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A B S T R A C T

Alzheimer's disease (AD) is characterized by an accumulation of β-amyloid (Aβ42) accompanied by brain atrophy
and cognitive decline. Several recent studies have shown that Aβ42 accumulation is associated with gray matter
(GM) changes prior to the development of cognitive impairment, in the so-called preclinical stage of the AD (pre-
AD). It also has been proved that the GM atrophy profile is not linear, both in normal ageing but, especially, on
AD. However, several other factors may influence this association and may have an impact on the generalization
of results from different samples. In this work, we estimate differences in rates of GM volume change in cog-
nitively healthy elders in association with baseline core cerebrospinal fluid (CSF) AD biomarkers, and assess to
what these differences are sample dependent. We report the dependence of atrophy rates, measured in a two-
year interval, on Aβ42, computed both over continuous and categorical values of Aβ42, at voxel-level
(p < 0.001; k < 100) and corrected for sex, age and education. Analyses were performed jointly and sepa-
rately, on two samples. The first sample was formed of 31 individuals (22 Ctrl and 9 pre-AD), aged 60–80 and
recruited at the Hospital Clinic of Barcelona. The second sample was a replica of the first one with subjects
selected from the ADNI dataset. We also investigated the dependence of the GM atrophy rate on the basal levels
of continuous p-tau and on the p-tau/Aβ42 ratio. Correlation analyses on the whole sample showed a dependence
of GM atrophy rates on Aβ42 in medial and orbital frontal, precuneus, cingulate, medial temporal regions and
cerebellum. Correlations with p-tau were located in the left hippocampus, parahippocampus and striatal nuclei
whereas correlation with p-tau/Aβ42 was mainly found in ventral and medial temporal areas. Regarding analyses
performed separately, we found a substantial discrepancy of results between samples, illustrating the com-
plexities of comparing two independent datasets even when using the same inclusion criteria. Such discrepancies
may lead to significant differences in the sample size needed to detect a particular reduction on cerebral atrophy
rates in prevention trials. Higher cognitive reserve and more advanced pathological progression in the ADNI
sample could partially account for the observed discrepancies. Taken together, our findings in these two samples
highlight the importance of comparing and merging independent datasets to draw more robust and generalizable
conclusions on the structural changes in the preclinical stages of AD.

1. Introduction

Alzheimer's disease (AD) is a chronic neurodegenerative disorder

that slowly progresses over decades and is characterized by progressive
neuropathology, brain atrophy and, ultimately cognitive decline. The
neuropathological hallmarks of AD are amyloid-β (Aβ42) plaques and
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neurofibrillary tau tangles. Converging evidence shows that the pa-
thophysiological process of the disease begins decades before the time
of clinical diagnosis (Braak and Del Tredici, 2013; Villemagne et al.,
2013). Either sampling cerebrospinal fluid (CSF) or with amyloid PET
imaging (Landau et al., 2013; Tolboom et al., 2009), Aβ42 alterations
can be detected in a substantial percentage of cognitively healthy
subjects (Jack et al., 2014; Morris et al., 2010). This has led to the
formulation, for research purposes, of the concept of preclinical Alz-
heimer disease (Dubois et al., 2016; Sperling et al., 2011). While it is
not yet known whether all these individuals with asymptomatic cere-
bral amyloidosis will eventually develop AD, there is consensus that the
prognosis for amyloid-positive subjects is worse than for amyloid ne-
gative ones (Chételat et al., 2013).

By the time clinical impairment is detectable, substantial neurode-
generation has already taken place (Morris and Price, 2001). However,
the relationship between Aβ42 deposition and brain atrophy in pre-
clinical AD is still under debate (Chételat et al., 2013; Fjell et al., 2014,
2014). In cross-sectional comparisons, amyloid positive non-demented
subjects show decreased whole brain (Fagan et al., 2009) or hippo-
campal volumes (Bourgeat et al., 2010; Dickerson et al., 2009; Mormino
et al., 2009; Storandt et al., 2009). Conversely, other studies did not
found significant differences in hippocampal volume between amyloid
positive and negative healthy individuals (Jack et al., 2010; Vemuri
et al., 2009) but some did in parietal and posterior cingulate cortex
extending into the precuneus (Becker et al., 2011), or even found in-
creased volume in temporal regions including the hippocampus
(Chételat et al., 2010) and parahippocampal areas (Gispert et al., 2015).

Longitudinal studies comparing cerebral atrophy rates have re-
ported increased declines in whole brain, hippocampus, amygdala and
posterior cingulate and in temporal parietal and frontal regions in
preclinical AD (Doré et al., 2013; Insel et al., 2016; Lorenzi et al., 2015;
Mattsson et al., 2014; Schott et al., 2010; Storandt et al., 2009). How-
ever, some others were unable to detect such accelerated atrophy rates
(Driscoll et al., n.d.; Fotenos et al., 2008). One factor that may partially
account for such discrepant results is the dichotomization of cognitively
normal samples into two groups based on a threshold of amyloid ab-
normality. Nevertheless, studying the association between amyloid le-
vels and atrophy rates in pooled samples of cognitively healthy subjects,
again some found significant associations in the hippocampus (Andrews
et al., 2013; Stricker et al., 2012) and in temporal regions (Doré et al.,
2013) whereas some others did not (Driscoll et al., n.d.; Tosun et al.,
2010) or the association was only evident in Aβ42 positive subjects,
after dichotomizing the sample again (Fjell et al., 2010; Schott et al.,
2010). The longitudinal evolution of GM volume has been proved to be
non-linear (Fjell et al., 2014, 2014; Gispert et al., 2015) so the atrophy
rate is non constant over-time neither along disease progress. It is still
unclear which factors affect, a part from age and gender, the GM
atrophy rate progression in cognitively healthy subjects.

Taken together, these reports reflect a complex interaction between
Aβ42 levels and cerebral atrophy. Recently, it has been suggested that
such an association might be better modeled using nonlinear regression
techniques (Becker et al., 2011; Fjell et al., 2014, 2014; Fortea et al.,
2011; Gispert et al., 2015) and that atrophy rates may greatly vary
across different brain regions (Insel et al., 2014). The aim of this work is
to characterize longitudinal changes, computed in a two-year period, in
cognitively healthy (healthy controls and preclinical AD elders and to
seek for linear associations between baseline CSF biomarker levels
(Aβ42, p-tau and p-tau/Aβ42). The linear association of variables with
atrophy rates deals with second order term of the atrophy, acceleration
or restrain of atrophy, by looking for variations in the first order term
(atrophy rate). We used the publicly available dataset from the Alz-
heimer's Disease Neuroimaging Initiative (ADNI) to replicate the find-
ings in our sample. Thus, a secondary purpose of the work was to check
for the dependence of results on the sample, and hence, to evaluate the
equivalence of datasets.

2. Material and methods

2.1. Subjects

In this work, we have studied and compared two independent
samples with 2 year longitudinal MRI scans and baseline CSF mea-
surements. The first sample, referred to as HCB, originally consisted of
34 cognitively healthy subjects recruited at Alzheimer's Disease and
Other Cognitive Disorders Unit from Hospital Clinic of Barcelona. The
sample was a subset of the one described in (Gispert et al., 2015)
formed of those subjects who underwent to a second MRI scan in two
years' time and who remained cognitively healthy by the time of the
second scan. The inclusion criteria were neurologically healthy sub-
jects, aged 60–80 years, that didn't present any evidence of cognitive
impairment (Clinical Dementia Rating, CDR=0). The sample was
mostly recruited among relatives of neurological patients who volun-
tary agreed to take part of the study and few subjects with subjective
cognitive decline (SDC) whose cognitive tests had normal scores. Al-
most all controls began to the first group. Participants underwent
complete clinical and neuropsychological examinations and a lumbar
puncture to determine CSF Aβ42 and p-tau values. The mean time in-
terval between the lumbar puncture and the first MRI session was
44 ± 35 days, ranged from 1 to 134 days. Aβ42, t-tau and p-tau
quantitation was performed using ELISA (Enzyme-Linked Im-
munoSorbent Assay kits, Innogenetics, Ghent, Belgium). Specific details
about quantitation can be found in (Gispert et al., 2016). The Aβ42
range for abnormality, which defined preclinical AD stage, was set to
(Aβ42 < 500 pg/ml) as it was determined for ELISA in a previous work
(Antonell et al., 2014). The same MRI protocol was used in both scans:
High-resolution structural images by MPRAGE sequence (TR/TE/
TI= 2300/2.98/900ms, respectively, FA=9°, 240 sagittal slices,
1× 1×1mm3 voxel) on a 3T TIM TRIO scanner (Siemens, Erlangen,
Germany) at the IDIBAPS's Imaging core facilities. Two subjects had to
be removed from the sample because a very poor quality of the images
(movement artefact) and one preclinical AD was removed from the
sample because showing an outlier value of p-tau (213 pg/ml while the
mean and standard deviation of the rest of the sample was 56.4 and
47 pg/ml respectively), what biased all the analysis in which p-tau was
involved. Then, the final sample consisted of 31 individuals (22 control
and 9 preclinical AD). All participants signed a written consent to take
part in the study and the Ethical Committee of the hospital approved
the research protocol.

The second sample was a replica selected from ADNI dataset
(Alzheimer's Disease Neuroimaging Initiative database: adni.loni.usc.
edu). The selection criteria were identical to the previous sample:
cognitively normal individuals (MMSE > 24 and CDR=0), aged 60 to
80 years old, who had been submitted to two sessions of MRI delayed
two years on a same 3T scanner, and who had Aβ42 value at the time of
the first MRI session. The search resulted in 49 subjects, 22 controls and
17 preAD. The selection between them was done by matching age, as
main confounding factor, with subjects from HCB. Although picking the
youngest ones, there still was a significant difference on age between
samples (Table 1). One of the firstly selected preAD subjects was re-
moved of the sample because presenting a massive right temporal
atrophy that altered all VBM analyses (outlier) and substituted by the
following next in the list. The acquisition parameters depended on site/
scanner, being common the matrix (256× 256×240) and voxel size
(1×1×1.2mm3) for all subjects. Subjects scanned on a Tim TRIO had
been acquired with almost the same protocol that the one used in HCB
(TR/TE/TI= 2300/2.98/900 ms, respectively, FA=9°, 240 sagittal
slices, 1× 1×1.2mm3 voxel). In ADNI dataset, the quantitation of
Aβ42, p-tau and t-tau levels was performed using xMAP Luminex plat-
form and Innogenetics/Fujirebio AlzBio3 immunoassay kits. Nine of the
subjects were preclinical at the time of the first scan because their Aβ42
level was below the threshold of pathology (192 pg/ml for this tech-
nique) (Shaw et al., 2009). According (Mattsson et al., 2013), both
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quantitation techniques are not directly comparable, so the limit for
pathology depends on the measure technique.

Subjects were separated in 4 groups named Ctrl-HCB, PreAD-HCB,
Ctrl-ADNI and PreAD-ADNI, for controls and preclinical subjects in HCB
and ADNI cohorts respectively. Similarly, Crtl-All and preAD-All

referred to control and preAD groups of the merged sample
(HCB+ADNI) and All-HCB and All-ADNI denoted all the subjects of
each sample.

Table 1
Demographic comparison of samples. Volume of hippocampus is the mean of right and left hippocampus, relative to total intracranial volume and expressed in ‰.
Thresholds of p-tau were 75 pg/ml in HCB and 23 pg/ml in ADNI. Thresholds for t-tau were 450 pg/ml in HCB and 93 pg/ml in ADNI. Statistical significance criterion
was set to p < 0.05 (in bold significant differences). ⁎Statistical tests were not calculated because different quantitation method was used in each cohort. That made
values not to be comparable.

Fig. 1. Plots of p-tau/Aβ42 and relative hippocampal volume distributions across groups at pre time point, corrected for age and gender.

Fig. 2. Comparison of correlation of longitudinal atrophy (atrophy-rates) with continuous Aβ42 (yellow) with respect to Ctrl vs PreAD two-sample t-test, i.e.
categorical Aβ42 (red), on the HCB+ADNI merged sample. Orange areas denote overlap of statistical maps. Correlation with continuous Aβ42 showed to be more
sensitive than the two-sample t-test.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.2. Evaluation of the equivalence of the samples

Visual inspection of images seemed to point toward a greater degree
of atrophy in PreAD-ADNI than in PreAD-HCB. To verify this impression
and prior to the main analyses, we checked for the equivalence of the
samples. We compared equivalence of the p-tau/Aβ42 ratio and relative
hippocampal volume distributions among samples. We also performed
a few direct voxel-wise two-sample t-tests on GM atrophy rates images
between subgroups (Supplementary material). Pre-post differences in
total intracranial volume, supposed to be zero since skull size remains
invariant along time, were also calculated to check for unbalanced
variance related to scanner stability.

To evaluate relative hippocampal volumes, the AAL atlas in the MNI
space was warped to every structural image in the native space by using
the inverse of the deformation obtained in the segmentation procedure.
The adapted atlas was multiplied by the subject's GM mask. The volume
of hippocampi was calculated as the number of voxels labeled as

hippocampus on the masked AAL atlas multiplied by the size of the
voxel. Volumes of left and right hippocampi were averaged and divided
by the total intracranial volume.

2.3. Image pre-processing

Longitudinal changes were evaluated by means of pairwise long-
itudinal registration (PLR) function from SPM12 (Wellcome Trust
Center for Neuroimaging; UCL, UK; http://www.fil.ion.ucl.ac.uk/spm/
), which provides a high dimensional warping between pre and post
images. PLR resulted in an image of divergences (DI) of the longitudinal
deformations for every subject, which accounted for local shrinking or
expansion of the tissues, and a pre-post average image. The reason of
choosing PLR was to avoid the original contrast on the T1 MRI having
any influence on images submitted to statistics, so images could be
directly compared whatever the scanner and protocol of acquisition
was. We assumed that, although GM gray intensity depended on T1

42 42 42 (HCB+ADNI) a) Correl-

b) Correl p-tau (HCB) Correl p-tau (ADNI) Correl p-tau (HCB+ADNI)

c) Correl p- 42 42

(HCB) Correl- (ADNI) Correl-

(HCB) Correl p- (ADNI) Correl p- 42  (HCB+ADNI)

Fig. 3. Correlation of longitudinal atrophy (atrophy-rates) with CSF-biomarkers: comparison of results in different samples: a) shows correlations with Aβ42. b)
displays correlations with p-tau. c) shows correlation with p-tau/Aβ42. Detailed enumeration of regions is provided in Tables 2, 3, 4 and 5.
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contrasts and consequently on acquisition protocol and scanner, the
performance of PLR would not, so potential differences in T1 contrast
would not be reflected in DI as long as the very same protocol was used
in the pre and post acquisition. Furthermore, statistical analyses were
performed directly on DI, instead the more standard DI*GM, in a sort of
Deformation Based Morphometry. The aim was to make purely long-
itudinal analyses unaffected by the cross differences of GM between
groups. The inclusion of GM information in the image submitted to
statistics could have resulted in a misinterpretation of the results, be-
cause there would not have been possible to distinguish longitudinal
changes (divergences) and from the cross-sectional (GM maps).

In detail, pre and post images were matched using a two-step pro-
cedure: first, by using a standard registration to locate both images in
the same position, and later, the PLR to calculate the local deformations
occurred during the inter-scan period. PLR resulted in a pre-post
average and a DI map for every subject. Since pre-images were taken as
reference, the lower the value on DI, the bigger the atrophy rate.
Average images were segmented and used as input to create a sample-
specific template using Dartel (Ashburner, 2007). Individual segmented

pre-post-average images were also employed to remove non-brain
voxels from DI images. DI values were preserved just in those voxels
whose probability of belonging to GM or WM was bigger than the
probability of belonging to any other tissue. The purpose was to avoid
that negative values of DI in GM were altered by positive values of DI in
CSF in the smoothing procedure; due to a local GM atrophy implies a
local CSF expansion. That would result in a cancellation of the expan-
sion/shrinking information in GM voxels close to CSF. Dartel template
was normalized to MNI and resulting warps were applied to masked DI,
preserving concentrations, and to average images. Normalized DIs
were, then, smoothed with a Gaussian kernel of 8mm. Later, they were
divided per the exact interval of time between scans (in years, one
decimal) to get atrophy rates and masked with a customized common
GM mask to restrict statistical analyses to GM.

The common GM mask was obtained by segmenting the mean of the
normalized pre-post average images and looking for those voxels whose
probability of belonging to GM was bigger than the probability of be-
longing to any other tissue. Then it was manually edited to remove most
of periventricular voxels wrongly classified as GM, dilated by one voxel

Table 2
Correlation with Aβ42 whole sample. In bold, most reliable results (surviving p < 0.05 FEW correction).

p cluster FWE Cluster size p voxel FWE T x (mm) y (mm) z (mm) AAL label of peak

<0.001 20,205 0.003 5.95 15 49.5 16.5 Frontal_Sup_Medial_R
0.008 5.59 34.5 6 −33 Temporal_Pole_Mid_R
0.010 5.52 37.5 45 4.5 Frontal_Mid_R

<0.001 10,625 0.003 5.93 −16.5 7.5 −40.5 Temporal_Pole_Mid_L
0.007 5.62 −46.5 −1.5 −22.5 Temporal_Mid_L
0.011 5.47 −42 −9 −30 Temporal_Inf_L

< 0.001 6539 0.003 5.87 3 −55.5 34.5 Precuneus_R
0.008 5.59 1.5 −64.5 43.5 Precuneus_L
0.013 5.44 −7.5 −55.5 36 Precuneus_L

0.497 318 0.032 5.14 10.5 52.5 −24 Frontal_Sup_Orb_R
0.148 725 0.040 5.06 45 −48 −15 Temporal_Inf_R

0.085 4.80 36 −54 −16.5 Fusiform_R
0.337 449 0.113 4.70 −49.5 −31.5 16.5 Temporal_Sup_L

0.976 3.38 −63 −25.5 13.5 Temporal_Sup_L
0.987 3.31 −45 −19.5 16.5 Rolandic_Oper_L

0.145 732 0.120 4.68 61.5 1.5 −28.5 Temporal_Mid_R
0.376 4.21 51 1.5 −48 Temporal_Inf_R

0.480 330 0.126 4.66 18 −61.5 4.5 Calcarine_R
0.810 3.73 13.5 −48 −1.5 Lingual_R

0.033 1278 0.142 4.61 −30 −49.5 −55.5 Cerebelum_8_L
0.890 3.61 −13.5 −55.5 −57 Cerebelum_9_L
0.974 3.39 −18 −48 −64.5 Cerebelum_8_L

0.219 593 0.211 4.46 −46.5 −64.5 −39 Cerebelum_Crus1_L
0.548 284 0.294 4.32 0 −82.5 4.5 Lingual_L
0.709 188 0.294 4.32 −28.5 39 −19.5 Frontal_Inf_Orb_L
0.565 273 0.449 4.13 16.5 −46.5 −22.5 Cerebelum_4_5_R

0.940 3.51 4.5 −45 −21 Vermis_3
0.837 116 0.511 4.06 −27 −72 −13.5 Fusiform_L
0.612 244 0.623 3.94 −40.5 16.5 1.5 Insula_L

0.982 3.35 −39 22.5 10.5 Frontal_Inf_Tri_L
0.988 3.30 −49.5 15 −4.5 Temporal_Pole_Sup_L

0.784 146 0.626 3.93 57 −25.5 10.5 Temporal_Sup_R
0.729 177 0.743 3.81 −24 −102 −7.5 Occipital_Mid_L
0.835 117 0.781 3.76 −15 −39 −45 Cerebelum_10_L
0.738 172 0.808 3.73 37.5 −43.5 39 Parietal_Inf_R

0.824 3.71 39 −36 43.5 SupraMarginal_R
0.793 141 0.815 3.72 1.5 −12 46.5 Cingulum_Mid_R

0.978 3.37 0 1.5 40.5 Cingulum_Mid_L

Table 3
Correlation with p-tau whole sample. No voxel survived p < 0.05 FEW corrected threshold.

p cluster FWE Cluster size p voxel FWE T x (mm) y (mm) z (mm) AAL label of peak

0.251 570 0.124 4.64 −2 3 −8 Caudate_L
0.963 3.41 −14 10 −14 Olfactory_L

0.773 151 0.313 4.27 −30 −18 −10 Hippocampus_L
0.827 119 0.546 3.99 −22 −4 −32 ParaHippocampal_L
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to include edge voxels and, finally, completed with a basal ganglia
mask, obtained from AAL atlas, to include the thalamus and globus
pallidus, which otherwise were partially excluded when using an in-
tensity threshold as single criterion.

2.4. Statistical analyses of images

All voxel-based statistical analyses were performed using age at the
first MRI session, gender (Hua et al., 2010) and education (categorical:
subjects having or not> 15 years of education) as confounding

Table 4
Correlation with p-tau/Aβ42 whole sample. In bold, most reliable results (surviving p < 0.05 FEW corrected threshold).

p cluster FWE Cluster size p voxel FWE T x (mm) y (mm) z (mm) AAL label of peak

0.000 9042 0.000 6.84 −4.5 1.5 −9 Pallidum_L
0.005 5.71 −21 −7.5 −28.5 ParaHippocampal_L
0.017 5.32 −7.5 21 −9 Caudate_L

0.032 1328 0.000 6.51 45 22.5 −13.5 Frontal_Inf_Orb_R
0.065 4.87 43.5 36 −18 Frontal_Inf_Orb_R
0.349 4.22 33 12 −12 Insula_R

0.695 197 0.024 5.21 10.5 49.5 −28.5 Frontal_Sup_Orb_R
0.001 2767 0.028 5.16 28.5 −1.5 −33 ParaHippocampal_R

0.029 5.15 28.5 −4.5 −45 Fusiform_R
0.055 4.93 15 −9 −27 ParaHippocampal_R

0.333 464 0.171 4.52 3 −55.5 34.5 Precuneus_R
0.549 3.99 −6 −64.5 39 Precuneus_L

0.477 338 0.182 4.50 42 −43.5 −13.5 Fusiform_R
0.560 3.98 37.5 −55.5 −13.5 Fusiform_R

0.739 171 0.189 4.48 −61.5 −43.5 45 Parietal_Inf_L
0.771 3.75 −66 −46.5 33 SupraMarginal_L

0.470 343 0.196 4.47 25.5 40.5 −12 Frontal_Mid_Orb_R
0.651 223 0.264 4.35 −13.5 37.5 −24 Frontal_Sup_Orb_L
0.564 277 0.303 4.29 −30 −51 −57 Cerebelum_8_L
0.399 401 0.308 4.28 64.5 7.5 9 Rolandic_Oper_R

0.956 3.44 66 1.5 19.5 Postcentral_R
0.688 201 0.450 4.10 54 −28.5 12 Temporal_Sup_R
0.827 120 0.569 3.97 39 43.5 6 Frontal_Mid_R
0.802 135 0.699 3.83 −9 −39 39 Cingulum_Mid_L
0.832 117 0.723 3.81 31.5 −22.5 −6 Hippocampus_R

0.991 3.26 24 −27 0 Thalamus_R
0.847 108 0.860 3.63 −54 −30 16.5 Temporal_Sup_L

0.962 3.42 −61.5 −27 13.5 Temporal_Sup_L

Table 5
Differences between cohorts. Correlations with continuous Aβ42, p-tau and p-tau/Aβ42 ratio. (*) p < 0.05 FWE corrected at peak or cluster level.

Cohort Protective factors Risk factors Correlation with Aβ42 Correlation with p-tau Correlation with p-tau/Aβ42

HCB • Slightly younger (mean
difference 1.5 years)

• Lower genetic risk (low number
of APOE4-ε4 carriers)

• Speculated: Mediterranean diet

• Lower educational level
(mean difference 6 years)

• Precuneus R & L • Insula_R

• Frontal_Sup_Medial_L

• Temporal_Mid_R

• Temporal_Sup_R

• Putamen_L

• Angular_L (*)

• Parietal_Inf_L (*)

• Occipital_Mid & Inf_L

• Temporal_Mid_R

• Temporal_Mid&Inf_L

• Putamen_L

• Rectus_L

• Frontal_Sup & Med_Orb_L

• Frontal_Sup_Medial_L

• Supp_Motor_Area_L
ADNI • Higher MMSE scores: higher

cognitive reserve
• Higher prevalence of p-tau

and t-tau pathology

• Lower relative hippocampal
volume

• Cingulum_Ant & Mid_R (*)

• Frontal_Med_Orb_L (*)

• Frontal_Sup_Medial_R (*)

• Frontal_Mid_Orb_R (*)

• Amygdala_R (*)

• Temporal_Pole_Mid_R (*)

• Fusiform_R (*)

• Hippocampus_R (*)

• Temporal_Inf_R (*)

• Precuneus_R (*)

• Cingulum_Post_L (*)

• Insula_R (*)

• Frontal_Inf & Sup_Orb_R (*)

• Temporal_Pole_Sup_R (*)

• Hippocampus_L

• Fusiform_L

• ParaHippocampal_L

• Cerebelum_6_L

• Temporal_Inf_L

• Temporal_Pole_Mid& Sup_L

• Frontal_Inf_Orb_L

• Amygdala_L

• No suprathreshold voxels • Frontal_Sup_Orb_L (*)

• Amygdala_L (*)

• ParaHippocampal_L (*)

• Insula_R (*)

• Temporal_Pole_Sup_R (*)

• Frontal_Sup_Orb_R (*)

• Temporal_Pole_Sup_R (*)

• Amygdala_R (*)

• Hippocampus_R (*)

• Cerebelum_Crus1_R (*)

• Frontal_Sup_Orb_R

• Rectus_R

• ParaHippocampal_L

• Hippocampus_L

• Rectus_L

• Frontal_Sup_Orb_L

• Temporal_Pole_Mid_R

• Cingulum_Ant_L

• Temporal_Pole_Mid_R
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covariates. Ancova was the chosen option to deal with global effects.
Because of the small sample size, statistical threshold was set to
p < 0.001 uncorrected, with a minimum cluster size of 100 voxels
(0.33 cm3) for all analyses. Due to this statistical threshold might be
lenient, we remarked those results that also survived a more restrictive
p < 0.05 FWE corrected threshold. AAL toolbox (Tzourio-Mazoyer
et al., 2002) was used to label statistical maps.

Correlations between atrophy rates and basal CSF biomarkers (po-
sitive correlation with Aβ42, and negative with p-tau and p-tau/Aβ42)
were also evaluated on HCB, ADNI and on the whole sample
(HCB+ADNI). In whole sample analysis, Aβ42 and p-tau values were
split in 2 columns and the dataset covariate was included to account for
the different CSF quantitation techniques. In correlations with p-tau/
Aβ42 ratio, the variable was not split in two columns assuming that,
although the different techniques made the values of the CSF-biomarker
not directly comparable, the ratio would likely be almost equivalent
between samples. The fact the ratio of the respective thresholds of
abnormality were close (0.12 and 0.15 for HCB and ADNI respectively)
supported this assumption. For the shake of completeness, voxel-based
two-sample t-tests were performed to seek for statistical differences
between groups (analysis on categorical values of Aβ42)
(Supplementary 1). Analysis on categorical values of p-tau could not be
performed due to the small incidence of p-tau pathology in HCB cohort.

2.5. Sample sizes

The sample size needed to detect a 25% reduction in the mean
annual hippocampal atrophy rate (one-sided t-test; α=0.05) with 80%
or 95% power was also calculated for preclinical subjects in both
samples, in a similar approach as in (Risacher et al., 2010). To this end,
G*Power v3.1.9.2 was used (Faul et al., 2007) on gray matter atrophy
data obtained from a 4mm-radius sphere at the peak on left hippo-
campus of the p-tau/Aβ42 correlation after correction by age, sex and
educational level.

3. Results

3.1. Demographics

Table 1 shows a demographic comparison of both samples. Age and
CSF biomarkers in the table correspond to the time of first scan. Al-
though choosing the youngest subjects of ADNI meeting the selection
criteria, HBC cohort was significantly younger (1.5 years on average
due to Ctrl-HCB < Ctrl-ADNI, no significant differences between
preAD). HCB sample showed significantly lower educational attainment
than the ADNI one (all subgroups). Table 1 also shows statistically
significant differences in p-tau/Aβ42 ratio, t-tau/Aβ42 ratio (just
CtrlHCB > Ctrl-ADNI), MMSE score (All-HCB < All-ADNI because
Ctrl-HCB < Ctrl-ADNI, no significant differences between PreAD), and
relative hippocampal volumes (All-HCB > All-ADNI, because preAD-
HCB > preAD-ADNI, no significant differences between Ctrl).

Fig. 1a plots the p-tau/Aβ42 ratio distribution across subgroups
corrected for age and gender. A part from those tests mentioned in
Table 1, p-tau/Aβ42 distribution showed significant differences, both on
original values and values corrected for age and gender, in the fol-
lowing inter-subgroups comparisons: Ctrl-HCB < PreAD-HCB, Ctrl-
ADNI< PreAD-ADNI and Ctrl-HCB < PreAD-ADNI. However, the dif-
ference Ctrl-ADNI < PreAD-HCB was not significant (p=0.38).
Fig. 1b shows the relative volume of hippocampus (mean right-left di-
vided by total intracranial volume). It can be seen that the degree of
hippocampal atrophy of preclinical subjects from ADNI was bigger than
the observed atrophy in the rest of the groups. As already mentioned,
differences were statistically significant for the tests All-HCB > All-
ADNI due to PreAD-HCB > PreAD-ADNI, both cases with and without
correction for age and gender. No significant differences were found in
the pre-post TIV stability measure between samples, the difference of
TIV between samples subgroups.

3.2. Longitudinal VBM

As expected, since classification as control or preclinical subjects
depended only on Aβ42 values, the analysis of the dependence of
atrophy rates on continuous (correlation analysis) and categorical (two-
sample t-test) Aβ42 values on the whole sample (Fig. 2) gave a similar

Fig. 4. Correlation of longitudinal atrophy (atrophy-rates) with basal CSF biomarkers in (HCB+ADNI): continuous Aβ42 (yellow), continuous p-tau (blue) and p-
tau/Aβ42 (red). Orange and violet areas shows overlap of p-tau/Aβ42 maps with Aβ42 and p-tau maps, respectively. No overlap was found between Aβ42 and p-tau
maps at this significance level.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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pattern but correlation analysis showed to be more sensitive.
Fig. 3 shows statistical maps of correlation of atrophy rates with

Aβ42 (first row), p-tau (second row) and p-tau/Aβ42 (third row) on HCB
(first column), ADNI (second column) and the whole sample (third
column). Tables 2, 3 and 4 list the significant areas in the Aβ42 p-tau
and p-tau/Aβ42 correlation analyses on the whole sample, respectively.
About correlation of atrophy rates with Aβ42, most significant differ-
ences were found in right frontal lobe, bilateral temporal lobe and
precuneus, and left cerebellum. Other AD relevant areas showed

differences with lower statistical significance: bilateral lingual and
middle cingulum, right parietal lobe and left occipital lobe. Categorical
analysis and other complementary two-sample t-test to check the
equivalence of cohorts can be found in Supplementary material.

Correlations with p-tau (whole sample) showed differences in left
hippocampus, parahippocampus, caudate and olfactory areas.
However, none of such differences survived a restrictive p < 0.05 FWE
threshold. Finally, the analysis of the p-tau/Aβ42 ratio resulted in sig-
nificant correlation in bilateral parahippocampi, orbito frontal and

Fig. 5. Plots of mean GM atrophy rate (longitudinal) versus p-tau/Aβ42 for two clusters. Bilateral precuneus ROI corresponds to the significant cluster in that area in
the two-sample t-test analysis on the whole sample. R-parahipocampus ROI corresponds to the significant cluster in that region in the correlation of atrophy rates
with p-tau/Aβ42 on the whole sample analysis. It contains voxels from adjacent regions.
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right fusiform. Other AD related areas with a lower statistical sig-
nificance were bilateral precuneus, temporal superior, middle cingu-
late, left parietal lobe and right hippocampus, postcentral, rolandic
gyrus and caudate. Table 5 is a summary of the differences between
characteristics of HCB and ADNI cohorts and their corresponding cor-
relation maps. It is worthy to remember that no surviving voxels in p-
tau correlation in ADNI cohort doesn't mean that there were not

atrophy anywhere in the brain, but the atrophy-ratio were independent
of p-tau-values. For the shake of completeness, we included in Sup-
plementary material the one sample t-test of both samples to elucidate
in which areas of the brain there were a significant atrophy in each
subgroup. As expected, those test show a significant atrophy-rate in AD-
related (both samples) and other cortical areas (just HCB).

Fig. 4 provides the overlap of correlation maps for the three CSF
biomarkers tested. It can be seen than p-tau/Aβ42 shared regions with
both p-tau and Aβ42 maps, but at this level of significance, those two
last maps were disjoint. The atrophy rate of relevant regions in AD such
as hippocampus appeared to be independent to basal Aβ42 level.

To illustrate the behavior of subgroups in correlation analyses,
Fig. 5 displays the scatter plots of the mean GM atrophy rates correla-
tion versus the p-tau/Aβ42 ratio, measured on two ROIs. The first ROI is
the significant cluster at the right parahippocampus obtained in the
correlation analysis with p-tau/Aβ42 (2767 voxels, 9.34 cm3). The

Fig. 6. a) Longitudinal atrophy rates versus Aβ42 on a 4mm-radius sphere at the peak on left hippocampus of p-tau/Aβ42 correlation. Values corrected for age, sex,
educational level and p-tau. b) Distribution of mean longitudinal atrophy rates (white without correction, gray with correction for age, gender and education years)
on the same sphere across groups.

Table 6
Sample sizes to detect a 25% reduction in the hippocampal atrophy rate in
preclinical subjects.

80% Power 95% Power

HCB 380 664
ADNI 240 419
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second ROI correspond to the significant cluster at precuneus from the
Ctrl-All > PreAD-All test (1331 voxels, 4.49 cm3). The regression lines
are overlaid.

Finally, to elucidate why, although these regions are highly related
to AD, no correlation of atrophy rates with Aβ42 were found, we plotted
the mean values of atrophy rates, corrected by age, sex, high education,
global and p-tau, on a sphere of 4mm of radius centered at the voxel
showing maximum correlation with p-tau/Aβ42 on the left hippo-
campus (whole sample analysis). Due to the different Aβ42 scaling, this
plot was made separately for HCB and ADNI (Fig. 6a). A plot of the
distribution across groups of the mean atrophy rates on the same sphere
is also included (Fig. 6b).

Finally, the sample size to detect a 25% reduction in the hippo-
campal atrophy rate in preclinical subjects with 80% (95%) power was
found to be 380 (664) for the HCB sample and 240 (419) for the ADNI
sample (Table 6). Compared to previous estimates for the same target
(Risacher et al., 2010), the sample sizes in the two preclinical popula-
tions in our study fall between those reported for stable MCI patients
and healthy controls, as expected.

4. Discussion

In this study we aimed at identifying cerebral structural longitudinal
changes across the preclinical stages of AD. To this end, we analyzed
two-year volume change rates in association to baseline CSF biomarkers
in two independent datasets formed by cognitively healthy subjects
who were CSF Aβ42 positive and negative according to established cut-
off thresholds. Our main finding is that atrophy rates are positively
correlated to basal CSF Aβ42 levels in the precuneus and inferior tem-
poral and frontal areas in concordance with that describe in (Becker
et al., 2011; Dickerson et al., 2009; Fjell et al., 2014, 2014) among
others. Interestingly, the hippocampus was spared from this associa-
tion. CSF Aβ42 is known to change from physiologically values to reach
a plateau long before the onset of clinical cognitive decline. On the
other hand, in these subjects CSF p-tau was mostly associated to volume
reductions in medial temporal areas in line with previous findings
(Gispert et al., 2015). In contrast with CSF Aβ42, early changes in CSF
tau are known to predict the onset of clinical cognitive decline (Sutphen
et al., 2015) and has been shown to be strongly associated to brain
atrophy in these areas (Tarawneh et al., 2015).

These results were obtained after merging two independent samples
of cognitively healthy subjects. This approach was selected to improve
the robustness, reproducibility and generalizability of our findings.
However, the comparability of the two samples was not straightfor-
ward. First, the HCB sample was significantly younger and reached
lower educational attainment. Both variables were included as covari-
ates in the statistical model to correct for their effects. Moreover,
PreAD-ADNI presented lower hippocampal volumes than the preAD-
HBC. This finding can underpin a lower cognitive reserve in the HCB
sample, also assessed by significant differences in MMSE scores
(Table 1), that could have resulted in a diagnosis of MCI with milder
pathology that in the ADNI sample (Arenaza-Urquijo et al., 2013).
Furthermore, Ctrl-HCB showed higher gray matter volume with respect
to PreAD-HCB in the precuneus and posterior parietal areas. These
areas have been reported to be affected in early-onset AD (Möller et al.,
2013), and the precuneus has been described to shown early atrophy
with increasingly abnormal CSF levels (Gispert et al., 2015).

A second point of discussion about the equivalence of cohorts is the
possible differences in the selection of participants. In one hand, the
percentage of APOE4-e4 carriers was abnormally low in Ctrl-HCB (just
1 in 22 - Table 1). This percentage might be low by chance, or because,
due to a lower cognitive reserve in HCB, more people with APOE4-ε4
risk factor had become MCI and then excluded from the group sub-
mitted to the post scan; as inclusion criteria, they must remained cog-
nitively healthy at the time of the second scan. Another difference is in
the percentage of preclinical Alzheimer participants with abnormal p-

tau levels, which is higher in the ADNI data set. According to the new
research framework (Jack et al., 2017), these are considered to have
already AD, while those with only amyloid changes are defined as
preclinical participants with Alzheimer pathogenic change and hence
are earlier in the disease continuum.

These results, as a whole, suggest that the ADNI sample was more
advanced in the AD continuum than the HBC one. This could account
for the observed discrepant results of the individual analysis and the
lack of an increase in the atrophy-rate of medial temporal areas in the
preAD-HCB with respect to Ctrl-HCB. Taken together, such a relative
shift in the pathological progression between the two samples also
highlights the importance of comparing and merging independent da-
tasets to draw more robust and generable conclusions on the structural
changes in the preclinical stages of AD. Importantly, such a shift may
have important consequences in the sample size needed to detect a
reduction on cerebral atrophy rates in prevention trials. It is worth
noting that other unbalanced demographic variables, known or un-
known, might have influenced in the disparity of results, as well. For
instance, Mediterranean diet (speculative, no information available on
alimentary habits of participants) could have protective effects in HCB
participants (Titova et al., 2013).

The different degree of progression in the two samples could also
explain the increased sensitivity observed in the correlation analysis
with continuous CSF Aβ42 than when splitting the sample in preclinical
and control groups according to the respective reference cutoff
thresholds for amyloid positivity (categorical Aβ42). Even though the
regions involved are very similar in the comparison of both groups
(Fig. 4) and correlations with CSF Aβ42, the latter showed increased
peak and cluster level significance. These findings suggest that corre-
lation with CSF biomarkers, even when having to account for different
analytical methods, provide with more robust and comparable results
than using reference thresholds to dichotomize the biological continuum
of preclinical AD. Please note that these thresholds were mostly derived
to show optimal diagnostic capacity between cognitively healthy and
impaired subjects and do not have to necessarily correspond to in-
flexion points with biological significance. We show that these con-
siderations raise important practical implications for using GM changes
as efficacy outcome in prevention trials. The different rates of hippo-
campal atrophy between the two studied samples translated in sig-
nificantly different estimated sample sizes to detect a 25% reduction.
Since the ADNI sample appears to be more advanced in the preclinical
course of AD, the needed sample size 37% lower than what would be
required for the other cohort.

As a limitation of the methods, we have to state that we had to split
Aβ42 and p-tau columns in two in the correlation analysis on the whole
sample to deal with the non-equivalence of CSF biomarkers measures
between cohorts. As Aβ42 and p-tau scaling depended on the sample,
the statistical fitting would outcome a different atrophy - biomarker
proportional ratio for each sample (beta values). The contrast employed
(1,1) asked for the sum of both betas being significantly greater than
zero. The consequence of this was that one sample could have a
stronger influence than the other in the whole sample analysis, prob-
ably ADNI over HCB since the biomarker values were lower. We had not
considered the option of balancing betas in the contrast to deal with this
issue, since the leveling coefficients would be difficult to fix because
they would also depend on the interaction of CSF biomarkers with the
rest of covariates. Instead, we let it as a limitation of the study. This
could explain why the results of p-tau correlation on HCB sample were
not replicated in the whole sample analysis. Afterward, we tried to
standardize biomarkers values in some way. First option was to use of
the index described in (Molinuevo et al., 2013). However, the lack of
subjects with high levels of Aβ42 in ADNI sample biased its index,
making it not to be comparable with HCB's index. Then, the alternative
was to use ratios. We decide to use p-tau/Aβ42 because it is widely
described in the literature (Harari et al., 2014) and the ratio was po-
tentially independent on the sample. As mentioned, the equivalence of
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the ratio at the threshold values would suggest the ratio of metabolites
could be, at certain degree of accuracy, directly comparable.

There are some additional limitations in our work aside of the
previously mentioned one. For instance, the samples sizes were rela-
tively small. For this reason, we had to choose a lenient statistical
threshold for all voxel-based analysis. This implied that some results
were reliable (p < 0.05 FEW corrected) and some just trending or
plausible (p < 0.001 uncorrected). The size of the sample made either
impossible to perform a stratified analysis on p-tau that would have
increase the value of the work. In this regard, merging independent
datasets also eased with this difficulty.

In addition, it should be mentioned that some analyses that could
clarify the discrepancy between samples could have not been done
because the characteristics of the study. For instance, the cross-sec-
tional two-sample t-test between ADNI and HCB controls at first time
point could not be done because the covariate scanner, indispensable in
multisite cross-sectional analyses, would be the same that the group
factor. In this regard, working with longitudinal data greatly facilitates
the pooling data form different sites. In addition, CSF samples were not
available at the time of the second scan, so it cannot be discarded that
some controls became preclinical AD during the follow-up period.
Finally, there is a possible bias due to the different resolution of ac-
quisition between samples. Specifically acquisition voxels in ADNI da-
taset were not isometric and that could slightly affect the performance
of PLR. However, the plausibility of our results in view of existing lit-
erature validates the use of this methodology, in our opinion.

5. Conclusions

GM atrophy rates have been calculated from two-year delayed MRI
T1 structural images of cognitively normal subjects and correlated them
with CSF biomarkers on two samples (one local and the other from
ADNI), both separately and jointly. Analyses on the whole sample
showed a correlation of GM atrophy rates, adjusted by age, sex and
educational level, with basal Aβ42 levels in precuneus, ventral and
medial temporal areas and medial frontal areas; with p-tau located in
left hippocampus, parahippocampus and striatal nuclei and with p-tau/
Aβ42 mainly in ventral and medial temporal areas. Regarding analyses
performed separately, we found a substantial discrepancy of results
between samples, which may lead to significant differences in the
sample size needed to detect a particular reduction on cerebral atrophy
rates in prevention trials. We suggest that the most likely explanation of
this is that, although sharing the same inclusion criteria, both samples
reflected a different stage in the AD continuum. This might suggest that
atrophy in the AD continuum first appears in parietal areas and later
spreads to medial temporal and frontal areas. Also, it is worthy to
mention that an exhaustive characterization of its demographic para-
meters is needed to replicate a sample. Moreover, further effort has to
be done in order to standardize CSF-biomarkers measures and thresh-
olds of pathology to make samples from different center to be directly
comparable.
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