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Abstract

There is evidence for a hippocampal long axis anterior-posterior (AP) differentiation in memory
processing, which may have implications for the changes in episodic memory performance typically seen
across development and aging. The hippocampal formation shows substantial structural changes with
age, but the lifespan trajectories of hippocampal sub-regions along the AP axis are not established. The
aim of the present study was to test whether the micro- and macro-structural age-trajectories of the
anterior (aHC) and posterior (pHC) hippocampus are different. In a single-center longitudinal study, 1790
cognitively healthy participants, 4.1-93.4 years of age, underwent a total of 3367 MRI examinations and
3033 memory tests sessions over 1-6 time points, spanning an interval up to 11.1 years. T1-weighted
scans were used to estimate the volume of aHC and pHC, and diffusion tensor imaging to measure mean
diffusion (MD) within each region. We found that the macro- and microstructural lifespan-trajectories of
aHC and pHC were clearly distinguishable, with partly common and partly unique variance shared with
age. aHC showed a protracted period of microstructural development, while pHC microstructural
development as indexed by MD was more or less completed in early childhood. In contrast, pHC showed
larger unique aging-related changes. A similar aHC — pHC difference was observed for volume, although
not as evident as for microstructure. All sub-regions showed age-dependent relationships to episodic
memory function. For aHC micro- and macrostructure, the relationships to verbal memory performance
varied significantly with age, being stronger among the older participants. Future research should
disentangle the relationship between these structural properties and different memory processes —

encoding vs. retrieval in particular — across the lifespan.
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Introduction

Hippocampal sub-regions support different episodic memory processes (Collin, Milivojevic, & Doeller,
2015; Moscovitch et al., 2016; Strange, Witter, Lein, & Moser, 2014). There is convincing evidence for a
long axis anterior-posterior (AP) specialization (Chase et al., 2015; Kiihn & Gallinat, 2014; Poppenk,
Evensmoen, Moscovitch, & Nadel, 2013), with encoding being supported relatively more by the anterior
hippocampus (aHC) and retrieval relatively more by the posterior (pHC) (Kiihn & Gallinat, 2014; Lepage,
Habib, & Tulving, 1998; Nadel, Hoscheidt, & Ryan, 2012; Poppenk et al., 2013). The hippocampal
formation shows substantial structural changes through life (Allen, Bruss, Brown, & Damasio, 2005;
Walhovd et al., 2005), which in turn contributes to the lifespan trajectory of episodic memory (Fjell et
al., 2014; Raz, Rodrigue, Head, Kennedy, & Acker, 2004). However, the trajectories of the hippocampal
AP sub-regions in development and aging are not established. Studies assessing age effects on
hippocampal volume along the AP-axis have provided evidence that different segments show different
developmental (DeMaster, Pathman, Lee, & Ghetti, 2014; Lin et al., 2013; Riggins et al., 2018) and aging
(Apostolova et al., 2012; Csernansky et al., 2000; Hackert et al., 2002; Wang et al., 2003; Yang, Goh,
Chen, & Qiu, 2013) trajectories. Still, while it seems clear that both global (Fjell et al., 2010; Fjell,
Westlye, et al., 2013) and regional (Daugherty, Bender, Raz, & Ofen, 2016) hippocampal changes are
highly non-linear over age, the shape of these trajectories across the AP axis, and which AP regions that
change more or less during different ages, are not known. For instance, a combination of U-shaped and
inverse U-shaped age-relationships have been reported for different segments of the AP axis in
development (Daugherty, Flinn, & Ofen, 2017; Gogtay et al., 2006; Schlichting, Guarino, Schapiro,
Turk-Browne, & Preston, 2017). Longitudinal examinations may help resolve this issue. Further, mapping
trajectories over wider age-ranges will provide higher accuracy in determining the precise

developmental and aging trajectory of each sub-region.

Hippocampal volume changes in development and aging could ultimately reflect various cellular
processes happening within the hippocampus, such as neurogenesis (Goncalves, Schafer, & Gage, 2016)
and non-neuronal cell changes (Bechmann & Nitsch, 2000), cell death and synaptic changes (Lester,
Moffat, Wiener, Barnes, & Wolbers, 2017; Small, Schobel, Buxton, Witter, & Barnes, 2011), pruning
(Kantor & Kolodkin, 2003), myelination (Nickel & Gu, 2018) and vascularization (Tatu & Vuillier, 2014).
Several of these will likely affect water diffusion in hippocampal tissue, which can be measured by
diffusion tensor imaging (DTI). Evidence so far suggests that higher mean diffusivity (MD) in the

hippocampus is positively related to aging (den Heijer et al., 2012; Pereira et al., 2014; Wolf, Fischer, de
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Flores, Chetelat, & Fellgiebel, 2015), increases over time in older adults (Anblagan et al., 2018) and
correlates more strongly with poorer memory function than hippocampal volume (Aribisala et al., 2014;
Carlesimo, Cherubini, Caltagirone, & Spalletta, 2010; den Heijer et al., 2012; van Norden et al., 2012).
Evidence also suggests that hippocampal MD and volume could be inversely related, with studies
reporting nominal negative correlations that usually are not statistically significant (Anblagan et al.,
2018; den Heijer et al., 2012; Pereira et al., 2014). Although few studies have directly tested micro- vs.
macro-structural measures of hippocampal subfields, the tendency seems to be that they are related
but complimentary in their aging-relationships (Pereira et al., 2014; Wolf et al., 2015). We could not find
any published studies of hippocampal MD changes along the AP axis in development. Mapping
microstructural changes in hippocampal AP sub-regions across development and aging, and relate these
to macro-structural, volumetric changes, will yield new understanding of hippocampal changes through

life.

The main aim of the present longitudinal study was to test whether the micro- and macro-structural
changes of aHC and pHC followed different trajectories through life. MD and volume were quantified in
3367 MR scans (3261 for MD) from a single-center sample of 1790 (1657 for MD) cognitively healthy
participants from 4.1 to 93.4 years, to address three questions:

(1) Do anterior and posterior hippocampal macro- and micro-structure follow different lifespan
trajectories? The existing evidence for volume is inconsistent, while micro-structure has not been
mapped through lifespan.

(2) What is the relationship between micro- and macro-structural hippocampal age-changes? We
hypothesized that they would show mainly independent age-relationships.

(3) How do aHC and pHC changes relate to episodic memory performance? Volumetric studies have
yielded mixed results (Van Petten, 2004), but there are indications in favor of longitudinal compared to
cross-sectional relationships (Fjell, McEvoy, et al., 2013; Gorbach et al., 2017; Tamnes et al., 2014), and
that correlations may be stronger in certain hippocampal regions (Carr et al., 2017; Daugherty et al.,
2017; DeMaster et al., 2014; Hackert et al., 2002; Nordin, Herlitz, Larsson, & Soderlund, 2017; Valdes
Hernandez et al., 2017), reflecting specific parts of the memory process (Nadel et al., 2012; Poppenk et
al., 2013; Poppenk & Moscovitch, 2011). In addition, relationships may be different in development vs.
adulthood and aging (DeMaster et al., 2014). Based on the scarce evidence that exists, we hypothesized
that MD would be more strongly related to memory performance than volume and that relationships

may be stronger in development and aging than young adulthood and mid-life.
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Materials and methods
Sample
Participants were drawn from studies coordinated by the Research Group for Lifespan Changes in Brain

and Cognition (LCBC www.oslobrains.no) (Fjell et al., 2015), approved by a Norwegian Regional

Committee for Medical and Health Research Ethics. Written informed consent was obtained from all
participants older than 12 years of age and from a parent/guardian of volunteers under 16 years of age.
Oral informed consent was obtained from participants under 12 years of age. The full sample consisted
of 1790 healthy participants, 4.1-93.4 years of age (mean examination age, 36.2 years, 1* quartile =
12.5, 3" quartile = 63.2) with a total of 3367 MRl examinations (3261 DTI) and 3033 memory tests
sessions (3033 with verbal memory, 2532 with visual memory, see below). Participants were followed
for up to six time points with MRI, for a maximum period of 11.13 years since baseline (mean 2.7 years,
1% quartile = 0.6, 3" quartile = 3.8). Mean interval between each follow up was 2.0 years (1% quartile =
0.2, 3" quartile = 3.4). Adult participants were screened using a standardized health interview prior to
inclusion in the study. Participants with a history of self- or parent-reported neurological or psychiatric
conditions, including clinically significant stroke, serious head injury, untreated hypertension, diabetes,
and use of psychoactive drugs within the last two years, were excluded. Further, participants reporting
worries concerning their cognitive status, including memory function, were excluded. All participants
40-80 years of age were required to score >26 and participants > 80 years > 25 on the Mini Mental State
Examination (Folstein, Folstein, & McHugh, 1975) according to population norms (Crum, Anthony,

Bassett, & Folstein, 1993). See Table 1 for sample descriptives.

Memory testing

The California Verbal learning Test (CVLT) (Delis, Kramer, Kaplan, & Ober, 2000) was used to assess
verbal episodic memory and the Rey-Osterrieth Complex Figure (CFT) test (Meyers & Meyers, 1995) was
used to assess visual episodic memory. To allow comparison between verbal and visual memory, scores

on the 30 minutes recall conditions were used for both tests.

The learning part of CVLT consists of oral presentation of 16 words in four semantically related
categories, and the whole list is presented five times with a free recall trial after each presentation. After
five presentations, the free recall trials are repeated 5 and 30 minutes later. To avoid fatigue in the

children below 6.5 years, only three of the categories were presented. However, in the age-category
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6.19-6.90 years, some participants were given the four- and some the three-category test, allowing us
directly to compare the test scores. The scores were indistinguishable between test versions, and the
age-slopes were as expected for both versions. Thus, the CVLT scores for both versions were entered
into the statistical analyses (see below). For a subsample of the children and adolescents, Hopkins
Verbal Learning Test was used. This test is based on the same sructure as the CVLT, with 4-items
categories of concrete nouns to be learned by repeated presentations. HVLT consists of 3 categories (12
items in total) and 3 repetitions. Previous studies have shown good construct validity for HVLT (Shapiro,
Benedict, Schretlen, & Brandt, 1999; Woods et al., 2005), and that the main measures extracted from
the HVLT, such as used in the present study, show good correspondence with similar measures from the
CVLT (Lacritz & Cullum, 1998; Lacritz, Cullum, Weiner, & Rosenberg, 2001). These scores were then
transformed into CVLT equivalent scores by multiplying the test scores with 4/3. Validation analyses
were run, confirming that the different test versions did not affect the results {(see Results section

below).

For visual memory, CFT measures visuo-constructive memory using a novel, complex design which
participants are asked to copy and then reproduce from memory after 30 min. The participants were
presented with a picture of a geometrical figure on an A4 sheet of paper and were asked to draw the
figure as similar as possible. After approximately 30 min, during which time the participants completed
other tasks with mainly verbal material, they were asked to draw the figure again without the original
picture in front of them. The scoring system divides the figure into 18 subunits and awards 2 points for
each correct and correctly placed unit, 1 point for an inaccurately drawn or incorrectly placed unit, and a
1/2 point for a unit that is recognizable but both inaccurate and inaccurately placed in the drawing. This

results in a maximum score of 36 points for each drawing.

MRI acquisition and cross-scanner validation

Imaging data were acquired on two different MRIs systems: 720 participants were scanned ona 1.5
Tesla Avanto (12 channel head coil) and 1070 on a 3T Skyra (32 channel had coil). Importantly, all
longitudinal observations were from the same scanner for each participant.

Avanto T1-weighted: 2 repeated 3D T1-weighted magnetization prepared rapid gradient echo
(MPRAGE): TR/TE/TI = 2400 ms/ 3.61 ms/ 1000 ms, FA = 8°, acquisition matrix 192 x 192, FOV = 240x240
mm, 160 sagittal slices with voxel sizes 1.25 x 1.25 x 1.2 mm. For most children 4-9 years old, iPAT was

used, acquiring multiple T1 scans within a short scan time, enabling us to discard scans with residual
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movement and average the scans with sufficient quality.

Avanto DTI: 32 directions, TR = 8200 ms, TE = 81 ms, b-value = 700 s/mm? voxel size = 2.0 x 2.0 x 2.0
mm, field of view = 128, matrix size = 128 x 128 x 64, number of b0 images =5, GRAPPA acceleration
factor = 2.

Skyra T1- weighted: 176 sagittal oriented slices was obtained using a turbo field echo pulse sequence
(TR =2300 ms, TE =2.98 ms, flip angle = 8°, voxel size =1 x 1 x 1 mm, FOV =256 x 256 mm). For the
youngest children, integrated parallel acquisition techniques (iPAT) was used, acquiring multiple T1
scans within a short scan time, enabling us to discard scans with residual movement and average the
scans with sufficient quality.

Skyra DTI: A single-shot twice-refocused spin-echo echo planar imaging (EPI) with 64 directions: TR =
9300 ms, TE = 87 ms, b-value = 1000 s/mm?, voxel size = 2.0 x 2.0 x 2.0 mm, slice spacing = 2.6 mm, FOV
= 256, matrix size = 128 x 130 x 70, 1 non-diffusion-weighted (b = 0) image. A bBO-weighted image was

acquired with the reverse phase encoding.

Since different scanners will yield different volumetric and MD values, 180 participants evenly
distributed across the age range were scanned on the 1.5T (Avanto) scanner and the 3T (Skyra) scanner
on the same day, to allow us to directly assess the influence of scanner. As expected, the different
scanners yielded highly significant differences in absolute MD and volume (Table 3). The correlations
between scanners were good, however, r = .85 (anterior) and .88 (posterior) for volume and .71
(anterior) and .73 (posterior) for MD. The high rank-order coherence between scanners suggested that
inclusion of scanner as a covariate in the analyses efficiently would remove most of the variance
between participants due to different scanners. In addition, validation analyses were run, replicating the

main findings with data from each scanner separately (see Results section below).

MRI preprocessing - morphometry

T1-weighted scans were run through FreeSurfer 6.0 (https://surfer.nmr.mgh.harvard.edu/). FreeSurfer is
an almost fully automated processing tool (Dale, Fischl, & Sereno, 1999; Fischl et al., 2002; Fischl,
Sereno, & Dale, 1999; Fischl, Sereno, Tootell, & Dale, 1999), and manual editing was not performed to
avoid introducing errors. For the children, the issue of movement is especially important, as it could
potentially induce bias in the analyses (Reuter et al., 2015). Rather, all scans were manually rated for
movement on a 1-4 scale, and only scans with ratings 1 and 2 (no visible or only very minor possible

signs of movement) were included in the analyses, reducing the risk of movement affecting the results.
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Also, all reconstructed surfaces were inspected, and discarded if they did not pass internal quality
control. The hippocampus was initially segmented as part of the FreeSurfer subcortical stream (Fischl et

al., 2002) before being divided in aHC and pHC (see below).

MRI preprocessing — DTl

DTl scans were processed with FMRIB’s Diffusion Toolbox (fsl.fmrib.ox.ac.uk/fsl/fslwiki) (Jenkinson,
Beckmann, Behrens, Woolrich, & Smith, 2012; Smith et al., 2004). BO images were also collected with
reversed phase-encode blips, resulting in pairs of images with distortions going in opposite directions.
From these pairs we estimated the susceptibility-induced off-resonance field using a method similar to
what is described in (Andersson et al., 2003) as implemented in FSL (Smith et al., 2004). We then applied
the estimate of the susceptibility induced off-resonance field with the eddy tool (Andersson and
Sotiropoulos, 2016), which was also used to correct eddy-current induced distortions and subject head
movement, align all images to the first image in the series and rotate the bvecs in accordance with the

image alignments performed in the previous steps (Jenkinson et al., 2002; Leemans and Jones, 2009).

Hippocampal anterior-posterior segmentation

Moving anteriorly through the coronal planes of an MNI-resampled human brain, y =-21 corresponds to
the appearance of the uncus of the parahippocampal gyrus. In line with recent recommendations for
long-axis segmentation of the hippocampus in human neuroimaging (Poppenk et al., 2013), we labeled
hippocampal voxels at or anterior to this landmark as anterior HC while voxels posterior to the uncal
apex were labeled as posterior HC. Specifically, for each participant, all diffusion voxels for which more
than 50% of the underlying anatomical voxels were labeled as hippocampus by FreeSurfer (Fischl et al.,
2002) were considered representations of the hippocampus. While keeping the data in native subject
space, we next established hippocampal voxels’ locations relative to MNI y =-21 by calculating the
inverse of the MNI-transformation parameters for a given subject’s brain and projecting the
back-transformed coronal plane corresponding to MNIy =-21 to diffusion native space. All reported
diffusion measures thus represent averages from hippocampal sub-regions established in native space.

An illustration of this segmentation is shown in Figure 1.
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Figure 1 Segmentation of the hippocampus

Statistics

Analyses were run in R (https://www.r-project.org) using Rstudio (www.rstudio.com) IDE. Generalized

Additive Mixed Models (GAMM) using the package “mgcv” (Wood, 2006) were used to derive
age-functions. Each hippocampal sub-region was used as dependent variable in separate analyses. We
included a smooth term for age, random effect for subject, and sex and scanner as covariates of no
interest in all analyses of hippocampal sub-regions. For volume, estimated intracranial volume (ICV) was
also included in the model. To test whether different sub-regions (aHC, pHC) and metrics (volume, MD)
were uniquely related to age, and to derive residualized age-functions of each measure independently
of the other measures, GAMMs were run with age as dependent variable and each of the imaging
measures of interest as joint predictors, with the same covariates as above. To test the relationship
between the hippocampal variables and memory, models were first run with memory as dependent and
age as predictor. Age was then replaced with each hippocampal variable in separate analyses. To test
the hypothesized age-dependent hippocampus-memory relationship, models were run including an age
x hippocampus interaction term. Subject timepoint was included as covariate in all memory analyses to

control for practice effects of the memory scores.

Akaike Information Criterion (AIC) (Akaike, 1974) and the Bayesian Information Criterion (BIC) was used
to guide model selection and help guard against over-fitting. The smoothness of the age-curve is

estimated as part of the model fit, and the resulting effective degrees of freedom (edf) was taken as a
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measure of deviation from linearity. The p-values associated with the smooth terms are only
approximate, as they are based on the assumption that a penalized fit is equal to an unpenalized fit with
the same edf, and do not take into account uncertainty associated with the smoothing parameter
estimation. The major advantage of GAMM in the present setting is that relationships of any degree of
complexity can be modelled without specification of the basic shape of the relationship, and GAMM is
thus especially well-suited to map life-span trajectories of neurocognitive variables which can be
assumed to be non-linear and where the basic form of the curve is not known (Fjell et al., 2010). The
main analyses were repeated for each scanner separately as an additional validation. Main analyses
were also run with only the ordinary CVLT scores included to confirm that the different verbal memory

test versions did not bias the results.

Results

Do anterior and posterior hippocampal macro- and micro-structure follow different trajectories through
life?

GAMM curves illustrating the age-trajectories for MD and volume for aHV and pHC are presented in
Figure 2. MD was highly related to age (anterior: F =89.3, edf = 8.23, p < 2e*%; posterior: F = 144.4 edf =
5.63, p < 2e*°), showing the expected non-linear age-trajectories. Still, there were clear differences
between aHC and pHC. While the posterior section did not show age-effects until about 40 years, MD in
aHC was greatly reduced in the same age-period, displaying a protracted developmental phase. Both
aHC and pHC showed substantial increases in the last half of the age-span, but the increase started a
decade later for the anterior (=50 years) compared to the posterior (=40 years). Comparing model fits,
the model including aHC was superior according to all tested fit measures (aHC vs pHC AIC -55978 vs.
-54595, BIC -559345 vs. -54553, logLik 27996 vs. 27305). Directly contrasting their age-trajectories, we
included both as smooth predictors in the same model with age as dependent variable. Both were
uniquely related to age, although the relationship was stronger for pHC (F= 27.0, edf = 4.16, p < 2e™°)
than aHC (F =.1, edf = 4.2, p =.016), and this model was significantly better than either of the two
models with only one sub-region (Log ratio = 77469, p < .0001 vs. the best single sub-region model).
Inspection of the residual plots (Figure 3) confirmed the impression from the first set of analyses. These
clearly demonstrated that the microstructure of pHC was highly aging-sensitive compared aHC, as
evidenced by the positive relationship between residualized MD and age in pHC. In contrast, aHC was
more strongly related to development than pHC, as evidenced by the negative relationship between

residualized MD and age in this region.
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The same analyses were run for hippocampal volume, with ICV as an additional covariate of no interest.
As expected, volume of both sub-regions showed highly significantly inverse U-shaped age-trajectories
(anterior: F=54.2, edf =8.11, p< 2e8; posterior: F=97.6, edf=7.54, p < 2e%). As for MD, model fit
was better for the model with the anterior compared to the posterior region (anterior vs. posterior: AIC
42829 vs. 42969, BIC 42884 vs. 43024, loglik -21406 vs. -21475, respectively). Including anterior and
posterior in the same model, both were still significantly related to age (anterior: F =30.0, edf = 1.0, p =
4.57¢€; posterior: F = 33.5, edf = 4.99, p < 2e™°), and this model was significantly better than either of
the two models with only one sub-region (Log ratio = 19321, p < .0001 vs. the best single sub-region
model). Inspecting the residualized trajectories showed that smaller volume was linearly associated with
higher age in the anterior hippocampus and non-linearly in the posterior, suggesting lower rates of
residual change in the posterior hippocampus among adolescents and young adults who had the largest
volumes. Having demonstrated that anterior and posterior hippocampus showed unique

developmental- and aging trajectories for micro- (MD) and macro-structure (volume), we went on to
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test how the two modalities were interrelated in their age-trajectories.

What is the relationship between micro- and macro-structural hippocampal changes?

To test whether macro-structural age-changes could partly be accounted for by micro-structural
changes, we included both modalities in the same GAMM, with age as dependent variable and ICV as an
additional covariate of no interest. For both sub-regions, MD and volume were related to age
independently of each other (aHC MD: F =12.7, p = 2.45e™, volume: F =79.2, p < 2e™°/ pHC: MD: F =
44,5, p < 2e™, volume F = 46.9, p < 2e°). GAMMs with each modality tested separately yielded
numerically lower F-values (aHC MD F=11.2 vs 12.7, volume F =74.7 vs. 79.2/ pHC MD F =34.2 vs. 44.5,
volume F =39.9 vs. 46.9 for GAMMs with separate vs. joint terms, respectively), suggesting that the
age-relationships of the two modalities are independent. Thus, in a final GAMM, we included both
modalities (MD, volume) and both regions (aHC, pHC) simultaneously. All were still significant predictors

of age (Table 4). Plotting the residuals yielded almost identical results to those presented in Figure 3.

How do aHC and pHC relate to episodic memory performance?

Both verbal and visual recall was strongly related to age, shaping inverse U-shaped relationships (Figure
4, Table 5). Separate GAMMSs were run with verbal memory performance as dependent variable, and
each of the brain variables as smooth predictors, with sex, scanner, subject timepoint to control or
retest effects and ICV (for volume) as covariates of no interest. Hippocampal regions were strongly
related to memory (all p’s <. 0001) (see Figure 5). MD was negatively related to memory score, mostly in
a linear fashion, with edf = 1 for all relationships except between aHC MD and visual recall, which was
characterized by an inverted U-shape. For volume, the relationships were positive - linearly for MD and
inverted U-shaped for verbal recall. We re-ran the model including all sub-regional variables
simultaneously. For verbal recall, aHC MD (F = 14.5, edf = 1.0, p = .00014), aHC volume (F = 14.9, edf =
2.9, p = 5.56e ) and pHC volume (F = 7.9, edf = 1.0, p = .005) were still significantly related to verbal
memory, while pHC MD (F = 2.5, edf = 1.0, p =.11) was not. For visual recall, significant relationships
were seen for the same sub-regions, i.e. aHC MD (F = 7.5, edf = 1.0, p =.006), aHC volume (F =6.1, edf =
1, p = 2.18¢®) and pHC volume (F = 31.9, edf = 1.0, p = 1.79e¢™®), while pHC MD was not significant (F =
1.5, edf =1.0, p = .22). In contrast to verbal recall, visual recall performance seemed more strongly

related to volume than MD.
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Figure 5 Relationships between hippocampal sub-regions and memory
Top row: Verbal memory. Bottom row: Visual memory. The y-axis values are the residual memory scores

where the covariates in each analysis are accounted for.

To test the influence of age on these relationships, the analyses were repeated, first by including age as
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a smooth covariate, and second by including the age x hippocampus interaction term (Table 5). None of
the sub-region variables predicted verbal or visual memory performance independently of age (all p’s >
.052). However, for verbal recall, aHC MD and volume showed significant age-interactions. As can be
seen from Figure 6, larger aHC volume was related to better memory in older adults, while smaller or no
effects were seen for the adolescents, young- and middle-aged adults. For aHC MD, negligible effects
were seen in middle age, with the relationships being stronger among the older participants. However,
the age interactions were not particularly strong, with no p-values < .001. For visual recall, there were

no significant age x hippocampus interactions.
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Figure 6 Age x hippocampus interactions for memory
There were significant age x aHC MD and age x aHC volume interactions in prediction of verbal memory
(left column), but not for pHC MD or volume (right column). The colors of the contour plots signify

memory score.

Validation analyses

Although scanner was used as covariate in all analyses, we repeated the main analyses within each
scanner only as an additional security measure that scanner differences did not influence the results
(Avanto n =720, 1611 T1 / 1615 DTl scans; Skyra n = 1070, 1936 T1 / 1825 DTI), see Sl for details. These
confirmed the age-trajectories from the full sample for each scanner separately. Joint GAMMs with MD
and volume included in the same model confirmed the complementary relationships to age for both aHC
and pHC for both Avanto and Skyra, except aHC MD for Skyra which only showed a trend (p = .087) (see
Sl for details). Finally, analyses were run testing the relationships to memory. For both scanners, the
age-dependent relationships to memory performance was confirmed for all tested variables except pHC
volume for the Avanto which only showed a trend (p < .056). The other 15 relationships (2 regions x 2
modalities x 2 scanners x 2 memory tests) were all significant (p < .05). Seen together with the analyses
showing the high rank-order correspondence between the results from the two scanners, we believe

these within-scanner analyses make a strong case that scanner differences did not influence the results.

Further, verbal memory was tested against age for only the participants with regular CVLT scores (n =
1574, 2924 examinations), excluding those with HVLT or the three-category CVLT version. The
age-trajectory was close to identical to the one from the full sample (p < 2e°) (see Sl). The relationships
between CVLT score and the sub-regions were also tested, confirming the significant age-dependent
relationships (all p’s < 1.26e™®). This shows that the current approach of jointly analyzing three different

versions of the verbal recall tests did not bias the results.

Discussion

The main discovery was that aHC and pHC showed distinguishable lifespan trajectories and
age-dependent relationships to memory performance. Especially evident for MD, aHC showed a
protracted developmental period of change, while pHC changed little during development. While no
substantial changes in pHC MD was seen until 40 years, changes were even more evident in the last half

of the age-span. This suggests that pHC microstructural development as indexed by MD from
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conventional DTl is more or less completed in early childhood. The same main aHC — pHC distinction was
observed for macrostructure, although not to the same degree. While aHC showed a linear residual
age-relationship throughout almost 9 decades of life, pHC residual changes seemed to happen mostly
from middle-age and upward. Interestingly, aHC showed age-varying relationships to verbal memory

function, while this was not seen for pHC. Implications of the findings are discussed below.

Lifespan trajectories of anterior and posterior hippocampus

Both aHC and pHC volume and MD were strongly and independently related to age through the lifespan,
with better model fits for aHC suggesting a somewhat tighter relationship with age. While studies of
adults have shown increases in hippocampal MD with age (Anblagan et al., 2018); den Heijer et al.
(2012); (Pereira et al., 2014; Wolf et al., 2015), we are not aware of any lifespan studies of hippocampal
microstructure. The volumetric findings are in line with previous developmental studies showing
differential (DeMaster et al., 2014; Lin et al., 2013; Riggins et al., 2018; Wang et al., 2003; Yang et al.,
2013) and non-linear (Daugherty et al., 2017; Gogtay et al., 2006) age-relationships for sub-regions along
the AP axis. While age-relationships have been observed for all sub-regions in some studies (Apostolova
et al., 2012; Hackert et al., 2002)), others report selective or higher vulnerability of the head (Wang et
al., 2003; Yang et al., 2013) or body (Malykhin, Huang, Hrybouski, & Olsen, 2017). There are also
divergent findings regarding the shape of the trajectory, especially in development. Previous studies
have reported both U-shaped (Daugherty et al., 2017) and a combination of U-shaped and inverse
U-shaped age-relationships when moving along the AP axis (Gogtay et al., 2006; Schlichting et al., 2017).
The present results clearly suggest volumetric increases in both aHC and pHC throughout childhood,
forming the first segment of an inverse U-shaped lifespan trajectory. Strengths of the present study
include a wide age-range covering almost 9 decades of life, a longitudinal design, decent sample size and
a statistical approach capable of capturing local variations in the age-trajectories across the age-span
sampled (Fjell et al., 2010; Wood, 2006). We will argue that from a life-span perspective, the general

inverse U-shaped trajectory observed in the present study is in accordance with expectations.

The major objective was to disentangle the life-span trajectories of aHC and pHC micro- and
macrostructure. As hypothesized, each sub-region and modality showed unique age-relationships.
Interestingly, we observed a principal divide between aHC and pHC both for macro- and microstructure,
most clearly manifested for the latter. While aHC showed the expected age-reduction during

development and the first part of adult life, pHC did not change until mid-life (= 40 years). This divide
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was especially evident from the residual plots, where aHC and pHC showed opposite age-trajectories. In
these residual analyses, age-variance common to aHC and pHC was accounted for, and the unique
age-relationship of each sub-region thus isolated. In the volumetric analyses, while aHC and pHC both
showed the expected inverse U-shaped age-trajectory, the joint analysis revealed an aHC vs. pHC divide
with similarities to MD. The unique pHC volumetric changes were observed for higher age only,
suggesting that these characterized adult and aging-related processes. aHC showed a linear negative
age-relationship, thus not restricted to adult age. In contrast to microstructure, the developmental
increase in volume was shared between aHC and pHC, such that neither showed unique developmental

patterns.

Independence between micro- and macro-structural lifespan changes

The inverse of the MD trajectories showed similarities to the volume trajectories. Thus, one could
speculate that they would be related to some extent. As argued above, hippocampal macro-structural
changes could reflect a range of cellular processes within the hippocampus potentially affecting water
diffusion and thus be detectable by DTI. These could include loss of cellular barriers and increase in
extracellular water content as a function of neurodegeneration (Basser & Pierpaoli, 1996; Kale et al.,
2006; Pierpaoli & Basser, 1996), neurogenesis and non-neuronal cell changes, cell death and synaptic
changes, pruning, myelination and vascularization (Bechmann & Nitsch, 2000; Goncalves et al., 2016;
Kantor & Kolodkin, 2003; Lester et al., 2017; Nickel & Gu, 2018; Small et al., 2011; Tatu & Vuillier, 2014).
Still, the results yielded no indications that hippocampal atrophy even partly could be explained by
microstructural changes. The age-relationships of volume and MD were not weakened the least by
including both in the same model. Even though not previously addressed in a lifespan sample, this
finding is in line with previous studies showing that micro- and macrostructural measures of
hippocampal subfields are complementary in their aging-relationships (Pereira et al., 2014; Wolf et al.,
2015). Thus, the cellular processes responsible for the micro- and macro-structural changes in

hippocampal sub-regions across life appear to be completely unrelated.

Hippocampal structural properties and episodic memory through the lifespan

Previous studies of the hippocampus suggest that MD may be more closely associated with memory
function than volume (Aribisala et al., 2014; Carlesimo et al., 2010; den Heijer et al., 2012; van Norden et
al., 2012). Here, we were interested in how the memory-relationships were affected by age, and

whether the contributions from aHC and pHC could be distinguished. When all sub-region variables
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were included in the same model, all except pHC MD contributed uniquely to explain memory
performance. These results must be interpreted within a context of age changes, as the major part of
the variance was shared between age, sub-region variables and memory. For aHC (MD and volume), the
relationship with verbal memory performance varied as a function of age. Larger sub-region volume was
related to better memory in older adults, above 60-70 years, with smaller or no effects seen in the other
parts of the age-span. For MD, similar effects in the opposite direction were found. Thus, aHC showed
an age-varying relationship to verbal memory while pHC did not, regardless of whether micro- or

macrostructure is measured.

Importantly, however, the relative contributions from aHC vs. pHC to memory function will likely
depend on the nature of the task. aHC tends to be more involved in encoding and pHC in retrieval of
episodic memories (Kithn & Gallinat, 2014; Lepage et al., 1998; Nadel et al., 2012; Poppenk et al., 2013).
The relative involvement of hippocampal sub-regions along the AP axis likely depends on a number of
features related to the specific demands of the memory operations (Chase et al., 2015; Kiihn & Gallinat,
2014; Poppenk et al., 2013). We could not distinguish between contributions from encoding vs.
retrieval, which are both affected by age (Grady, 2012). In a study of hippocampal activity during
encoding and retrieval of associative memories, we observed that children engaged pHC more than aHC,
while aHC was more activated relative to pHC already in teenagers (Langnes et al., 2018). Thus, the
differential age-trajectories of the sub-regions observed here may have implications for memory
processing, which may either be disguised in the less specific memory tasks used, or detectable on the
level of brain activity only. While memory-relationships with both sub-regions have been reported
(Driscoll et al., 2003), studies have suggested that protracted development of hippocampal sub-regions
contribute to age-related differences in episodic memory function (DeMaster et al., 2014). Similar to
(DeMaster et al., 2014), we found hippocampal sub-regions to show unique relationships to memory
performance that varied as a function of age, even though this was mostly evident for the oldest part of
the sample in the present study. For an in-depth review and discussion of age-effects on hippocampal

subfields and relationship to memory, see (de Flores, La Joie, & Chetelat, 2015).

While the age-dependent hippocampus — memory performance relationships were similar for verbal
and visual recall, there were also some notable differences. First, although we did not test a formal
interaction, sub-region volumes tended to be more strongly related to visual memory while MD was

more strongly related to verbal memory. Second, we did not observe age-interactions for visual recall.
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The reason for these differences are not clear. The visual task has a strong constructive element, related
to visuo-constructive abilities (Ostby, Tamnes, Fjell, & Walhovd, 2012). The verbal task with its inherent
verbal categorization is likely related to general verbal abilities. Thus, the partly different relationship to
the hippocampal sub-regions and the age-interactions may result from the different basic cognitive

processed involved in addition to the episodic memory component.

Conclusion

Here we show that the micro- and macrostructure of hippocampal sub-regions along the
anterior-posterior axis have distinguishable life-span trajectories, and that they are independently
related to episodic verbal memory performance in an age-dependent and partly age-varying way. Future
research should try to disentangle the relationship between these structural properties and different

memory processes —encoding vs. retrieval in particular — across the lifespan.


https://doi.org/10.1101/564732
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/564732; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

References

Akaike, H. (1974). A new look at the statistical model identification. /EEE Trans. Automat. Contr, 19,
716-723.

Allen, J. S., Bruss, J., Brown, C. K., & Damasio, H. (2005). Normal neuroanatomical variation due to age:
the major lobes and a parcellation of the temporal region. Neurobiol Aging, 26(9), 1245-1260;
discussion 1279-1282. doi:10.1016/j.neurobiolaging.2005.05.023

Anblagan, D., Valdes Hernandez, M. C., Ritchie, S. J., Aribisala, B. S., Royle, N. A., Hamilton, I. F., . ..
Wardlaw, J. M. (2018). Coupled changes in hippocampal structure and cognitive ability in later
life. Brain Behav, 8(2), e00838. d0i:10.1002/brb3.838

Apostolova, L. G., Green, A. E., Babakchanian, S., Hwang, K. S., Chou, Y. Y., Toga, A. W., & Thompson, P.
M. (2012). Hippocampal atrophy and ventricular enlargement in normal aging, mild cognitive
impairment (MCl), and Alzheimer Disease. Alzheimer Dis Assoc Disord, 26(1), 17-27.
doi:10.1097/WAD.0b013e3182163b62

Aribisala, B. S., Royle, N. A., Maniega, S. M., Valdes Hernandez, M. C., Murray, C., Penke, L., . . . Wardlaw,
J. M. (2014). Quantitative multi-modal MRI of the Hippocampus and cognitive ability in
community-dwelling older subjects. Cortex, 53, 34-44. doi:10.1016/j.cortex.2013.12.012

Basser, P. J., & Pierpaoli, C. (1996). Microstructural and physiological features of tissues elucidated by
quantitative-diffusion-tensor MRI. J Magn Reson B, 111(3), 209-219.

Bechmann, I., & Nitsch, R. (2000). Involvement of non-neuronal cells in entorhinal-hippocampal
reorganization following lesions. Ann N Y Acad Sci, 911, 192-206.

Carlesimo, G. A., Cherubini, A., Caltagirone, C., & Spalletta, G. (2010). Hippocampal mean diffusivity and
memory in healthy elderly individuals: a cross-sectional study. Neurology, 74(3), 194-200.
doi:10.1212/WNL.0b013e3181cb3e39

Carr, V. A, Bernstein, J. D., Favila, S. E., Rutt, B. K., Kerchner, G. A., & Wagner, A. D. (2017). Individual
differences in associative memory among older adults explained by hippocampal subfield
structure and function. Proc Natl Acad Sci U S A, 114(45), 12075-12080.
doi:10.1073/pnas.1713308114

Chase, H. W,, Clos, M., Dibble, S., Fox, P., Grace, A. A., Phillips, M. L., & Eickhoff, S. B. (2015). Evidence
for an anterior—posterior differentiation in the human hippocampal formation revealed by
meta-analytic parcellation of fMRI coordinate maps: Focus on the subiculum. Neurolmage, 113,
44-60. doi:http://dx.doi.org/10.1016/j.neuroimage.2015.02.069

Collin, S. H., Milivojevic, B., & Doeller, C. F. (2015). Memory hierarchies map onto the hippocampal long
axis in humans. Nat Neurosci, 18(11), 1562-1564. doi:10.1038/nn.4138

Crum, R. M., Anthony, J. C., Bassett, S. S., & Folstein, M. F. (1993). Population-based norms for the
Mini-Mental State Examination by age and educational level. JAMA, 269(18), 2386-2391.

Csernansky, J. G., Wang, L., Joshi, S., Miller, J. P., Gado, M., Kido, D., . . . Miller, M. I. (2000). Early DAT is
distinguished from aging by high-dimensional mapping of the hippocampus. Dementia of the
Alzheimer type. Neurology, 55(11), 1636-1643.

Dale, A. M., Fischl, B., & Sereno, M. I. (1999). Cortical surface-based analysis. |. Segmentation and
surface reconstruction. Neuroimage, 9(2), 179-194. doi:10.1006/nimg.1998.0395

Daugherty, A. M., Bender, A. R., Raz, N., & Ofen, N. (2016). Age differences in hippocampal subfield
volumes from childhood to late adulthood. Hippocampus, 26(2), 220-228.
doi:10.1002/hipo.22517

Daugherty, A. M., Flinn, R., & Ofen, N. (2017). Hippocampal CA3-dentate gyrus volume uniquely linked
to improvement in associative memory from childhood to adulthood. Neuroimage, 153, 75-85.
doi:10.1016/j.neuroimage.2017.03.047



https://doi.org/10.1101/564732
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/564732; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

de Flores, R., La Joie, R., & Chetelat, G. (2015). Structural imaging of hippocampal subfields in healthy
aging and Alzheimer's disease. Neuroscience, 309, 29-50.
doi:10.1016/j.neuroscience.2015.08.033

Delis, D. C., Kramer, J. H., Kaplan, E., & Ober, B. A. (2000). California Verbal Learning Test - Second
Edition (CVLT - ll): The Psychological Corporation, San Antonio, TX.

DeMaster, D., Pathman, T., Lee, J. K., & Ghetti, S. (2014). Structural development of the hippocampus
and episodic memory: developmental differences along the anterior/posterior axis. Cereb
Cortex, 24(11), 3036-3045. d0i:10.1093/cercor/bht160

den Heijer, T., der Lijn, F., Vernooij, M. W., de Groot, M., Koudstaal, P. J., van der Lugt, A,, . . . Breteler,
M. M. (2012). Structural and diffusion MRI measures of the hippocampus and memory
performance. Neuroimage, 63(4), 1782-1789. doi:10.1016/j.neuroimage.2012.08.067

Driscoll, I., Hamilton, D. A., Petropoulos, H., Yeo, R. A., Brooks, W. M., Baumgartner, R. N., & Sutherland,
R. J. (2003). The aging hippocampus: cognitive, biochemical and structural findings. Cereb
Cortex, 13(12), 1344-1351.

Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., . . . Dale, A. M. (2002). Whole
brain segmentation: automated labeling of neuroanatomical structures in the human brain.
Neuron, 33(3), 341-355.

Fischl, B., Sereno, M. ., & Dale, A. M. (1999). Cortical surface-based analysis. Il: Inflation, flattening, and
a surface-based coordinate system. Neuroimage, 9(2), 195-207. doi:10.1006/nimg.1998.0396

Fischl, B., Sereno, M. |., Tootell, R. B., & Dale, A. M. (1999). High-resolution intersubject averaging and a
coordinate system for the cortical surface. Hum Brain Mapp, 8(4), 272-284.

Fjell, A. M., Grydeland, H., Krogsrud, S. K., Amlien, I., Rohani, D. A., Ferschmann, L., ... Walhovd, K. B.
(2015). Development and aging of cortical thickness correspond to genetic organization
patterns. Proc Natl Acad Sci U S A, 112(50), 15462-15467. d0i:10.1073/pnas.1508831112

Fjell, A. M., McEvoy, L., Holland, D., Dale, A. M., Walhovd, K. B., & Alzheimer's Disease Neuroimaging, .
(2013). Brain changes in older adults at very low risk for Alzheimer's disease. J Neurosci, 33(19),
8237-8242. doi:10.1523/INEUROSCI.5506-12.2013

Fjell, A. M., McEvoy, L., Holland, D., Dale, A. M., Walhovd, K. B., & Alzheimer's Disease Neuroimaging, .
(2014). What is normal in normal aging? Effects of aging, amyloid and Alzheimer's disease on the
cerebral cortex and the hippocampus. Prog Neurobiol, 117, 20-40.
doi:10.1016/j.pneurobio.2014.02.004

Fjell, A. M., Walhovd, K. B., Westlye, L. T., Ostby, Y., Tamnes, C. K., Jernigan, T. L., . . . Dale, A. M. (2010).
When does brain aging accelerate? Dangers of quadratic fits in cross-sectional studies.
Neuroimage, 50(4), 1376-1383. doi:10.1016/j.neuroimage.2010.01.061

Fjell, A. M., Westlye, L. T., Grydeland, H., Amlien, |, Espeseth, T., Reinvang, I., . . . Alzheimer Disease
Neuroimaging, |. (2013). Critical ages in the life course of the adult brain: nonlinear subcortical
aging. Neurobiol Aging, 34(10), 2239-2247. doi:10.1016/j.neurobiolaging.2013.04.006

Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). "Mini-mental state". A practical method for
grading the cognitive state of patients for the clinician. J Psychiatr Res, 12(3), 189-198.

Gogtay, N., Nugent, T. F., 3rd, Herman, D. H., Ordonez, A., Greenstein, D., Hayashi, K. M., .. . Thompson,
P. M. (2006). Dynamic mapping of normal human hippocampal development. Hippocampus,
16(8), 664-672. doi:10.1002/hipo.20193

Goncalves, J. T., Schafer, S. T., & Gage, F. H. (2016). Adult Neurogenesis in the Hippocampus: From Stem
Cells to Behavior. Cell, 167(4), 897-914. doi:10.1016/j.cell.2016.10.021

Gorbach, T., Pudas, S., Lundquist, A., Oradd, G., Josefsson, M., Salami, A,, . . . Nyberg, L. (2017).
Longitudinal association between hippocampus atrophy and episodic-memory decline.
Neurobiol Aging, 51, 167-176. doi:10.1016/j.neurobiolaging.2016.12.002


https://doi.org/10.1101/564732
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/564732; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Grady, C. (2012). The cognitive neuroscience of ageing. Nat Rev Neurosci, 13(7), 491-505.
doi:10.1038/nrn3256

Hackert, V. H., den Heijer, T., Oudkerk, M., Koudstaal, P. J., Hofman, A., & Breteler, M. M. (2002).
Hippocampal head size associated with verbal memory performance in nondemented elderly.
Neuroimage, 17(3), 1365-1372.

Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., & Smith, S. M. (2012). Fsl. Neuroimage,
62(2), 782-790. doi:10.1016/j.neuroimage.2011.09.015

Kale, R. A., Gupta, R. K., Saraswat, V. A., Hasan, K. M., Trivedi, R., Mishra, A. M., .. . Narayana, P. A.
(2006). Demonstration of interstitial cerebral edema with diffusion tensor MR imaging in type C
hepatic encephalopathy. Hepatology, 43(4), 698-706. doi:10.1002/hep.21114

Kantor, D. B., & Kolodkin, A. L. (2003). Curbing the excesses of youth: molecular insights into axonal
pruning. Neuron, 38(6), 849-852.

Kihn, S., & Gallinat, J. (2014). Segregating cognitive functions within hippocampal formation: A
guantitative meta-analysis on spatial navigation and episodic memory. Human Brain Mapping,
35(4), 1129-1142. doi:10.1002/hbm.22239

Lacritz, L. H., & Cullum, C. M. (1998). The Hopkins Verbal Learning Test and CVLT: a preliminary
comparison. Arch Clin Neuropsychol, 13(7), 623-628.

Lacritz, L. H., Cullum, C. M., Weiner, M. F., & Rosenberg, R. N. (2001). Comparison of the hopkins verbal
learning test-revised to the California verbal learning test in Alzheimer's disease. App/
Neuropsychol, 8(3), 180-184. d0i:10.1207/515324826AN0803_8

Langnes, E., Vidal-Pineiro, D., Sneve, M. H., Amlien, I. K., Walhovd, K. B., & Fjell, A. M. (2018).
Development and decline of the hippocampal long-axis specialization and differentiation during
encoding and retrieval of episodic memories. bioRxiv, doi: https.//doi.orq/10.1101/323097.

Lepage, M., Habib, R., & Tulving, E. (1998). Hippocampal PET activations of memory encoding and
retrieval: the HIPER model. Hippocampus, 8(4), 313-322.

Lester, A. W., Moffat, S. D., Wiener, J. M., Barnes, C. A., & Wolbers, T. (2017). The Aging Navigational
System. Neuron, 95(5), 1019-1035. doi:10.1016/j.neuron.2017.06.037

Lin, M., Fwu, P. T., Buss, C., Davis, E. P., Head, K., Muftuler, L. T., ... Su, M. Y. (2013). Developmental
changes in hippocampal shape among preadolescent children. Int J Dev Neurosci, 31(7),
473-481. doi:10.1016/].ijdevneu.2013.06.001

Malykhin, N. V., Huang, Y., Hrybouski, S., & Olsen, F. (2017). Differential vulnerability of hippocampal
subfields and anteroposterior hippocampal subregions in healthy cognitive aging. Neurobiol
Aging, 59, 121-134. d0i:10.1016/].neurobiolaging.2017.08.001

Meyers, J. E., & Meyers, K. R. (1995). Rey complex figure test and recognition trial. Professional manual. :
Lutz (FL): Psychological Assessment Resources, Inc.

Moscovitch, M., Cabeza, R., Winocur, G., Nadel, L., DR, A.,, M, M., ... MP, M. (2016). Episodic Memory
and Beyond: The Hippocampus and Neocortex in Transformation

Recollective qualities modulate hippocampal activation during autobiographical memory retrieval.
Annual Review of Psychology, 67(1), 105-134. doi:doi:10.1146/annurev-psych-113011-143733

Nadel, L., Hoscheidt, S., & Ryan, L. R. (2012). Spatial Cognition and the Hippocampus: The
Anterior—Posterior Axis. Journal of Cognitive Neuroscience, 25(1), 22-28.
doi:10.1162/jocn_a_00313

Nickel, M., & Gu, C. (2018). Regulation of Central Nervous System Myelination in Higher Brain Functions.
Neural Plast, 2018, 6436453, doi:10.1155/2018/6436453

Nordin, K., Herlitz, A., Larsson, E. M., & Soderlund, H. (2017). Overlapping effects of age on associative
memory and the anterior hippocampus from middle to older age. Behav Brain Res, 317,
350-359. d0i:10.1016/j.bbr.2016.10.002


https://doi.org/10.1101/564732
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/564732; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Ostby, Y., Tamnes, C. K., Fjell, A. M., & Walhovd, K. B. (2012). Dissociating memory processes in the
developing brain: the role of hippocampal volume and cortical thickness in recall after minutes
versus days. Cereb Cortex, 22(2), 381-390. doi:10.1093/cercor/bhrl116

Pereira, J. B., Valls-Pedret, C., Ros, E., Palacios, E., Falcon, C., Bargallo, N., . .. Junque, C. (2014). Regional
vulnerability of hippocampal subfields to aging measured by structural and diffusion MRI.
Hippocampus, 24(4), 403-414. doi:10.1002/hipo.22234

Pierpaoli, C., & Basser, P. J. (1996). Toward a quantitative assessment of diffusion anisotropy. Magn
Reson Med, 36(6), 893-906.

Poppenk, J., Evensmoen, H. R., Moscovitch, M., & Nadel, L. (2013). Long-axis specialization of the human
hippocampus. Trends in Cognitive Sciences, 17(5), 230-240.
doi:http://dx.doi.org/10.1016/j.tics.2013.03.005

Poppenk, J., & Moscovitch, M. (2011). A Hippocampal Marker of Recollection Memory Ability among
Healthy Young Adults: Contributions of Posterior and Anterior Segments. Neuron, 72(6),
931-937. doi:https://doi.org/10.1016/j.neuron.2011.10.014

Raz, N., Rodrigue, K. M., Head, D., Kennedy, K. M., & Acker, J. D. (2004). Differential aging of the medial
temporal lobe: a study of a five-year change. Neurology, 62(3), 433-438.

Reuter, M., Tisdall, M. D., Qureshi, A., Buckner, R. L., van der Kouwe, A. J., & Fischl, B. (2015). Head
motion during MRI acquisition reduces gray matter volume and thickness estimates.
Neurolmage, 107, 107-115. doi:10.1016/j.neuroimage.2014.12.006

Riggins, T., Geng, F., Botdorf, M., Canada, K., Cox, L., & Hancock, G. R. (2018). Protracted hippocampal
development is associated with age-related improvements in memory during early childhood.
Neuroimage, 174, 127-137. doi:10.1016/j.neuroimage.2018.03.009

Schlichting, M. L., Guarino, K. F., Schapiro, A. C., Turk-Browne, N. B., & Preston, A. R. (2017).
Hippocampal Structure Predicts Statistical Learning and Associative Inference Abilities during
Development. J Cogn Neurosci, 29(1), 37-51. doi:10.1162/jocn_a_01028

Shapiro, A. M., Benedict, R. H., Schretlen, D., & Brandt, J. (1999). Construct and concurrent validity of
the Hopkins Verbal Learning Test-revised. Clin Neuropsychol, 13(3), 348-358.
d0i:10.1076/clin.13.3.348.1749

Small, S. A,, Schobel, S. A., Buxton, R. B., Witter, M. P., & Barnes, C. A. (2011). A pathophysiological
framework of hippocampal dysfunction in ageing and disease. Nat Rev Neurosci, 12(10),
585-601. d0i:10.1038/nrn3085

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E., Johansen-Berg, H., . ..
Matthews, P. M. (2004). Advances in functional and structural MR image analysis and
implementation as FSL. Neuroimage, 23 Supp! 1, 5S208-219.
doi:10.1016/j.neuroimage.2004.07.051

Strange, B. A., Witter, M. P, Lein, E. S., & Moser, E. |. (2014). Functional organization of the hippocampal
longitudinal axis. Nat Rev Neurosci, 15(10), 655-669. d0i:10.1038/nrn3785

Tamnes, C. K., Walhovd, K. B., Engvig, A., Grydeland, H., Krogsrud, S. K., Ostby, Y., ... Fjell, A. M. (2014).
Regional hippocampal volumes and development predict learning and memory. Dev Neurosci,
36(3-4), 161-174. doi:10.1159/000362445

Tatu, L., & Vuillier, F. (2014). Structure and vascularization of the human hippocampus. Front Neurol
Neurosci, 34, 18-25. doi:10.1159/000356440

Valdes Hernandez, M. D. C,, Cox, S. R., Kim, J., Royle, N. A., Munoz Maniega, S., Gow, A.J,, ... Deary, . J.
(2017). Hippocampal morphology and cognitive functions in community-dwelling older people:
the Lothian Birth Cohort 1936. Neurobiol Aging, 52, 1-11.
doi:10.1016/j.neurobiolaging.2016.12.012



https://doi.org/10.1101/564732
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/564732; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

van Norden, A. G, de Laat, K. F,, Fick, I, van Uden, I. W., van Oudheusden, L. J., Gons, R. A,, ... de
Leeuw, F. E. (2012). Diffusion tensor imaging of the hippocampus and verbal memory
performance: the RUN DMC study. Hum Brain Mapp, 33(3), 542-551. doi:10.1002/hbm.21231

Van Petten, C. (2004). Relationship between hippocampal volume and memory ability in healthy
individuals across the lifespan: review and meta-analysis. Neuropsychologia, 42(10), 1394-1413.
doi:10.1016/j.neuropsychologia.2004.04.006

Walhovd, K. B., Fjell, A. M., Reinvang, |., Lundervold, A., Dale, A. M., Eilertsen, D. E., . . . Fischl, B. (2005).
Effects of age on volumes of cortex, white matter and subcortical structures. Neurobiol Aging,
26(9), 1261-1270; discussion 1275-1268. doi:10.1016/j.neurobiolaging.2005.05.020

Wang, L., Swank, 1. S., Glick, I. E., Gado, M. H., Miller, M. ., Morris, J. C., & Csernansky, J. G. (2003).
Changes in hippocampal volume and shape across time distinguish dementia of the Alzheimer
type from healthy aging. Neuroimage, 20(2), 667-682. do0i:10.1016/51053-8119(03)00361-6

Wolf, D., Fischer, F. U., de Flores, R., Chetelat, G., & Fellgiebel, A. (2015). Differential associations of age
with volume and microstructure of hippocampal subfields in healthy older adults. Hum Brain
Mapp, 36(10), 3819-3831. doi:10.1002/hbm.22880

Wood, S. N. (2006). Generalized Additive Models: An Introduction with R: Chapman and Hall/CRC.

Woods, S. P., Scott, J. C., Dawson, M. S., Morgan, E. E., Carey, C. L., Heaton, R. K., ... Group, H. I. V. N. R.
C. (2005). Construct validity of Hopkins Verbal Learning Test-Revised component process
measures in an HIV-1 sample. Arch Clin Neuropsychol, 20(8), 1061-1071.
doi:10.1016/j.acn.2005.06.007

Yang, X., Goh, A., Chen, S. H., & Qiu, A. (2013). Evolution of hippocampal shapes across the human
lifespan. Hum Brain Mapp, 34(11), 3075-3085. doi:10.1002/hbm.22125


https://doi.org/10.1101/564732
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/564732; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Acknowledgement

This work was supported by the Department of Psychology, University of Oslo (to K.B.W., A.M.F.), the
Norwegian Research Council (to K.B.W., A.M.F.) and the project has received funding from the European

Research Council’s Starting/ Consolidator Grant schemes under grant agreements 283634, 725025 (to
A.M.F.) and 313440 (to K.B.W.).


https://doi.org/10.1101/564732
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/564732; this version posted March 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Tables

Number of participants 1790
Number of examinations in total 3367
Hippocampal volume examinations 3367
Hippocampal volume examinations 3261
Verbal memory examinations total 3033
Verbal memory examinations with MRI 2851
Visual memory examinations total 2532
Visual memory examinations with MRI 2417
Mean number of examinations 1.97 (1-6)
Mean interval between examinations 2.7 (0.1-11.1)
Age at baseline 32.0(23.6)
Sex 1056F/ 733M
MMS at baseline 29.0(SD=1.1)
FSIQ 112.0(SD =11.6)

Table 1 Sample descriptives

MMS at baseline: Available for 868. FSIQ
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Avanto Skyra % Diff t p= r p=
Anterior MD 1.08E% 1.06E% 262 794 21" 71 1.0E°%®
Posterior MD 1.118°% 1.12E%  -090 -2.12 036 .73 46
Anterior volume 1988 2090 -5.00 -998 36E 85 4.06
Posterior volume 2010 2063  -2.60 -5.51 127 88 1.3

Table 2 Cross-scanner comparison
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F edf p <
Anterior volume 24.2 1.0 9.18eY
Posterior volume 41.8 5.0 26
Anterior MD 2.9 4.5 0.01
Posterior MD 37.6 4.6 2e®

Table 3 Relationship to age

GAMM with all brain variables as joint predictors of age was run, with sex, scanner and ICV as covariates
of no interest.

Edf: effective degrees of freedom. MD: Mean diffusion.
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Verbal recall Visual recall
F edf p < F edf p <
Age 1645 8.6 2e° 98.5 7.1 2e®
Anterior volume 166 3.2 4.15e™ 45.8 1.0 1.64e™
Anterior volume x Age 24 56 .029 11 33 .29
Posterior volume 10.8 3.0 4.7¢’ 60.6 1.0 9.98¢e™
Posterior volume x Age 22 1.0 14 14 1.0 23
Anterior MD 482 10 4.8e" 18.5 2.3 3.35¢”
Anterior MD x Age 42 39 .0035 1.7 4.6 A2
Posterior MD 21.7 1.0 3.27e™ 13.1 1.0 .0003
Posterior MD x Age 24 1.0 12 0.05 1.0 .83

Table 4 Hippocampus-memory relationships

Each line represents the results of a separate GAMM. With memory as dependent variable, age and
each hippocampal measure were first tested in separate GAMMs, and then additional GAMMS were run
to test the age x hippocampus interaction, with age, sex, scanner, subject time-point and ICV (for
volume) as covariates of no interest.

Edf: effective degrees of freedom. MD: Mean diffusion. ns: not significant (p >. 05)
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