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ARTICLE INFO ABSTRACT

Article history: Introduction: This review aimed to produce hippocampal atrophy rate estimates from healthy ageing studies as
Received 25 October 2014 well as control samples from observational studies across the adult lifespan which can be used as benchmarks
Accepted 14 March 2015 to evaluate abnormal changes in pathological conditions.

Available online 20 March 2015 Methods: The review followed PRISMA guidelines. PUBMED (to February 2014) was searched for longitudinal

MRI studies reporting hippocampal atrophy or volume change in cognitively healthy individuals. Titles were

fﬁg :gcr:rsr‘;pus screened and non-English, duplicate or irrelevant entries were excluded. Remaining record abstracts were
MRI reviewed to identify studies for full text retrieval. Full text was retrieved and screened against inclusion/exclusion
Longitudinal criteria. Bibliographies and previous reviews were examined to identify additional studies. Data were
Ageing summarised using meta-analysis and age, segmentation technique and study type were tested as potential mod-
Epidemiology erators using meta-regression. It was hypothesised that population studies would produce higher atrophy rates
Controls than clinical observational studies.

Results: The systematic search identified 4410 entries and 119 studies were retrieved with 58 failing selection or
quality criteria, 30 were excluded as multiple reports and 3 studies were unsuitable for meta-analysis. The re-
maining 28 studies were included in the meta-analysis, n = 3422, 44.65% male, 11,735 person-years of follow-
up, mean age was 24.50 to 83 years. Mean total hippocampal atrophy for the entire sample was 0.85% per year
(95% CI1 0.63, 1.07). Age based atrophy rates were 0.38% per year (CI 0.14, 0.62) for studies with mean age
<55 years (n = 413), 0.98% (CI 0.27, 1.70) for 55 to <70 years (n = 426), and 1.12% (CI 0.86, 1.38) for
>70 years (n = 2583). Meta-regression indicated age was associated with increased atrophy rates of 0.0263%
(C10.0146, 0.0379) per year and automated segmentation approaches were associated with a reduced atrophy
rate of —0.466% (CI —0.841, —0.090). Population studies were not associated with a significant effect on atro-
phy. Analyses of 11 studies separately measuring left and right hippocampal atrophy (n = 1142) provided little
evidence of laterality effects. While no study separately reported atrophy by gender, a number tested for gender
effects and 2 studies reported higher atrophy in males.
Conclusions: Hippocampal atrophy rates increase with age with the largest increases occurring from midlife on-
wards. Manual segmentation approaches result in higher measured atrophy rates.

© 2015 Elsevier Inc. All rights reserved.

Contents
Introduction . . . . . . . L L e e e e e e e e e 365
Methods . . . . . L e e e e e e e e e 365
Search Strategy . . . . . . . e e e e e e e e e e e e e e e e 365
Inclusion and exclusion Criteria . . . . . . . . . . . . e e e e e e e e e e e e e e e e e e e e e e e 365
Data exXtraction . . . . . . . v i e e e e e e e e e e e e e e e e e e e e e e e 366

¥ Statistical analysis: Mark Fraser®.
77 Disclosure: The authors have reported no conflicts of interest.

% Disclosures: Mark Fraser reports no disclosures. This study is not industry sponsored.
%k Contributions: Mr. Fraser contributed to the design of the study, conducted all statistical analyses, and managed all aspects of manuscript preparation and submission. Dr. Shaw
provided methodological input and theoretical expertise, and contributed to writing and editing of the manuscript. Dr. Cherbuin contributed to the design of the study and the statistical
analyses, provided methodological input and theoretical expertise, and contributed to writing and editing of the manuscript.

* Corresponding author. Fax: +61 2 6125 1558.
E-mail address: mark.fraser@anu.edu.au (M.A. Fraser).

http://dx.doi.org/10.1016/j.neuroimage.2015.03.035
1053-8119/© 2015 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2015.03.035&domain=pdf
http://dx.doi.org/10.1016/j.neuroimage.2015.03.035
mailto:mark.fraser@anu.edu.au
http://dx.doi.org/10.1016/j.neuroimage.2015.03.035
http://www.sciencedirect.com/science/journal/10538119
www.elsevier.com/locate/ynimg

M.A. Fraser et al. / Neurolmage 112 (2015) 364-374 365

Statistical analysis . . . . . . . . e e e e e e e e e e e e e e e e e e e 366
MisSiNg data . . . . . . . e e e e e e e e e e e e e e e 366
Meta-analysis . . . . . . . . e e e e e e e e e e e e e e e 366
Reporting bias . . . . . . . . . e e e e e e e e e e e e e 366
Results . . . . . e e 366
Meta-analysis . . . . . . . . . e e e e e e e e e e e 367
Reporting bias . . . . . . . . . e e e e e e e e e e e 367
DISCUSSION . . . . ottt e e e e e e e e e e e e e e e e e e 369
Laterality effects . . . . . . . L L e e e e e e e e e e e 370
Moderators & heterogeneity . . . . . . . . . . . L i e e e e e e e e e e e e e e e e e e e e 371
Reporting bias . . . . . . . . L e e e e e e e e e e e e 372
Dropouts . . . . . o . o e e e e e e e e e e e e e e e e e e e e e e e e 372
Gender . . . . . . . . e e e e 372
Limitations of the study . . . . . . . . . L L e e e e e e e e e e e e 372
ConClUSIONS . . . . . . . o e e e e e e e e s 372
Acknowledgments . . . . . . . . L e e e e e e e e e e e e e e e e e e 372
Appendix A.  Supplementary data . . . . . . L L L L L e e e e e e e e e e e e e e e e e e e e e e 372
RefErences . . . . . . . . . e e e e 372
Introduction relatively stable in young adulthood. There appears to be a critical

The hippocampus plays an essential role in memory function, goal
selection, and mood regulation. Hippocampal volume changes have
been associated with neurological conditions including Alzheimer's
disease (Jack et al.,, 2000; West et al., 1994), Parkinson's disease
(Camicioli et al., 2003), Huntington's disease (Majid et al., 2011),
epilepsy (Liu et al., 2001), schizophrenia (Wang et al., 2008), and
depression (Arnone et al., 2012; Steffens et al., 2011). Hippocampal
volume changes also occur across the typical adult lifespan (Raz et al.,
2010). However, the magnitude of normal hippocampal age related
change is unclear and this presents a challenge when evaluating
abnormal changes in pathological conditions such as Alzheimer's
disease.

In order to accurately estimate hippocampal change in pathological
conditions it is critical that reliable and precise estimates be available
for generally healthy populations of different ages. This review
has focused on estimates from longitudinal studies in preference to
cross-sectional estimates because cross-sectional estimates can be con-
founded by individual subject baseline volumes. Studies where both
longitudinal and cross-sectional analyses were used indicate that
cross-sectional studies are less able to detect hippocampal volume
change effects (Du et al., 2006; Raz et al,, 2005; Ridha et al., 2006).

There is now a substantial body of research investigating longitudinal
hippocampal volume change across multiple domains encompassing
the entire adult lifespan. The domain covering younger individuals fo-
cuses on neurodegenerative conditions that become apparent in adoles-
cence or young adulthood such as schizophrenia, temporal lobe epilepsy
and mood disorders (Geuze et al., 2005). The studies in these younger
age groups tend to have small sample sizes and small effect sizes
(<0.5% annualised atrophy). A second domain of research focuses on
conditions that become apparent later in life including AD, other forms
of dementia, Parkinson's disease, Huntington's disease and other age re-
lated pathologies (Geuze et al., 2005). Hippocampal atrophy rates in-
crease prior to the appearance of AD symptoms and continue to
increase as the disease progresses (Fox et al., 2001; Ridha et al., 2006;
Whitwell et al., 2007). Given that the incidence of dementia is increasing
as populations worldwide age (Fratiglioni et al., 1999), a growing body
of research on dementia with many large samples primarily focused
on people over 50 years of age has emerged. In a review of AD studies,
Barnes et al. (2009) estimated annualised atrophy rates of 4.66% per
year (95% CI 3.92, 5.40) for AD subjects and 1.41% per year (95% CI
0.52, 2.30) for healthy elderly controls. A third domain investigates
changes in healthy ageing in normal individuals. Available evidence sug-
gests that hippocampal volumes change throughout adult life in a non-
linear manner (Raz et al., 2010), with hippocampal volume being

point after 50 years of age when the rate of hippocampal atrophy accel-
erates to 0.8-0.9% per year with hippocampal volumes declining steadily
thereafter with age (Fjell et al., 2013; Schulff et al,, 2012).

The aim of this review was firstly to provide age-specific data on the
rates of hippocampal atrophy across the adult lifespan which are as rep-
resentative as possible of the normal population. The second aim was to
investigate the effects of segmentation techniques on atrophy measure-
ments. Thirdly, we sought to investigate the impact of study design on
measured atrophy rates. It was hypothesised that population studies
would produce higher atrophy rates due to less restrictive health-
based exclusion criteria than control groups used in clinical investiga-
tions. Our final goal was to summarise other findings pertinent to nor-
mal ageing such as gender and laterality effects.

Methods

This systematic review and meta-analysis followed the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
2009 guidelines without prior publication of the review protocol
(Moher et al., 2009). The literature search was based on pre-
determined search terms, inclusion, exclusion and quality criteria that
included the assessment of bias at the study level. The approach used
for data collection, confirmation and data simplifications are fully de-
scribed. The risk of bias across studies was assessed and the post hoc
analyses are clearly identified.

Search strategy

PUBMED (1950 to February 2014) was searched using the terms:
“(hippocampus or hippocamp*) and (longitudinal or atrophy or change
or volume or volumetry or volumetric) and humans and (magnetic res-
onance imaging or MRI or neuroimaging)”. All returned titles were
screened and any non-English, duplicate or clearly irrelevant entries
were excluded. Next, the remaining record abstracts were reviewed to
identify studies for full text review. Full text and supplementary materi-
al of potential studies were retrieved for screening against inclusion and
exclusion criteria. Bibliographies of retrieved reports and previous re-
views covering hippocampal atrophy were examined to identify addi-
tional studies for inclusion.

Inclusion and exclusion criteria
Published studies were included if they met the following criteria:

(1) were an empirical study; (2) measured adult human hippocampal
volume from in-vivo structural MRI images at more than one time
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