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Abstract
Alzheimer’s disease is characterized by hippocampal atrophy. Other factors also influence the hippo-

campal volume, but their interactive effect has not been investigated before in cognitively healthy

individuals. The aim of this study is to evaluate the interactive effect of key demographic and clinical

factors on hippocampal volume, in contrast to previous studies frequently investigating these fac-

tors in a separate manner. Also, to investigate how comparable the control groups from ADNI,

AIBL, and AddNeuroMed are with five population-based cohorts. In this study, 1958 participants

were included (100 AddNeuroMed, 226 ADNI, 155 AIBL, 59 BRC, 295 GENIC, 279 BioFiNDER,

398 PIVUS, and 446 SNAC-K). ANOVA and random forest were used for testing between-cohort

differences in demographic-clinical variables. Multiple regression was used to study the influence of

demographic-clinical variables on hippocampal volume. ANCOVA was used to analyze whether

between-cohort differences in demographic-clinical variables explained between-cohort differences

in hippocampal volume. Age and global brain atrophy were the most important variables in explain-

ing variability in hippocampal volume. These variables were not only important themselves but also

in interaction with gender, education, MMSE, and total intracranial volume. AddNeuroMed, ADNI,

and AIBL differed from the population-based cohorts in several demographic-clinical variables that

had a significant effect on hippocampal volume. Variability in hippocampal volume in individuals

with normal cognition is high. Differences that previously tended to be related to disease mecha-

nisms could also be partly explained by demographic and clinical factors independent from the

disease. Furthermore, cognitively normal individuals especially from ADNI and AIBL are not repre-

sentative of the general population. These findings may have important implications for future

research and clinical trials, translating imaging biomarkers to the general population, and validating

current diagnostic criteria for Alzheimer’s disease and predementia stages.
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1 | INTRODUCTION

Hippocampal atrophy has become a well-established biomarker of Alz-

heimer’s disease (AD) (Frisoni, Fox, Jack, Scheltens, & Thompson,

2010; Morris et al., 2014). Factors such as age, gender, education,

global brain atrophy, intracranial volume, and APOE e4 genotype are

known to influence hippocampal volume (Crivello et al., 2010;

Janowitz et al., 2014; Jiang et al., 2014; Morra et al., 2009; Noble

et al., 2012; Raz, Ghisletta, Rodrigue, Kennedy, & Lindenberger, 2010;

Shpanskaya et al., 2014; Striepens et al., 2011; Voevodskaya et al.,

2014; Yamaguchi et al., 2002; Yuefeng et al., 2014). However, other

studies have failed to show an effect of these factors on hippocampal

volume (Janowitz et al., 2014; Jiang et al., 2014; Morra et al., 2009;

Shpanskaya et al., 2014; Striepens et al., 2011; Yamaguchi et al., 2002;

Yuefeng et al., 2014). An explanation for these conflicting results is

that all previous studies have focused on one or a few of these factors at

a time. The interactive influence of all these factors on hippocampal vol-

ume in the same study and sample has not previously been investigated.

A substantial number of the publications on hippocampal atrophy

comes from three large multi-center cohorts, that is, ADNI (Mueller

et al., 2005), AIBL (Ellis et al., 2010), and AddNeuroMed (Lovestone

et al., 2009). However, specific recruiting procedures led to the collec-

tion of highly selected samples. In consequence, these cohorts have a

higher prevalence of individuals with family history of dementia, partic-

ipants are younger, more educated, and have better global cognitive

status than that reported in the general population (Brodaty et al.,

2014; Whitwell et al., 2012). Nonetheless, studies comparing ADNI,

AIBL, and AddNeuroMed versus population-based samples are scarce

and have mainly focused on the MCI and AD groups. Therefore, it is

still unclear to what extent control groups from ADNI, AIBL, and Add-

NeuroMed are representative of the general population and whether

results are generalizable.

The first aim of this study was to investigate the simultaneous

effect of several demographic and clinical factors on hippocampal vol-

ume in healthy individuals. To that end, we combined eight large-scale

international cohorts, leading to the largest sample to date in a study of

this kind. The second aim was to investigate how comparable the con-

trol groups from ADNI, AIBL, and AddNeuroMed are with population-

based cohorts. To ascertain this is critical and may have important

implications, as most of the results coming from ADNI, AIBL, and
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AddNeuroMed directly depend on the characteristics of the control

group. A specific question was whether between-cohort differences in

hippocampal volume could be successfully minimized by statistical con-

trol of key demographic and clinical factors.

2 | MATERIALS AND METHODS

2.1 | Participants

This study includes a total of 1958 cognitively normal individuals from

the following eight large-scale international cohorts: AddNeuromed

(http://www.innomed-addneuromed.com/, RRID:SCR_003819), ADNI

(http://adni.loni.usc.edu/, RRID:SCR_003007), and AIBL (https://aibl.

csiro.au/) (multicenter cohorts), and BioFINDER, BRC, GENIC, PIVUS,

and SNAC-K (single-center population-based cohorts). Cohorts’ charac-

teristics and eligibility criteria are displayed in Tables 1 and 2. Approval

was obtained from local ethics committees. Data collection was carried

out in accordance with relevant regulations at each center and partici-

pants gave written consent in accordance with the Declaration of

Helsinki.

2.2 | Demographic and clinical variables

Age, gender, education, and handedness were selected as demographic

variables. Clinical information included the mini-mental state examina-

tion (MMSE), clinical dementia rating (CDR) scale, and several instru-

ments for assessing depressive symptomatology and functional activity

(Table 3). Subjective memory complaints were operationalized as

detailed in Table 2. Cerebrospinal fluid (CSF) levels of Ab42, total tau

(T-tau), and phosphorylated tau (p-tau) were also measured in ADNI

and BioFINDER (Supporting Information Table 1a).

2.3 | Magnetic resonance imaging

High-resolution 3D T1-weighted sequences were acquired in all the

cohorts. MRI scanner and acquisition parameters are detailed in Sup-

porting Information Table 1b. Image processing was performed with

FreeSurfer 5.1.0 (http://surfer.nmr.mgh.harvard.edu/, RRID:SCR_00

1847) using TheHiveDB database system (Muehlboeck, Westman, &

Simmons, 2014). FreeSurfer provides measurements of cortical and

subcortical volumes, as well as an estimation of the total intracranial

volume (TIV) (Desikan et al., 2006; Fischl et al., 2002). Left and right

hippocampal volumes were summed together. The brain volume (BV)/

CSF index was also calculated as a proxy of global brain atrophy using

the following formula: brain volume (BV)/CSF index5 (total grey mat-

ter volume1 total white matter volume)/total CSF volume. This index

correlates with clinical measures, CSF biomarkers, and cognition, and

has been proposed for staging individuals according to the degree of

global brain atrophy and for monitoring disease progression (Orellana

et al., 2016). Lower values of the BV/CSF index denote more atrophy.

2.4 | Statistical analyses

One-way independent ANOVA and ANCOVA were performed to test

between-cohort differences. All p-values (two-sided) were adjusted

using Bonferroni correction for multiple comparisons across both

dependent variables and post hoc paired comparisons. The Spearman’s

rank correlation was used to investigate relationships between varia-

bles. Multiple linear regression was performed to analyze the influence

of demographic and clinical variables on hippocampal volume. Random

forest analysis and dominance analysis were performed to investigate

the importance of the demographic and clinical variables in explaining

differences between cohorts as well as variability in hippocampal vol-

ume, respectively (Breiman, 2001; Gr€omping, 2007; Liaw & Wiener,

2002). Importance is reported as i and reflects the relative error in clas-

sification when a predictor is excluded from the model (in random for-

est analysis) (Breiman, 2001; Liaw & Wiener, 2002), and the relative

percentage of the variance of the regression model explained by a

given predictor (in dominance analysis, multiple linear regression)

(Gr€omping, 2007). The statistical design used for each of the analyses

performed is detailed in Supporting Information Table 2. Effect sizes

are reported as partial eta squared (h2
par) and standardized beta (b).

Results were considered significant when p� .05.

3 | RESULTS

3.1 | Between-cohort differences in demographic

and clinical variables

Significant between-cohort differences were found in all the studied

variables (Table 3). Age, memory complaints, depressive symptoms, and

the BV/CSF index showed the greatest effect sizes (h2
par � 0.30). Ran-

dom forest analysis demonstrated that age was the most important

variable in explaining differences between cohorts (i5526.3), followed

by education level (i5190.4), TIV (i5148.3), the BV/CSF index

(i5143.6), MMSE (i577.3), and gender (i564.4). ADNI and AddNeur-

oMed recruited significantly older samples as compared with AIBL and

most of the population-based cohorts. Both ADNI and AIBL recruited

highly educated individuals, while AddNeuroMed was comparable to

the population-based cohorts. BRC and GENIC showed the smallest

TIV values while ADNI, BioFINDER, and PIVUS showed the largest TIV

values. Finally, the BV/CSF index had higher values (i.e., less atrophy)

in the cohorts AIBL, GENIC, and SNAC-K. Lower values of the BV/CSF

index (i.e., more atrophy) were observed in AddNeuroMed and PIVUS.

3.2 | Between-cohort differences

in hippocampal volume

Hippocampal volume was significantly larger in AIBL than in AddNeur-

oMed and ADNI, and was comparable with that displayed by GENIC

and SNAC-K. BRC and PIVUS were the cohorts with smallest hippo-

campal volume, and BioFINDER was in between (Table 3 and Figure 1).
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FIGURE 1 Between-cohort differences in hippocampal volume. Hippocampal volume was calculated by summing left and right sides and
values are expressed in cubic millimeters. Values represent median and confidence intervals. ADNI5Alzheimer’s Disease Neuroimaging
Initiative; AIBL5Australian Imaging Biomarkers and Lifestyle study; BRC5King’s Health Partners Biomedical Research Centre for Mental
Health Dementia Cohort; GENIC5Group of Neuropsychological Studies from the Canary Islands; PIVUS5Prospective Investigation of the

Vasculature in Uppsala Seniors; SNAC-K5 Swedish National Study on Aging and Care in Kungsholmen [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 4 Effect of demographic and clinical variables on hippocampal volume (whole sample)

(a) Importance

Multiple regression model:
R25 53%; F(6, 1905) 5 355.747; p < .001

(b) Interactions

Multiple regression model:
R2 5 57%; F(14, 1897) 5 180.710; p < .001

Predictors (X) B p i Predictors (X) Unstandardized beta T value p

Age 20.363 <.001 22% Age 242.083 220.135 <.001

BV/CSF index 0.384 <.001 18% BV/CSF index 32.785 21.597 <.001

TIV 0.369 <.001 9% TIV 0.002 20.417 <.001

Gender 0.056 .004 3% Gender 99.756 2.663 .008

Education level 0.058 <.001 1% Education level 71.363 2.090 .037

MMSE 0.055 <.001 1% MMSE 34.486 2.543 .011

BV/CSF index 3 Age 0.975 11.307 <.001

BV/CSF index 3 Gender 9.189 4.329 <.001

BV/CSF index 3 Education level 26.735 22.246 .025

Age 3 MMSE 3.802 2.921 .004

Age 3 Education level 213.147 22.967 .003

Gender 3 Education level 192.786 2.398 .017

Gender 3 TIV 0.001 2.056 .040

Education level 3 TIV 20.001 22.715 .007

i5 importance from dominance analysis in multiple linear regression. It reflects the relative percentage of the variance of the regression model
explained by a given predictor; TIV5 total intracranial volume; MMSE5Mini-Mental State Examination; Gender (0 female; 1 male); Education Level (0
low; 1 high). High level of education corresponds with 9 or more years of education, while low level of education corresponds with <9 years of educa-
tion. All possible interactions among age, the BV/CSF index, TIV, gender, education level, and MMSE were tested. Only significant (p< .05) predictors
and interactions are presented in the table. Predictors included in the models can be consulted at Supporting Information Table 4. The BV/CSF index
was studied as a proxy of global brain atrophy.
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3.3 | Effect of demographic and clinical variables
on hippocampal volume

Multiple regression analyses performed for the whole sample showed

that age and the BV/CSF index were the most important variables in

explaining variability in hippocampal volume (Table 4a). Age and the

BV/CSF index correlated with each other (r 5 2.575; p< .001). More-

over, both variables were not only important themselves but also in

interaction with gender, education, MMSE, and TIV (Table 4b). Figure 2

shows the interaction between age and the BV/CSF index (unstandar-

dized beta50.975; t(1897) 5 11.307; p< .001): smaller hippocampal

volume was associated with lower BV/CSF index (i.e., more atrophy) in

the older participants, but not in the younger ones. We then repeated

the same multiple regression model for each separate cohort, also

including depressive symptoms as a predictor. The association between

hippocampal volume and the different demographic and clinical varia-

bles was modulated by the cohort factor (Figure 3). Patterns of associa-

tion were largely the same across cohorts. Age, the BV/CSF index, and

TIV showed the largest standardized regression coefficients (absolute

ß>0.20), although education, MMSE, and depressive symptoms also

showed significant associations especially in the population-based

cohorts (absolute ß50.08–0.12). Finally, we performed new multiple

regression models for each separate cohort, but this time including all

the available demographic and clinical variables (predictors included on

each model are specified in Supporting Information Table 2 “Extended

model”). Results indicated similar patterns as above but three new vari-

ables showed significant association with hippocampal volume. Higher

scores in the CDR, presence of the APOE e4 allele, and higher levels of

CSF T-tau were significantly associated with smaller hippocampal vol-

ume (ß520.15; ß520.17; ß520.18, respectively).

3.4 | Between-cohort differences in hippocampal

volume are largely explained by between-cohort

differences in demographic and clinical variables

An ANCOVA was performed to test between-cohort differences in

hippocampal volume when accounting for the effect of age, gender,

education, MMSE, TIV, and the BV/CSF index. Results showed a

FIGURE 3 Effect of demographic and clinical variables on hippocampal volume (separately by cohorts). The figure schematizes the results
from the multiple regression models (backwards) performed separately for the eight study cohorts. Only predictors remaining in the final
models are displayed (criterion for excluding predictors from the models: two-sided p< .10). Predictors included in the original models as
well as sample size can be consulted in Supporting Information Table 2. p Values of the primary regression models were adjusted using
Bonferroni correction for multiple comparisons. Gender (0 female; 1 male); education level (0 low; 1 high). High level of education corre-
sponds with 9 or more years of education, while low level of education corresponds with <9 years of education. Depression was measured
with GDS (AddNeuroMed, ADNI, AIBL, BRC, and GENIC), HADS (BioFINDER), and MADRS (SNAC-K). The BV/CSF index was studied as a
proxy of global brain atrophy. ADNI5Alzheimer’s Disease Neuroimaging Initiative; AIBL5Australian Imaging Biomarkers and Lifestyle
study; BRC5King’s Health Partners Biomedical Research Centre for Mental Health Dementia Cohort; GENIC5Group of Neuropsychologi-
cal Studies from the Canary Islands; PIVUS5Prospective Investigation of the Vasculature in Uppsala Seniors; SNAC-K5 Swedish National
Study on Aging and Care in Kungsholmen; MMSE5mini-mental state examination; TIV5 total intracranial volume [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 2 Effect of demographic and clinical variables on
hippocampal volume (whole sample): significant interaction
between age and the BV/CSF index (multiple linear regression:
interaction between the effects of global brain atrophy (i.e., BV/
CSF index) and age on hippocampal volume: unstandardized
beta50.975; t(1897)511.307; two-sided p< .001. N51912). Hip-
pocampal volume was calculated by summing left and right sides.
The BV/CSF index was studied as a proxy of global brain atrophy.
Two groups were created by separating the upper bound of age
(old) versus the lower bound of age (young). y-axis represents raw
hippocampal volume in mm3 and x-axis represents mean centered
values of the BV/CSF index [Color figure can be viewed at
wileyonlinelibrary.com]
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dramatic reduction in the effect size from 19% in the original ANOVA

for between-cohort differences in hippocampal volume (F(7,

1904)563.188; p< .001) (Table 3) to 2% in this ANCOVA (F(7, 1898) 5

4.429; p< .001). Moreover, most post hoc comparisons became non-

significant. AIBL and SNAC-K displayed the largest hippocampal vol-

umes, significantly different from those found in BioFINDER and

PIVUS. The effect sizes of the covariates showed that TIV

(h2
par 5 15%), the BV/CSF index (h2

par 5 13%), and age (h2
par 5 9%), had

the strongest confounding effect. Figure 4 shows how original

between-cohort differences in hippocampal volume (blue line) are

attenuated when controlling for the aforementioned covariates (orange

line).

4 | DISCUSSION

In this study, age and global brain atrophy (i.e., BV/CSF index) were the

most important variables in explaining variability in hippocampal vol-

ume, and were not only important themselves but also in interaction

with gender, education, MMSE, and TIV. AddNeuroMed, ADNI, and

AIBL differed from population-based cohorts in key demographic and

clinical variables that were found to largely explain between-cohort dif-

ferences in hippocampal volumes. Below we discuss several important

implications of the findings as well as considerations for generalization

of results from these highly selected samples to the general population.

Age was the most important variable in explaining differences

between cohorts, followed by education level, TIV, and the BV/CSF

index. Participants in ADNI and AddNeuroMed were older in compari-

son with AIBL and most of the population-based cohorts. This result is

different from previous studies where the control groups from ADNI

and AIBL were younger than those from the population-based cohorts

of the Mayo Clinic Study of Aging (MCSA) and the Sydney Memory

and Aging Study, respectively (Brodaty et al., 2014; Whitwell et al.,

2012). Of note, because of the recent interest in studying the preclini-

cal stage of AD (Sperling et al., 2011), as well as in conducting aging

research from a lifespan perspective (Walhovd, Fjell, & Espeseth,

2014), especially focused on middle-age populations (Ferreira et al.,

2015), there is a clear trend for contemporary aging studies to include

younger cohorts than those of AddNeuroMed and ADNI.

As previously reported, education levels were found to be consid-

erably higher in ADNI and AIBL compared to AddNeuroMed and most

of the population-based cohorts (Brodaty et al., 2014; Whitwell et al.,

2012). Education is one of the most frequently used proxies of cogni-

tive reserve (Stern, 2009). Therefore, this finding has important implica-

tions as extensive evidence exist about the impact of cognitive reserve

in both cognition and brain structure. It has previously been suggested

that a large proportion of the ADNI controls could be on the path to

AD dementia, although cognitive reserve mechanisms may have pro-

tected them from cognitive decline (Whitwell et al., 2012).

Regarding TIV, the cohorts of BRC and GENIC showed the small-

est TIV values while ADNI, AIBL, BioFINDER, and PIVUS showed the

largest. Whitwell et al. (2012) did not find significant differences in TIV

between healthy individuals in ADNI and MCSA. Larger TIV has previ-

ously been related to higher brain reserve and protection against AD

pathology (Stern, 2009; Whitwell, 2010). The fact that individuals in

the ADNI cohort have larger TIV in combination with higher level of

education is thus of interest. A recent study showed that larger TIV

attenuated the impact of brain atrophy on clinical disease progression

in the MCI patients from ADNI (Guo, Alexopoulos, Wagenpfeil, Kurz, &

Perneczky, 2013).

The cohorts AIBL, GENIC, and SNAC-K had less brain atrophy (i.e.,

higher BV/CSF index) compared to AddNeuroMed and PIVUS. We are

not aware of previous studies comparing the control groups from

FIGURE 4 Attenuation of between-cohort differences in hippocampal volume when controlling for demographic and clinical variables
(ANOVA: F(7, 1904)563.188; two-sided p< .001; h2

par 519%; ANCOVA: F(7, 1898)54.429; two-sided p< .001; h2
par 52%). The original

ANOVA (N51958) was repeated for the same sample size than the ANCOVA (N51912) to allow perfect comparability of the results. Hip-
pocampal volume was calculated by summing left and right sides and values are expressed in cubic millimeters. Covariates included in the
ANCOVA model are age, gender (0 female; 1 male), education level (0 low; 1 high), MMSE, TIV, and the BV/CSF index. High level of educa-
tion corresponds with 9 or more years of education, while low level of education corresponds with <9 years of education. The BV/CSF
index was studied as a proxy of global brain atrophy. ADNI5Alzheimer’s Disease Neuroimaging Initiative; AIBL5Australian Imaging Bio-
markers and Lifestyle study; BRC5King’s Health Partners Biomedical Research Centre for Mental Health Dementia Cohort; GENIC5Group
of Neuropsychological Studies from the Canary Islands; PIVUS5Prospective Investigation of the Vasculature in Uppsala Seniors; SNAC-
K5Swedish National Study on Aging and Care in Kungsholmen; MMSE5mini-mental state examination; TIV5 total intracranial volume
[Color figure can be viewed at wileyonlinelibrary.com]
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AddNeuroMed, ADNI, or AIBL versus population-based cohorts in

terms of global brain atrophy. When looking at other imaging markers,

previous studies have reported higher rates of hippocampal atrophy

(Whitwell et al., 2012), reduced cortical volume (Nettiksimmons et al.,

2010), and unusually high amyloid load (Jagust et al., 2009) in the

ADNI cohort. In AIBL, GENIC, and SNAC-K, less global brain atrophy

(i.e., higher BV/CSF index) could be explained by the fact that these

cohorts have the youngest participants. Low educational level, rela-

tively old participants, and high prevalence of mild depression (40%)

may explain why the subjects in AddNeuroMed and PIVUS had a lower

BV/CSF index. Vascular comorbidity and vascular risk factors were also

frequent in PIVUS (Lind, Fors, Hall, Marttala, & Stenborg, 2005). All

these factors have previously been associated with brain atrophy

(Janowitz et al., 2014; Jiang et al., 2014; Noble et al., 2012; Raz et al.,

2010; Shpanskaya et al., 2014; Yuefeng et al., 2014).

We also found between-cohort differences in gender distribution,

MMSE, CDR, presence of subjective memory complaints, depressive

symptomatology, and APOE e4 distribution. The effect of these and

the previously discussed factors of age, education, TIV, and global brain

atrophy on hippocampal volume is widely known. However, limited

research has focused on cognitively normal individuals (Crivello et al.,

2010; Janowitz et al., 2014; Jiang et al., 2014; Morra et al., 2009;

Noble et al., 2012; Raz et al., 2010; Shpanskaya et al., 2014; Striepens

et al., 2011; Voevodskaya et al., 2014; Yamaguchi et al., 2002; Yuefeng

et al., 2014), and negative results have also been reported (Janowitz

et al., 2014; Jiang et al., 2014; Morra et al., 2009; Shpanskaya et al.,

2014; Striepens et al., 2011; Yamaguchi et al., 2002; Yuefeng et al.,

2014). An explanation for these conflicting results is that all previous

studies have focused on one or a few of the factors at a time. There-

fore, some of the missing factors could be exerting an unobserved con-

founding effect and partially drive the results.

Increasing evidence shows that some of these factors play a relevant

role in disease progression [e.g., cognitive reserve (Sperling et al., 2011)],

magnifying variability on rates of hippocampal decline along the stages of

MCI and AD. Therefore, the influence of several key demographic and

clinical factors on brain structure and disease progression may add some-

thing valuable to the explanation of different subtypes in AD.

The main contribution of this study is the demonstration that once

all these factors are simultaneously considered, age and global brain

atrophy are the most important factors in explaining variability in hip-

pocampal volume. These variables were not only important in them-

selves but also in interaction with gender, education, MMSE, and TIV.

The fact that global brain atrophy (i.e., the BV/CSF index) strongly cor-

related with age indicates that reduced hippocampal volume in cogni-

tively normal individuals seems to be primarily explained by a process

of global brain atrophy, presumably age related. This would be true

only for the older individuals. The interaction obtained suggests that

reduced hippocampal volume in younger individuals could be indicative

of either preclinical pathological changes related to a certain neurode-

generative disease or simply premorbid small hippocampal volume.

A previous study also found differences between ADNI controls

and a population-based cohort in key demographic and clinical varia-

bles (Whitwell et al., 2012). In that study, hippocampal volume was

larger in the ADNI controls than in those from the MCSA cohort and

these differences were no longer significant after matching the cohorts

by age, gender, education, APOE e4 genotype, and MMSE. To the best

of our knowledge, the control groups from AIBL and AddNeuroMed

have not been previously compared with population-based cohorts in

terms of hippocampal volume. Our results together with recent

research (Brodaty et al., 2014; Whitwell et al., 2012) demonstrate that

control groups from ADNI, AIBL, and AddNeuroMed may not be repre-

sentative of the general population.

This study has several strengths: (a) the use of the largest sample

to date in a study of this kind (N51,958); (b) the inclusion and compar-

ison of the three currently most widely used multicenter cohorts in

dementia imaging research (i.e., AddNeuroMed, ADNI, and AIBL); and

(c) the interactive evaluation of several demographic and clinical varia-

bles associated with hippocampal volume, in contrast to virtually all

previous studies frequently investigating these factors in a separate

manner.

Some limitations should also be considered. Some variables were

missing for some of the cohorts, limiting the consideration of several

clinical variables when performing analyses at the whole-sample level.

This was addressed by running analyses for each separate cohort

including all the available variables. Furthermore, imaging data from dif-

ferent centers with different MRI equipment and sequences were

used. This affects only those analyses where the different cohorts

were combined or compared to each other, but not those analyses car-

ried out for the separate samples. Moreover, most of the MRI sequen-

ces were designed to be comparable with the ADNI protocol. Some

factors could still have some influence in the imaging measurements,

especially differences in field strength. Nonetheless, excellent agree-

ment between hippocampal volumes measured across different field

strengths has been previously demonstrated for FreeSurfer (Briellmann,

Syngeniotis, & Jackson, 2001; Whitwell et al., 2012). Other studies

have also compared cohorts where MRI data were acquired in different

centers, equipment, and field strengths (Hibar et al., 2015; Whitwell

et al., 2012). Still, we cannot know how much of the variance in hippo-

campal volume is due to scanners and protocol differences in this

study. Finally, several life-style factors such as smoking and cardiome-

tabolic factors have been previously identified as determinants of hip-

pocampal volume in cognitively normal individuals (Janowitz et al.,

2014) but were not considered in this study.

5 | CONCLUSION

This study may have important implications for the use of hippocampal

atrophy as a biomarker. The results highlight the large variability in hip-

pocampal volume during the cognitively normal stage. This is important

when trying to disentangle disease mechanisms from the effect of sev-

eral demographic and clinical factors. Another important conclusion is

that the samples of AddNeuroMed, ADNI, and AIBL are not represen-

tative of the general population. Both conclusions must be taken into

account when (a) designing research where a clinical group is recruited
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from a specialized center and compared with a control group from the

general population; (b) designing future clinical trials, which are often

based on highly selected populations; (c) translating imaging biomarkers

to the general population; and (d) applying the new diagnostic criteria

for AD and predementia stages, in which imaging biomarkers are

important for increasing certainty about the underlying disease (Albert

et al., 2011; McKhann et al., 2011; Sperling et al., 2011). The key factor

here is how well knowledge can be translated from clinical settings to

the general population, and vice versa. The strategy for recruiting indi-

viduals will depend on the study aims and the materials to be used.

Regarding hippocampal atrophy as a biomarker, our findings show that

age and global brain atrophy are the most important factors to be con-

sidered, but gender, education, MMSE, and TIV should also be taken

into account.
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