
Anatomical Labeling library from the Wake Forest University PickAtlas
toolbox (Maldjian et al., 2003; Tzourio-Mazoyer et al., 2002) in Studies II-III,
was divided into separate anterior and posterior masks throughout used as regions of interests (ROIs) in the analyses presented in this thesis. The division
was made just posterior to the uncal apex (Persson et al., 2014b; Poppenk et
al., 2013); in MNI coordinates, the anterior mask extended from y: -2 to y: 18 and the posterior mask from y: -24 to y: -42, leaving a gap of 4 mm separating the two regions.

34

35

Materials
Neuropsychological measures
The neuropsychological assessment battery administered to participants consisted of six different tasks. The Corsi block tapping task that requires participants to view and subsequently tap different blocks in the same or backwards
order as the test leader, measuring visuospatial working-memory (Corsi,
1972); the Letter-Digit Substitution Test (LDST) in which participants during
60 seconds substitute letters with digits according to a given key, overall
measuring visual scanning, psychomotor speed and flexibility (Jolles et al.,
1995); a redrawn version of the Mental Rotations Test (Peters et al., 1995;
Vandenberg and Kuse, 1978), where participants match three-dimensional
figures rotated by different degrees to a given target figure; Trail Making Test
parts A and B (TMT-A and TMT-B) measuring cognitive flexibility and
visuomotor speed through two forms of connect-the-dot tasks differing in difficulty (Lezak, 2004); a verbal fluency test (FAS), where participants are
asked to orally generate as many words beginning with a given letter during
one minute in three separate rounds (F, A, and S); and finally a test assessing
vocabulary through a multiple-choice synonyms task from the Dureman-Sälde
battery (SRB; Dureman, 1960).
Episodic memory
Episodic memory was assessed in two tasks, one measuring associative recognition and one single-item recognition, both including verbal material and
constructed and run in E-Prime (Psychology Software Tools Inc., Pittsburgh,
USA). Two separate versions of the single-item recognition task were used
for the young vs. the middle-aged and older groups, and the associative recognition task was only administered to the middle-aged and older adults. In both
tasks, participants made old-new judgements at retrieval and their answers
were classified as hits, misses, false alarms and correct rejections, used to calculate the dependent measure of adjusted recognition (Hits-False alarms). Participants received instructions and completed practice versions of the tasks
prior to testing. The order of testing for these two tasks was for middle-aged
and older adults counterbalanced within sub-groups (i.e. middle-aged men,
middle-aged women, older men, etc.).
The associative memory task, requiring participants to form and remember
associations between words, was designed for fMRI use and had a mixed design allowing for both block- and event-related analyses, adapted from that
used by Persson and colleagues (Persson et al., 2011). During encoding, participants studied 64 pairs of unrelated concrete Swedish nouns, presented in
white on a black background (e.g. DOCTOR-BEACH). Word-pairs were presented for 4s in blocks of four items, each pair separated from the next by a
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fixation cross located in the center of the screen (jittered between 1500 and
2500 ms). For each pair, participants were instructed to create a mental image
containing both presented words and indicate if they had succeeded or not by
pressing one of two buttons. A control-task block separated each encoding
block in which participants had to indicate, as fast as possible, when a presented fixation cross turned into a circle. The fixation cross was presented for
a duration of 1000-2500 ms, after which the circle appeared for 500 ms, then
replaced by a second fixation cross; lasting between 2000 and 3500 ms. The
total duration of each cross-circle-cross control trial was always 5s and, like
the encoding blocks, each control block included four trials. In total, the encoding phase consisted of 16 test blocks and 16 control blocks (lasting 24s and
20s, respectively), with a total duration of 12 minutes.
The retrieval phase followed after a retention period of 11 min and had the
same structure as the encoding phase; 16 retrieval blocks consisting of 4 pairs
each (separated by a jittered fixation cross; 1500-2500 ms), intermixed with
16 cross-circle-cross control blocks. Word-pairs were during retrieval presented for 3s, making the entire session last 10.5 minutes. All words presented
at encoding were presented again during retrieval, but with 32 of the original
64 word-pairs recombined into new pairs, while the other 32 pairs from encoding appeared intact. A recombined pair consisted of a left-hand word in its
original position together with a word from another pair on the right. Participants made old-new judgements, indicating if the presented pair was intact
from encoding (old) or recombined (new).
The single-item memory task similarly tested word recognition. While some
of the young participants completed this task within the scanner, it was administered outside the scanner to middle-aged and older adults. During encoding, the young participants studied 80 common Swedish nouns which were
intermixed with 80 new words during testing, while the middle-aged and older
groups studied 50 words, later intermixed with 25 new words. Participants
were during encoding instructed to judge whether the word presented (for 2
seconds in the young group, and for 4 seconds in the middle-aged and older
groups), was something concrete or abstract, and gave their responses by
pressing one of two buttons. The retrieval phase followed a delay of 10
minutes, and assessed recognition by requiring participants to make old-new
judgements, thus indicating whether the word presented was old (previously
presented during encoding) or new (not previously presented). For both encoding and retrieval, words were presented in random order in the center of a
computer screen, each word separated from the next by a fixation cross.
Spatial memory
The spatial memory task, referred to as a spatial pointing task, was set in a
virtual 3D environment in which participants navigated through a series of
mazes while, for each maze, keeping track of their starting position; based on
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a previously described task (Lawton and Morrin, 1999). Upon reaching the
end of each maze, participants indicated the location of their starting position
by pointing an arrow in its direction. Spatial memory performance was defined
as amount of error, that is, the deviation in pointer-degrees between the given
and the correct answer. The task consisted of 6 pairs of mirror-image mazes
varying in length, including either 2, 4 or 6 turns, making up a total of 12
unique mazes. The mazes did not include any landmarks or distinctive features
and provided only one possible route from start to finish. Mazes appeared in
random order, with trials of varying difficulty as such intermixed. As the task
was designed for fMRI analysis, test mazes were separated by baseline-mazes
– straight in their layout and not involving the memory component of keeping
track of the starting position.
Testing lasted for a total of 10 minutes, during which participants completed as many mazes as possible. The instructions were to navigate directly
from start to finish and to only move forward along the route, not turning
around or moving backwards (these two features were blocked in the version
used for testing middle-aged and older adults). The young group navigated
through the mazes by pressing computer keys while the middle-aged and older
groups navigated using a joystick. All participants completed a thorough practice version of the task prior to testing, to ensure they all reached a minimum
level of familiarity with the task and equipment.
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Summary of studies

Study I
Background
There is a parallel decline with age in associative memory and volume of the
anterior hippocampus, two domains that often show disproportionate susceptibility to the effects of age compared to single-item memory and properties
of the posterior hippocampus (Hackert et al., 2002; Jack et al., 1997; Old and
Naveh-Benjamin, 2008; Ta et al., 2012). Taken together with observations of
associative memory being hippocampus-dependent (Davachi, 2006; Moses
and Ryan, 2006), several studies have specifically assessed such a link also in
older adults; where impaired memory in comparison to young adults indeed
has been reported together with reduced activation and volume of primarily
the anterior hippocampus (Rajah et al., 2010; Ta et al., 2012). However, as
middle-aged adults are rarely included in these assessments, the hippocampus’
role in associative memory in older age is defined mainly in relation to that
observed in young adults, arguably a rather extreme control group. There is
further a lack of unified assessment of these measures, with volumetric and
functional findings in relation to associative memory mainly reported in separate studies. Providing behavioral, volumetric and functional data – acquired
during both encoding and retrieval of associative material, this study assessed
to what extent associative memory is related to the structural and functional
properties of the hippocampus across middle- and older age, expecting potential effects of age to be more pronounced in the anterior hippocampus. Further,
as women often outperform men in episodic memory tasks (Herlitz et al.,
1997; Herlitz and Rehnman, 2008), and men sometimes display greater agerelated hippocampal atrophy than women (Raz et al., 2004b), sex was considered a factor potentially modifying age effects.

Methods
This study included 83 participants that were scanned with both structural and
functional MRI from the middle-aged (n = 39, 18 women and 21 men) and
older groups (n= 44, 19 women and 25 men). Participants completed encoding
and retrieval phases of the associative memory task within the scanner, and
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functional images were subsequently analyzed as to assess both block-related
(i.e. activation during encoding/retrieval contrasted against activation during
the control condition) and event-related hippocampal activation (i.e. activation related to remembered word-pairs contrasted against activation related to
forgotten word-pairs). During encoding, participants had to mentally picture
the two words of a pair together and for each pair indicated if they succeeded
or not. Their answers were used as an indicator of imagery-success and analyzed in relation to age and memory performance. Hippocampal volume was
assessed through VBM, using the anterior and posterior hippocampal ROI
masks. Multiple regression analyses and group comparisons were used to assess effects of age on volume and activation, and areas in the hippocampus
showing significant effects of age were further assessed in relation to sex and
associative memory performance (calculated as adjusted recognition: hits false alarms).

Results
Associative memory significantly declined as a function of age, as did volume
in the anterior, but not posterior, hippocampus (Figure 2). While there were
no age differences in hippocampal activation during encoding, which engaged
both anterior and posterior regions, older adults displayed greater activation
compared to middle-aged adults in the posterior hippocampus during retrieval.
Interestingly, the hippocampus showed no activation specific to successful encoding, but did so during retrieval, during which older adults showed less activation compared to middle-aged adults in the anterior hippocampus.
There was a significant age group-by-sex interaction effect on associative
memory, showing a greater effect of age within men than women (Figure 2).
This observation was to some extent mirrored in both volume and activation
of the anterior hippocampus, as significant age differences in these measures
were only present in men and not in women. While imagery-success was comparable in middle-aged and older women, older men showed significantly
lower ratings compared to both middle-aged men and older women. Additionally, this measure was positively related to memory performance.
Across all participants, controlling for age, memory was positively correlated with volume of the anterior hippocampus and encoding-related activation in both anterior and posterior hippocampal regions. These associations
however varied between age groups, with significant correlations primarily
observed for middle-aged women and older men.
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Figure 2. Associative memory, hippocampal volume and hippocampal activation
across middle-aged and older adults. A) There was a significant interaction effect of
age group and sex on associative memory performance, with a greater difference in
memory between age groups in men; B) Areas in the left anterior hippocampus displaying reduced gray matter as a function of age; C) Areas in the right anterior hippocampus displaying greater activation during successful retrieval in middle-aged compared to older adults.

Conclusions
This study adds to previous findings by concurrently demonstrating age differences between middle-aged and older adults in associative memory, hippocampal volume and task-related activation. More specifically, the results support previous findings suggesting the anterior hippocampus is specifically susceptible to age-related decline, as negative effects of age were exclusively evident in the anterior hippocampus; with older adults displaying less gray
matter volume and less activation during the successful retrieval of wordpairs. Interestingly, activation related to encoding was comparable across age
groups, suggesting that the functional contribution of the hippocampus to differences in memory performance was greater during retrieval than encoding.
Granted that additional assessments are necessary, the findings of this study
indicate somewhat differential aging of the anterior hippocampus and its involvement in associative memory in men and women, as age effects in all
modalities were throughout most pronounced in men.
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Study II
Background
While characteristics of hippocampal whole-brain connections in aging have
been studied in terms of white matter and functional connectivity during
memory-related tasks and during rest, less is known about the organization of
gray matter across the brain associated with gray matter of the hippocampus.
Such morphological associations can be assessed by measures of structural
covariance, reflecting systematic variation in gray matter across separate brain
regions and individuals, providing a measure of the brain’s intrinsic organization supplementary to those of white-matter and functional connectivity (Alexander-Bloch et al., 2013; Evans, 2013). Structural covariance has previously
been demonstrated among regions included in known functional networks
(Spreng and Turner, 2013), and findings indicate that patterns of structural
covariance that discriminate between age groups are associated with cognitive
functions such as memory (Brickman et al., 2007).
Although Zhu and colleagues demonstrated a loss of centrality of the hippocampus in gray matter networks with age, that is, reductions in its internetwork associations (Zhu et al., 2012), the architecture of covariance patterns
specifically related to the hippocampus is relatively unknown. Therefore,
there is also limited insight into the potential differences in covariance between the anterior and posterior hippocampus, which show distinct anatomical
and functional whole-brain connections (Ranganath and Ritchey, 2012;
Strange et al., 2014), and the effects of age on such whole-brain associations.
As such, this study measured structural whole-brain covariance in relation to
the hippocampal longitudinal axis across young, middle-aged and older adults,
and assessed to which degree covariance patterns were associated with
memory functions differentially organized along the axis. Given that men and
women sometimes display heterogeneous effects of age, for instance in the
expression of age-related covariance patterns (Alexander et al., 2006), and
differences in episodic and spatial memory – potentially reflected in structural
properties of the hippocampus – the aim of considering sex as a potential modifier of age effects was maintained throughout the study.

Methods
This study included 221 participants distributed across three groups of young
(n = 99, 50 women), middle-aged (n = 60, 30 women), and older adults (n =
62, 31 women). Structural images acquired from all participants were entered
into PLS analyses to assess gray matter covariance patterns pertaining to the
anterior and posterior hippocampus. Images were prior to PLS pre-processed
for VBM and controlled for TIV by voxel-wise regression. Volume values for
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the anterior and posterior hippocampus were calculated from the pre-processed structural images for the anterior and posterior hippocampus using the
corresponding ROI masks and controlled for TIV before entered into the PLS
analyses as seed-region values. An initial analysis freely explored covariance
of the anterior and posterior hippocampal seeds, while a second analysis explicitly contrasted the seeds against each other.
Brain scores from significant LVs identified by the PLS were assessed for
effects of age and sex through ANOVAs, and multiple regression analyses
were used to assess associations between brain scores and memory. Volume
values from the anterior and posterior hippocampus were similarly analyzed
to assess effects of age, potential interactions with sex, and associations with
memory across all three age groups.

Results
There were two main patterns of structural covariance identified, the first common to the anterior and posterior hippocampus, including positive covariance
with the insula, frontal, cingulate and parietal regions; while the second pattern, resulting from the PLS analysis specifically contrasting the two hippocampal seed-regions, captured covariance specific to the anterior hippocampus (Figure 3). This pattern included positive covariance with frontal regions,
the temporal pole and precuneus, and negative covariance with the posterior
hippocampus and middle occipital cortex. While the organization of these patterns was qualitatively comparable across age groups, that is, the hippocampal
seeds showed similar correlations to the identified LVs in all groups, brain
scores revealed that the expression of these patterns decreased as a function
of age across the three age groups, equally in men and women (Figure 4).
While there were significant main effects of age on volume in the bilateral
posterior hippocampus, only the left anterior hippocampus and not the right,
decreased in volume across age groups; revealing a significant difference in
age effects between the right anterior and posterior hippocampus. In general,
volume declined similarly with age in men and women, with a tendency for
an interaction effect only in the left anterior hippocampus, such that differences between all three age groups were observed in men but present only
between young and older adults in women.
Controlling for age, expression of the two covariance patterns was differentially linked to associative memory, such that high expression of the covariance pattern common to the anterior and posterior hippocampus was related
to low memory performance, while high expression of anterior-specific covariance in contrast was associated with high associative memory performance. In parallel, there was a negative association between volume of the
posterior hippocampus and associative memory, indicating that a big posterior
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hippocampus was related to poorer associative memory. Measures of hippocampal structural covariance and volume were not significantly related to spatial memory.

Figure 3. Significant LVs captured by PLS analysis. Bars describe the correlation of
each seed region to the specific covariance pattern, for A) covariance common to the
anterior and posterior hippocampus with B) areas in red describing positive covariance; and for C) covariance specific to the anterior hippocampus including D) areas
of positive (red) and negative (blue) covariance.
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Figure 4. Standardized brain scores (z) across age groups, indicating expression of a
specific covariance pattern in participants. Negative effects of age on the expression
of A) covariance common to the anterior and posterior hippocampus, and B) covariance specific to the anterior hippocampus.

Conclusions
The findings of this study indicate that the anterior and posterior hippocampus
show both shared and distinct patterns of whole-brain structural covariance,
and that the characteristics of those patterns are fairly stable across young,
middle-aged and older adults. Granted that the organization of hippocampal
covariance per se was overall age-invariant, the expression of covariance patterns declined with increasing age. In accordance with the link between the
anterior hippocampus and associative memory functions, expression of anterior-specific covariance successfully predicted performance on the associative
memory task. As regional anterior volume did not, this suggests that multivariate approaches considering whole-brain data are more sensitive to structurefunction relations than analyses restricted to regional measures. In large, the
results extend previous findings of age effects on anatomical and functional
network properties of the hippocampus by demonstrating age effects also in
gray matter systematically organized across the brain in specific association
with the hippocampus.
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Study III
Background
Few studies consider the anterior and posterior hippocampus separately when
studying the effects of age on hippocampal resting-state functional connectivity, although the hippocampus’ whole-brain connections vary along its longitudinal axis in a manner making its anterior and posterior regions part of two
relatively distinct cortical networks, contributing to memory in different ways
(Ranganath and Ritchey, 2012; Strange et al., 2014). Although sparse, findings from previous studies do however suggest that age differentially affects
resting-state connectivity of anterior and posterior regions, overall indicating
greatest decoupling from the DMN for the posterior hippocampus and posterior MTL areas (Damoiseaux et al., 2016; Salami et al., 2016). Assessed longitudinally, the marked DMN-decoupling of the posterior MTL was paralleled
by an increase in connectivity within the regions of this area, an increase negatively associated with episodic memory and not seen within the anterior MTL
(Salami et al., 2016). To which extent age-related variation in axis-dependent
resting-state connectivity is associated with spatial memory is on the other
hand less known, and although main effects of sex have been reported in connectivity between the hippocampus and mPFC, such that women showed
greater hippocampal-mPFC connectivity than men (Damoiseaux et al., 2016),
it is unknown if age similarly impacts hippocampal resting-state connectivity
in men and women. The aim of this study was as such to assess age effects on
axis-dependent hippocampal resting-state functional connectivity, assess associations with both episodic and spatial memory while throughout consider
sex as a potentially modifying variable of age effects.

Methods
Resting-state functional data and behavioral data from 197 young, middleaged and older participants were originally included in this study. Out of this
group, 4 participants were however excluded due to technical issues during
image acquisition, and a further 11 were later excluded due to excessive head
motion in the scanner. The final number included in this study was therefore
182 participants: 72 young (38 women); 55 middle-aged (26 women); and 55
older (30 women). Following pre-processing of the functional images, the resulting correlation maps representing the whole-brain resting-state connectivity of each hippocampal seed-region, defined by the anterior and posterior ROI
masks, were analyzed in relation to age. Extracted voxel-values from significant clusters were then entered into ANOVAs and multiple regression analyses to further examine associations between age-related hippocampal connectivity, sex and memory. As scanning protocols for the resting-state images
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differed between projects – the one used in young adults not the same as in
middle-aged and older adults – the possibility of statistically assessing age
effects across all three groups was limited. Differences between groups were
however illustrated by subtracting the correlation maps of the middle-aged
and older groups from that of the young, generating descriptive contrasts between the three groups.

Results
The anterior and posterior hippocampus showed extensive whole-brain connectivity within each age group, and overall displayed distinct effects of age
across middle-aged and older adults (Figure 5). While the anterior hippocampus showed less connectivity with the pre- and postcentral gyrus in older as
compared to middle-aged adults, the posterior hippocampus showed less connectivity with the insula, caudate, paracentral lobule and inferior parietal cortex. Both regions however showed a decline in connectivity as a function of
age with a similar area in the medial orbitofrontal cortex (mOFC), a decline
which for the posterior hippocampus was greater in women compared to men.
While the majority of effects consisted of lower resting-state connectivity with
increasing age, the posterior hippocampus also showed higher levels of connectivity with age, in the right lingual gyrus. Connectivity with this area was
negatively related to single-item episodic memory, as assessed across middleaged and older adults. In fact, associations with memory were only evident in
age-related connectivity of the posterior hippocampus. Connectivity between
this region and the insula, which showed lower levels as a function of age, was
positively associated with spatial memory (Figure 6).
Older adults displayed the least spatially extensive unique resting-state
connectivity in comparison to young adults, which for the anterior hippocampus included areas such as the middle cingulate cortex and inferior parietal
cortex, and for the posterior hippocampus the mOFC and the posterior cingulate cortex (Figure 7). Resting-state connectivity of the anterior hippocampus,
unique to middle-aged adults in comparison to young, extended to medial
frontal, inferior temporal and middle cingulate areas, while such connectivity
of the posterior hippocampus was located in superior and inferior frontal, middle and inferior temporal, insular and lingual areas. In comparison to the other
two age groups, young adults showed group-unique resting-state connectivity
of the anterior hippocampus with the MTL and the posterior cingulate cortex,
and of the posterior hippocampus similarly with the MTL but also with the
caudate and middle occipital cortex.
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Figure 5. Age-related resting-state connectivity. Anterior hippocampus: negative effects (blue) in the medial frontal gyrus, precentral gyrus and postcentral gyrus. Posterior hippocampus: negative effects (blue) in the medial frontal gyrus, insula, caudate,
paracentral lobule, inferior parietal cortex; and positive effect (red) in the lingual gyrus.

Figure 6. Associations between age-related connectivity of the posterior hippocampus
and memory. Left: negative association between pointing error scores and connectivity with the insula, indicating that pHC-insula coupling (decreasing with age) is linked
to better spatial memory. Right: negative association between single-item memory
and connectivity with the lingual gyrus, indicating that high pHC-lingual gyrus connectivity (increased with age) is linked to lower single-item memory.
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Figure 7. Descriptive illustration of axis-related connectivity unique to young, middle-aged and older adults. Clusters in light blue show connectivity unique to young
adults, clusters in green show connectivity unique to middle-aged adults in comparison to young, and clusters in violet show connectivity unique to older adults in comparison to young.

Conclusions
Consistent with previous findings, this study demonstrated different effects of
age on resting-state functional connectivity of the anterior and posterior hippocampus, more specifically indicating that connectivity of the posterior hippocampus varies with age across middle and older age in a manner more relevant to memory than connectivity of the anterior hippocampus. In line with
longitudinal findings, the posterior hippocampus also displayed higher levels
of connectivity as a function of age, an effect not observed for the anterior
hippocampus. While spatial memory was positively associated with connectivity between the posterior hippocampus and the insula (decreasing as a function of age), episodic memory was negatively associated with the posterior
hippocampus’ connectivity with the lingual gyrus (increasing as a function of
age). This negative association could potentially be interpreted as related to
increased resting-state coupling disrupting optimal whole-brain interactions
of the posterior hippocampus during task involvement.
Overall, distinct effects of age were observed for the two hippocampal regions and the selective associations with memory observed for the posterior
hippocampus suggest that age-related connectivity of the hippocampus is important to memory in an axis-dependent manner.
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General discussion

Main findings from the three studies included in this thesis, assessing agerelated effects on regional characteristics and whole-brain connections of the
anterior and posterior hippocampus in relation to episodic and spatial memory,
are outlined below and followed by a general discussion.
•

Episodic and spatial memory significantly declined as a function of
age, with the decline in associative memory between middle and older
age more pronounced in men as compared to women. This interaction
was to some extent reflected in the volume and retrieval activation of
the anterior hippocampus (Study I).

•

Memory-related activation in the hippocampus was overall comparable across age groups, but successful associative retrieval engaged the
anterior hippocampus to a lesser degree in older as compared to middle-aged adults (Study I).

•

Older adults displayed less volume in the anterior hippocampus compared to middle-aged adults (Study I), but effects of age were greatest
in the posterior hippocampus when also including young adults (Study
II).

•

The anterior and posterior hippocampus displayed shared and distinct
patterns of structural whole-brain covariance, differentially related to
associative memory. Covariance patterns were stable in their organization across young, middle-aged and older adults, but declined in expression as a function of age (Study II).

•

Age-related resting-state functional connectivity of the anterior and
posterior hippocampus was predominantly located in distinct areas,
and only the posterior hippocampus showed increased connectivity
with age, an increase in turn negatively related to episodic memory
(Study III).
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Organization of age effects along the hippocampal axis
Throughout considering the anterior and posterior hippocampus separately in
the assessment of age effects demonstrated that the two hippocampal regions
indeed show distinct characteristics and age-related variation across young,
middle and older age.
In terms of regional volume, voxel-wise analyses showed specific decline
in the anterior hippocampus across middle-aged and older adults, while volume in the posterior hippocampus appeared stable across these age groups
(Study I). This anterior decline corresponds well to previous findings from
studies assessing effects across middle-aged and older samples (Chen et al.,
2010; Gordon et al., 2013; Hackert et al., 2002; Jack et al., 1997), by some
interpreted in relation to a potentially greater susceptibility of the anterior hippocampus to the exaggerated stress response resulting from age-related dysfunction in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis, a
dysfunction to some extent associated with age-related changes in the hippocampus (Bettio et al., 2017; Gordon et al., 2013). On the other hand, assessment of values of total anterior and posterior volume showed somewhat different results, with both anterior and posterior volume of the left hippocampus
decreasing between middle-aged and older adults, while there were no significant effects between these groups observed in the right hippocampus (Study
II). More specifically, volume of the left anterior and posterior hippocampus
similarly declined as a function of age when young adults were included in
the analyses, while right anterior volume showed no effect of age. This lack
of effect contributed to a significantly greater decline of posterior compared
to anterior volume in the right hippocampus across the entire span of young,
middle-aged and older adults, an observation in line with previous studies including young participants, reporting predominant decline in the posterior hippocampus (Kalpouzos et al., 2009; Malykhin et al., 2008).
Taken together, findings lead up to the overall conclusion that the right
anterior hippocampus seems somewhat resilient to age-related decline across
young, middle and older age, while volume reductions between middle-aged
and older adults more specifically, are primarily present in the left hippocampus. The left anterior hippocampus indeed showed the most consistent agerelated decline, across different combinations of age groups and through different methods of volumetric assessment. In sum, our results encompass two
main aspects of previous findings – the specific anterior decline demonstrated
across samples of middle-aged and older adults, and the greater decline in
posterior volume reported when assessing effects across samples ranging also
from younger age. It is possible that these observations reflect differences in
longitudinal progression of atrophy between the anterior and posterior hippocampus, such that posterior volume declines from an earlier onset than volume
of the anterior hippocampus. Longitudinal studies are however necessary in
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order to establish such an axis-dependent difference in change over time and
its potential relevance to memory.
Despite the presence of age-related differences in regional volume, the hippocampus in large showed age-invariant structural whole-brain associations.
That is, hippocampal structural whole-brain covariance was similarly organized in young, middle-aged and older adults – although the integrity of these
gray matter networks declined as a function of age, demonstrated by the decrease in brain scores conveying individual expression of covariance patterns
(Study II).
The anterior and posterior hippocampus showed a spatially extensive pattern of shared covariance indicating that greater hippocampal volume was associated with greater volume in areas such as the medial prefrontal cortex,
bilateral insula and anterior cingulate cortex. The covariance between hippocampal and prefrontal volume corresponds well to the functional interaction
between these regions during memory encoding and retrieval (Preston and
Eichenbaum, 2013; Ranganath et al., 2005), and covariance with the insula
and cingulate areas to some extent suggests an association with the so called
salience network, which is frequently identified in resting-state functional data
and implicated in the orienting of behavior to salient stimuli (Menon and Uddin, 2010; Seeley et al., 2007).
In combination with covariance common to the anterior and posterior hippocampus, there was also an axis-related differentiation in covariance, expressed by a pattern specifically related to the anterior hippocampus. This pattern demonstrated that greater volume in the anterior hippocampus was related
to greater volume in medial and inferior frontal areas, the temporal pole and
also in the left precuneus, while negative covariance indicated the opposite
associations with volume in the middle occipital cortex. While the associations with frontal areas and the temporal pole are in line with reported whitematter and functional whole-brain connectivity of the anterior hippocampus,
the precuneus is in contrast most often linked to the posterior hippocampus
via its connection to the parahippocampal gyrus (Kahn et al., 2008; Libby et
al., 2012; Ranganath and Ritchey, 2012; Strange et al., 2014).
Structural covariance of the hippocampus, including shared anterior and
posterior connections with frontal areas and areas commonly implicated in the
salience network, as well as connections specific to the anterior hippocampus,
appears qualitatively stable across young, middle, and older age. As the expression of these structural associations on the other hand decrease as a function of age, results overall indicate that while the hippocampus shows limited
age-related network-decoupling, age-related effects are to a greater extent
manifested on an individual level.
The observation that axis-differentiation in structural covariance was manifested exclusively in whole-brain connections specific to the anterior hippocampus is possibly best interpreted with reference to previous functional findings. Given reports on resting-state connectivity of the posterior hippocampus
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decreasing with age to a greater extent than connectivity of the anterior hippocampus (Damoiseaux et al., 2016; Salami et al., 2016), it is possible that
age-invariant covariance, like that identified for the anterior hippocampus, is
not comparably detectable for the posterior hippocampus. More specifically,
Study III shows that functional data indeed indicate more spatially extensive
age effects on resting-state connectivity of the posterior compared to the anterior hippocampus.
In contrast to the hippocampus’ structural whole-brain covariance, which
displayed similar organization across age groups, assessment of resting-state
functional connectivity showed clear age-related decoupling of the hippocampus from several regions in the brain – more specifically in an overall axisdependent manner (Study III). Assessed primarily across middle and older
age, results showed that while connectivity with the mOFC decreased for both
the anterior and posterior hippocampus, the two regions overall showed distinct patterns of age-related decline. The greatest number of areas decreasing
in connectivity was observed for the posterior hippocampus, including regions
such as the insula, caudate and inferior parietal cortex.
One of the main findings of Study III was that the observed axis-differentiation in age-related effects on hippocampal connectivity also extended to the
quality of these effects, revealing that only connectivity of the posterior hippocampus also increased as a function of age, evident in its coupling with an
area in the right lingual gyrus. This exclusively posterior increase in connectivity relates to the findings of a previous study reporting longitudinal increases in connectivity within regions of the posterior, but not anterior MTL
(Salami et al., 2016), an increase argued to potentially result from a loss of
cortical inhibitory signal as the posterior MTL in parallel significantly decoupled from the DMN.
Notably, descriptive comparisons between all three age groups suggest a
potential increase in connectivity between the posterior hippocampus and lingual gyrus already between young and middle-aged adults. Although the extent of age-related differences between the three groups were difficult to determine statistically due to differences in scanning parameters, descriptive
comparisons identified patterns of connectivity unique to each age group in
which the posterior hippocampus of middle-aged adults showed connectivity
with the lingual gyrus not observed in the young group.
A qualitative difference in age effects on hippocampal function was also
observed between regional anterior and posterior activation. During retrieval
of word-pairs, the posterior hippocampus showed increased activation as a
function of age, while only middle-aged adults activated the anterior hippocampus during successful retrieval more specifically. This age-related increase in posterior activation and lack of anterior activation could both be
taken as to reflect the smaller volumes of the anterior hippocampus in older
adults – resulting in an over-recruitment on the one hand, and a loss of effi54

ciency on the other. As the age groups showed equal activation during associative memory encoding, and neither group any activation specific to successful encoding, age effects between middle and older age were as such limited
to retrieval.
In line with previous findings of a particular link between the anterior hippocampus and associative memory (Chua et al., 2007; Davachi, 2006; Giovanello et al., 2004), encoding of word-pairs did engage the anterior hippocampus in both age groups. However, the observation that successful encoding did not activate the hippocampus indicates a lack of specificity for later
remembered versus forgotten word-pairs in both middle-aged and older
adults, in contrast to a previous report demonstrating such activation across
young, middle-aged and older adults (de Chastelaine et al., 2016). Granted
that it is difficult to determine the reason behind the absence of hippocampal
engagement in successful associative encoding observed in Study I, this finding could be interpreted in relation to previous reports of reduced associative
specificity of hippocampal activation in older age (Giovanello and Schacter,
2011; Mitchell et al., 2000). Such an age-related shift away from an associative preference in hippocampal function could possibly impact processes of
successful encoding, and in that case, potentially already at middle-age based
on our results.
Taken together, the studies included in this thesis demonstrate distinct characteristics of the anterior and posterior hippocampus in terms of both regional
and whole-brain organization of structure and function, and overall indicate
axis-dependent effects of age on these properties across young, middle-aged
and older adults. While structural measures showed negative effects of age,
most consistently evident in the decline of left anterior hippocampal volume
but also present in the expression of the hippocampus’ structural whole-brain
connections, functional properties showed both decreases and increases in relation to age. More specifically related to axis, while increasing age seemed
to impact both structural and functional properties of the anterior hippocampus exclusively negatively, the posterior hippocampus showed several functional age-related increases – in activation during associative retrieval and in
its resting-state whole-brain connectivity.
To what extent these axis-dependent effects of age are associated with
memory functions organized along the hippocampal axis will be the focus of
the second part of this general discussion.
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Functional relevance of axis-related age effects
The marked age-related decline commonly observed in memory functions associated with the hippocampus has by several studies been linked to age-related alterations in hippocampal structure and function (Driscoll et al., 2003;
Gorbach et al., 2017; Nyberg, 2017; Persson et al., 2012; Shing et al., 2011).
A central aim of this thesis was to add to these findings by more specifically
providing an account of how age effects evident in the anterior and posterior
hippocampus, respectively, relate to episodic and spatial memory – two functions that seem differentially organized along the hippocampal axis. Overall,
the results of this thesis indicate a link between properties of the anterior hippocampus and associative memory, while associations between spatial
memory and the hippocampus in general were relatively limited.
Age-related effects observed in hippocampal measures were accompanied
by significant age-related decline in both episodic and spatial memory. While
age effects on associative and single-item memory were only assessed across
middle-aged and older adults, these measures displayed significant decreases
as a function of age both when the sample was smaller and more extensive.
Spatial memory, assessed in the same virtual navigation task in young, middle-aged and older adults, significantly decreased in a stepwise manner between all three age groups.
Structural properties of the anterior hippocampus that displayed age-related
decline – regional volume across middle-aged and older adults, and wholebrain covariance – showed positive associations with associative memory performance. This indicates that preserved structural properties of the anterior
hippocampus might benefit associative memory in older age. However, when
assessed across the entire sample of participants ranging from young to older
age, anterior hippocampal volume showed limited associations with memory.
It is possible that such associations might have been masked by differential
correlations between volume and memory within age groups, as reported previously by Rajah and colleagues (Rajah et al., 2010). In older adults, correlations between volume and associative memory have further been observed as
varying across hippocampal subfields (Shing et al., 2011), suggesting that
measures of total regional volume might not be sufficiently sensitive to associations between regional volume and memory.
In terms of regional function there were no significant associations between
memory and activation that differed between middle-aged and older adults.
While hippocampal activation displayed during successful retrieval must to
some extent be considered functionally relevant (present in the anterior hippocampus only in middle-aged adults), only encoding-related activation
showed significant associations with performance on the associative memory
task. As these correlations for the older group were paralleled by comparable
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activation to that of middle-aged adults, results indicate that hippocampal recruitment similar to that in middle-aged adults during associative memory encoding benefits performance in older adults.
Although not statistically established, there further seemed to be slight differences between age groups in the associations between hippocampal activation and associative memory performance – indicating a greater significance
of anterior compared to posterior encoding-related activation to memory in
middle-aged adults – with no such preference in older adults. Even though
further conclusions should not be made based solely on these results, correlation coefficients suggest a tendency for an age-related loss of specificity in
activation-memory associations. That is, while encoding activation positively
related to memory performance in middle-aged adults belonged to the anterior
hippocampus, activation of both anterior and posterior regions was comparably associated with memory in older adults. This additional significance of
posterior activation to memory in older adults can perhaps be considered an
aspect of the dedifferentiation hypothesis in aging which suggests reduced
specificity of both cognitive processes and neural activation in older age (de
Frias et al., 2007; Li and Lindenberger, 1999). In terms of activation, dedifferentiation is considered reflecting age-related difficulties in the efficient recruitment of specialized areas. Here, while age groups did not differ in encoding activation per se, they nonetheless displayed differences in the specificity
of memory-activation associations.
While the observations of this thesis, indicating a positive link between the
anterior hippocampus and associative memory, as such reflect one aspect of
the proposed division of function between anterior and posterior hippocampus
(Kühn and Gallinat, 2014), a matching link between spatial memory and the
posterior hippocampus was not as clear. One possible interpretation is that the
significance of the hippocampus to performance on the spatial pointing task,
most efficiently solved by the use of allocentric spatial representations, was
attenuated by a shift away from allocentric-based strategies and recruitment
of the hippocampus in favor of egocentric-based strategies and activation of
extra-hippocampal areas in both middle-aged and older adults – a shift previously reported in older adults compared to young (Harris et al., 2012; Moffat
et al., 2006; Rodgers et al., 2012; Schuck et al., 2015; Wiener et al., 2013).
Interestingly however, the one association between spatial memory and
age-related hippocampal properties observed pertained to the posterior hippocampus. Across middle-aged and older adults, high connectivity between the
posterior hippocampus and insula, which decreased as a function of age, was
related to better spatial memory performance (Study III). The insula is considered a hub in large-scale brain networks (van den Heuvel and Sporns,
2013), and as mentioned in connection to the structural covariance of the anterior and posterior hippocampus, it makes up the salience network together
with the anterior cingulate cortex (Menon and Uddin, 2010). Particularly rel57

evant to spatial navigation memory might however be its reported involvement in mental imagery, observed in relation to mental navigation along memorized routes (Ghaem et al., 1997), and to bodily movements from a first-person perspective (Seiler et al., 2017). Although interpreting the functional significance of connectivity observed during rest can be difficult, it is possible
that the positive association between spatial memory and connectivity of the
posterior hippocampus with the insula to some extent relates to participants’
mental imagery of their movement through the virtual mazes.
While both the anterior and posterior hippocampus showed age-related variation in functional connectivity, only age-related connectivity of the posterior
hippocampus was in fact associated with memory. In addition to the positive
association between spatial memory and its connectivity with the insula (that
decreased as a function of age), there was a negative association between episodic memory and its connectivity with the lingual gyrus – connectivity that
increased as a function of age.
The lingual gyrus is located in the occipital lobe and is part of the occipitotemporal ventral visual stream implicated in object-discrimination and
recognition (Kravitz et al., 2013; Ungerleider and Mishkin, 1982). This region
has for instance also been linked to visual aspects of reading (Mechelli et al.,
2000), possibly relevant to the link between connectivity in this area and performance on the episodic memory tasks using verbal material. More specifically, it is possible that high levels of connectivity with this area during rest
impacts memory performance negatively by affecting the posterior hippocampus’ ability to efficiently couple with this and other relevant regions during
memory processing. Granted that only a few studies have assessed age effects
on resting-state functional connectivity of the anterior and posterior hippocampus separately, the increase in connectivity observed for the posterior hippocampus and its negative associations with episodic memory measures however corresponds to a previously reported longitudinal increase in connectivity
within the posterior MTL (Salami et al., 2016), similarly associated with episodic memory decline.
Considering the spatial distribution of age-related resting-state functional
connectivity in more detail might provide even further insight to the functional
relevance of these effects. In aging, a common observation is a task-related
functional reorganization in the brain, manifested in decreased activation in
posterior regions (e.g. the occipital cortex), paralleled by increased activation
in anterior regions (e.g. the PFC) in older as compared to young adults. This
posterior-to-anterior shift in aging (PASA: Davis et al., 2008; Sala-Llonch et
al., 2015) is considered compensatory and has more specifically been reported
in relation to hippocampal connectivity during successful associative memory
encoding (Dennis et al., 2008). This study demonstrated that the hippocampus
in older adults compared to young, show decreased connectivity with posterior
regions such as the superior parietal, posterior cingulate and occipitotemporal
58

cortices, while greater connectivity with anterior regions including the superior, dorsolateral and ventrolateral PFC and the mOFC, as such linking associative memory in older age to a posterior-to-anterior reorganization of hippocampal task-related connectivity.
Related to these findings is the opposite anterior-to-posterior shift in aging
reported in resting-state functional connectivity (Lee et al., 2015; Zhang et al.,
2017). As brain activation measured during rest relates to activation assessed
during task involvement in a somewhat reverse manner – with successful cognitive performance often requiring a down-regulation of resting-state networks such as the DMN (Raichle et al., 2001) – it is reasonable to consider
these two opposing age-related shifts in activation as congruent, expressing
two sides of the same compensatory effort in older adults (Sala-Llonch et al.,
2015). In Study III, while hippocampal connectivity negatively related to age
was predominantly distributed across anterior brain regions, connectivity that
increased as a function of age, related to the posterior hippocampus, was exclusively located in a posterior region (i.e. the occipital lobe). This observation
suggests there is an age-related shift also in hippocampal connectivity measured at rest, and that the hippocampus’ age-related increase in coupling with
posterior brain regions might be axis-dependent. Further assessing such an
age-related shift in anterior and posterior hippocampal resting-state connectivity, and its functional significance, could in a more specific manner be done
through analyses utilizing a priori defined cortical ROIs, preferably matching
those demonstrating a shift during memory encoding (Dennis et al., 2008).
In sum, findings indicate differential significance of age-related properties of
the anterior and posterior hippocampus to memory. While regional and wholebrain structural characteristics most consistently related to associative
memory belonged to the anterior hippocampus, age-related functional connectivity associated with episodic and spatial memory exclusively pertained to
the posterior hippocampus.
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Differential effects of age in men and women
In addition to studying age-effects on properties organized along the hippocampal axis, this thesis assessed sex as a potentially modifying variable of age
effects. Sex was considered a relevant variable as men and women often display differences in episodic and spatial memory functions (Astur et al., 2004;
Bender et al., 2010; Herlitz et al., 1997; Herlitz and Rehnman, 2008), and by
some previous reports also show different degrees and trajectories of cognitive
decline and hippocampal atrophy (Malykhin et al., 2017; McCarrey et al.,
2016; Murphy et al., 1996; Raz et al., 2004a).
Consistent with previous reports, there was as expected a clear main effect
of sex on spatial memory performance, evident in all three age groups, although effects of age on performance were comparable in men and women.
Men showed lower levels of pointing error (i.e. better performance) compared
to women, who were not as good at indicating the correct direction of their
starting position’s location. This difference might in part be due to women
tending to rely more greatly on egocentric, landmark-based, strategies to solve
spatial navigation tasks compared to men (Astur et al., 2016; Sandstrom et al.,
1998), in this particular navigation task less beneficial to performance compared to strategies drawing on allocentric representations.
In contrast to spatial memory, there was a significant interaction between
age group and sex on associative memory across middle and older age, with
greater age differences in memory observed for men compared to women. According to a two-component theory of associative memory, successful encoding and retrieval rely on a combination of associative and strategic processes,
both significantly impaired in older age (Shing et al., 2008). While the associative component involves binding mechanisms thought to depend on the
hippocampus, linking separate features into comprehensive representations,
the strategic component relies on the PFC and involves elaboration and organization of these features and representations facilitating encoding and retrieval. During the encoding of word-pairs, participants were instructed to
form a mental image including the two words, a strategy believed to benefit
memory performance, in part by counteracting potential age-related strategic
deficits. While there was no significant interaction effect on participants’ reported imagery-success during encoding, pairwise comparisons showed that
older men reported significantly lower rates of imagery-success compared to
middle-aged men, while there was no such difference between age groups in
women.
In combination with a lack of a similar difference in age effects between
men and women in single-item memory, which puts less demand on both the
associative and strategic components, this finding indicates two main things.
Firstly, that older women might show a preserved associative ability to an extent that older men do not, while secondly, also a greater disposition to benefit
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from imagery-based encoding strategies than men. Although the general decline in associative memory across middle-aged and older adults, reflected in
hippocampal volume and activation, as such indicates impairment of associative ability, it is with additional reference to the strategic component that the
interaction between sex and age in associative memory might best be interpreted.
Possibly enhancing the interaction in associative memory is the unexpectedly low performances of the middle-aged women, contributing to the lack of
the commonly observed female advantage in episodic and associative memory
(Bender et al., 2010; Herlitz and Rehnman, 2008). If the performance levels
of middle-aged women (here equal to those of middle-aged men) had been
higher, the difference in comparison to older women would have been greater
– in turn more like the difference observed between age groups in men. However, middle-aged women showed similarly unexpected levels of single-item
recognition, in which there was not a significant age-by-sex interaction. This
indicates that specific characteristics of the middle-aged women only in part
might have amplified the observed interaction, although their low level of associative memory performance should be taken into consideration in the interpretation of these findings.
In Study I, the interaction between sex and age found in associative
memory was reflected in both hippocampal volume and successful retrieval
activation. Granted that conclusions about interactions in the hippocampal
measures should be made with some caution, within-group analyses throughout demonstrated significant age effects on volume and activation of the anterior hippocampus within men, but a lack thereof within women. In men, these
effects were localized to the left anterior hippocampus, corresponding well to
the volumetric results of Study II, which revealed that total volume of the left
anterior hippocampus showed a tendency for an age-by-sex interaction effect
when the young adults were also included. While follow-up contrasts demonstrated stepwise differences between young, middle-aged and older men, left
anterior volume only differed between young and older women, as such showing no significant age-related decline between middle and older age in women,
matching the observations of Study I.
Overall, men and women however displayed comparable age effects on
hippocampal whole-brain connections, with an exception for functional connectivity between the posterior hippocampus and mOFC, which more greatly
decreased as a function of age in women compared to men (Study III). As
connectivity between the posterior hippocampus and mOFC was not associated with any of the episodic or spatial memory measures, it is however difficult to determine to what extent this differential decrease in connectivity as a
function of age relates to behavior. Structural covariance of the hippocampus
was in contrast to functional connectivity on the other hand both similarly organized and expressed in men and women across age groups.
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The incongruity between effects observed in regional volume and structural
covariance – for instance, the tendency for an interaction effect between age
and sex on anterior hippocampal volume and the lack of such an effect on the
expression of anterior-specific covariance – might be interpreted as related to
different rates of gray matter atrophy between the hippocampus and globally
distributed regions (Fjell et al., 2009; Raz and Rodrigue, 2006), allowing for
differential decline in anterior hippocampal volume between men and women
not necessarily accompanied by equal effects at a global level.
Granted that only a limited number of previous studies assess age-by-sex interactions, and that findings are somewhat inconsistent, the greater decline in
memory and hippocampal volume observed in men is nonetheless in line with
several previous reports (Malykhin et al., 2017; McCarrey et al., 2016; Raz et
al., 2004a). Overall, the results indicate that sex holds a partially modifying
role in effects of age, particularly on measures of episodic associative memory
and regional volume of the anterior hippocampus – the two measures most
consistently associated with each other.
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Limitations and future directions
The aim of this thesis was to assess age effects on properties of the anterior
and posterior hippocampus in relation to episodic and spatial memory, in a
manner combining regional and whole-brain, structural and functional
measures, as such providing an integrated account of these modalities in aging. In doing this, several types of data were collected from the same sample
of young, middle-aged and older adults. While this approach might limit findings with regards to sample-specific characteristics, perhaps not all generalizable to a bigger population, it also provides the opportunity to interpret various aspects of findings in greater relation to each other.
However, this aim also requires consistency in measures across groups, an
area in which the three studies presented in this thesis showed some limitations. Firstly, although anatomical data were acquired using the same MRI
parameters in all age groups, the sequence by which resting-state functional
data was collected differed between young participants on the one hand and
middle-aged and older on the other. This limited the assessment of age effects
across all three age groups, rendering comparisons with the young group descriptive in nature. Secondly, similar differences were present between groups
also in the episodic memory measures. As associative memory performance,
which was assessed only in middle-aged and older adults, showed the most
consistent connections to properties of the hippocampus, it would be of great
value to also have such data from a younger group.
In relation to memory, it is further worth considering the strong agreement
between cognitive measures, age and properties of the brain. Since these three
dimensions show a strong commonality, controlling for age in analyses of associations between memory and the hippocampus will as such risk attenuating
potential effects. On the other hand, controlling for age serves to counteract
the positive bias argued to exist in cross-sectional estimations of associations
between age-related measures (Hofer and Sliwinski, 2001). Further, as crosssectional studies cannot provide information about change over time, such designs are limited in the detection of brain-behavior associations meaningful
from a developmental perspective (Raz and Lindenberger, 2011; Salthouse,
2011). One way around this problem is adopting longitudinal designs, which
are able to assess the relation between actual individual change in memory
and hippocampal properties over time.
Going forward, this thesis provides persisting reason to continue assessing
age effects separately for the anterior and posterior hippocampus, and to actively consider effects in specific relation to sex. For instance, research developing strategies aimed at facilitating memory encoding as part of memorytraining programs implemented in older populations, could potentially benefit
from separately considering effects in men and women – indicated by the results showing that men and women display differing success in an imagery63

based encoding strategy correlated with memory performance. More importantly, the findings of this thesis potentially have practical relevance to the
identification of early markers for age-related pathologies such as Alzheimer’s
disease, by showing that the onset of hippocampal atrophy seems to differ both
between hippocampal regions and between particular groups of individuals.
Recognizing that anatomical, functional and whole-brain connectivity
properties vary along the hippocampal axis in a gradient-like manner, incorporating behavioral paradigms that match this organization to a high degree
would likely facilitate more detailed assessments of age-related effects on the
link between the hippocampus and memory functions dependent on its integrity. This could for instance be done by developing measures integrating episodic and spatial components, manipulating anterior-to-posterior dependency
in a gradient-like manner by varying the degree of associative, single-item and
spatial processing-load. Using high-resolution imaging to extend assessments
to the hippocampal CA/DG subfields could, as already indicated by previous
reports (Daugherty et al., 2016; Shing et al., 2011), further hold the potential
to provide a more detail account of the hippocampus’ connection to specific
processes contributing to episodic and spatial memory performance (such as
binding of items during associative encoding, and false alarm decisions during
recognition) and their characteristics in older age.

Concluding remarks
The findings of this thesis add to the existing literature on properties of the
hippocampus and their association with memory in older age by providing an
account of effects specifically considering the heterogeneous nature of the
hippocampal longitudinal axis. Across three studies, distinct characteristics of
the anterior and posterior hippocampus were observed in both structural and
functional regional and network-based properties, which demonstrated differential age-related decline and associations with memory functions organized
along the hippocampal axis. While the anterior and posterior hippocampus indeed are two regions of the same structure, their distinct variation with age –
for instance observed in the increase of resting-state functional connectivity
specific to the posterior hippocampus, in turn negatively related to episodic
memory – demonstrates that disregarding their differences means limiting the
understanding of the hippocampus’ role in age-related memory decline.
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