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Abstract

The Alzheimer’s disease (AD) neuropathological hallmarks are the presence of extracel-
lular amyloid β (Aβ) deposition and intracellular neurofibrillary tangles (hyperphospho-
rilated tau protein) as well as inflammation phenomena. These processes are associated
with cerebral atrophy and neuronal loss and functional alterations which lead to cognitive
dysfunction and, eventually, a clinical syndrome of dementia. These pathophysiological
processes begin decades before the diagnosis of the clinical dementia even before the ap-
pearance of the first clinical symptoms, and constitute the preclinical AD (Sperling et al,
2011).

Nowadays we can study the pathophysiological mechanisms that occur in preclinical AD
through biomarkers (Dubois et al., 2016). It is crucial to understand the relationships
between biomarkers in preclinical AD to further understand the disease pathophysiology
and be able to develop treatments that could slow down or stop its course. However, these
relationships are not clear, for example, the relationship between brain amyloidosis and
brain structure is controversial (Fortea et al., 2014). The objective of this thesis was to
study the cortical structural alterations that occur in preclinical AD. Specifically, 1) to
study the relationship between Aβ and cortical thickness and its potential interactions
with p-tau, 2) to analyze the 2-year cortical longitudinal changes in preclinical AD, 3) to
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investigate cortical microstructure and understand its relationship with brain macrostruc-
ture in the disease continuum and, 4) to assess the local impact of amyloid deposition in
brain structure in preclinical AD.

In this thesis, we have used data from a public American database (Alzheimer’s Disease
Neuroimaging Initiative, http://adni.loni.usc.edu/) and from a Spanish multicentric
cohort (proyecto SIGNAL, https://www.signalstudy.es/).

The results of this thesis have conducted to the proposal of a biphasic model of structural
cortical changes in preclinical AD. Amyloid deposition in the absence of pathological
tau levels would be associated with increased cortical thickness, less 2-year longitudinal
cortical thinning and cortical diffusivity decreases. Then, in the presence of pathological
tau levels, and as a result of the synergic toxic effect or interaction between pathologic
processes, there would be an atrophy acceleration and cortical diffusivity increases that
would spread following a pattern that has been described as the AD-signature (Dickerson
et al., 2009).

The results presented in this thesis have direct research and clinical implications. First,
they impact on the models of biomarker evolution in AD (Jack et al., 2013), as the cortical
thickening phase is not contemplated in previous models. Our model would help to under-
stand previous contradictory results in the literature that assessed the effect of amyloid on
brain structure. Current models do not take into account the interaction/synergy effect
between biomarkers that define the aforementioned biphasic process. Second, our results
have relevance in the design of clinical trials, both in the selection of patients and in the
use of the MRI as a surrogate marker of efficacy, and might help explain some unexpected
results in previous anti-amyloid immunotherapy trials. Finally, cortical diffusivity could
be an early marker in the AD course. Further multimodal studies that incorporate tau-
and inflammation-PET with longitudinal follow-ups are crucial to further investigate the
pathophysiological process that underlies preclinical AD.
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Chapter 1

Introduction

1.1 Alzheimer’s disease

The estimated global prevalence of dementia in 2015 is 46.8 million. With 9.9 million
new cases of dementia diagnosed each year and due to the progressive aging of the world
population this number will double every 20 years, reaching 74.7 million in 2030 and 131.5
million in 2050 (https://www.alz.co.uk/research/statistics). The dementia cost on
the global economy in 2015 was an estimated US$ 818 billion, an increase of 35.4% with
respect to 2010 and represents 1.09% of the aggregated global gross domestic product
(Wimo et al., 2016). Of all types of dementia, Alzheimer’s disease (AD) is the most
common cause (Reitz et al., 2011; Scheltens et al., 2016).

The main common findings in neuropathological studies are intracellular neurofibrillary
tangles and extracellular β-amyloid plaques (Blennow et al., 2006). The disease is typically
sporadic in 99% of the cases, and usually presents after 65 years (Dubois et al., 2016).
In a small proportion of cases, however, the disease is hereditary due to mutations in
known genes in the amyloid precursor protein (APP), presenilin 1 (PSEN1) and presenilin
2 (PSEN2), presenting with an early age of onset (<65 years) (Dubois et al., 2016).

Dementia is defined by a clinical situation in which the patient presents with cognitive
decline sufficient to interfere with activities of daily life. The typical AD presentation is
characterized by early and prominent impairment in the ability to acquire and remem-
ber new information (episodic memory). Other cognitive domains become impaired in
the course of the disease such as the ability to reason, impaired visuospatial processing,
impaired language functions and/or changes in personality (McKhann et al., 2011). His-
torically, AD was diagnosed clinically (McKhann et al., 1984). The clinical usefulness of

https://www.alz.co.uk/research/statistics
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these criteria has been widely shown. However, although its sensitivity is relatively high
(80%), the specificity is quite low (70%) (Knopman et al., 2001).

The concept of mild cognitive impairment (MCI) was developed in the 90s due to the
interest in studying the early phases of AD. This entity was defined by the presence of
objective cognitive decline without impairment of daily life activities. However, over time
it became clear that this entity was far from homogenous. Consequently, a refined MCI
subtype, amnestic MCI (aMCI), was defined to label a group of patients with objective
memory impairment in the neuropsychological tests, but with preservation in general
cognition and in daily life activities (Agnarsson, 2003; Petersen, 2004). This clinical entity
has been associated with high progression rates to AD dementia; specifically between 10-
15% of patients convert to AD dementia within one year, and approximately 50% progress
to AD within 3 years (Gainotti et al., 2014; Mattsson et al., 2009).

It is now well established based on neuropathological and biomarker data that AD has a
long asymptomatic phase (Dubois et al., 2016; Sperling et al., 2011). This period, called
preclinical AD may lasts years, perhaps even decades. During this period, amyloid plaques
and neurofibrillary tangles accumulate until the appearance of the first clinical symptoms
(DeKosky and Marek, 2003). Importantly, it has been described that these lesions occur
in a specific spatiotemporal pattern (Braak and Braak, 1991, 1997; Price et al., 2009).

Amyloid plaques and neurofibrillary tangles are often found in aged cognitively healthy
individuals, and the pathogenic role of these brain lesions is still under debate. The preva-
lence of amyloid pathology increases with age in cognitively normal elderly individuals,
starting from 10% at age 50, to 44% at age 90 (Jansen et al., 2015). Interestingly, AD
prevalence follows the same exponential increase with aging as the prevalence of amyloid
pathology in healthy controls as measured in pathological studies. The curves are parallel,
but with a time lag of 10 to 15 years. This implies that a considerable proportion of indi-
viduals have AD pathology but are cognitively healthy, as demonstrated by PET studies
(Rowe et al., 2010). Whether these individuals would have (or will) developed dementia if
they had lived enough is an unresolved question. In fact, the relationship between brain
AD pathology and clinical symptoms is not direct (Katzman et al., 1988) but rather, is
mediated by several factors such as cognitive reserve, lifestyle and environmental factors,
vascular risk factors (Imtiaz et al., 2014) or genetic factors. In this sense, the allele ε4 of
the Apolipoprotein E (APOE) gene constitutes the strongest risk factor for sporadic AD
(Bertram et al., 2010; Corder et al., 1993; Yu et al., 2014). Another factor that could
mediate these relationships is inflammation (Heneka et al., 2015).

The pathologic changes that occur before the clinical onset stress the limitations of models
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based only on clinical and neuropsychological characterization of the patients and high-
light the need of including other information that could add more relevant etiologic data
to the diagnosis. To tackle this, in 2007 the International Working Group (IWG) for
New Research Criteria for AD proposed a new conceptual shift that moved AD from a
clinicopathological to a clinicobiological entity (Dubois et al., 2007). These new criteria
proposed that AD could be diagnosed before the appearance of dementia by introducing
the use of biomarker evidence. This change enabled the study of the prodromal phases of
the disease and, of greater interest, the preclinical phases. The introduction of the concept
of prodromal AD was an advance with respect to the MCI terminology. These criteria
offered a single frame to include all the disease stages, but still had limitations as they
were only focused on typical AD with amnestic presentations.

Nowadays, the conceptualization of AD is still under debate. On one hand, the Interna-
tional Working Group sequentially refined the AD criteria in different publications (Dubois
et al., 2010, 2014). In the last version (Dubois et al., 2016) they proposed the terms “state”
and “stage”. The term “state” referred to a given pathologic framework. This division
contemplates two scenarios:

• A situation of at-risk individuals that show isolated brain amyloidopathy or tauopa-
thy.

• A state of underlying AD pathology evidenced by both tau an amyloid pathology.

The term stage referred to the degree of progression in the disease, divided into preclinical,
prodromal and dementia phases. Thus, AD can be divided as follows:

• The preclinical stage or preclinical AD: before the manifestation of the first clinical
symptoms.

• The clinical stage, which includes both prodromal AD and the dementia stage.

On the other hand, the National Institute of Aging – Alzheimer’s Association (NIA-AA)
proposed a new set of research criteria in 2011 (Jack et al., 2011) for the diagnosis of AD
dementia (McKhann et al., 2011), prodromal AD (Albert et al., 2011) and preclinical AD
(Sperling et al., 2011). First, they propose a subdivision of the disease as follows: AD-
pathophysiological to refer to the evidence of underlying brain processes and AD-clinical
to refer to the clinical phases of the disease. Thus, asymptomatic AD-pathophysiological
individuals are at-risk for developing cognitive and behavioral impairment and progress to
AD-clinical phases. The NIA-AA 2011 research criteria subdivided the preclinical phase
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under the assumption that the pathophysiological events that occur over of the course of
the disease are sequential. As such, 3 phases of preclinical AD were defined:

• Stage 1: at this stage the individuals have biomarker evidence of amyloidosis, i.e.
either amyloid PET tracer retention or low CSF Aβ1-42 levels, and no detectable
evidence of neurodegeneration or cognitive or behavioral alterations.

• Stage 2: these individuals have evidence of amyloidosis as in Stage 1 and also the
presence of at least one marker of neuronal degeneration or dysfunction. Cur-
rent accepted markers for neuronal injury are (1) CSF t-tau or CSF p-tau, (2)
hypometabolism measured by FDG-PET in AD vulnerable areas and, (3) gray mat-
ter loss or cortical thinning in AD areas and/or hippocampal atrophy in structural
MRI.

• Stage 3: this group of subjects present subtle cognitive decline in addition to evidence
of amyloidosis and neuronal degeneration.

Finally, the group of subjects with altered markers of neuronal injury but with amy-
loidosis markers in normal ranges were catalogued as suspected non-Alzheimer’s disease
pathophysiology (SNAP, Jack et al., 2012).

The overview of the IWG and NIA-AA criteria is shown in the Figure 1.1.

Figure 1.1: NIA-AA 2011 and IWG-2 2016 criteria for the diagnosis of AD
disease. Adapted from Sperling et al., 2011 and Dubois et al., 2016.

The preclinical, prodromal and dementia phases constitute the AD continuum which lasts
more than 30 years. Importantly, this new conceptualization of AD with a long preclinical
phase constitutes a window of opportunity to try to slow down or prevent clinical symp-
toms. However, the fact that, clinical symptoms are, by definition, absent in preclinical
AD, poses new challenges: how can we better identify those subjects that will develop AD?
And when will they develop clinical symptoms? Could we stop the disease in this phase in
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which the patient cognition is intact? Biomarkers are indispensable tools to answer these
questions.

1.2 Alzheimer’s disease biomarkers

A biomarker or biological marker is an invaluable characteristic that can be measured
objectively and that is an indicator of a biological process, pathogenic process or response
to a therapeutic intervention (Biomarkers Definitions Working Group, 2001). Biomarkers
have been classically used in AD in clinical trials to evaluate the efficacy of a certain
treatment (Doody et al., 2014; Koepsell et al., 2007; Sevigny et al., 2016; Vandenberghe
et al., 2016). Biomarkers have been included in the new diagnostic criteria for the AD
continuum (Dubois et al., 2014; Sperling et al., 2011) and offer the potential to diagnose
the disease in a very early state and to track physiopathological changes. Moreover, recent
evidence suggests that biomarkers can be used as prognostic indicators (Dani et al., 2017;
Desikan et al., 2012; Illán-Gala et al., 2017; Tharick A. Pascoal et al., 2016).

Since AD is a complex disease where multiple processes coexist, combinations of different
biomarkers (Hampel et al., 2008) in multimodal studies are often required (Figure 1.2).

Biomarkers that have been investigated in AD can be divided into four groups: genetic,
clinical/neuropsychological, biochemical and imaging markers and have been classified in
two main categories (Dubois et al., 2014). The first category refers to pathophysiologic
markers and includes in-vivo indicators of AD pathology, which reflect either amyloid
related or neurofibrillary tangle related alterations. The second category includes topo-
graphical markers, which encompass biomarkers that identify downstream brain changes
related to AD damage.

1.2.1 Genetic biomarkers

Although a complex heterogenic genetic disease (Bertram and Tanzi, 2012), a small but
not negligible 1% of AD cases are caused by known dominantly inherited mutations in the
genes that encode amyloid precursor protein (APP), presenilin 1 (PSEN1) or presenilin 2
(PSEN2) (Lleó et al., 2002). Possession of these mutations confers almost certainty that
the carrier will develop AD at an age relatively conserved in the family. Thus, mutation
carriers in autosomal dominant AD (ADAD) are considered to be presymptomatic AD
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Figure 1.2: Possible pathophysiological mechanisms in AD and associated
biomarkers. Adapted from smart.servier.com

subjects. Consequently, this rare form of AD, constitutes a great opportunity to study the
disease in its preclinical form with almost certainty that the subjects are in the pathological
stream that will lead to the development of AD in the future. That being said, whether the
pathophysiological mechanisms underlying ADAD differ to the sporadic form is unclear,
and therefore, caution should be exercised when extrapolating from the familiar to sporadic
forms of AD (Dubois et al., 2016).

The remaining 99% of cases of AD are considered sporadic, but have a strong genetic
background (Dubois et al., 2016). At present, the ε4 allele of the APOE gene is consid-
ered to be the strongest genetic risk factor for sporadic AD (Bertram et al., 2010; Corder
et al., 1993; Yu et al., 2014). The APOE gene has three alleles: ε2, ε3 and ε4. It has
been established that subjects with one or two copies of the ε4 allele have greater risk of
developing AD. Specifically, carrying one copy of the ε4 allele confers an odds ratio (OR)
of 2.6-3.2, whereas two copies an OR of 14.9. Conversely, the ε2 allele is protective (OR
0.6) and the ε3 allele is neutral (Farrer et al., 1997; Liu et al., 2013). Distinct amyloid

smart.servier.com
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dependent and amyloid independent mechanisms through which the APOE ε4 allele mod-
ifies the risk for AD have been proposed. On one hand, ApoE contributes to amyloid-β
clearance, aggregation and deposition. On the other hand, ApoE also affects pathology
through amyloid independent pathways like synaptic plasticity, cholesterol homeostasis,
neuroinflammation and neurovascular functions (Liu et al., 2013).

Over the last few years, other risk-modifying genes have been identified such as CLU,
PICALM, TREM2 among others (Harold et al., 2009; Jonsson et al., 2012; Lambert
et al., 2013). The proteins encoded by these genes are involved in pathophysiological
pathways that have been related to AD, albeit that a complete understanding of their role
in AD pathogenesis needs to be further studied.

1.2.2 Clinical and neuropsychological biomarkers

Typical AD dementia presents a specific pattern of neuropsychological and clinical al-
terations that constitute a key feature that is central in diagnosing AD (McKhann et
al., 2011). Specifically, typical or amnestic AD presentations are those that consist of
impairment in learning and recall of recently learned information. On the other hand,
atypical presentations are divided in three groups: language presentation, with deficits in
word finding, visuospatial presentation, which includes agnosia, impaired face recognition
among others, and dysexecutive presentation, defined by impaired reasoning, judgment
and problem solving (McKhann et al., 2011).

1.2.3 Cerebrospinal fluid biomarkers

Cerebrospinal fluid (CSF) is a transparent fluid that surrounds and protects the brain.
Due to its proximity to the brain parenchyma and the free exchange with the extracellular
space, CSF offers valuable biochemical information of the brain status (Blennow and
Zetterberg, 2013). CSF is extracted in humans through a lumbar puncture and because
its low incidence of complications (Alcolea, Martínez-Lage, et al., 2014) and its inclusion
in the recent criteria (Dubois et al., 2014) it has been incorporated into the clinical routine
at many centers (Blennow et al., 2010). Many biomarkers can be measured nowadays in
CSF via enzyme-linked immunosorbent assay (ELISA). The most widely investigated to-
date include Aβ1-42 as a marker of Aβ pathology and total tau (t-tau) and phosphorilated
tau (p-tau) as markers of neurofibrillary tangle pathology (Hampel et al., 2008).
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Aβ1-42, t-tau and p-tau

The Aβ1-42 isoform is the major component of the neuritic plaques that are hallmarks of
AD (Masters et al., 1985). This peptide is produced from the sequential cleavage of the
amyloid precursor protein (APP) by β-secretase and γ-secretase (Blennow and Hampel,
2003). It has been demonstrated that CSF Aβ1-42 levels correlate inversely with the
number of plaques in the neuropathology (Strozyk et al., 2003).

The tau protein is located in the axons and dendrites of neurons (Blennow and Hampel,
2003) and its principal function is to stabilize microtubules. Increased CSF tau correlates
with tau burden at autopsy (Tapiola et al., 1997) and it is assumed that this protein is
released into the extracellular space due to neuronal degeneration (Hampel et al., 2008).
In support of this, t-tau levels are increased in the CSF of AD patients (Hampel et al.,
2008). However, t-tau levels are also increased in aging (Burger Nee Buch et al., 1999) as
well as other neurodegenerative conditions (although it could differ at the molecular level
from AD (Hasegawa, 2006). Although it has been suggested that CSF t-tau is a measure
of non-specific neuronal injury (Irwin et al., 2017), there is a high correlation between
t-tau and neurofibrillary pathology load (Tapiola et al., 2009). Moreover, CSF t-tau levels
have a high diagnostic accuracy (Shaw et al., 2009).

In AD, the tau protein is present in a pathogenic hyperphosphorilated form. In humans,
there are six possible isoforms and different phosphorilation sites (Blennow and Hampel,
2003). Of the more than 30 sites for phosphorilation in the tau protein, the two most
studied are threonine 213 and, especially, threonine 181. As such, concentrations of phos-
phorilated tau (p-tau) in CSF are considered a reflection of tau pathology in the context
of AD (Tapiola et al., 2009).

CSF biomarkers in healthy controls and AD

Several studies in aging have demonstrated that amyloid pathology is highly prevalent
in the elderly population (Dubois et al., 2016) and 2-3 times higher in APOE ε4 carriers
(Jansen et al., 2015). Although they do not present clinical symptoms, normal aged brains
present anatomopathological features of AD. CSF t-tau and p-tau correlations with age
have been also reported (Paternicò et al., 2012).
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Decreases in CSF Aβ1-42 levels and increases in t-tau and p-tau levels have been consis-
tently reported in the literature and constitute the CSF AD signature (Alcolea, Carmona-
Iragui, et al., 2014; Blennow and Hampel, 2003). Furthermore, CSF biomarkers have also
demonstrated to be useful as prognostic markers and can predict conversion from MCI to
dementia (Handels et al., 2017; Mattsson et al., 2009), showing that subjects with both
amyloid and tau alterations are those most likely to progress to AD dementia (Tharick A.
Pascoal et al., 2016). In normal healthy controls, CSF biomarkers have also been related
to faster cognitive decline (Mormino et al., 2014) and progression to clinical dementia (Vos
et al., 2013).

Longitudinal studies in healthy elderly have reported a relationship between the develop-
ment of AD and CSF Aβ1-42, t-tau and p-tau (Dubois et al., 2016). Converging evidence
in the literature support the idea that CSF Aβ1-42 alterations are the earliest changes
in preclinical AD (Jack Jr et al., 2013). Following this amyloid phase, or stage 1, tau
pathology would propagate in the stage 2 phase until the appearance of subtle cognitive
changes, or stage 3. Nevertheless, several questions remain open. Is there any measurable
structural or functional change in this first amyloid-only stage 1 phase? What are the
drivers of the downstream degeneration and its relationship with stage 1? Unfortunately,
as of now, we still do not have consistent answers to these questions.

1.2.4 Amyloid imaging

Amyloid imaging basis

Aβdeposition can also be detected in vivo in the brain using amyloid positron emission
tomography (PET) tracers. Amyloid PET detects neuritic plaques and is negative in
patients with no amyloid deposition or sparse plaques (Clark et al., 2012; Murray et al.,
2015) and there is a good correlation with the anatomopathologic changes (Ikonomovic
et al., 2008). The first widely used compound was the radiotracer carbon-11-labelled
Pittsburgh compound B (11C-PIB) (Klunk et al., 2004). However, the 20-minute half-life
of the 11C-PIB limited its use to highly specialized research centers and highlighted the
need for compounds that have a longer half-life and would make the tracer available to
more centers. Thus, different compounds emerged, including florbetapir F 18 (18F-AV45),
18F-flutemetamol (18F-GE067), florbetaben (18F-BAY94-9172) and 18F-FDDNP (Clark et
al., 2011).
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Amyloid imaging in healthy controls and AD

The prevalence of positive amyloid PET scans in normal individuals increases with age
starting at the end of the sixth decade (Fleisher et al., 2013; Jansen et al., 2015; Johnson
et al., 2013; Ossenkoppele et al., 2015) as is the case in CSF and pathological studies
(Dubois et al., 2016). Amyloid PET has demonstrated specificity for AD plaques and
there is evidence that these tracers are detecting the early stages of AD. Therefore, the
positivity in an amyloid PET scan has been accepted as an indicator of brain amyloidosis
in the last research criteria (Dubois et al., 2014; Sperling et al., 2011).

1.2.5 Structural imaging

MRI principles and analysis

Magnetic resonance imaging (MRI) is a non-invasive technique that allows the assessment
of several biologic tissue properties in vivo. MRI involves imaging of the proton, the posi-
tively charge particle of the hydrogen atom, and the technique is harmless for the patient.
MRI offers several advantages over computerized tomography (CT), such as greater tis-
sue contrast, the ability to acquire images in multiple planes and the absence of ionizing
radiation. The acquisition times are, however, larger than a conventional CT (Edelman
and Warach, 1993). Visual assessment of structural MRI has been widely used for AD
diagnosis over the last few decades, but there has been a growing interest in the devel-
opment of new image processing techniques that allow the extraction of several measures
in a semi-automated and observer independent way. These tools may better characterize
the earliest AD-related changes and help in the identification of subjects at greater risk
for developing AD (Fennema-Notestine et al., 2009). Several measures can be extracted
from brain structural images with different specialized tools. One of them is voxel-based
morphometry (VBM), which implies a voxel-wise comparison of local gray matter con-
centration (Ashburner and Friston, 2000). VBM has proven useful in detecting changes
in different dementias (Mandelli et al., 2016; Seeley et al., 2009) including AD dementia
(Chételat et al., 2008). Another measure that can be extracted from structural MRI is
cortical thickness (CTh). This measure is usually extracted by the software Freesurfer
(Dale et al., 1999; Fischl and Dale, 2000) and has also demonstrated its capability to show
cortical changes in AD dementia (Dickerson et al., 2009), but also in the prodromal phases
(Bakkour et al., 2009) and even in asymptomatic amyloid-positive subjects (Dickerson et
al., 2009).
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Structural imaging in healthy controls and AD

Nowadays it is widely accepted that the brain goes through structural changes during the
aging process, and these changes can be measured with MRI and other imaging techniques.
Specifically, several MRI studies have reported a global atrophy pattern across the cerebral
hemispheres of the aged brain (Fjell et al., 2009, 2013) that often resembles that found in
AD, with AD-vulnerable areas of the Default Mode Network especially affected (Buckner
et al., 2005). Whether these changes reflect a normal aging process or incipient AD remains
to be elucidated (Fjell et al., 2014).

The downstream brain structural damage caused by AD can also be detected through
the analysis of structural MRI, even before the clinical onset. For example, one of the
best established markers in AD is hippocampal volume (Dubois et al., 2016; Fennema-
Notestine et al., 2009). Changes in hippocampal volume as well as entorhinal volume
can predict conversion from MCI to AD dementia (Devanand et al., 2007; Van Rossum
et al., 2012). Hippocampal volume could also be useful in MCI to differentiate between
AD and dementia with Lewy bodies (Kantarci et al., 2015). Regional atrophy has been
consistently reported in the prodromal and dementia phases, including temporal, parietal,
posterior cingulate and precuneus and frontal regions (Chételat et al., 2008; La Joie et al.,
2012; Seeley et al., 2009). Higher rates of atrophy are also systematically reported (Fjell
et al., 2014).

These brain structural changes are correlated with neuronal loss (Bobinski et al., 1999;
Zarow et al., 2005) and with Braak stage (Braak and Braak, 1991; Vemuri et al., 2008).
Moreover, it has been reported that atrophy (indicating the loss of synapses and neu-
rons), and not Aβ or tau pathology, is the most direct pathological substrate of cognitive
impairment in AD (Savva et al., 2009). The distribution of brain atrophy as measured
by structural imaging correlates with cognitive alterations cross-sectionally and longitu-
dinally. Moreover, good correlation between clinical measures and the rate of change in
whole brain, hippocampal, entorhinal, temporal or ventricular volumes has been reported
(Frisoni et al., 2010). In contrast, PIB-PET accumulation poorly correlates with cognitive
or neuropsychological measures (Jack Jr et al., 2009).
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1.2.6 Diffusion imaging

Diffusion imaging principles

Diffusion weighted imaging (DWI) is a type of MRI sequence designed to assess the mobil-
ity of water particles. In free space, water molecules would travel randomly in a Brownian
movement, a process well-characterized by Einstein in 1905. In the brain, however, the
diffusion of water is restricted by biological tissues such as cell membranes, fibers and
macromolecules (Le Bihan, 2003). The sum of contributions of these biological barriers
limits the free movement of the water particles and determines the apparent diffusion
coefficient.

Diffusion tensor imaging (DTI) is a DWI sequence that measures the diffusion in a number
of different directions of the space (typical number of directions range from 16 to 64).
Using this multidimensional information of diffusion in each direction, each voxel can be
represented with an ellipsoid representing the preferential direction of the diffusion of the
water molecules (Fig 1.3 left). This ellipsoid, in turn, can be represented mathematically
by a tensor (Fig 1.3 mid). Typical DTI measures are directly derived from the tensor, such
as the fractional anisotropy (FA) or the mean diffusivity (MD) (Fig 1.3 right). The FA
represents the degree of directionality of the voxel. When the water diffusion is restricted
to a certain direction the FA is high, as in axons, where the water diffusion depends to the
tract direction. On the contrary, in areas where there is no preferential diffusion direction
(or isotropy), such as CSF, the FA is low. Another measure that can be extracted is MD,
which measures the total diffusion of the voxel, no matter the directionality. In free water,
such as the CSF for example, diffusion is not restricted and the MD is high. In locations
where water diffusion is determined by biological barriers, such as inside the neurons and
in the interstitial space, the MD is low (Weston et al., 2015).

Thus, in the CSF MD is high and FA is low, in the white matter MD is intermediate
and FA is high and in the gray matter MD and FA are intermediate and low respectively
(Figure 1.4).

The main advantage of DWI is that it is able to detect changes at the microstructural level
(Weston et al., 2015). In neurodegenerative diseases it is thought that the breakdown of
biological barriers like myelin cell membranes or organelles would produce a measurable
change in the diffusion properties of the tissue (Uluğ et al., 1999). Thus, DWI has been
demonstrated as a powerful tool in neurology to assess brain changes in multiple neurologic
diseases, such as AD, dementia with Lewy bodies, Frontotemporal lobar degeneration or
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Figure 1.3: Diffusion Tensor Imaging Principles. Left- Diffusion of water parti-
cles in each direction inside a determinate voxel. Mid-Tensor fitting. The diffu-
sion information is used to estimate a mathematical object called tensor. Right.

DTI metrics estimation.

Parkinson’s disease (Agosta et al., 2017; Bozzali and Cherubini, 2007). The potential con-
tribution of diffusion imaging to an early and more accurate diagnosis has received special
attention in the last few years. As explained in the previous paragraph, different measures
can be extracted from DTI analyses. Typically, diffusion studies in neurodegenerative
disease have focused on the study of the white matter (Amlien and Fjell, 2014). Reduc-
tions of FA and increases of MD in white matter tracts have been systematically reported
in temporal and frontal lobes, as well as in the corpus callosum and posterior cingulate
(Agosta et al., 2017). Diffusion has also been studied in the hippocampus (Cherubini et
al., 2010) or, anectdotically, in the gray matter (Weston et al., 2015).

Another promising measure that can be derived from DWI data is the free water fraction
(FW) (Pasternak et al., 2009). This proposed bi-compartment model differentiates the
contribution of the extracellular water from the tissue-restricted water. Specifically, the
FW is defined as water molecules that are not hindered or restricted, consequently extra-
cellular, with a diffusion coefficient of water in body temperature. Recent evidences in the
literature suggest that the FW component provides high sensitivity to detect extracellular
processes like atrophy, cerebral edema or even inflammation (Lyall et al., 2017).

Diffusion imaging and microstructure in healthy controls and AD

In the last decade, there has been a growing interest in DWI as it was hypothesized that
subtle microstructural changes could precede macrostructural alterations (Alexander et
al., 2007; Müller et al., 2005; Ringman et al., 2007). As explained before, in AD, diffusion
has been widely studied in the WM and in the hippocampus (Amlien and Fjell, 2014;
Cherubini et al., 2010; Eustache et al., 2016; Hanyu et al., 1997, 1998). The typical
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Figure 1.4: Diffusion properties of the different brain tissues: gray matter, white
matter and cerebrospinal fluid.

diffusion signature in the prodromal and dementia AD phases consist of a decrease in FA
and an increase in MD. Hippocampal diffusivity has also demonstrated good power in
predicting the MCI to AD conversion (Douaud et al., 2013; Kantarci et al., 2005; Müller
et al., 2005).

While diffusion can also be studied in the GM, there is a scarcity of published studies on
the subject (Weston et al., 2015). In contrast to the white matter, the most common metric
used in the cortex is MD, due to the absence of preferential diffusion direction (Fortea
et al., 2010; Weston et al., 2015). The results in the literature often report increased
MD in MCI and AD patients (Jacobs et al., 2013; Rose et al., 2008). Conversely, MD
decreases were found in presymptomatic AD mutation carriers (Fortea et al., 2010; Ryan
et al., 2013). Finally, cortical MD correlates with the neuropsychological performance
in controls and MCI (Kantarci et al., 2011). However, the reports in the literature that
studied gray matter alterations in AD are anecdotal, with small sample sizes and do not
include the whole AD continuum. Consequently, more research is required to understand
the early gray matter microstructural alterations in AD (Weston et al., 2015).

The FW model has been recently proposed as an interesting tool for different diseases (Hoy
et al., 2017; Johanna et al., 2017; Lyall et al., 2017; Maier-Hein et al., 2015). Specifically,
the FW compartment could add complementary information to typical DTI measures such
as MD. To date, there are no published studies assessing FW in the early AD phases.
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1.3 An integrated biomarker model for the AD continuum

It has been suggested that, once initiated, neurodegeneration could advance independently
of the amyloid-trigger, closing the anti-amyloid therapies window to the very early pre-
clinical phases. Thus, the study of the biomarker evolution and its interactions in the
preclinical phases are crucial issues that may help us elucidate the sequence of events of
the disease pathophysiology and ideally predict which subjects will progress to AD.

1.3.1 Hypothetical model for AD. Temporal profile of biomarkers

Converging evidences from genetic and experimental studies have placed the amyloid pro-
tein as a central and initiating element in AD pathogenesis (Hardy and Selkoe, 2002; Selkoe
and Hardy, 2016). This theory is known as the “Amyloid hypothesis” and proposes a series
of sequential events that start with abnormal amyloid processing, due to overproduction
and/or reduced clearance of Aβ (Mawuenyega et al., 2010; Tarasoff-Conway et al., 2015),
which leads to Aβ deposition in the brain. It has been proposed that amyloid toxicity,
likely caused by Aβ oligomers (Oddo et al., 2006), would initiate a cascade of events that
includes abnormal tau hyperphosphorilation and aggregation, synaptic dysfunction, cell
death and atrophy (Klein et al., 2004). Twenty-five years have passed since the concep-
tion of this theory (Selkoe and Hardy, 2016) and several aspects of the hypothesis, such as
determining which is the toxic Aβ species, what is the link between Aβ and tau pathology
and what is the normal physiological function of Aβ have yet to be elucidated. Moreover,
whether Aβ is truly the first and initiating event in AD physiopathology is still under
debate.

Non-amyloid centric hypotheses have also been reported in the literature, with the most
common hypothesis, putting tau at the centre. Braak and Del Tredici (Braak and Del
Tredici, 2011) published the results of a study of young individuals showing that a propor-
tion of them presented tau pathology as early as in the first decade of life. They postulated,
therefore, that subcortical tau pathology was the initiating event for AD. However, this
hypothesis was challenged by evidence from other studies. First, the studies in ADAD
mutation carriers that suggest that amyloid pathology precedes tau alteration. Second,
the fact that APOE ε4, the major genetic risk factor for AD, is implicated in amyloid
metabolism (Corder et al., 1993). And finally, the fact that genetically determined forms
of overproduction of Aβ, like 21 trisomy or APP gene mutations, lead to AD (Goate et al.,
1991) whereas genetically determined tauopathies do not (Hutton et al., 1998). Rather, it
has been proposed that the presence of tau pathology at a young age could be a part of the



16 Chapter 1. Introduction

normal aging process (Crary et al., 2014) that gets exacerbated by Aβ pathology in AD,
which leads to dementia. Other authors have suggested that amyloid accumulation and
tau hyperphosphorilation are independent physiopathological processes (Chételat, 2013;
Small and Duff, 2008), but with pathogenic synergy (Duyckaerts, 2011).

Taken together, these findings led to the proposal of a model of temporal integrated
biomarkers in AD (Jack Jr et al., 2010), based on the assumption that the major AD
biomarkers become abnormal in an ordered manner: first, amyloid biomarkers; second,
CSF tau and hypometabolism, then structural MRI and FDG PET, and finally the appear-
ance of clinical symptoms. In this model, Aβ was necessary but not sufficient to produce
AD dementia. Indeed, amyloid markers do not correlate well with clinical symptoms at
any stage of the AD continuum (Jack Jr et al., 2009). The biomarker trajectories were
defined as non-linear sigmoid-shaped curves. In this model, the authors hypothesized that
the lag between the evidence of AD physiopathology and the emergence of the clinical
symptoms was mediated by cognitive reserve (Stern, 2012), brain resilience or potential
co-pathologies (Nelson et al., 2010). A few years later the model was revised and refined to
include the possibility of independent Aβ and tau pathologies (Jack Jr et al., 2013). In this
model, Aβ physiopathological changes transform and accelerate a possible underlying tau
pathology leading to neocortical spread of neurofibrillary tangles (Musiek and Holtzman,
2012).

A model designed for the entire AD continuum is an important advance, but several
questions still remain open, as pointed out by the authors. First, new imaging and CSF
biomarkers that track other physiopathological mechanisms would add valuable informa-
tion to disentangle the AD continuum as a whole. Could any of these new potential
biomarkers to come be an even earlier marker? Second, as stressed by the authors, more
research is required for the assessment of biomarker evolution, with special interest in
the mid-life populations. And last, but not least, understanding the relationship between
biomarkers, especially in the preclinical phase where the patient does not present with any
symptoms is crucial if we want to elucidate the sequence of events of the disease.
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1.4 Multimodal studies in preclinical AD

1.4.1 Brain macrostructure in preclinical AD

The relationship between brain amyloidosis and brain structure in preclinical AD is still
not clear. Several cross-sectional studies have assessed this relationship reporting discor-
dant results. Some groups related brain amyloidosis to cortical thinning (Becker et al.,
2011; Dickerson et al., 2009; Fagan et al., 2009; Fjell et al., 2010; Storandt et al., 2010)
or hippocampal atrophy (Mormino et al., 2008), whereas others found no relationship
(Josephs et al., 2008) or even increased cortical thickness (Chételat et al., 2010; Fortea et
al., 2011; Johnson et al., 2014) in relation to Aβ deposition.

The origin of the increased cortical thickness in the preclinical phase of both sporadic
(Chételat et al., 2010; Fortea et al., 2011) and ADAD (Fortea et al., 2010) is not clear, but
several previous studies support the pathologic origin of these findings. First, pathological
studies in healthy controls that fulfilled pathological criteria for AD described a phase of
cellular hypertrophy (Iacono et al., 2008, 2009; Riudavets et al., 2007). Similar results were
found in animal models of APP/PS1DeltaE9, which included cellular hypertrophy and
increased synaptic contact, as well as increased cerebral and intracranial sizes (Maheswaran
et al., 2009; Oh et al., 2009; West et al., 2009). The interpretation was that the amyloid
load produced an associated inflammatory response. In this sense, inflammation has been
reported as an early event in the course of the disease (Schott and Revesz, 2013). On
the contrary, others have justified these findings as increased reserve or compensatory
mechanisms (Chételat et al., 2010).

Independently of the biological origin of the increased cortical thickness, the relationship
between amyloidosis and brain structure remains unresolved, with apparently opposite
results in the literature. Several factors could account for these discrepancies. First,
the age range sampled differs across studies, and not all brain changes reflect incipient
AD (Fjell et al., 2013). Second, fundamental differences exist in the imaging analysis
techniques across studies (surface-based vs volume based). Third, the relationship between
CSF Aβ1-42 and brain structure may not be linear. And finally, none of the studies
mentioned above directly studied the potential interaction between biomarkers. In this
regard, recent studies have reported that cognitive decline and volume loss in relation to
brain amyloidosis only occur in the presence of p-tau (Desikan et al., 2011, 2012).

It is essential to understand the potential interactions between biomarkers to establish



18 Chapter 1. Introduction

the sequence of events in AD. The results presented by Desikan et al suggested that p-
tau constitutes a critical trigger between brain amyloidosis and subsequent brain atrophy
and clinical decline. However, there were no studies assessing the effect of amyloid-p-tau
interactions on brain macrostructure.

Longitudinal approaches are needed to disentangle the complex relationships that underlie
the preclinical AD physiopathological processes. However, the number of such studies is
limited and the conclusions are also unclear. Some groups reported progressive atrophy
related to CSF Aβ1-42 levels (Araque Caballero et al., 2015; Becker et al., 2011; Doré et
al., 2013; Mattsson et al., 2014; Schott et al., 2010), whereas others found no relationship
(Desikan et al., 2011; Ewers et al., 2012). These discrepancies highlight the importance of
considering possible interactions in the relationship between amyloid and tau pathology
and longitudinal brain structure. Moreover, the study of cortical dynamics in preclinical
AD must take into account that not all brain changes reflect AD. Brain structure is
extremely dynamic and evolves with age (Fjell et al., 2014). In this sense, aging may have
overlapping effects (Bakkour et al., 2013; Fjell et al., 2013) with AD, which would not be
always easy to dissect (Fjell et al., 2010; Hurtz et al., 2014; McGinnis et al., 2011).

Finally, very few studies have addressed the local relationship between amyloid and brain
structure. These studies take advantage of multimodal imaging techniques to directly
assess the amyloid PET imaging on structural MRI (La Joie et al., 2012; Sepulcre et al.,
2016) but none of them has analyzed the potential interaction.

1.4.2 Brain microstructure in preclinical AD

New multimodal approaches would enable a better characterization of the cortical dynam-
ics along the preclinical phase of AD. In this regard, there has been a growing interest in
the study of cortical diffusion (Weston et al., 2015). Nowadays, nevertheless, the number
of cortical MD studies in the AD continuum in the literature is anecdotal. The studies that
have assessed the effect of MD in the symptomatic phases of the disease consistently re-
port global cortical and subcortical MD increases in both the prodromal and the dementia
phases of the disease (Jacobs et al., 2013; Kantarci et al., 2005; Müller et al., 2005; Rose
et al., 2008; Scola et al., 2010; Weston et al., 2015). On the contrary, based on familial
(Fortea et al., 2010; Ryan et al., 2013) and sporadic (Racine et al., 2014) AD studies, it
has been hypothesized that cortical MD could initially increase. Could the diffusivity also
present a non-linear trajectory of changes in the AD continuum?
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As explained in the previous section, both changes in cell volume and number due to a
hypothetical amyloid-related inflammation would also produce a change in the microstruc-
tural properties. Specifically, these would produce an increase in the intracellular com-
partment volume with respect to the total volume that would affect the apparent diffusion
of the tissue. As the intracellular compartment has more biological barriers compared
to the extracellular space, water particles would have more difficulty to diffuse and so
the MD measures would fall. We hypothesize that the FW compartment would follow a
similar trajectory than MD. Thus, there would be a first phase consisting of MD (or FW)
decreases due to this cellular hypertrophy and/or inflammation (glial recruitment) (Fortea
et al., 2010; Ryan et al., 2013), whereas the second phase would present MD (or FW) in-
creases due to cellular breakdown, microstructural disorganization and atrophy that cause
biological barrier disorganization and facilitates the diffusion of water molecules (Fortea
et al., 2010; Jacobs et al., 2013; Kantarci et al., 2005; Müller et al., 2005; Rose et al., 2008;
Ryan et al., 2013; Scola et al., 2010; Weston et al., 2015). More details of this hypothetical
model of diffusion are provided in Figure 1.5.

Figure 1.5: Top. Simplified schematic representation of the diffusion in the
brain tissue in A) a basal state, B) inflammation state and, C) neurodegeneration
state. Bottom. Diffusion of the water particles in each state. A) represents a
basal state, in which water molecules are able to diffuse normally. B) represents
an inflammation state. The intracellular compartment volume is greater and
there exists more barriers for the water to diffuse. Overall, the mean diffusivity
decreases. C) represents a neurodegeneration state. There is a neuronal integrity
loss, atrophy and the extracellular compartment volume is higher. The sum of
all these factors eases the diffusion of the water particles, incrementing the mean
diffusivity. Modified from Weston et al., 2015. Neurons are represented in yellow,
astrocytes are represented in green and microglia cells are represented in orange.

Adapted from smart.servier.com.

smart.servier.com
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1.5 An integrated temporal model for biomarkers in pre-
clinical AD

As explained in this Introduction a temporal framework to study the whole AD continuum
was proposed by Jack and colleagues (Jack Jr et al., 2010, 2013) in which each biomarker
begins to alter in an ordered manner until the appearance of clinical dementia (Figure
1.6).

Figure 1.6: Model integrating AD immunohistology and biomarkers. Re-
adapted from Jack et al., 2013. The time-course of the disease has been dividied
in the NIA-AA 2011 preclinical stages, and the MCI and dementia phases. More-
over, the amyloid biomarkers have been placed earlier in the time-course to reflect

a longer amyloid deposition phase.

This model has been very influential in the field as it integrates several pathogenic path-
ways in a single temporal ordered framework. However, the results in the preclinical
stages, especially those reporting an initial phase of cortical thickening, do not fit the
model. Specifically, this model does not directly contemplate a possible interaction be-
tween biomarkers on brain structure nor include the possibility that the biomarker trajec-
tories have a non-monotonous increasing behavior (i.e. quadratic, or inverted-U shaped).
Instead, non-linearities could arise when taking into account the relationships between
biomarkers. Finally, Jack and colleagues conclude that it is crucial to discover new
biomarkers to better characterize the AD preclinical phase. In this sense, cortical MD



1.5. An integrated temporal model for biomarkers in preclinical AD 21

could assess microstructural properties of the brain tissue that would add additional
value to the well-established measures. This measure could be an earlier marker than
macrostructural measures of atrophy.

It is crucial to disentangle the pathophysiologic cascade of events that occur in this phase,
as well as understand the possible interactions between biomarkers and explore new ones
that could provide complimentary information. Consequently, the main objective of this
thesis was to study the role of amyloid and tau pathology on brain structure including
potential interactions, as well as to study the cortical MD changes in preclinical AD.
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Chapter 2

Hypotheses and Objectives

2.1 General hypotheses

The conceptualization of AD as a continuum with a long preclinical phase provides a
window of opportunity to try to slow down or prevent clinical symptomatology. This
preclinical phase of AD can only be studied through the use of biomarkers of amyloidosis
and tauopathy. The understanding of the relationship between amyloid and tau pathology
on brain structure is critical for potential pharmacological interventions.

Specific hypotheses:

1. The interaction between amyloid and tau influences the cortical structural dynamics
in preclinical AD. Brain atrophy would only occur in the presence of both patholog-
ical CSF Aß and p-tau. CSF Aß in the absence of elevated p-tau is associated with
an inflammatory process that causes pathological cortical thickening.

2. Longitudinal studies are essential to understand brain structural changes in aging.
It is important to dissect the age-related effects from the disease-specific effects on
brain structure.

3. Diffusion imaging enables to capture the cortical microstructural properties through
changes in cortical diffusivity metrics. Amyloid-related inflammation will be asso-
ciated with an increase in the cellular compartment and induce decreases in mean
diffusivity and free water whereas the cellular loss (and atrophy) associated with
the synergistic toxic effect of Aß and tau will be associated with increases in mean
diffusivity and free water.
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4. Florbetapir-PET retention will allow the assessment of the amyloid-related inflam-
mation locally, which would be reflected by increased cortical thickness in the absence
of pathological tau.

2.2 Objectives

The general objective of this thesis is to study the cortical structure dynamics in preclinical
AD. The specific objectives are:

1. To study the relationship between CSF Aβ1-42 and cortical thickness and its inter-
actions with CSF p-tau in cognitively normal controls.

2. To compare the cortical longitudinal 2-year structural changes in the different pre-
clinical AD stages and in cognitively normal controls without biomarker evidence of
AD.

3. To assess the cortical microstructural changes in the AD continuum and its relation-
ship with brain macrostructure.

4. To investigate the local relationship between amyloid deposition as measured with
Florbetapir PET and cortical thickness in relation to tau in cognitively normal con-
trols.
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Chapter 3

Methods

The methods and materials used in this thesis are explained in detail in the corresponding
section of the articles. However a brief outline of the two multicenter cohorts analyzed
in the four works as well as a brief explanation of the common techniques used will be
summarized.

3.1 Design and setting

This thesis analyzes two prospective multicenter longitudinal cohorts and includes both
cross-sectional and longitudinal studies. All the analyses were done in the Alzheimer
Laboratory of the Memory Unit in the Neurology Department at the Hospital de la Santa
Creu i Sant Pau, from the Universitat Autònoma de Barcelona.

3.2 Sample

The two prospective multicenter longitudinal cohorts used in this thesis were:

1. The Alzheimer’s Disease Neuroimaging Cohort (http://adni.loni.usc.edu/), a
public-private initiative for the study of AD.

2. The SIGNAL study (https://www.signalstudy.es/). Concretely, we used the
Sant Pau Initiative on Neurodegeneration (SPIN) Cohort, alongside the CITA-San
Sebastián Cohort and the Hospital Marqués de Valdecilla Cohort (HUMV).

http://adni.loni.usc.edu/
https://www.signalstudy.es/
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These two large cohorts have similarities and differences that are explained in further detail
in the next sections. Both cohorts have been designed to study AD and provide extensive
biomarker data such as CSF, structural imaging, PET, neuropsychological and clinical
data or genetic assessments. However, these two cohorts also have differences that must be
taken into account in the interpretation of the results. The first difference lies in the patient
recruitment. In ADNI healthy volunteers are recruited through advertisement and have a
bias towards healthy, well-educated, primarily caucasian subjects. In SIGNAL, volunteers
are recruited mainly from relatives of patients attended in the different centers and have
a bias towards a positive AD family history. Second, the age range and mean age largely
differ between them: while the ADNI mean age is between 70 and 80 years old, the SIGNAL
study mean age is much younger, around 60 years old. This fact profoundly affects the
biomarker positivity distribution. Third, the CSF is analyzed in different platforms: ADNI
uses the xMAP Luminex platform and the SIGNAL cohort uses Innotest. Both methods
have been extensively validated, but the fact that different kits are used changes drastically
affects the biomarker values and the cut-offs for each biomarker. Fourth, the inclusion
criteria for the healthy controls also differed: whilst ADNI requires a MMSE greater or
equal than 24, the SIGNAL cohort is stricter, requiring a MMSE greater or equal than 27
and a FCSRT in the normal range for age and education.

The two cohorts are explained in further detail in the next sections.

3.2.1 The ADNI Cohort

General information

The ADNI study began in 2004 and included clinical, imaging, genetic and biospecimen
biomarkers for all the AD continuum, from healthy elderly controls, significant memory
concern subjects, mild cognitive impairment and demented AD patients. The main goal
of the ADNI study is to track the disease progression using biomarkers to assess the brain
function and structure along the AD continuum. ADNI has made a difference in the
conception of big data studies in the neuroimaging field. The project has three phases
(ADNI1, ADNIGO and ADNI2) and has recently begun a new forth one (ADNI3). With
harmonized acquisition protocols across centers, ADNI provides the most complete AD
dataset world-wide. ADNI collects cognitive, neuropshychological, genetic data as well as
standardized MRI, 18-Fluorodeoxyglucose PET, amyloid PET, diffusion and functional
imaging (only in a subset) or CSF. A review of publications using ADNI data can be
found in (Jack et al., 2015; Kang et al., 2015).
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Healthy control inclusion criteria

The inclusion criteria for the healthy controls for ADNI1 and ADNI2 can be found else-
where (http://adni.loni.usc.edu/). Briefly, normal controls must be free of memory
complaints, normal memory function documented by scoring above education normalized
cut-offs on the Logical Memory II subscale from the Wechsler Memory Scale, MMSE grater
or equal to 24, Clinical Dementia Rating equal to 0 and with an absence of significant
impairment in cognitive functions or activities of daily living. For further details please
see the documents referred above. The inclusion age is between 55-90, both inclusive, and
the mean age of the healthy controls is above 70 years old. For the 1st work, we included
all the healthy controls that had at least a baseline 3T MRI and available CSF results.
Moreover, for the longitudinal analyses in the 2nd work, we included all those healthy
controls that had a 2-year follow-up MRI. Finally, for the Florbetapir-PET study (oral
communication, unpublished work) we included all the subjects that had, at baseline, a
3T MRI, CSF results and Florbetapir-PET.

Neuropsychological assessment

The cognitive assessments for ADNI can be found elsewhere (http://adni.loni.usc.

edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf and http://adni.

loni.usc.edu/wp-content/uploads/2010/09/ADNI_GeneralProceduresManual.pdf).

APOE genotyping

APOE genotype was directly downloaded from the ADNI website. The details of the
APOE genotyping in ADNI can be found elsewhere (http://adni.loni.usc.edu/data-

samples/genetic-data/).

Cerebrospinal fluid analyses

Methods for CSF acquisition and biomarker measurement in the ADNI cohort have been
reported previously (Shaw et al., 2009). In brief, Aβ1-42 and p-tau measurements were
done with the multiplex xMAP Luminex platform (Luminex Corporation, Austin, TX)
with INNO-BIA AlzBio3 (Innogenetics, Ghent, Belgium) immunoassay kit–based reagents.

http://adni.loni.usc.edu/
http://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
http://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
http://adni.loni.usc.edu/wp-content/uploads/2010/09/ADNI_GeneralProceduresManual.pdf
http://adni.loni.usc.edu/wp-content/uploads/2010/09/ADNI_GeneralProceduresManual.pdf
http://adni.loni.usc.edu/data-samples/genetic-data/
http://adni.loni.usc.edu/data-samples/genetic-data/
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Biomarker dichotomization cut-offs have been also previously published (Shaw et al.,
2009). All the participants were classified into Aβ+ (CSF Aβ1-42 ≤ 192 pg/ml) and
Aβ- (CSF Aβ1-42 >192 pg/ml) and into p-tau+ (CSF p-tau≥ 23 pg/ml) and p-tau- (CSF
p-tau<23 pg/ml). For the first work of this thesis (Fortea et al., 2014), in which we
mainly performed correlations between CSF biomarkers and CTh, we used p-tau as the
tau marker. In the 2nd and 4th works, however, we used the biomarkers to stratify the
subjects in the preclinical AD stages. For this reason, we used t-tau instead of p-tau,
which has greater specificity than p-tau (92.3% vs 73.1% (Shaw et al., 2009))

MRI acquisition

The details on MRI acquisition in ADNI are available (http://adni.loni.usc.edu/methods/mri-
analysis/mri-acquisition/). As previously explained, we only used 3T structural MRI. Only
a small subset of subjects has DTI acquisition.

3.2.2 The SIGNAL study

The main objective of the SIGNAL study is to investigate novel CSF biomarkers and
their potential relation to standard biomarkers in AD. The SIGNAL project is funded by
CIBERNED as part of its policy to facilitate the transfer of knowledge in neurodegener-
ative disease research. This multicentric project has a common protocol of clinical and
neuropsychological evaluation, biological samples collection (blood and CSF) and struc-
tural neuroimaging (MRI) acquisition. From the 11 participant and associated groups,
we included three cohorts: the SPIN cohort from the Hospital of Sant Pau, the CITA-
Alzheimer San Sebastián cohort and the Hospital Universitario Marqués de Valdecilla
(HUMV) cohort. Two of these cohorts (SPIN and HUMV) have the same MRI scanner,
and the three cohorts have common clinical, neuropsychological, genetic and CSF assess-
ments as part of the SIGNAL study. All the CSF and imaging analyses were centralized
at Hospital de la Santa Creu i Sant Pau as described in the 2.2.5 subsection above.

SPIN, HUMV and CITA cohorts. General information

The SPIN (Sant Pau Initiative on Neurodegeneration) cohort is a cohort recruited at the
Hospital de la Santa Creu i Sant Pau. The main objective of the SPIN cohort is to expand
the knowledge in neurodegenerative diseases through CSF and imaging biomarkers, with
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special interest on AD. For every subject, we perform a neuropsychological evaluation,
a lumbar puncture, blood extraction and an MRI. Additionally, participants have the
option to undergo an additional neuropsychological evaluation, a 18-Fluorodeoxyglucose
PET and a Florbetapir PET. With more than 300 participants, the cohort is still recruiting
new subjects and nowadays also acquiring longitudinal data. A summary of the publica-
tions using the SPIN cohort can be found here (https://santpaumemoryunit.com/wp-

content/uploads/2017/07/Publicacions-SPIN.pdf). The HUMV cohort is recruited
at Hospital Universitario Marqués de Valdecilla in Santander, Spain. For every subject,
a neuropsychological and clinical evaluation is done by an expert in neurodegenerative
diseases. Moreover, a lumbar puncture, blood extraction and a MRI are performed. The
acquisition protocols are common across the SIGNAL study and are explained in the next
sections. Finally, the CITA cohort (http://www.cita-alzheimer.org/) is recruited at
the Fundación CITA Alzheimer, Centro de Investigación y Terapias Avanzadas para la en-
fermedad de Alzheimer, in San Sebastián, Spain. This foundation is integrated by a mul-
tidisciplinar team and its research interests are centered in the investigation of biomarkers
for the early diagnosis of the disease and in the design of new therapeutic strategies. Every
subject undergo a clinical and neuropsychological evaluation, a lumbar puncture, blood
extraction and an MRI.

Healthy control, prodromal AD and demented AD inclusion criteria

The inclusion criteria for the subgroups has been previously published (Alcolea, Carmona-
Iragui, et al., 2014). Briefly:

1. Healthy controls: were unaffected relatives of patients or volunteers who enrolled
after hearing about the study in the media. The subjects did not have cognitive
complaints, they scored 0 on the clinical dementia rating scale (CDR) and their
neuropsychological evaluation was normal for their age and education. The mean
age of this group is significantly younger than the ADNI controls: between 50 and
60 years old.

2. Prodromal AD: all patients met Petersen criteria (Petersen, 2004).

3. Demented AD: all patients met the criteria of the National Institute of Neurological
and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association (McKhann et al., 1984). They all fulfilled the NIA-AA clinical
criteria for probable AD dementia.

https://santpaumemoryunit.com/wp-content/uploads/2017/07/Publicacions-SPIN.pdf
https://santpaumemoryunit.com/wp-content/uploads/2017/07/Publicacions-SPIN.pdf
http://www.cita-alzheimer.org/
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Neuropsychological assessment

The complete neuropsychological assessment can be found in previously published works
(Sala et al., 2008). This includes the following tests. MMSE, IDDD, Geriatric Depression
Scale (GDS), logical memory (Wechsler Memory Scale-III), Free and cued selective re-
minding test (FCSRT, Grober, Buschke et al., 1988), word list (CERAD battery), verbal
fluency test, Rey-Osterrieth Complex Figure Test (ROCF), Trail Making Test (A and B),
Boston Naming Test (60 items).

APOE genotyping

APOE is genotyped according to previously described methods (Calero et al., 2009;
Guardia-Laguarta et al., 2010).

Cerebrospinal fluid analyses

CSF is collected and stored following international consensus recommendations as de-
scribed previously (Alcolea, Martínez-Lage, et al., 2014; Campo et al., 2012). CSF is
collected in polypropylene tubes, immediately centrifuged and stored at -80 oC. We use
commercially available enzyme-linked immunosorbent assay kits to determine the levels of
the AD core CSF biomarkers: Aβ1-42 (Innotest β-amyloid1-42; Fujirebio Europe), t-tau (In-
notest hTAU Ag; Fujirebio Europe) and p-tau (Innotest Phospho-Tau181P; Fujirebio Eu-
rope) as specified by the manufacturers’ recommendations. Positivity for each biomarker
is computed using already published cut-offs for this sample (Alcolea, Carmona-Iragui, et
al., 2014).

MRI acquisition

The details regarding the MRI acquisition can be found in detail in the Supplementary
material of the 3rd work. Briefly, for each center:

1. SPIN cohort: all the MRIs are acquired in a 3T Philips X Series Achieva. The T1
has a resolution of 0.94x0.94x1 mm, repetition time 8.1 ms, echo time 3.7 ms, 160
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slices. The DTI sequence has an isotropic resolution of 2x2x2 mm, repetition time
13677 ms, echo time 61 ms, 80 slices, 32 directions and b0=1000.

2. HUMV cohort: all the MRIs are acquired in a 3T Philips X Series Achieva. The T1
has a resolution of 0.94x0.94x1 mm, repetition time 8.2 ms, echo time 3.8 ms, 160
slices.

3. CITA cohort: all the MRIs are acquired in a 3T Siemens 3T Magneton TrioTim.
The T1 has an isotropic resolution of 1.25x1.25x1.25 mm, repetition time 2300 ms,
echo time 2.86 ms, 144 slices. The DTI sequence has a resolution of 1.72x1.72x2.08
mm, repetition time 9300 ms, echo time 92 ms, 57 slices, 64 directions and b0=1000.

3.3 Image analysis

The multimodal nature of this work, which includes different image modalities, required
the use of different softwares for the analyses. Moreover, in-house algorithms were devel-
oped for the 3rd work. The extended preprocessing pipeline for each work is appropriately
explained in its corresponding Methods sections. Here we briefly describe the main soft-
ware used in this works.

3.3.1 Structural imaging

The 1st and the 2nd paper include the analysis of structural imaging. The software chosen
for these analyses is Freesurfer (https://surfer.nmr.mgh.harvard.edu/), which performs a
cortical reconstruction of brain surfaces. The procedures has been previously described
elsewhere (Dale et al., 1999; Bruce Fischl et al., 1999). Briefly the procedure consists on
a bias field correction, skull-stripping, white matter segmentation, white and pial surfaces
creation and cortical and subcortical segmentation. The surfaces are registered to an
spherical atlas based on folding patterns (B Fischl et al., 1999). At a given point, the
distance between the white and the pial surfaces is the cortical thickness at this point
(Fischl and Dale, 2000). The summarized Freesurfer processing pipeline is shown in the
Figure 3.1.

The 2nd paper includes structural MRI longitudinal processing. The full procedure is
described in detail in previously published work (Reuter et al., 2010; Reuter and Fischl,



32 Chapter 3. Methods

Figure 3.1: Freesurfer processing pipeline overview. Adapted from http://www.
opensourceimaging.org

2011). Basically, this longitudinal processing stream takes advantage of the cross-sectional
processing information. It creates an intermediate template using all the available longi-
tudinal images from the same subject, which is used to initialize the longitudinal stream,
increasing repeatability and statistical power.

3.3.2 Diffusion imaging

The 3rd work of this thesis, apart from structural data, includes diffusion imaging. This
type of image modality has been usually analyzed in a volume-based fashion. However,
given that we focused on the GM instead of the usually assessed WM, and as an added
value of this thesis, we developed an in-house algorithm to analyze the cortical diffusivity
on the brain surface, in the same way as cortical thickness. The surface-based analysis has
many advantages. First, it increases the statistical power as it has less bias and variance.
This is due to the fact that it respects cortical geometry by smoothing the data only
along the cortical ribbon, and not contaminating the GM from WM or CSF (Greve et
al., 2014). And second, it allows a vertex-wise cortical thickness – diffusivity comparison
directly on the brain surface. This way, we combined already implemented softwares

http://www.opensourceimaging.org
http://www.opensourceimaging.org
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with in-house scripts. Briefly we performed the motion correction, the skull-stripping and
the tensor fitting with the FSL software (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/,
version 5.0.9 (Jenkinson et al., 2012)). Then the diffusion images were coregistered to the
T1, projected to the brain surface and smoothed. The process is described in full detail
in the 3rd work.

3.3.3 Florbetapir-PET processing

Finally, for the Florbetapir-PET unpublished work (4th work), we decided to use also a
surface-based approach using the Petsurfer toolbox from Freesurfer (Greve et al., 2014,
2016). Briefly, we coregistered the Florbetapir-PET to the already Freesurfer segmented
T1, divided the Florbetapir-PET values by the reference region (whole cerebellum) to
obtain the SUVR values and corrected for partial volume effects. Finally the surfaces
were smoothed and introduced to the statistical software.

3.4 Statistical analyses

All the demographic, neuropshychological and CSF statistical analyses were performed
with SPSS (SPSS Inc,Chicago, IL) and R statistical software (https://www.r-project.

org/). All the imaging statistical analyses were performed with Freesurfer tools.

3.5 Ethical aspects

All the subjects from the Hospital de Sant Pau, CITA-San Sebastián and HUMV included
in this work gave his written consent. All this study was approved by the local Ethics
Committee in each center following the ethical standards recommended by the Helsinki
Declaration. We respected all the contraindications for the MRI or LCR procedures,
respectively.

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://www.r-project.org/
https://www.r-project.org/
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Objectives
The objective of this study was to study the interactions between CSF Aβ and p-tau
interactions on cortical thickness in healthy elderly controls.

Results

1. The synergistic effect between CSF Aβ and p-tau affect brain structure. CSF p-tau
modifies the effect of CSF Aβ on cortical thickness and viceversa.

2. These interactions result in a two-phase phenomenon in preclinical AD:

(a) Cortical thickening in relation to decreasing CSF Aβ levels in the absence of
tau.

(b) Cortical thinning in relation to increasing CSF p-tau levels only in the presence
of CSF Aβ.
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Abstract

Objective: To assess the relationships between core cerebrospinal fluid (CSF) biomarkers
and cortical thickness (CTh) in preclinical Alzheimer disease (AD).

Methods: In this cross-sectional study, normal controls (n=145) from the Alzheimer’s
Disease Neuroimaging Initiative underwent structural 3T magnetic resonance imaging
(MRI) and lumbar puncture. CSF β-amyloid1–42 (Aβ) and phospho-tau181p (p-tau) lev-
els were measured by Luminex assays. Samples were dichotomized using published cut-
offs (Aβ+/Aβ- and p-tau+/ptau-). CTh was measured by Freesurfer. CTh difference
maps were derived from interaction and correlation analyses. Clusters from the interac-
tion analysis were isolated to analyze the directionality of the interaction by analysis of
covariance.

Results: We found a significant biomarker interaction between CSF Aβ and CSF p-tau
levels affecting brain structure. Cortical atrophy only occurs in subjects with both Aβ+
and p-tau+. The stratified correlation analyses showed that the relationship between p-tau
and CTh is modified by Aβ status and the relationship between Aβ and CTh is modified
by p-tau status. p-Tau–dependent thinning was found in different cortical regions in Aβ+
subjects but not in Aβ- subjects. Cortical thickening was related to decreasing CSF Aβ
values in the absence of abnormal p-tau, but no correlations were found in p-tau+ subjects.

Interpretation: Our data suggest that interactions between biomarkers in AD result
in a 2-phase phenomenon of pathological cortical thickening associated with low CSF
Aβ, followed by atrophy once CSF p-tau becomes abnormal. These interactions should
be considered in clinical trials in preclinical AD, both when selecting patients and when
using MRI as a surrogate marker of efficacy.
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Introduction

The pathophysiological processes of Alzheimer disease (AD) begin many years before the
diagnosis of AD dementia. β-Amyloid1–42 (Aβ) deposition is thought to be an early event,
and the biomarkers related to brain amyloidosis are the first to become abnormal.1,2 The
long preclinical phase in AD is divided into 3 stages based on operational research criteria1:
asymptomatic cerebral amyloidosis (stage 1), stage 1 plus evidence of early neurodegener-
ation (stage 2), and stage 2 plus subtle cognitive decline (stage 3). Nonetheless, a subset of
cognitively normal individuals show evidence of early neurodegeneration in the absence of
Aβ deposition (suspected non-Alzheimer pathophysiology [SNAP]).3 The possibility of Aβ-
independent neurodegenerative processes in AD does not fit current biomarker models.4

The relationship between the amyloidosis and brain structure is controversial. Several
cross-sectional studies have reported cortical thinning5–9 or hippocampal atrophy,10 whereas
other studies found no relationship11 or even increased gray matter in relation to Aβ
deposition.12,13 There are several possible explanations for these discrepancies. First, the
age range sampled varies across studies, and not all brain changes in aging reflect incipient
AD.14 Second, the relationship between cerebrospinal fluid (CSF) Aβ and cortical thick-
ness (CTh) in preclinical stages may not be linear.15 Third, possible interactions between
CSF biomarkers in preclinical AD might confound this relationship. For example, longi-
tudinal volume loss or cognitive decline in preclinical AD only occurred in those subjects
who, in addition to brain amyloidosis, had abnormal CSF levels of phospho-tau181p (p-
tau).16,17 These data suggest that abnormally elevated p-tau is a critical link between Aβ
deposition and accelerated volume loss in AD-vulnerable regions.16

It is essential to determine the interactions between core CSF biomarkers and CTh to
establish the sequence of events in preclinical AD. These interactions could impact on the
design and interpretation of prevention trials in preclinical AD. The objective of this study
was to disentangle the interactions between CSF Aβ and p-tau levels affecting CTh, based
on the following hypotheses: (1) atrophy occurs in the presence of both Aβ and p-tau in
preclinical AD, and (2) CSF Aβ in the absence of elevated CSF p-tau might be associated
with increased CTh.
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Subjects and Methods

Study Participants and Clinical Classification

Data used in the preparation of this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). ADNI was launched in
2003 by the National Institute on Aging, the National Institute of Biomedical Imaging
and Bioengineering (NIBIB), the Food and Drug Administration, private pharmaceutical
companies, and nonprofit organizations, as a $60-million, 5-year public–private partner-
ship. The primary goal of ADNI has been to test whether serial magnetic resonance
imaging (MRI), positron emission tomography, other biological markers, and clinical and
neuropsychological assessment can be combined to measure the progression of mild cog-
nitive impairment (MCI) and early AD. Determination of sensitive and specific markers
of very early AD progression is intended to aid researchers and clinicians to develop new
treatments and monitor their effectiveness, as well as lessen the time and cost of clinical
trials. The principal investigator of this initiative is Michael W. Weiner, MD, VA Medical
Center and University of California, San Francisco. ADNI is the result of efforts of many
coinvestigators from a broad range of academic institutions and private corporations, and
subjects have been recruited from >50 sites across the United States and Canada. The
initial goal of ADNI was to recruit 800 subjects, but ADNI has been followed by ADNI-
GO and ADNI-2. To date, these 3 protocols have recruited >1,500 adults, aged 55 to
90 years, to participate in the research, consisting of cognitively normal older individuals,
people with early or late MCI, and people with early AD. The follow-up duration of each
group is specified in the protocols for ADNI-1, ADNI-2, and ADNI-GO. Subjects origi-
nally recruited for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. For
up-to-date information, see www.adni-info.org. We restricted the study to those normal
controls with 3T MRI and available CSF results (177 subjects were selected for analysis).

CSF Analyses

ADNI PROCEDURE. Methods for CSF acquisition and biomarker measurement using
the ADNI cohort have been reported previously.18 Aβ and p-tau were measured using the
multiplex xMAP Luminex platform (Luminex Corporation, Austin, TX) with INNO-BIA
AlzBio3 (Innogenetics, Ghent,Belgium) immunoassay kit–based reagents. Using proposed
CSF cutoffs,18 we divided the sample into Aβ-positive (≤ 192pg/ml), Aβ-negative (>
192pg/ml), p-tau–positive (≥ 23pg/ml), and p-tau–negative (<23pg/ml) subjects.

adni.loni.usc.edu
www.adni-info.org
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MRI Acquisition

ADNI PROCEDURE. The details of acquisition are available elsewhere (http://www.

adni-info.org).

CTH PROCEDURE. Cortical reconstruction of the structural images was performed with
the FreeSurfer software package (v5.1; http://surfer.nmr.mgh.harvard.edu). The pro-
cedures have been fully described elsewhere.19 Estimated surfaces were inspected to detect
errors in the automatic segmentation procedure. Of the 177 N3-processed MRIs analyzed,
32 were excluded because of segmentation errors, and 145 were included in the analyses.

Statistical Methods

Group analyses were made using SPSS (SPSS Inc, Chicago, IL). Comparisons between
groups were performed using 2-tailed Student t test for continuous variables and with
a chi-square test for categorical variables. CTh analyses were performed using linear
modeling of the thickness maps as implemented in FreeSurfer with age and gender as
covariates. A Gaussian kernel of 15mm full-width at half maximum was applied. To avoid
false positives, we tested Monte Carlo simulation with 10,000 repeats in Qdec (family-wise
error [FWE], p<0.05). Only regions that survived FWE are presented in the figures. The
main objective of our work was to demonstrate a statistical interaction between CSF p-
tau and CSF Aβ status affecting CTh. To answer this question, 2 approaches were used:
interaction and stratified correlation analysis. We first performed a vertexwise interaction
analysis across the whole cortical mantle, showing voxels with an amyloid (positive or
negative) by p-tau (positive or negative) interaction. We focused on regions that survived
the interaction and then analyzed the directionality of the interaction and the main and
interactive effects of each variable in an analysis of covariance (ANCOVA), covarying for
the effects of age and sex. Specifically, we used the following model:

CTh = β0 + β1 · p− tau+ β2 ·Aβ + β3 · (p− tau ·Aβ) + covariates+ ε (4.1)

To ensure that our results were not due to a categorical treatment of variables, we also
conducted an interaction analysis to assess whether the relationships between CTh and one
CSF biomarker (treated as a continuous variable) were affected by the status of the other
dichotomized CSF biomarker. We then analyzed the directionality of this interaction in
scatterplots at the maximum significant vertex. Finally, we performed stratified correlation
analyses to further study the relationships between CTh and CSF biomarkers.

http://www.adni-info.org
http://www.adni-info.org
http://surfer.nmr.mgh.harvard.edu
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Characteristic ADNI
n 145
Age, mean (SD) 73.4 (6.2)
Sex, females, % 51.0%
Aβ1-42 (pg/ml), mean (SD) 227.6 (65.1)
Aβ1-42 positive, % 26.9%
p-tau181p (pg/ml), mean (SD) 25.2 (13.2)
p-tau181p positive, % 43.4%
MMSE, mean (SD) 29.1 (1.1)

Table 4.1: Demographic and cerebrospinal fluid data. ADNI= Alzheimer’s Dis-
ease Neuroimaging Initiative. SD= Standard deviation. MMSE= Mini-Mental

State Examination. Aβ1-42 = β-amyloid1-42. p-tau181p= phospho-tau181.

Results

The Table 4.1 summarizes the demographic, clinical, and CSF data. Applying the pub-
lished cutoffs,18 the proportion of CSF Aβ-positive subjects (26.9%) was lower than the
proportion of p-tau–positive subjects (43.4%). The group of Aβ-positive subjects had a
higher proportion of p-tau–positive subjects (79.5%) than the group of Aβ-negative sub-
jects (30.2%; p<0.001).

Interaction Analyses: Synergistic Interaction between CSF Biomarkers Affect-
ing Brain Structure

Figure 4.1 presents the vertexwise interaction analysis across the whole cortical mantle,
showing voxels with an amyloid by p-tau interaction. Extensive clusters emerged, one
mainly in the lateral occipital, middle temporal, and inferior parietal regions and cortical
areas around superior temporal sulcus (bankssts) and another in fusiform and occipital
regions in the right hemisphere. We then isolated the clusters, averaged the CTh, and
plotted it in box and whisker plots for each cluster (see Fig 4.1 B, C). As hypothesized,
amyloid abnormalities in the absence of tau abnormalities were associated with increased
CTh in both clusters. In the presence of p-tau, however, the directionality changed to-
ward cortical thinning in subjects who were both Aβ+ and p-tau+. We also examined the
main and interactive effects of CSF p-tau and CSF Aβ on CTh with ANCOVA analyses
in the FWE corrected clusters, controlling for age and sex. Both the main and interac-
tive effects were significant in the model in both clusters (interaction term between CSF
p-tau and CSF Aβ status: β-coefficient=-0.246, standard error [SE]=0.053, p<0.001 for
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Figure 4.1: Interaction analyses in ADNI: Family-wise corrected (p<0.05) clus-
ters with an amyloid (Aβ+ or Aβ-) by p-tau (p-tau+ or p-tau-) interaction. (A)
Areas in which there is an interaction between the dichotomized (Aβ and p-tau)
biomarkers co-varied for age and gender displayed across the lateral and medial
hemispheres of the cerebral cortex. (B and C) Box and whisker plots for all nor-
mal controls illustrating the individual CTh values in the temporoparietal (B)
and fusiform-occipital (C) clusters, based on CSF Aβ1–42 (Aβ) and CSF p-tau181p
(PT) status for all participants. For each plot, the central black lines show the
median value, regions above and below the black line show the upper and lower
quartiles, respectively and the whiskers extend to the minimum and maximum
values. As illustrated, the Aβ+/ptau- individuals demonstrated increased CTh

values and the Aβ+/ptau+ showed decreased CTh values.

the fusiform–occipital cluster, and β-coefficient=-0.306, SE=0.064, p<0.001 for the tem-
poroparietal cluster; main effect of CSF p-tau: β-coefficient=0.186, SE=0.047, p<0.001 for
the fusiform–occipital cluster, and β-coefficient=0.206, SE=0.056, p<0.001 for the tem-
poroparietal cluster; main effect of CSF Aβ: β-coefficient=0.068, SE=0.031, p<0.028 for
the fusiform–occipital cluster, and β-coefficient=0.150, SE=0.037, p<0.001 for the tem-
poroparietal cluster).

To ensure that our results were not due to a categorical treatment of variables, we also
conducted an interaction analysis to assess whether the relationship between CTh and 1
CSF biomarker (treated as a continuous variable) was affected by the status of the other
dichotomized CSF biomarker. We found an interaction between CSF Aβ and p-tau levels
affecting brain structure. As hypothesized, cortical thinning occurred in subjects who
were both Aβ+ and p-tau+. Figure 4.2-A1 shows the Aβ–CTh correlation by p-tau status
analysis (areas in which the relationship between Aβ levels and CTh was modified by p-
tau status). Extensive clusters emerged mainly in middle and inferior temporal, bankssts,
inferior parietal, and precuneus regions in the left hemisphere and superior and inferior
parietal and supramarginal regions in the right hemisphere. Figure 4.2-A2 shows the CTh
values for each Aβ value (p-tau positive and p-tau negative were analyzed separately) at
the maximum significant vertex in the laterotemporal cluster. Similar results were found
in all FWE corrected clusters (results not shown).
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Figure 4.2-B1 shows the p-tau–CTh correlation by Aβ status analysis. Extensive clusters
emerged in fusiform and lingual areas in the left hemisphere and in fusiform, inferior
temporal, and lateral occipital areas in the right hemisphere. Figure 4.2-B2 shows the
CTh values for each p-tau value (Aβ positive and Aβ negative were analyzed separately)
at the maximum significant vertex in the fusiform and inferior temporal areas. Similar
results were found in all FWE corrected clusters (results not shown). We performed
stratified correlation analyses to further assess whether the relationship between p-tau
and CTh is modified by Aβ status and whether the relationship between Aβ and CTh is
modified by p-tau status.
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Figure 4.2: Interaction analyses in ADNI: Family-wise corrected (p<0.05) clus-
ters in which the correlation between CTh and one biomarker is modified by the
status of the other dichotomized biomarker. (A1) Areas in which the Aβ1-42 - CTh
correlation is modified by p-tau181p status. (A2) Scatter plot showing CTh and
Aβ1-42 values at the maximum significant vertex in the laterotemporal cluster.
P-tau181p positive are shown in red and p-tau181p negative subjects are shown in
blue. (B1) Areas in which the p-tau181p - CTh correlation is modified by Aβ1-42
status. CTh values for p-tau181p positive and p-tau181p negative subjects at the
maximum significant vertex in the laterotemporal cluster. (B2) Scatter plot show-
ing CTh and p-tau181p values at the maximum significant vertex in the fusiform
cluster. Aβ1-42 positive are shown in red and Aβ1-42 negative subjects are shown
in blue. Red-yellow indicates a positive correlation, and blue indicates a negative

correlation.
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Relationship between CSF p-Tau and CTh Is Modified by Aβ

Figure 4.3 shows the p-tau–CTh correlation analyses in Aβ-positive and Aβ-negative sub-
jects. In Aβ-positive subjects, extensive clusters (FWE corrected) of decreasing CTh in
relation to increasing CSF p-tau values emerged in fusiform, lingual, lateral occipital, and
superior parietal areas in the left hemisphere and rostral middle frontal, caudal middle
frontal, precentral, inferior temporal, fusiform, and occipital regions in the right hemi-
sphere. In Aβ-negative subjects, no significant clusters (FWE corrected) of correlations
were found between p-tau and CTh.

Figure 4.3: CSF phospho-tau (p-tau181p) –Cortical thickness (CTh) correla-
tion in β-amyloid positive subjects. Only regions that survived family-wise error
(FWE) correction for multiple comparisons (p<0.05) are shown. Red-yellow in-
dicates a positive correlation, and blue indicates a negative correlation. In Aβ1-42
negative subjects, no significant clusters (FWE corrected) of correlations were

found between p-tau181p and CTh.

Correlation Analyses: Relationships between CSF Aβ and CTh Are Modified
by p-Tau

Figure 4.4 shows the Aβ–CTh correlation analyses in ptau–negative and p-tau–positive
subjects, respectively. In p-tau–negative subjects, extensive clusters (FWE corrected) of
increasing CTh in relation to decreasing CSF Aβ values emerged in middle temporal,
inferior parietal, bankssts, and lateral occipital areas in the left hemisphere and inferior
parietal, superior parietal, and precuneus areas in the right hemisphere. In p-tau–positive
subjects, no significant clusters (FWE corrected) of correlations were seen between Aβ and
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CTh. The correlation analyses in the whole cohort, if not stratified, found no significant
clusters (FWE corrected) of association between CTh and Aβ or p-tau (results not shown).

Figure 4.4: CSF β-amyloid1-42 (Aβ1-42) - CTh correlation in phospho-tau (p-
tau181p) negative subjects. Only regions that survived family-wise error correction
(FWE) for multiple comparisons (p<0.05) are shown. Red-yellow indicates a pos-
itive correlation, and blue indicates a negative correlation. In p-tau181p positive
subjects, no significant clusters (FWE corrected) of correlations were found be-

tween Aβ1-42 and CTh.

Discussion

This study shows that interactions between markers in preclinical AD result in a two-
phase phenomenon of pathological cortical thickening in relation to decreasing CSF Aβ,
followed by atrophy when CSF p-tau becomes abnormally elevated. We show that CSF
p-tau modifies the effects of Aβ on CTh in different cortical regions and vice versa. CTh
increased with amyloid deposition (measured by CSF Aβ) in the absence of abnormal
p-tau levels. Conversely, amyloid deposition increased the deleterious effect of p-tau on
brain structure.

The relationship between Aβ and brain structure in preclinical AD remains highly con-
troversial, with variable results across studies.5–13 Our present findings could help explain
these discrepancies by incorporating the effects of the interaction between biomarkers into
the model. Our interaction and stratified analyses clearly suggest that biomarkers interact
in preclinical AD. CSF p-tau modified the effects of Aβ on CTh and vice versa. CTh in-
creases were found in relation to decreasing CSF Aβ values in the absence of elevated p-tau,
whereas no relationship was observed between Aβ and CTh in p-tau–positive individuals.
Conversely, amyloid deposition, assessed by CSF Aβ levels, dramatically increased the
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deleterious effect of p-tau on brain structure. We found cortical thinning in relation to in-
creasing CSF p-tau levels in CSF Aβ-positive subjects, but no relationships in Aβ-negative
individuals. Our findings confirm and extend the interaction between CSF Aβ and p-tau
affecting brain structure recently described by Desikan et al.16,17 Conversely, the finding
of cortical thickening in PSEN1 asymptomatic mutation carriers,20 sporadic preclinical
AD,12,13,15 and APOE ε4 carriers21,22 suggests an inverted U-shape relationship between
CSF Aβ levels and CTh.15 Our present results help to integrate these 2 observations.
Brain atrophy has been described in subjects with very low CSF Aβ values.9,15 Subjects
with very low CSF Aβ values, in turn, are more likely to show abnormally elevated CSF
p-tau levels in ADNI (see Fig 4.2-B2). We hypothesize that the inverted U-shape rela-
tionship between CSF Aβ levels is due to a 2-phase phenomenon of pathological cortical
thickening in relation to Aβ that is followed by atrophy once the synergistic effect with
ptau predominates.16

Our results are biologically plausible. In human neuropathological studies, a phase of
nuclear/cellular hypertrophy before clinical onset has been described, followed by cellu-
lar atrophy.15,23 MRI studies in double amyloid precursor protein (APP)/PS1 transgenic
mouse models have shown an increase in cerebral and intracranial size.24,25 The reciprocal
influence between Aβ and tau also has strong biological support.26 Tau inclusions appear
before Aβ deposition in most people as they age,27 but AD dementia arises only when Aβ
deposition coexists.28 Furthermore, the Aβ accumulation can enhance tau pathology in
transgenic mouse models.29,30 In this respect, a very recent and elegant work in humans
and mouse models shows that APP expression acts to potentiate and accelerate tau tox-
icity in driving lateral entorhinal cortex dysfunction.31 Conversely, tau is necessary for
Aβ-induced neurotoxicity,32 and reducing endogenous tau ameliorates Aβ-induced deficits
in an AD mouse model.33

This work has potential clinical implications. First, our results support the notion that
tau and Aβ pathological changes could be independent processes but have clear pathogenic
synergies. In previous studies, limited to examination of the entorhinal cortex, CSF Aβ
was only found to be associated with atrophy in the entorhinal cortex in the context of
abnormal CSF p-tau.16,34 Here, we extend this analysis to all brain vertex and find a similar
pattern in several cortical association areas. Second, the amyloid cascade hypothesis has
been challenged by recent findings, which show that neuronal injury biomarkers might be
independent of Aβ.3 Our results show that tau-related atrophy in different cortical regions
in AD, at least that reflected by abnormally high CSF p-tau, is substantially enhanced in
the presence of Aβ. This finding is in agreement with Vos and colleagues’ work, in which
the progression rate of participants in the SNAP group (CSF tau was used as a marker
of neuronal injury) did not differ from that of individuals classed as normal as opposed
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to stages 2 and 3, in which higher progression rates were found.35 Third, our work may
help clarify some unexpected findings in antiamyloid immunotherapy trials. In the active
(AN1792 trial)36 and passive (solanezumab37 and bapineuzumab38) immunization trials,
the active arm showed shrinkage or no changes on MRI (http://www.alzforum.org/new/

detail.asp?id53312). As discussed in these studies, it is unlikely that brain shrinkage
is due to neuronal death, because CSF tau was reduced after treatment. Our finding of
cortical thickening with amyloid deposition in the absence of abnormal p-tau supports the
possibility that brain shrinkage after immunotherapy is caused directly or indirectly (ie,
by reducing Aβ-associated inflammation) by the reduction of amyloid deposition. Finally,
our results highlight the limitations of amyloid imaging alone when selecting subjects in
clinical trials in preclinical AD.

The strengths of this study are the inclusion of a relatively high number of subjects and
the finding that the results survived multiple comparisons correction. The study has sev-
eral limitations. The first of these is the lack of complete overlap between thickened and
thinned regions in the stratified correlation analyses (see Figs 4.3 and 4.4). Nonetheless,
the analysis of the directionality of the interaction and the ANCOVA analyses (see Fig
4.1), and the analyses treating CSF biomarkers as continuous variables support the ex-
istence, at least in some regions, of a 2-phase phenomenon in preclinical AD. Moreover,
different factors can explain the absence of complete overlap between thickening and thin-
ning. Amyloid and tau pathologies show different deposition patterns in AD,27,28,39 with
areas in which one pathology predominates over the other. In addition, several local and
general protective and compensatory mechanisms might modulate the effects of the AD
pathophysiological process on brain structure in different regions.40 Longitudinal studies
will help to confirm this sequence of events. Finally, another limitation is the indirect
assessment of brain amyloidosis and neurofibrillary pathology through CSF biomarkers.
We cannot therefore directly correlate CTh with local amyloid deposition or neurofibril-
lary pathology in the brain. Thus, the results should be interpreted in relation to CSF
biomarkers and not to pathophysiological processes. It is expected that novel tau imaging
techniques in combination with amyloid imaging will help to determine the individual
regional changes that occur during the preclinical phase of the disease.

In conclusion, the interactions between biomarkers in preclinical AD determine a 2-phase
phenomenon that consists of pathological cortical thickening in relation to decreasing CSF
Aβ followed by atrophy once the synergistic effect with p-tau predominates. The use of
biomarkers in future clinical trials for AD should therefore be reconsidered, first because
amyloid imaging alone cannot dissect these processes and second, because the use of MRI
as a surrogate marker of efficacy should incorporate this 2-phase phenomenon.

http://www.alzforum.org/new/detail.asp?id53312
http://www.alzforum.org/new/detail.asp?id53312
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Objectives
The objective of this study was to study longitudinally the two-phase phenomenon in
preclinical AD.

Results

1. Cortical dynamics in preclinical AD follow a biphasic trajectory across the various
stages.

2. These interactions result in a two-phase phenomenon in preclinical AD:

(a) Stage 0 was associated with progressive 2-year atrophy

(b) Stage 1 subjects showed reduction of cortical thinning with respect to Stage 0

(c) Stage 2/3 subjects presented accelerated atrophy in AD-vulnerable areas

3. Decreasing CSF Aβ levels correlate with decreased rates of cortical thinning in the
absence of tau.

4. Increasing levels of tau correlate with accelerated cortical thinning in the presence
of Aβ only.
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Abstract

Introduction: Brain structural changes in preclinical Alzheimer’s disease (AD) are poorly
understood.

Methods: We compared the changes in cortical thickness in the ADNI cohort during
a 2-year followup between the NIA-AA preclinical AD stages defined by cerebrospinal
fluid (CSF) biomarker levels. We also analyzed the correlation between baseline CSF
biomarkers and cortical atrophy rates.

Results: At follow-up, stage 1 subjects showed reduced atrophy rates in medial frontal
areas and precuneus compared to stage 0 subjects, whereas stage 2/3 subjects presented
accelerated atrophy in medial temporal structures. Low CSF Aβ1–42 levels were associated
with reduced atrophy rates in subjects with normal tau levels and high CSF tau levels
with accelerated atrophy only in subjects with low Aβ1–42 levels.

Discussion: Our longitudinal data confirm a biphasic trajectory of changes in brain
structure in preclinical AD. These have implications in AD trials, both in patient selection
and the use of MRI as a surrogate marker of efficacy.
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Introduction

The asymptomatic phase of Alzheimer’s disease (AD) begins decades before the appear-
ance of the first clinical symptoms. The NIA-AA research criteria divided this preclinical
phase into three stages [1]: subjects with no evidence of AD biomarker alteration or cog-
nitive decline (stage 0), asymptomatic amyloidosis (stage 1), amyloidosis with evidence
of neurodegeneration (stage 2), and amyloidosis, neurodegeneration, and subtle cognitive
decline (stage 3).

The data regarding structural brain changes in preclinical AD remain unclear. Several
cross-sectional studies have reported cortical thinning [2–7] or hippocampal atrophy [8]
in relation to brain amyloidosis, whereas others have found no relationship [9] or even
increased cortical thickness [10–12]. Several factors might account for these discrepancies.
First, there are important methodological differences across studies such as the age range
sampled, preclinical AD definition (i.e., the use of imaging versus biochemical biomarkers)
or technical differences in the analysis of the structural changes (i.e., volume vs. surface-
based methods). Second, the relationship between cerebrospinal fluid (CSF) biomarkers
and brain structure in preclinical AD might not be linear, possibly reflecting interactions
between different processes on brain structure. In this respect, two recent studies reported
that brain volume loss in preclinical AD only occurred in subjects with both amyloid and
tau biomarker alterations [13,14]. Based on cross-sectional data, we recently proposed
that interactions between CSF biomarkers in preclinical AD would follow a 2-phase phe-
nomenon [11]. The first phase would consist of pathologic cortical thickening in relation
to decreasing CSF amyloid β 1–42 (Aβ1–42) levels, followed by a second phase of cortical
thinning once tau biomarkers in CSF become abnormal.

Longitudinal approaches are needed to further validate this model. However, the number
of such studies is limited, and the conclusions are unclear. Likewise to the cross-sectional
studies, some groups reported no relationship between CSF Aβ1–42 and brain structural
longitudinal changes [13,15], whereas others showed progressive atrophy in relation with
decreased CSF Aβ1–42 levels [2,16–19]. These discrepancies underline the importance of
taking into account the interaction between tau and amyloid pathologies when interrogat-
ing the longitudinal brain changes in preclinical AD [13,16]. Furthermore, the study of the
cortical dynamics in preclinical AD must also take into account that not all brain changes
in aging reflect incipient AD [20]. Brain structure is highly dynamic and evolves with
age [21], and it may be difficult to dissect the age-related effects from the disease-specific
effects on brain structure [6,20,22–24]. Aging and AD might have overlapping effects on
specific regions of the cerebral cortex [20,22]. Therefore, the AD-specific changes should
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be considered superimposed to the age-related progressive brain atrophy.

In this work, we aimed to confirm the aforementioned two-phase phenomenon in preclinical
AD, comparing longitudinal brain structural changes at a 2-year follow-up based on the
following hypotheses: stage 1 subjects would show less cortical thinning than stage 0
subjects, whereas stage 2/3 subjects would show accelerated cortical thinning compared
to stage 0 subjects.

Methods

Study participants

Data used in the preparation of this article were obtained from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was
launched in 2003 by the National Institute on Aging (NIA), the National Institute of
Biomedical Imaging and Bioengineering, the Food and Drug Administration (FDA), pri-
vate pharmaceutical companies, and non-profit organizations, as a $60 million, 5-year
public-private partnership. The primary goal of ADNI has been to test whether serial
magnetic resonance imaging (MRI), positron emission tomography (PET), other biologi-
cal markers, and clinical and neuropsychological assessment can be combined to measure
the progression of mild cognitive impairment and early AD. The Principal Investigator of
this initiative is Michael W.Weiner, MD, VA Medical Center and University of Califor-
nia–San Francisco. ADNI is the result of efforts of many co-investigators from a broad
range of academic institutions and private corporations, and subjects have been recruited
from over 50 sites across the United States and Canada. More information can be found
in the Acknowledgments section (see also http://adni-info.org/).

We selected all healthy controls with available CSF results and a 3T MRI study both
at baseline and at 2-year follow-up. We also included the 1-year follow-up MRI in the
processing stream, when available. We also searched the available CSF data at the 2-year
follow-up.

CSF analysis

CSF acquisition and biomarker concentration measurements using ADNI data have been
previously described [25]. Aβ1–42 and total tau (t-tau) levels were measured using the

adni.loni.usc.edu
http://adni-info.org/
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multiplex xMAP Luminex platform (Luminex) with Innogenetics (INNO-BIA AlzBio3)
immunoassay kit–based reagents. Using published cutoffs (192 pg/mL for Aβ1–42 and 93
pg/mL for tau) [25], we classified all subjects into stage 0 (Aβ-/tau-), stage 1 (Aβ+/tau-)
and stage 2/3 (Aβ+/tau+). T-tau was used instead of p-tau because in ADNI, t-tau has a
higher specificity than p-tau (92.3% vs. 73.1%) [25]. Only eight subjects did not meet the
NIA-AA preclinical staging criteria (Aβ-/tau+) and were excluded from further analyses.

The duration of the AD preclinical stages has not been established and might be significant
for the aforementioned analyses, especially if it is a period close to or shorter than 2 years.
Therefore, for the group comparisons, we conducted two complementary set of analyses.
We first performed group analyses in those subjects that at the 2-year follow-up remained
in the same CSF category (Aβ and t-tau status); termed stage 0 plus, stage 1 plus, or
stage 2/3 plus, respectively. We then repeated these analyses using the whole sample
of HC with subjects classified into the different preclinical stages based on baseline CSF
levels.

MRI analysis

The details of MRI acquisition and preprocessing are available elsewhere (http://adni-

info.org/). All structural MRIs (baseline, 1-year follow-up and 2-year follow-up) were
first processed using the cross-sectional cortical reconstruction stream in Freesurfer (v5.1;
http://surfer.nmr.mgh.harvard.edu).The procedures have been described previously
[26]. All estimated surfaces were visually inspected to detect segmentation errors. Each
MRI time-point was then processed with the Freesurfer longitudinal stream [27]. Specifi-
cally, an unbiased within-subject template space and image is created using robust, inverse
consistent registration [28]. Several preprocessing steps are then initialized with common
information from this within-subject template, significantly increasing reliability and sta-
tistical power [27]. At this point, all images were again re-inspected in a slice-by-slice
basis to detect segmentation errors, and four of 110 subjects (3.6%) were excluded from
the analyses. Symmetrized percent change (spc) between the baseline and the 2-year time-
point MRIs was automatically extracted using the longitudinal stream in Freesurfer [27].
The spc is the rate of atrophy with respect to the average thickness between timepoints
and is the longitudinal measure recommended by Freesurfer developers, given that it is a
more robust measure and increases statistical power. Specifically, the spc is defined as

spc = rate of atrophy
average = (thick2 − thick1)/(time2 − time1)

0.5 · (thick1 + thick2) (4.2)

http://adni-info.org/
http://adni-info.org/
http://surfer.nmr.mgh.harvard.edu
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Finally, individual spc maps were smoothed using a 15-mm full-width at half maximum
kernel and introduced in a two-stage model as implemented in Freesurfer.

Statistical methods

The statistical analyses were made using SPSS (SPSS Inc, Chicago, IL). Owing to the fact
that tau was not normally distributed, it was transformed using a logarithmic scale. Com-
parisons across stages were made using an ANOVA with Tukey post hoc test correction
(P< .05) for continuous variables and chi-square for categorical variables.

First, as an exploratory analysis to visualize the 2-year atrophy differences across groups
with respect to stage 0, we calculated the median 2-year spc by stages, and we computed
the vertex-wise difference in this median 2-year spc between stage 0 and all other stages.

We performed two sets of group comparisons, first between the stage plus categories and
then second the more inclusive analyses using the whole sample. Significant clusters
were then isolated, averaged, and plotted in box and whisker plots. These cluster mean
values were analyzed with an ANCOVA to assess differences across stages. To explore
the relationship between the brain structural changes, and CSF Aβ1–42 and CSF tau
separately, we performed stratified continuous correlations as previously described [11] in
the whole sample. Therefore, we analyzed the correlation between Aβ1–42 and the spc in
the tau negative group of subjects and the correlation between t-tau and spc in the Aβ
positive subjects. The significant clusters were also isolated, averaged, and plotted in a
scatterplot.

All group and correlation analyses included age, sex, and years of education as covariates.
We tested Monte-Carlo simulation with 10,000 repeats as implemented in Qdec (family-
wise error [FWE] correction at P< .05). The figures show only those results that survived
FWE correction.

Results

Demographics and CSF data

Tables 4.1 and 4.2 show the demographic and CSF data of the subjects included in the
stage plus category and in the whole sample, respectively. There were no differences in
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Characteristic Stage 0 Stage 1 plus* Stage 2/3 plus* p-value TOTAL

N 24 8 7 - 39
Age, mean yr (SD) 67.0 (5.4) a 68.0 (6.6) b 80.3 (5.6) a,b <0.05 76.3 (6.5)
Female sex, % 33.30% 37.5% 42.9% NS** 35.9%
Aβ1-42, mean pg/ml (SD) 242.2(27.4) c,d 141.3 (35.6) c 136.5 (19.3) d <0.05 202.5 (51.1)
t-tau, mean pg/ml (SD) 58.4 (17.0) e 52.7 (17.9) f 140.9 (30.3) e,f <0.05 72.1 (32.5)
2 Years Aβ1-42, mean pg/ml (SD) 233.1 (29.6) g 133.4 (42.2) h 128.7 (19.6) g,h <0.05 193.9 (51.8)
2 Years t-tau, mean pg/ml (SD) 57.5 (17.1) i 55.2 (22.4) j 137.9 (30.7) i,j <0.05 71.5 (34.2)
Years of education, mean (SD) 17.1 (2.6) 16.8 (2.7) 16.9 (2.0) NS 17.0 (2.4)
MMSE, mean (SD) 29.4 (1.10) 29.0 (1.14) 29.3 (0.73) NS 29.3 (1.0)
CDRsb 0.02 (0.13) 0.12 (0.21) 0.14 (0.22) NS 0.06 (0.17)
ADAS11 5.8 (4.5) 6.6 (4.0) 6.4 (1.9) NS 6.1 (2.9)
ADAS13 8.6 (5.7) 10.1 (6.1) 10.3 (4.0) NS 9.2 (4.5)
TMT-B 70.3 (42.1) 74.4 (29.0) 89.1 (43.7) NS 74.5 (40.4)

Table 4.1: Demographic and cerebrospinal fluid data from those subjects that
remained in the same CSF category. Unless otherwise specified, p-values were

calculated using ANOVA.
a stage 1 significantly different compared to Stage 0 (post-hoc Tukey, p<0.05)

b stage 1 significantly different compared to Stage 2/3 (post-hoc Tukey, p<0.05)
c stage 1 significantly different compared to Stage 0 (post-hoc Tukey, p<0.05)

d stage 2/3 significantly different compared to Stage 0 (post-hoc Tukey, p<0.05)
e stage 2/3 significantly different compared to Stage 0 (post-hoc Tukey, p<0.05)
f stage 1 significantly different compared to Stage 2/3 (post-hoc Tukey, p<0.05)
g stage 0 significantly different compared to Stage 2/3 (post-hoc Tukey, p<0.05)
h stage 1 significantly different compared to Stage 2/3 (post-hoc Tukey, p<0.05)
i stage 0 significantly different compared to Stage 2/3 (post-hoc Tukey, p<0.05)
j stage 1 significantly different compared to Stage 2/3 (post-hoc Tukey, p<0.05)
Aβ1-42= cerebrospinal fluid β-amyloid 1-42; t-tau= cerebrospinal fluid total
tau; MMSE= Mini-Mental State Examination; NS=Non-significant. Using
published cutoffs (192 pg/ml for Aβ1-42 and 93 pg/ml for t-tau) all subjects
were classified into stage 0 (AAβ-/tau-), stage 1 (Aβ+/tau-) and stage 2/3
(Aβ+/tau+). ADAS11= 11-item Alzheimer’s Disease Assessment Scale-cognitive
subscale (ADAS-cog 11); ADAS13= 13-item Alzheimer’s Disease Assessment

Scale-cognitive subscale (ADAS-cog 13).
* plus refers to those subjects that are in the same CSF category at baseline and

in the follow-up.
**Chi-square test

demographics or CSF values between the stage plus subsample and the whole cohort. Both
stage 2/3 plus subjects and stage 2/3 were older than stage 0 plus and stage 0 subjects,
respectively. There were no differences in gender, years of education, MMSE scores, the
CDR sum of boxes, the Alzheimer’s Disease Assessment Scale cognitive subscale (ADAS-
Cog), the ADAS word list recall, and the Trail Making Test B (TMT-B) across groups.
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Characteristic Stage 0 Stage 1 Stage 2/3 p-value TOTAL

N 59 28 11 - 98
Age, mean yr (SD) 74.0 (6.0) a 74.7 (7.3) 79.4 (5.1) a <0.05 74.8 (6.5)
Female sex, % 42.4% 50.0% 54.6% NS* 45.9%
Aβ1-42, mean pg/ml (SD) 235.5 (26.7) b,c 152.3 (32.6)b 137.9 (28.3) c <0.05 200.7 (51.1)
t-tau, mean pg/ml (SD) 56.4 (16.8) d 55.7 (17.6) e 137.1 (36.7) d,e <0.05 65.3 (32.5)
Years of education, mean (SD) 16.7 (2.6) 16.4 (2.1) 16.6 (1.8) NS 16.6 (2.4)
MMSE, mean (SD) 29.2 (1.09) 29.1 (1.01) 29.4 (0.81) NS 29.2 (1.0)
CDRsb 0.02 (0.09) 0.05 (0.21) 0.09 (0.2) NS 0.03 (0.17)
ADAS11 6.0 (2.8) 5.0 (3.2) 6.4 (2.1) NS 5,7 (2.9)
ADAS13 9.1 (4.2) 8.2 (4.9) 10.5 (4.4) NS 9.0 (4.5)
TMT-B 70.5 (33.9) 83.6 (50.6) 92 .1(40.4) NS 76.6 (40.4)

Table 4.2: Demographic and cerebrospinal fluid data. Unless otherwise specified,
p-values were calculated using ANOVA.

a stage 2/3 significantly different compared to Stage 0 (post-hoc Tukey, p<0.05)
b stage 1 significantly different compared to Stage 0 (post-hoc Tukey, p<0.05)

c stage 2/3 significantly different compared to Stage 0 (post-hoc Tukey, p<0.05)
d stage 2/3 significantly different compared to Stage 0 (post-hoc Tukey, p<0.05)
e stage 2/3 significantly different compared to Stage 1 (post-hoc Tukey, p<0.05)
Aβ1-42= cerebrospinal fluid β-amyloid 1-42; t-tau= cerebrospinal fluid total
tau; MMSE= Mini-Mental State Examination; NS=Non-significant. Using
published cutoffs (192 pg/ml for Aβ1-42 and 93 pg/ml for t-tau) all subjects
were classified into stage 0 (Aβ-/tau-), stage 1 (Aβ+/tau-) and stage 2/3
(Aβ+/tau+). ADAS11= 11-item Alzheimer’s Disease Assessment Scale-cognitive
subscale (ADAS-cog 11); ADAS13= 13-item Alzheimer’s Disease Assessment

Scale-cognitive subscale (ADAS-cog 13).
*Chi-square test
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Two-year longitudinal brain structural changes across stages

We first analyzed the cortical dynamics across stages.The visual inspection of the maps
of the vertex-wise median spc in each preclinical stage is shown in Fig. 4.1 (upper row).
The stage 0 subjects showed widespread cortical thinning over time across the brain hemi-
spheres (Fig. 4.1A1), mainly including frontal, parietal, and temporal areas, with a relative
preservation of primary visual and motor-sensory cortices. We then analyzed the longi-
tudinal brain structural changes across AD preclinical stages at 2-year follow-up. The
exploratory visual inspection of the difference maps of the vertex-wise median spc with
respect to stage 0 is shown in Fig. 4.1B. When compared to stage 0 subjects, stage 1
subjects showed widespread areas of reduction of cortical thinning (Fig. 4.1B), with the
exception of the medial temporal lobes.

Figure 4.1: (A1), (A2) and (A3) represent the median longitudinal symmetrized
percent change for stage 0, stage 1 and stage 2/3, respectively, over the two-
year follow-up. Blue indicates cortical loss, whereas red-yellow indicates cortical
thickening. (B1), (B2) and (B3) display the median longitudinal symmetrized
percent change in stage 0, stage 1 and stage 2/3, respectively, after the median
of the reference (stage 0) is subtracted. Blue indicates decreased spc (i.e. more
2-year atrophy), whereas red-yellow represents increased spc with respect to stage

0. spc= symmetrized percent change.

We performed group comparisons between preclinical AD stages. To better capture the
dynamics in each stage, we first restricted the analyses to those subjects that did not
change CSF category in the follow-up (Fig. 4.2). When compared with stage 0 plus
subjects, stage 1 plus subjects showed a cluster of decreased rate of cortical thinning in the
precuneus and in medial frontal regions in the right hemisphere. The differences between
stage 0 plus subjects and stage 2/3 plus subjects did not survive multiple comparisons.
The comparison between stage 1 plus subjects and stage 2/3 plus subjects yielded several
clusters of accelerated atrophy in both hemispheres (Fig. 4.2B).
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Figure 4.2: Group comparison of the longitudinal brain structural changes at
two-year follow-up between the stages plus groups, covariated by age, sex and
years of education. (A1) Group analysis between stage 0 plus and stage 1 plus.
Areas in which there is decreased rate of cortical thinning (FWE p<0.05) in
stage 1 plus compared to stage 0 plus. (B1) Group analysis between stage 1 plus
and stage 2/3 plus. Areas in which there is a significant (FWE p<0.05) cortical
thinning in stage 2/3 plus with respect to stage 1 plus. (A2) Box and whisker
plots illustrating the mean frontal symmetrized percent change for each group.
(B2) Box and whisker plots illustrating the mean right superior parietal cluster
symmetrized percent change for each group. The central black lines show the
median value, regions above and below the black lines show the upper and lower
quartiles, respectively, and the whiskers extend to the minimum and maximum
values. Blue indicates decreased spc (i.e. more 2-year atrophy), whereas red-
yellow represents increased spc with respect to stage 0. spc= symmetrized percent
change. spc= symmetrized percent change. FWE=family-wise error corrected,

p<0.05. The colors in the box-plots are only for illustrative purposes.
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We then repeated these analyses in the whole sample. When compared with stage 0
subjects, stage 1 subjects showed a large cluster of decreased rate of cortical thinning in
the right hemisphere in medial frontal regions (Fig. 4.3A). When compared with stage
0 subjects, subjects in stage 2/3 showed two large clusters of increased rate of cortical
thinning in both hemispheres in parahippocampal, fusiform, and entorhinal regions (Fig.
4.3B). Stage 2/3 subjects showed accelerated atrophy in the medial temporal lobe and in
the precuneus and posterior cingulate compared to subjects in stage 1 (Fig. 4.3C).

The box plots illustrates that both stage 1 and 2/3 subjects presented cortical thinning in
the medial temporal lobe structures compared to stage 0, whereas in the medial frontal
lobe, the stage 1 subjects presented less cortical thinning than stage 0 subjects. The
ANCOVA analyses showed significant differences between groups in the medial frontal
cluster (Fig. 4.3A1, stage 0 vs. stage 1: P<. 001) and in the left medial temporal cluster
(Fig. 4.3B1, stage 0 vs. stage 2/3: P< .00001; stage 0 vs. stage 1: P < .01; Fig. 4.3C1,
stage 1 vs. stage 2/3: P< .01).
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Figure 4.3: Group comparison of the longitudinal brain structural changes at
two-year follow-up between stages, covariated by age, sex and years of education.
(A1) Group analysis between stage 0 and stage 1. Areas in which there is decreased
rate of cortical thinning (FWE p<0.05) in stage 1 compared to stage 0. (B1)
Group analysis between stage 0 and stage 2/3. Areas in which there is a significant
(FWE p<0.05) cortical thinning in stage 2/3 with respect to stage 0. (C1) Group
analysis between stage 1 and stage 2/3 groups. Areas in which there is a significant
(FWE p<0.05) cortical thinning in stage 2/3 with respect to stage 1. (A2) Box and
whisker plots illustrating the mean frontal symmetrized percent change for each
group. (B2) Box and whisker plots illustrating the mean right medial temporal
cluster symmetrized percent change for each group. (C2) Box and whisker plots
illustrating the mean left medial temporal cluster symmetrized percent change for
each group. The central black lines show the median value, regions above and
below the black lines show the upper and lower quartiles, respectively, and the
whiskers extend to the minimum and maximum values. Blue indicates decreased
spc (i.e. more 2-year atrophy), whereas red-yellow represents increased spc with
respect to stage 0. spc= symmetrized percent change. spc= symmetrized percent
change. FWE=family-wise error corrected, p<0.05. The colors in the box-plots

are only for illustrative purposes.
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Correlation between CSF Aβ1–42 and CSF tau and brain longitudinal changes

To assess if pathologic CSF Aβ1–42 levels are associated with a decreased cortical rate of
atrophy in subjects with normal CSF tau levels, we then examined the CSF Aβ1–42-spc
correlation in the stages 0 and 1 (both defined by normal tau levels in CSF). These analyses
revealed that decreasing levels of CSF Aβ1–42 were associated with less longitudinal cortical
thinning in some subjects or even cortical thickening in others (Fig. 4.4A1 and 4.4A2) in
medial frontal areas. Conversely, no Aβ1–42–spc correlation was found in stages 2 and 3
(both with high tau levels in CSF). Similar results were found when limiting the analysis
to the stage plus subjects.

To determine if pathologic CSF tau levels are associated with an increased cortical rate
of atrophy in the presence of abnormal CSF Aβ1–42 levels, we then examined the tau-
spc correlation in the entire Aβ positive group (stages 1 to 3). These analyses revealed
that increasing CSF tau levels were associated with an accelerated cortical thinning in
the presence of abnormal CSF Aβ1–42 levels in medial temporal regions (Fig. 4.4B1 and
4.4B2). Conversely, no tau-spc correlation was found in the Aβ negative group (stage
0). These results remained unchanged after the inclusion of the eight subjects that were
Aβ-/tau+. Similar results were found when limiting the analysis to the stage plus subjects.

All the analyses were repeated without including years of education as a covariate, and
the results did not change.
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Figure 4.4: Stratified correlation analysis. (A1) Correlation between longitudi-
nal brain structural changes at two-year follow-up and baseline CSF Aβ1-42 levels
in the tau negative group. No correlation between Aβ1-42 and spc was found in
the tau positive subjects. (A2) Scatterplot showing the individual CSF Aβ1-42
levels and spc in the medial frontal region. (B1) Correlation between longitudi-
nal brain structural changes at two-year follow-up and baseline CSF tau levels in
Aβ1-42 positive subjects. No correlation between tau and spc was found in the
Aβ1-42 negative subjects. (B2) Scatterplot showing the individual baseline CSF
tau levels and spc in the medial temporal region. spc = Symmetrized percent

change.

Discussion

The results of this study show that cortical dynamics in preclinical AD follow a biphasic
longitudinal trajectory across the various stages. Stage 0 was associated with progres-
sive cortical atrophy likely reflecting changes during normal aging as previously reported
[21]. Stage 1 subjects showed attenuation in the rates of brain atrophy across the cerebral
hemispheres, with the exception of the medial temporal regions. On the contrary, stage
2/3 subjects showed increased atrophy in temporoparietal regions, especially in medial
temporal lobes. These changes result from a decreased cortical rate of atrophy associated
with decreasing CSF Aβ1-42 levels when CSF tau levels are normal and from an increased
cortical rate of atrophy associated when both Aβ1-42 and t-tau levels in CSF tau are abnor-
mal. Taken together, our longitudinal data support our biphasic model in preclinical AD,
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in which cortical changes due to the AD process are superimposed to the age-associated
progressive changes.

It has been described that normal aging is associated with progressive brain atrophy in
specific brain areas [21,22]. In fact, the pattern that we found in stage 0 subjects, mainly
comprising temporal, frontal, and parietal areas, with a relative preservation of motor
sensory and primary visual cortices is in agreement with previous findings [21,22]. In
this study, we provide first-time evidence of a reduction in the rates of brain atrophy
associated with brain amyloidosis in a longitudinal study. This diminished rate of atrophy
in stage 1 subjects is in agreement with the cortical thickening reported in some cross-
sectional studies in relation to brain amyloidosis, especially those that dissect the effect of
amyloid-tau interactions [10–12]. The accelerated rate of atrophy in the medial temporal
lobe and cognitive progression due to the synergistic effects of Aβ1-42 and tau in medial
temporal areas has been previously reported in longitudinal studies in ADNI1 [13,14]. In
this study, we confirm this result in the ADNI2 cohort. In agreement with this hypothesis,
the correlation between tau and accelerated brain atrophy rates was found in all the Aβ
positive groups (stages 1–3). Taken together, our results provide further evidence of an
inverted U shape in cortical brain structural changes in preclinical AD. We acknowledge
that several local and general compensatory mechanisms might modulate the effects of the
AD pathophysiological process in different regions [29]. In this respect, the DIAN study
showed increased cortical thickness in the orbitofrontal cortex, a region matching the
region found in the present study, until the estimated onset of dementia [30]. Therefore,
it is possible that other factors, beside Aβ and tau interactions, might account for the
findings we observe in this study.

The topography of the changes supports the notion that, at a given timepoint, different
brain areas can be at different tages [31]. In our study, in the medial prefrontal area, both
those subjects classified as stage 1 and stage 2/3 might be at the amyloid phase, whereas in
the medial temporal lobe structures, both stage 1 and stage 2/3 subjects might already be
at a neuronal dysfunction phase due to incipient neurofibrillary degeneration [32]. When
limiting the analyses to stage 0 plus and stage 1 plus subjects, the analysis uncovered an
extension of the attenuated longitudinal atrophy to the precuneus. This is in fact congru-
ent with the revised Jack’s et al. [33] model which incorporates tau and Ab pathology as
independent processes. The fact that we only found a correlation between CSF tau levels
and cortical thinning in medial temporal regions in Aβ positive subjects is congruent with
the notion that, in these subjects, an initially subclinical tauopathy accelerates after Aβ
biomarkers become abnormal [33]. The anatomic order for this neocortical spread of tau
pathology begins thus in the medial temporal lobe as it has been proposed [13,33,34], in
a pattern of atrophy following the tau Braak stages [32]. Pathologic studies have shown
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that, at the age-range sampled in this study, tau pathology is expected in medial tem-
poral regions [35] in cognitively normal subjects although CSF biomarkers are unable to
capture it [33]. The cortical thickness in the medial temporal region may thus decrease
linearly as the disease progresses, irrespective of the existence of brain amyloidosis. A
recent study using a tau PET tracer supports this model of tau spread in which aging
is related to increased tau-tracer retention in regions of the medial temporal lobe, but in
which the detection of tau outside the medial temporal lobe requires the presence of cor-
tical amyloid β [36]. The topography of brain regions showing amyloid-related increased
cortical thickness is widespread [10–12,37,38]. However, all these regions are part of the
default mode network, and amyloid deposition initially starts in this network [39,40]. Fur-
thermore, other factors such as cognitive reserve make these relationships more complex.
Cognitive reserve is associated with cortical thickness and with an increased tolerance to
the neurodegenerative processes [41].

The biological explanations for this amyloid-related increased cortical thickness may in-
clude an inflammatory response to oligomeric Aβ, neuronal hypertrophy in response to
Aβ, and the pathogenic synergies between tau and Aβ, among other possible factors. We
have previously discussed the biological, animal, human, neuropathologic, and clinical
studies that support these hypotheses in the previous works that led to the proposal of
this two-stage phenomenon in preclinical AD [11,12,38]. Furthermore, and of particular
interest to our longitudinal study, this trajectory of changes has also been proposed for
AD transgenic mouse models [42–44]. These studies showed aberrant thickening in the
entorhinal, perirhinal, retrosplenial, anterior cingulate, and frontal association cortices,
occurring between 1 and 3 months [42–44]. These areas remained abnormally thick at 6
months, when Aβ deposition and spatial memory deficits have just been established but
showed evident cortical thinning by 12 months [43]. The inflammatory response associ-
ated to Aβ has been also recently demonstrated in early stages of AD pathology [45].
This study assessing the longitudinal changes in astrocytosis and amyloid PET in humans
showed that astrocyte activation is implicated early in preclinical AD. Finally, an elegant
work in human and mouse models showed that amyloid precursor protein expression acts
to potentiate and accelerate tau toxicity in driving lateral entorhinal cortex dysfunction
[34] and the synergistic effects of Aβ and tau. We, however, emphasize that the present
work is an observational study. Therefore, the synergistic effect of amyloid and tau is a
pathophysiological hypothesis that is consistent with the data but not the only possible
interpretation.

This work has potential clinical implications. Our results highlight the relevance of the
NIA-AA preclinical AD research criteria in predicting different longitudinal brain struc-
tural changes associated with each stage. Furthermore, our findings strengthen the role of
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pathogenic synergies between biomarkers and nonlinear trajectories of changes in hypo-
thetical biomarker models of AD. The results also have significant implications in clinical
trials. MRI is commonly used as a surrogate marker of efficacy. The unexpected finding
of cortical atrophy (without clinical deterioration) seen in previous active (AN1792 trial)
[46] and passive (solanezumab [47] and bapineuzumab [48]) immunization trials is better
explained if we consider the pathologic thickening associated with brain amyloidosis [11].
Moreover, these results predict different trajectories for the cortical dynamics in the dif-
ferent AD preclinical stages. Current clinical trials in preclinical AD select patients based
on amyloid [49] or APOE status [50] but do not take into account the tau status. Our
data, however, suggest that the selection criteria should differentiate between the different
preclinical AD stages.

The main strength of this study is that it allows direct assessment of the longitudinal
cortical changes in the various preclinical stages in a well-characterized cohort. The main
limitation is the indirect assessment of brain amyloidosis and neurofibrillary pathology
through CSF biomarkers which cannot assess the topography of abnormalities. Therefore,
using CSF biomarkers, we could not assess the specific stage in each region. Further studies
with amyloid and tau PET imaging should confirm the pathogenic synergies between tau
and amyloid β. A second limitation of this study is the different sample sizes associated
with preclinical disease stage. The sample size in preclinical AD stage 2/3 is small (N =
11), and the estimate of the longitudinal change in cortical thickness become less precise
with lower sample sizes. However, the correlation maps with larger sample sizes (N = 39)
are in agreement with the group results (stage 0 vs. stage 2/3) and are also consistent
with the literature [13]. Finally, longer longitudinal follow-up periods that capture the full
individual changes in each preclinical phase of AD are needed to establish whether stage
1 subjects progress and follow the pattern described for stage 2/3 subjects.

In conclusion, changes in cortical structure during preclinical AD manifest biphasically.
They start as pathologic cortical thickening in some areas related to amyloid accumulation
and evolve toward atrophy once the synergistic toxic effect of tau predominates. These
results have direct implications in clinical trials in subjects with preclinical AD, both in
the use of MRI as a surrogate marker of efficacy and in the selection of subjects.
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Research in context

1. Systematic review: The authors reviewed the literature using online databases look-
ing for articles assessing the brain structural changes in preclinical Alzheimer dis-
ease (AD). Although there are several cross-sectional studies, longitudinal reports
are limited and the conclusions unclear. These relevant references are appropriately
cited.

2. Interpretation: We propose a biphasic trajectory of brain structural changes in pre-
clinical AD; first as amyloid-related pathologic cortical thickening followed by at-
rophy once the synergistic toxic effect of tau predominates. These findings impact
current AD pathophysiological models.

3. Future directions: The new framework sets the basis for additional studies such as
those with longer follow-up periods to confirm the biphasic trajectory of changes or
those with amyloid and tau PET tracers to directly assess the pathogenic synergies.
These results have implications in AD clinical trials, both in the use of MRI as a
surrogate marker of efficacy and in the selection of subjects.
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Objectives
The main purpose of this work was to study the cortical microstructural changes and their
relationship with the brain macrostructure in the AD continuum.

Results

1. Micro and macrostructural changes are closely related one to each other.

2. Both cortical MD and CTh follow a biphasic trajectory in preclinical AD:

(a) In early preclinical AD (stage 1) we found cortical MD decreases and CTh
increases.

(b) On the contrary, in late preclinical AD (stage 2) we found cortical MD increases
and CTh decreases. These changes progressively get more widespread in the
prodromal and dementia phases of AD, in areas typically affected by the AD-
signature.
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Abstract

Introduction: Cortical mean diffusivity (MD) and free water (FW) changes are proposed
biomarkers for Alzheimer’s disease (AD).

Methods: We included healthy controls (N=254, HC), mild cognitive impairment (N=41,
MCI) and AD dementia (N=31, dAD) patients. Participants underwent a lumbar puncture
and a 3T-MRI. HC were classified following NIA-AA stages (Stage 0, N=220; Stage 1,
N=25 and; Stage 2/3, N=9). We assessed the cortical MD, cortical FW and cortical
thickness (CTh) changes along the AD continuum.

Results: Micro and macrostructural changes show a biphasic trajectory. Stage 1 subjects
showed increased CTh and decreased MD and FW with respect the Stage 0 subjects.
Stage 2/3 subjects showed decreased CTh and increased cortical MD and FW, changes
that were more widespread in symptomatic stages.

Discussion: These results support a biphasic model of changes in AD, which could affect
the selection of patients for clinical trials and the use of MRI as surrogate marker of disease
modification.
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Background

1. Background Alzheimer’s disease (AD) has a long preclinical phase in which several
pathophysiological processes coexist before the appearance of the first clinical symptoms
[1,2]. Despite the well-established description of brain atrophy in the symptomatic phase
of AD, the structural trajectory of changes in preclinical AD is still controversial. It
has been recently shown that β-amyloid interacts with cortical tau pathology to affect
neurodegeneration [3–5]. The cortical changes might, however, be non-linear. There
are several reports in different cohorts of an association between cortical thickening and
brain amyloidosis, both in cross-sectional [4,6–10] and in longitudinal studies [11]. Based
on those reports, we have previously proposed a model in which interactions between
biomarkers in the preclinical phase of AD result in a 2-phase phenomenon: an initial phase
of cortical thickening associated with brain amyloidosis, in the absence of tau, followed by
a cortical atrophy phase, which occurs once tau biomarkers become abnormal [4].

New imaging biomarkers and extensive multimodal approaches could improve our under-
standing of the cortical changes along the AD continuum. For example, in the last decade,
there has been a growing interest in diffusion-weighted imaging (DWI), which is sensitive
to the microstructural properties of brain tissue [12]. Although most studies in the litera-
ture have used this technique to assess the microstructure in the white matter (WM) [13],
DWI are also studied to reflect microstructural changes in the grey matter (GM). The
mean diffusivity (MD) metric is often used in GM studies because the cortex is mostly an
isotropic structure [8,12].

The number of GM diffusivity studies in AD to date is, however, limited, and all have small
sample sizes. Based on these studies in familial [8,14] and sporadic AD [15], a biphasic
trajectory of MD changes in the AD continuum has also been suggested [12]. Accordingly,
in the pre symptomatic phase, MD would initially decrease because of cellular hypertrophy
and/or inflammation (glial recruitment) [8,14]. Then, during the symptomatic phase, the
progressive cellular loss and microstructural disorganization would cause the breakdown
of diffusion barriers and leads to an increase in extracellular water and MD in vulnerable
regions [12]. Therefore, this proposed biphasic trajectory of grey matter diffusivity changes
would be similar to that described for cortical thickness (CTh) [4].

Another promising measure that can be derived from diffusion imaging is the free water
fraction (FW)[16]. The proposed two-compartment model distinguishes the contribution
of freely diffusing extracellular water from that of tissue-restricted water. It has been re-
cently suggested that the FW component provides great sensitivity to detect extracellular
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processes such as atrophy, cerebral edema or even neuroinflammation [17]. Moreover, the
FW measure has been suggested as an important marker in the AD continuum [18–20].

We hypothesized that cortical diffusivity, cortical FW and CTh follow a biphasic trajectory
of changes, where increases in CTh are associated with decreases in MD and FW in the
early preclinical phase followed by atrophy associated with increased MD and FW in the
symptomatic phase of the disease. Our objective was to study the cortical microstructural
changes and their relationship with CTh along the AD continuum.

Methods

Study subjects

A total of 449 subjects were recruited from 3 centers in Spain: Hospital de Sant Pau
(HSP), Barcelona (n=263), Hospital Marqués de Valdecilla (HMV), Santander (n=22)
and CITA Alzheimer, San Sebastián (n=164). We included cognitively normal healthy
controls (HC), people with mild cognitive impairment (MCI) and AD dementia patients
(dAD). All subjects underwent a lumbar puncture and a 3 Tesla MRI. A flowchart of the
sample can be found in Fig.4.1.

The HC (N=329) participants were unaffected relatives of patients in the three centers
or volunteers who enrolled after hearing about the study in the media. The HC did not
have cognitive complaints, they scored 0 on the clinical dementia rating scale (CDR) and
their neuropsychological evaluation was normal for their age and education. Based on the
CSF biomarker profile, and using previously published cut-off thresholds (Aβ1-42 ≤ 550
pg/mL for CSF Aβ1-42 and p-tau ≥ 61 pg/ mL for CSF p-tau) [21], the HC subjects
were classified into preclinical AD stages: Stage 0 (Aβ-/p-tau-), Stage 1 (Aβ+/p-tau-)
and Stage 2/3 (Aβ+/p-tau+). 23 subjects did not meet the NIA-AA preclinical staging
criteria (Aβ-/p-tau+) and were excluded from further analyses [1,11].

The MCI and the AD dementia subjects (N=120) were recruited at the HSP (SPIN cohort,
http://santpaumemoryunit.com/). They all fulfilled the NIA-AA clinical criteria for
probable AD dementia. From these, we selected only those with evidence of the AD
pathophysiological process [22] according to CSF Aβ1-42 and p-tau values [21]. Thus, 35
MCI and 1 dAD subjects were excluded because of a negative CSF AD profile.

http://santpaumemoryunit.com/
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Figure 4.1: Flowchart of the methodological procedures and the resulting sam-
ples after each process.

More details about the recruitment and the assessments performed can be found else-
where [21,23]. Briefly, all participants enrolled in this study were evaluated by neurologists
with expertise in neurodegenerative diseases, and all had an extensive neuropsychologi-
cal evaluation, as defined by the SIGNAL study (www.signalstudy.es). The complete
neuropsychological battery can be found in [24].

The study was approved by the local Ethics Committee in each center following the eth-
ical standards recommended by the Helsinki Declaration. All subjects gave their written
informed consent.

MRI acquisition

3 Tesla MRIs were acquired at three different sites with different acquisition protocols.
HMV subjects did not have DWI data. The acquisition parameters can be found in the

www.signalstudy.es
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supplementary material. Importantly, all centers had a structural acquisition of 1x1x1 mm
isotropic resolution and a diffusion acquisition of at least 2x2x2 mm isotropic resolution.

CSF acquisition and analysis

CSF was acquired following international consensus recommendations, as previously de-
scribed [21]. All the analyses were done in the Hospital of Sant Pau using commercial
ELISA kits (Fujirebio Europe). The interassay CV for all CSF determinations performed
in this study was less than 15% [21].

Genetic Analysis

APOE genotype was determined as previously described [21].

Cortical thickness processing

Cortical thickness reconstruction was performed with Freesurfer package v5.1 (http:

//surfer.nmr.mgh.harvard.edu) using a procedure that has been described in detail
elsewhere [25] (Fig.4.2-Left) as previously reported [4,23]. A Gaussian kernel of 15 mm
full-width at half maximum was applied to the subjects’ CTh maps before further analyses
as it is customary in surface based analyses [4,11,26]. From the remaining 390 subjects,
21 were excluded due to suboptimal image quality, which included subtle movement arti-
facts, poor SNR and gradient artifacts. Additional 43 subjects (11%) were excluded due
to incorrect cortical segmentation by Freesurfer.

Cortical mean diffusivity processing

From the resulting 326 subjects, 284 were included for diffusion MRI analysis (34 had no
raw data and 8 were excluded due to processing errors). We used a homemade surface-
based approach based on the recent literature advances [27,28] to process cortical diffusion
MRI, since the commonly used voxel-based morphometry (VBM) approach has limitations
when used in GM analyses, where partial volume effects may bias cortical MD measure-
ments [29] due to CSF signal inclusion in GM voxels. Moreover, VBM analyses are very

http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu
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sensitive to the smoothing kernel: different volume-based smoothing kernels provide di-
verse statistical results [30]. In order to mitigate these pitfalls, we used a surface-based
DTI approach using the FSL package (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/, ver-
sion 5.0.9) and, the Freesurfer package (v5.1). Further, to eliminate possible site biases on
the diffusion MRI data, we applied a harmonization procedure using the ComBat toolbox
[31], which was designed for multi-site studies. Please see harmonization details in the
Supplementary material. The MD procedures are summarized in Fig.4.2-Right and ex-
plained in detail in the Supplementary data. Briefly, the diffusion images were corrected
for motion effects, skull-stripped, DTI tensor fitted and projected to the brain surface. A
Gaussian kernel of 15 mm full-width at half maximum was applied to the subjects’ mean
diffusivity surface maps before further analyses [26]. Finally, the surface MD maps were
harmonized and used for the statistical analyses.

All the MD analyses were repeated applying a partial volume (PV) correction especially
designed for mean diffusivity studies [29]. Further detail can be found in the Supplemen-
tary material.

Cortical free-water processing

The FW maps were computed as previously reported [16]. Briefly, the FW maps were
estimated fitting a regularized bi-compartment model to our DWI data. This model
includes a “tissue” compartment and a FW compartment. Free water was defined as
water molecules that are not hindered or restricted, and are hence extracellular, with a
diffusion coefficient of water in body temperature. The FW metric stands for the fraction
of the FW compartment in a certain voxel (i.e. percentage of a certain voxel). Once the
FW maps were computed, they were projected to the surface, smoothed (kernel size of
FWHM 15 mm) and finally were harmonized before further statistical analyses. Same as
for the MD, all the analyses were repeated applying a partial volume correction before the
surface projection (see Supplementary material).

Statistical methods

Demographic group analyses were made using R statistical software (https://www.r-

project.org/). Comparisons between groups were performed using an ANOVA with
Tukey post-hoc corrections for continuous variables and with a chi-square test for cate-
gorical variables.

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
https://www.r-project.org/
https://www.r-project.org/
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We first performed group analyses for MD, FW and CTh with a 2 class general linear
model, as implemented in Freesurfer, between Stage 0 HC and the rest of the preclinical
and clinical AD stages. Then, significant regions were plotted in a box and whisker plots
to better illustrate the dynamics across de AD continuum.

Second, to assess the relationship between MD and CTh, a vertex by vertex partial cor-
relation was computed between the CTh and MD values in the whole sample, HC and
symptomatic AD. Specifically, a general linear model was created, being the MD the de-
pendent variable of interest, using CTh as the independent variable and introducing age,
sex and APOE4 status as nuisance variables.

All the group analyses included age, sex and APOE4 status as covariates. Additionally,
CTh analyses included the center as covariate. To avoid false positives, a Monte Carlo
simulation with 10,000 repeats as implemented in Freesurfer (family-wise error [FWE], p
< 0.05) was tested. Full details can be found in the Supplementary material. Only those
regions that survived those multiple comparison were shown in the figures.

For the figure projection and design, we used a freely available python library to overlay
the results into the standard surface (Pysurf: https://pysurfer.github.io/).

https://pysurfer.github.io/
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Figure 4.2: Cortical mean diffusivity pipeline. The description of the process
can be found in the Methods section. Briefly, MD volumes were coregistered to the
anatomical subject space, projected to the surface, normalized using a spherical
registration to the Freesurfer standard template and finally smoothed. MD=Mean

Diffusivity; CTh = Cortical Thickness
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Results

Demographics, CSF biomarkers and APOE genotype

Table 4.1 summarizes the demographics, CSF biomarker levels and neuropsychological
assessments of the subjects. Three hundred and twenty-six subjects were finally included:
220 Stage 0, 25 Stage 1, 9 Stage 2/3, 41 MCI-AD and 31 dAD. There were no statistical
differences in any variable between the CTh whole sample and the diffusion MRI subset.
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Biphasic trajectory of changes in MD and CTh in the AD continuum

Fig.4.3-top shows the CTh group-difference maps covaried by age, sex,and APOE4 status
(p<0.05 FWE corrected). Stage 1 HC showed areas of increased CTh with respect to Stage
0 HC (Fig.4.3-top A) in the middle temporal gyrus and precuneus, in the left hemisphere,
and superior parietal areas, in both hemispheres. Stage 2/3 HC revealed regions of atrophy
in the middle temporal areas bilaterally with respect to Stage 0 HC (Fig.4.3-top B). The
MCI-AD patients vs the Stage 0 HC comparison showed an atrophy map in the fusiform
gyrus, precuneus, posterior cingulate cortex (PCC) and temporoparietal areas in the right
hemisphere, and in the middle temporal gyrus left hemisphere (Fig.4.3-top C). The dAD
patients revealed a widespread atrophy pattern that further extended to the superior
frontal gyrus, the enthorinal cortex and the superior, middle and inferior temporal gyrus
bilaterally (Fig.4.3-top D).

Figure 4.4 shows a box-plot for the most significant region, illustrating the proposed
theoretical dynamic trajectories for CTh, MD and FW in AD vulnerable areas.

We repeated all the analyses using perfectly number-balanced and age-, gender- and center-
matched samples. Also, the MCI analyses were repeated selecting the amnestic presenta-
tion forms (n=22). Then, we repeated the stage 0 vs stage 1 analysis without including
APOE4 status as a covariate. Moreover, we repeated the MD stage 0 vs stage 1 analyses
splitting by center. The results did not qualitatively change in any contrast (data not
shown).

Finally, we repeated all the analyses presented applying a partial volume correction and the
results did not change. Thus, only results uncorrected for partial volume are shown. The
entire partial volume corrected results are shown in the Supplementary material Figure
4.6.

Cortical microstructural changes are intimately related to cortical thickness

The distribution of changes for both CTh and MD presented an overlapping pattern in the
AD continuum. To further assess the relationship between CTh and MD, we performed a
vertex-wise correlation analysis between CTh and MD values in the whole sample (N=284),
in symptomatic patients (MCI and AD patients; N=59) and in HC (N=225) (Fig. Suppl
4.7), covaried by age, sexand APOE4 status. In the whole sample, the correlation was
widely significant across almost the entire cortex (Fig. Suppl 4.7 A). These correlations
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were also found when HC (Suppl 4.7 B) and symptomatic patients (Suppl 4.7 C) were
analyzed independently.
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Figure 4.3: Top. Cortical Thickness patterns in the AD continuum. (A) CTh
differences in Stage 0 vs Stage 1 HC, (B) Stage 0 vs Stage 2 HC, (C) Stage 0
HC vs MCI-AD patients and (D) Stage 0 HC vs AD patients. Only clusters that
survive family-wise error corrected p<0.05 are shown. All the analyses are ad-
justed by age, sex, center and APOE. Mid. Cortical Mean Diffusivity patterns
in the AD continuum. (A) MD differences in Stage 0 vs Stage 1 HC, (B) Stage
0 vs Stage 2 HC, (C) Stage 0 vs MCI-AD patients and (D) Stage 0 HC vs dAD
patients. Only clusters that survive family-wise error corrected p<0.05 are shown.
All the analyses are adjusted by age, sex and APOE. Bottom. Free-water (FW)
patterns in the AD continuum. (A) FW differences in Stage 0 vs Stage 1 HC,
(B) Stage 0 vs Stage 2 HC, (C) Stage 0 vs MCI-AD patients and (D) Stage 0 HC
vs dAD patients. Only clusters that survive family-wise error corrected p<0.05
are shown. All the analyses are adjusted by age, sex and APOE. MD=Mean
Diffusivity; FW=Free-water; CTh = Cortical Thickness; HC= Healthy Controls;
MCI-AD= Mild cognitive impairment with evidence of an underlying AD patho-
physiological process; dAD= Alzheimer’s disease dementia with evidence of an
underlying AD pathophysiological process. For visualization purposes, different
color-codes were used for MD/FW and CTh. For the MD/FW results, we used a
green-yellow color-code and a purple-white color representation for positive and
negative significant values, respectively. For CTh results, we used a gradient-blue
scale color-code and a red-yellow color representation for negative and positive
significant values, respectively. In the stage 2 vs stage 0 comparisons, significant

clusters are highlighted with an asterisk for visualization purposes.
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Figure 4.4: Box and whisker plots illustrating the cortical dynamics in the
AD continuum. Most significant cluster from the stage 0 vs stage 1 analyses
were isolated, averaged and plotted by group. Specifically, A) Cortical thickness
analyses, B) Mean diffusivity analyses and, C) Free Water analyses.. MCI-AD=
Mild cognitive impairment with evidence of an underlying AD pathophysiological
process; dAD= Alzheimer’s disease dementia with evidence of an underlying AD

pathophysiological process.
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Discussion

This study assesses the cortical microstructural changes and their relationship with CTh
in the AD continuum in a large multicenter cohort. We found that micro and macrostruc-
tural brain changes are intimately related and that cortical MD, FW and CTh followed
a biphasic trajectory of changes in AD (Fig. 4.4 and Fig. 4.5). In early preclinical AD
(Stage 1), we observed cortical thickening and MD and FW decreases suggesting a rela-
tionship with amyloid deposition. In late preclinical AD (stage 2/3), and, especially in
the symptomatic phase of the disease, there is increased MD, FW and atrophy in areas
typically related to the AD-signature [32].

Our results confirm in another independent cohort, the biphasic trajectory of changes
for CTh along the AD continuum. The finding of increased CTh in relation to brain
amyloidosis has already been reported in several different cohorts in familial and sporadic
AD in cross-sectional [4,7–10,33], and longitudinal studies [11]. The relationship between
brain structure and CSF biomarkers, however, is still controversial. In fact, not all studies
have reported increased CTh in relation to amyloid [34–37]. However, none of them have
explicitly explored the influence of tau on these results. It’s important to consider that,
longitudinal studies by Desikan et al showed that volume loss [38] and cognitive decline
[39] only occurs in the presence of both amyloid and tau alterations. On the other hand,
brain atrophy in late preclinical AD stages and in symptomatic AD is very well established
[32].

We found a similar 2-phase phenomenon for MD changes in preclinical AD, a trajectory of
changes that had already been proposed in autosomal dominant AD [8,12]. In Stage 1 HC,
we found decreases in cortical MD associated with the cortical thickening. In Stage 2/3
HC, and especially when comparing MCI and AD patients with respect to Stage 0 HC, we
found a pattern of increased MD accompanied by cortical atrophy in AD vulnerable areas
[32]. This study is the first to assess the entire AD continuum. The studies assessing the
GM microstructural changes in AD are limited, and all of them with small samples sizes.
These previous studies found MD decreases in asymptomatic familial AD [8,14]. Other
studies with MCI and AD patients found MD increases in the symptomatic phase of AD
[12]. The FW results present a high degree of overlap with the MD maps.

Our results confirm the proposed biphasic models for both CTh and diffusivity changes and
FW (Fig. 4.5). Brain amyloidosis, in the absence of tau, would be related to pathological
cortical thickening, decreased MD and decreased FW, which would be followed by atrophy,
increased MD and increased FW once tau markers become abnormal [4]. In this sense,
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Racine et al. found a correlation between amyloid deposition, as measured by PIB-PET,
and decreased MD [15] in the Wisconsin Registry for Alzheimer’s Prevention (WRAP)
cohort. Importantly, increased cortical volumes in relation to Aβ deposition have been
reported in a different work from the same cohort [7]. Of note, similar to the WRAP
study, our cohort of HC is also relatively young and is also enriched for family history and
APOE4 genotype. In both cohorts, increased CTh seems to be accompanied by decreased
cortical MD values in preclinical AD. The increases in GM MD in symptomatic AD have
been reported by several groups. Specifically, hippocampal MD has been found to be
increased in MCI subjects who progressed to dementia compared with non-progressors
[12]. In fact, hippocampal MD could be a better predictor for conversion to dementia
than hippocampal volume itself [40]. Cortical MD has also been found increased in both
MCI [41] and AD [42] patients. These MD increases have been related to cellular loss and
microstructural disorganization, which would result in a breakdown of the usual barriers
for water diffusion [12]. Again, the FW maps highly correlate with the MD results. Our
interpretation is that the FW increases in the symptomatic phase of the disease would
correspond with the same biological source as MD, which is likely extracellular.

Figure 4.5: Biphasic model of cortical thickness and mean diffusivity changes
along the AD continuum. Proposed model for the trajectory of cortical changes
in the Alzheimer’s disease continuum. Cortical thickness is plotted in red while
mean diffusivity is represented in purple. The color gradation between stages is

used for illustrative purposes.

We found a strong negative correlation between MD and CTh in the AD continuum. These
data support an intimate relationship between the micro and macrostructural changes.
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This finding is in agreement with the inverse correlations between CTh and GM MD in a
group of MCI patients reported by Jacobs et al [41]. However, previous studies have also
proposed that microstructural changes precede changes in macrostructure [43]. Further
studies are needed to confirm this hypothesis.

Our results are biologically plausible. We have previously discussed the rationale for the
increases in CTh [4,9,11]. Both the increase in CTh and the MD and FW decreases in
the early asymptomatic stage of AD might be caused by an amyloid-induced inflamma-
tory response. This inflammation would trigger changes in cell volume (neuronal and glia
swelling) and cell number (glia recruitment and activation) that could justify the decreases
in cortical diffusivity [8,12,14]. In this respect, a recent paper showed that astrocyte activa-
tion is implicated in the very early stages of AD pathology [44]. Indeed, neuroinflammation
and glial activation are increasingly recognized as early events in Alzheimer’s, even before
Aβ1-42 deposition[45]. It has been shown that both cell hypertrophy and glial activation
can alter the diffusion properties of tissue by adding new diffusion barriers [46]. Moreover,
extracellular deposition of Aβ fibrils could also contribute to the reduced cortical diffusiv-
ity [47], although this is still under debate [48]. The increases in cortical MD and FW are
to be expected in the AD symptomatic phases due to the breakdown of microstructural
barriers, such as myelin cell membranes and intracellular organelles that would normally
restrict water molecule motion [12]. This breakdown would be due to the synergy between
amyloid and tau pathologies [5] that starts in late preclinical AD (Stage 2/3).

Our results have several clinical implications. First, our results suggest a potential use of
cortical MD or FW as a biomarker for AD. Second, we expand our proposed model of a
2-phase phenomenon [4,11] to MD and FW, thus strengthening the role of pathogenic syn-
ergies between biomarkers and nonlinear trajectories of changes in hypothetical biomarker
models of AD. Third, our results highlight the relevance of the NIA-AA preclinical AD
research criteria in predicting different stages with different biology. Moreover, a multi-
modal approach with both CTh and diffusion measures might enable a better modeling of
the cortical changes along the AD continuum. Finally, the results also have implications in
clinical trials for preclinical AD. MRI measures are commonly used as surrogate markers
of disease modification, but a linear trajectory of changes is always assumed. We suggest
that a non-linear trajectory should be modeled, differentiating between the preclinical AD
stages [11].

The main strengths of this study are the large number of subjects included in the sam-
ple and the surface-based analysis, which tries to overcome processing limitations and
methodological concerns repeatedly reported in the literature [12,49]. Moreover, we ap-
plied different strategies to ensure that our results have strong biological basis. First, the
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results did not significantly changed when applying partial volume correction. Second,
we included a harmonization processing step that mitigates the potential site variation
in the acquisition protocols. Finally, were found qualitatively very similar results both
with MD and FW (using different approaches to correct for partial volume effect). This
study has also some limitations. First of all, the relatively young age of the HC accounts
for the relatively small number of subjects in preclinical AD and in the suspected non-
amyloid pathology (SNAP) group, despite the overall large sample size. This fact results
in unbalanced preclinical stages groups. Nonetheless, all the results survived correction
for multiple comparisons and remained unchanged when using balanced groups for ev-
ery analysis. The young age of both HC and symptomatic patients should be taken into
account when comparing these results with other studies. Second, another important
limitation is the indirect assessment of amyloid pathology and the lack of longitudinal
follow-up. Only with longitudinal comparisons can we be sure that these stage 0 to stage
1 changes are due to progression rather than other intrinsic or longstanding differences
(e.g. genetic) that cause both thicker cortices and a predisposition to amyloid deposi-
tion. Further studies with amyloid, tau and inflammation/glial activation PET as well
as longitudinal diffusion MRI studies with harmonized protocols will help to confirm the
sequence of alterations and the relationship between them. Third, this was a multicenter
study with different diffusion protocols and number of directions. However, MD has been
reported to be robust measure [50] and, as mentioned before, we also applied a novel
and powerful harmonization processing step to address this issue. Nonetheless there was
a relative imbalance of the group proportions at each site which might affect the algo-
rithm. Diffusion MRI data is particularly prone to susceptibility artifacts. A common
approach to correct for gradient distortions in EPI sequences is to use the gradient field
map (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FUGUE). Unfortunately, this acquisi-
tion is not available in our dataset so we could not perform a physics-based correction
for EPI distortion. Therefore, despite the effort invested in harmonizing the diffusion se-
quences, we acknowledge that a clinical and physical phantom study would be required to
more robustly detect possible sources of site biases in the data acquisition [51].

In conclusion, this study shows that cortical micro and macrostructure are closely related
in AD. Cortical diffusivity follows a biphasic trajectory of changes: MD and FW initially
decrease in the early preclinical phase and then increase in late preclinical and symptomatic
stages. These results should be considered in clinical trials in the selection of subjects and
in the modeling of the predicted changes to be expected with anti-amyloid therapies.

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FUGUE
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Research in context

1. Systematic review: The authors reviewed the literature using online databases look-
ing for articles assessing the brain micro and macrostructural changes in preclinical
Alzheimer disease (AD). The number of gray matter diffusivity studies is limited
and all have small sample sizes. These relevant references are appropriately cited.

2. Interpretation: We propose a biphasic trajectory of brain micro and macrostructural
changes in the AD continuum. In early preclinical AD, we observed cortical thick-
ening, and cortical diffusivity decreases in relation with amyloid deposition. In late
preclinical AD (stage 2) and in later symptomatic stages, there is increased corti-
cal diffusivity and cortical thinning. These findings have an impact on current AD
pathophysiological models.

3. Future directions: Our results support the use of cortical diffusivity as a biomarker
for AD. These results have implications in AD clinical trials, both in the use of MRI
as a surrogate marker of disease modification and in the selection of subjects.
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Supplementary material

HSP I HSP II HMV CITA
Manufacturer Philips 3T Achieva Philips 3T Achieva Philips 3T Achieva Siemens 3T Magneton TrioTim
Repetition Time (ms) 8.1 6.74 8.2 2300
Echo Time (ms) 3.7 3.14 3.8 2.86
Slices 160 140 160 144
Slice Thickness 1 mm 1.2 mm 1mm 1.25 mm
Voxel Size 0.94 x 0.94 x 1 mm 0.9 x 0.9 x 1.2 mm 0.94 x 0.94 x 1 mm 1.25 x 1.25 x 1.25 mm

Table 4.2: Structural T1-weighted image acquisition protocols by centre. mm=
milimeters; ms=miliseconds

HSP I HSP II CITA
Manufacturer Philips 3T Achieva Philips 3T Achieva Siemens 3T Magneton TrioTim
b-value (s/mm2) 1000 800 1000
# directions 32 15 64
Phase encoding direction Anterior-Posterior Anterior-Posterior Anterior-Posterior
Repetition Time (ms) 13677 6672 9300
Echo Time (ms) 61 60 92
Slices 80 60 57
Slice Thickness (mm) 2 2 1.6
Voxel Size (mm) 2 x 2 x 2 1.64 x 1.64 x 1.64 1.72 x 1.72 x 2.08

Table 4.3: Diffusion weighted image acquisition protocols by centre. mm=
milimeters; ms=miliseconds

All the MRIs were inspected by an expert neuroradiologist in each center before the
analyses to check for lesions (exclusion criteria) and quality control. This evaluation
consists in the evaluation of potential vascular lesions as well as lacunar infarcts or other
major radiological alterations.

HSP 1 HMV CITA HSP 2 TOTAL
Stage 0 97 13 106 4 220
Stage 1 9 2 10 4 25
Stage 2 4 0 5 0 9
MCI 26 1 0 14 41
AD 10 0 0 21 31
TOTAL 146 16 121 43 326

Table 4.4: Number of participants split at each site divided by preclinical and
clinical groups
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Supplementary Methods

Site Harmonization

Briefly, the ComBat algorithm [1] works on the MD data along with all the interest and
nuisance variables, estimating and removing just the site effect, while maintaining the
biological information.

Monte Carlo simulation

In this work we used the Monte Carlo simulation with 10000 repeats as implemented in
Freesurfer [2]. Briefly, this cluster-based method is based in the probability that a certain
cluster of certain size is obtained by chance/noise. This probability is computed using
Monte Carlo simulations where: 1) white Gaussian noise is synthesized in the standard
space surface, 2) the noise is smoothed by a certain FWHM (data-dependent), 3) the
smoothed values are thresholded using a thr>1.3 (i.e p < 10−1.3) and, 4) the maximum
cluster size for the simulation is recorded. These steps are repeated 10000 times in order
to generate a distribution of maximum cluster size generated by random noise. If our
statistically significant cluster size is NOT smaller than the obtained during the Monte
Carlo simulation more than 500 iterations (p < 0.05), the software considers that the
cluster is not given by chance and survived multiple comparisons. This distribution is
provided by Freesurfer (specifically, in the command mri_surfcluster.

DTI processing

First, a rigid body transformation between the b = 0 image and all the diffusion-weighted
acquisition was applied to mitigate motion effects.After removing non-brain tissue using
Brain Extraction Tool, diffusion tensors were fitted and MD was calculated using FSL’s
DTIfit command. A boundary-based algorithm as implemented in Freesurfer bbregister,
was then used to compute an affine registration matrix between the skull-stripped b0 dif-
fusion image and the segmented structural T1-weigthed volume. At this point, all b0 to
T1 registrations were visually inspected in order to exclude those individuals with errors
in the coregistration. Then, MD volumes were projected to each individual’s surface space
generated during the cortical segmentation. At each vertex, cortical MD was sampled
using the middle point along the normal vector between white and pial surfaces using
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the Freesurfer’s mri_vol2surf command, as it has been done in recent surface-based ap-
proaches [3]. Then, the spherical registration computed during the CTh segmentation
process was used to normalize each individual MD surface map to an average standard
surface, enabling an accurate matching of cortical locations for the computation of further
statistics.

PV correction for MD maps

In brief, after motion correction, tensor estimation and T1 – DWI registration, the images
were introduced to the Koo et al PV toolbox [4]. This toolbox computes the CSF contri-
bution in each voxel, it then subtracts it and estimates the net MD value in the cortical
GM. Only those voxels that contained at least a 30% of GM, as computed by Freesurfer’s
gtmseg [5], were considered for these analyses.

PV correction for FW maps

In this case, the corrected FW maps were the difference between the original FW and
the percent of CSF in a given voxel as computed by FreeSurfer [5]. Again, only voxels
that contained more than 30% of GM as computed by Freesurfer were included in these
analyses.
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Figure 4.6: Top. Cortical Mean Diffusivity patterns in the AD continuum. (A)
MD differences in Stage 0 vs Stage 1 HC, (B) Stage 0 vs Stage 2 HC, (C) Stage 0
vs MCI-AD patients and (D) Stage 0 HC vs dAD patients. Bottom. Free-water
(FW) patterns in the AD continuum. (A) FW differences in Stage 0 vs Stage
1 HC, (B) Stage 0 vs Stage 2 HC, (C) Stage 0 vs MCI-AD patients and (D)
Stage 0 HC vs dAD patients. Only clusters that survive family-wise error cor-
rected p<0.05 are shown. All the analyses are adjusted by age, sex and APOE.
MD=Mean Diffusivity; FW=Free-water; HC= Healthy Controls; MCI-AD= Mild
cognitive impairment with evidence of an underlying AD pathophysiological pro-
cess; dAD= Alzheimer’s disease dementia with evidence of an underlying AD

pathophysiological process.
For the MD and FW results, we used a green-yellow color-code and a purple-white
color representation for positive and negative significant values, respectively.

Figure 4.7: Mean diffusivity correlates with cortical thickness. Vertex-wise par-
tial correlation between mean diffusivity and cortical thickness for (A) the whole
sample, (B) the cognitively healthy control group and, (C) the symptomatic group.
Only clusters that survive family-wise error corrected p<0.05 are shown. All the
analyses are adjusted by age, sex, centre and APOE. MCI-AD= Mild cognitive
impairment with evidence of an underlying AD pathophysiological process; dAD=
Alzheimer’s disease dementia with evidence of an underlying AD pathophysiolog-

ical process.
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4.4 4th work

Biphasic model in preclinical Alzheimer’s disease: Florbetapir PET, CSF tau and cortical
thickness.
Eduard Vilaplana1,2,*, Victor Montal1,2,*, Jordi Pegueroles1,2, Daniel Alcolea1,2 , Maria
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Objectives

1. Replicate the cross-sectional (1st paper) and longitudinal (2nd paper) biphasic model
using Florbetapir-PET as amyloid marker

2. Assess the local effect of amyloid deposition as measured by Florbetapir retention
on brain structure.

Results

1. We replicate the biphasic model using Florbetapir-PET as amyloid marker:

(a) Amyloid alone is related to increased cortical thickness.

(b) Atrophy appears only in the presence of both amyloid and tau.

2. Amyloid, in the absence of tau (stage 1) correlates locally with increased cortical
thickness.
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Background

A biphasic model for brain structural changes in preclinical AD has been recently proposed
(Fortea et al., 2014) using CSF biomarkers. Pathologic cortical thickening in relation to
decreasing CSF β-amyloid levels would be followed by cortical thinning once tau biomark-
ers in CSF become abnormal. Thus, different longitudinal trajectories for brain structural
changes in the NIA-AA preclinical AD stages have been also described (Pegueroles et al.,
2017). This model has also limitations. First, CSF is not always universally available.
Second, CSF biomarkers provide a global measure and cannot assess the possibility that
different regions are at different stages of the disease. In this work, our objective was to
replicate the biphasic model for brain structural changes in preclinical AD using Florbe-
tapir -PET (AV45) as amyloid biomarker as well as to study the local relationship between
amyloid deposition and cortical thickness.

Methods

Study subjects

Data used in the preparation of this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). We included all healthy
controls that had a baseline 3T MRI, AV45-PET acquisition and CSF total-tau levels
(N=127). Eighty-eight subjects also had a 2-year follow-up MRI.

CSF analysis

CSF acquisition details and biomarker determination has been previously described (Shaw
et al., 2009). Total tau (t-tau) levels were measured using the multiplex xMAP Luminex
platform (Luminex) with Innogenetics (INNO-BIA AlzBio3) immunoassay kit–based reagents.
Using published cut-offs (Shaw et al., 2009), subjects were classified into tau positive
(tau≥ 93 pg/ml) and tau negative (tau< 93 pg/ml).
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MRI acquisition and processing

Details on MRI acquisition and preprocessing in ADNI are available elsewhere (http:

//adni-info.org/). All structural MRI were processed as previously published using
cross-sectional (Fortea et al., 2014) and longitudinal (Pegueroles et al., 2017) pipelines.
Briefly, all baseline and 2-year MRI were processed cross-sectionally with Freesurfer (v5.1;
http://surfer.nmr.mgh.harvard.edu). The procedures have been previously described
(Fischl et al., 2000). Automated segmentations were revised to inspect for segmentation
errors and corrected when necessary. Cortical thickness was estimated as the distance
between the white matter and the pial surfaces. Then, follow-up MRIs were processed
with the Freesurfer longitudinal stream (Reuter et al., 2012). Symmetrized percent change
between the baseline and the 2-year follow-up was computed. The cortical thickness was
used as the cross-sectional MRI measure whereas the symmetrized percent change was
used as the longitudinal MRI measure. Both cortical thickness and symmetrized percent
change maps were smoothed with a Gaussian kernel of 15 mm FWHM.

AV45 PET image acquisition and processing

Details on AV45 acquisition and preprocessing in ADNI are available elsewhere (http:

//adni-info.org/). The images were downloaded in its most preprocessed form as sug-
gested by the ADNI. Using published cut-offs (Landau et al., 2013), subjects were classified
in AV45 positive (AV45≥ 1.11) and AV45 negative (AV45< 1.11). Pre-processing of the
AV45 images was performed using the Petsurfer tool from Freesurfer (Greve et al., 2014).
Briefly, the PET image was coregistered to the anatomical MRI and projected to the
brain surface. A Muller-Gartner correction for partial volume correction was applied as
implemented in Freesurfer (Greve et al., 2015). AV45 images were intensity normalized
with the whole cerebellum to obtain the SUVR images. Final AV45 surface maps were
smoothed with a 15 FWHM mm Gaussian kernel before further analyzing.

Subject classification

All subjects were classified into the NIA-AA preclinical stages (Sperling et al., 2011):
Stage 0 (AV45 negative and tau negative), Stage 1 (AV45 positive and tau negative) and
Stage 2 (AV45 positive and tau positive). Eight subjects did not meet any staging criteria
and were excluded.

http://adni-info.org/
http://adni-info.org/
http://surfer.nmr.mgh.harvard.edu
http://adni-info.org/
http://adni-info.org/
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Statistical methods

All statistical tests were performed with R statistical software (https://www.r-project.

org/) and Freesurfer tools. We performed group analysis between Stage 0 and the other
groups cross-sectionally and longitudinally with general linear models as implemented in
Freesurfer. Finally we studied the correlation between local (point-to point) and global
(mean SUVR) AV45 retention cortical thickness in the absence of tau (stage 1). All the
analyses were covariated for age, sex and APOE4 status (ε4 allele carrier positivity). We
tested Monte-Carlo simulation with 10,000 repeats as implemented in Qdec (family-wise
error [FWE] correction at p<0.05). Only those results that survived FWE correction are
shown.

Results

Demographics, CSF and AV45 data

The Table 4.1 shows the characteristics of the subjects included in the analyses.

ST0 ST1 ST2

N 84 22 13
Mean SUVR 1.02 (0.05) 1.31 (0.15) 1.38 (0.24)
Age 72.1 (6.3) 74.6 (5.7) 77.8 (5.2)
Gender (%Females) 44 64 69
APOE4+ (% ε4 allele carriers) 23 59 31
MMSE 29.1 (1.1) 29.1 (0.97) 29.6 (0.65)
CSF Aβ1-42 214.4 (36.6) 139.9 (39.2) 145.4 (25.9)
CSF t-tau 53.5 (16.8) 60.3 (17.6) 134.5 (37.0)

Table 4.1: Subjects characteristics for the analysis

Replication of the biphasic model

Stage 1 subjects presented increased cortical thickness at baseline and less longitudinal
cortical thinning than Stage 0 subjects (Figure 4.1). On the contrary, Stage 2 subjects
presented accelerated mesial temporal atrophy longitudinally (Figure 4.2).

https://www.r-project.org/
https://www.r-project.org/


4.4. 4th work 119

Figure 4.1: Left-Cross-sectional cortical thickness analysis between stage 0 and
stage 1. Right-Longitudinal 2-year atrophy analysis between stage 0 and stage
1. Red-yellow indicates greater cortical thickness and less 2-year atrophy for the
stage 1 group. Only clusters that survived multiple comparisons at family-wise

error corrected p<0.05 are shown.

Figure 4.2: Left-Cross-sectional cortical thickness analysis between stage 0 and
stage 2. Right-Longitudinal 2-year atrophy analysis between stage 0 and stage
2. Blue indicates less cortical thickness and greater 2-year atrophy for the stage
2 group. Only clusters that survived multiple comparisons at family-wise error

corrected p<0.05 are shown.
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AV45- Cortical Thickness correlation

We then performed the correlation between the AV45 map and cortical thickness, and we
found a widespread correlation between AV45 retention and increased cortical thickness
in Stage 1 subjects (Figure 4.3). The results when correlating the global AV45 SUVR
measure with cortical thickness (Figure 4.4) were similar or even more extensive.

Figure 4.3: Left-Vertex-wise correlation between the AV45 and CTh maps in
stage 1. In yellow-red, areas in which the correlation is positive (i.e., greater
AV45 retention, greater cortical thickness). Right-Scatterplot illustrating the
AV45-Cortical thickness correlation in the right inferior temporal cluster. Only
clusters that survived multiple comparisons at family-wise error corrected p<0.05

are shown.

Conclusion

In this work we replicated the biphasic model for brain structural changes in preclinical AD
(Fortea et al., 2014; Pegueroles et al., 2017) using AV45-PET as amyloid marker and CSF
tau as tau marker. Amyloid, in the absence of tau, is correlated with increased cortical
thickness locally. Moreover, increases in the mean SUVR were extensively correlated with
increased cortical thickness. Different explanations may explain the more extensive results
with the global measure than with the local correlation. First, the global uptake (AV45
mean SUVR) diminishes the variance, thus increasing the statistical power of the analyses.
Second, the local analysis do not capture, by definition, the potential non-local effects of
amyloid deposition. Nevertheless, we believe that the local analysis provides advantages
that should be considered. First, it allows performing topographic analyses, an important
advantage to capture the chronobiology of the disease. It has been suggested that different
areas could be at different stages in the same individual (Pegueroles et al., 2017). Moreover,
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Figure 4.4: Left-Correlation between the AV45 mean SUVR and CTh in stage
1. In yellow-red, areas in which the correlation is positive (i.e., greater AV45 mean
SUVR, greater cortical thickness). Right-Scatterplot illustrating the AV45 mean
SUVR-Cortical thickness correlation in the left inferior temporal cluster. Only
clusters that survived multiple comparisons at family-wise error corrected p<0.05

are shown.

local amyloid measure enable the study of local interactions between pathologies (i.e., with
tau PET tracers) on brain structure. These results have implications in clinical trials in
preclinical AD, both in the selection of patients and when using the MRI as a surrogate
marker of efficacy.
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Chapter 5

Discussion

This doctoral thesis has studied the effect of amyloid and tau on brain micro and macrostruc-
ture in preclinical AD. To test our hypotheses, we have used structural and diffusion MRI
as measures of macro and microstructure, respectively; and both CSF and PET biomark-
ers to assess amyloid and tau pathology. We have taken advantage of two large multi-
center prospective cohorts: the ADNI (http://adni.loni.usc.edu/) and the SIGNAL
(https://www.signalstudy.es/) cohorts. The main finding of this doctoral thesis is the
proposal of a biphasic model for the cortical dynamics in preclinical AD in which the first
phase is characterized by cortical thickening and decreased diffusivity, whereas the second
phase consists of cortical thinning and increased diffusivity.

The data presented in this thesis argues in favor of a redefinition of the biomarker tra-
jectories in preclinical AD. Thus, this bi-phasic phenomenon in preclinical AD impacts
current biomarker models and highlights the importance of the NIA-AA 2011 criteria for
subdividing the preclinical AD in different stages.

5.1 Aβ and tau biomarker interactions in preclinical AD

The demonstration of interactions between amyloid and tau biomarkers on brain structure
in preclinical AD is one of the main results of this thesis. It was explored in depth in the
first article (1st work, section 4.1) and resulted in the proposal of a two-phase phenomenon
for cortical changes in preclinical AD: pathological cortical thickening in relation to de-
creasing CSF Aβ1-42 levels would be followed by atrophy once p-tau becomes abnormal.
Thus, we showed that CSF p-tau modifies the effect of Aβ1-42 on brain structure and vice

http://adni.loni.usc.edu/
https://www.signalstudy.es/
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versa. However, current biomarker models (Jack Jr et al., 2013) do not contemplate such
complex relationships.

This model helps integrate previous discrepant results on the effects of amyloid on brain
structure and is supported by previous studies that had suggested the importance of con-
sidering interactions between biomarkers (Desikan et al., 2011, 2012). Our data supports
the notion that atrophy only occurs in the presence of both CSF abnormal Aβ1-42 and
p-tau levels (Desikan et al., 2011). This previous work on this topic, however, only found
atrophy restricted to the entorrinal cortex. Here, we have expanded the effects of the
toxic interaction between Aβ and tau to the whole cortical mantle. More importantly, we
analyzed in detail the effects of brain amyloidosis as measured by CSF Aβ1-42 on brain
structure. We found that amyloid in the absence of abnormal tau levels was related to
increased cortical thickness. It is important to keep in mind that the relationship between
brain amyloidosis and brain structure is an issue that still remains controversial. Several
studies have reported atrophy related to amyloidosis (Becker et al., 2011; Dickerson et
al., 2009; Fagan et al., 2009; Fjell et al., 2010; Mormino et al., 2008; Storandt et al.,
2010), while other groups found no relationship between amyloidosis and brain structure
(Josephs et al., 2008) or even increased cortical thickness (Chételat et al., 2010; Fortea
et al., 2011; Johnson et al., 2014). However, none of these directly assessed a potential
interaction between biomarkers, which could result in non-linear biomarker trajectories.
Moreover, none of these studies explicitly assessed the amyloid effect in the absence of
a p-tau alteration. Our findings thus help to explain the discrepancies in the literature
by adding the effect of potential interactions between biomarkers on their effect on brain
structure. These interactions confer on a two-phase phenomenon of cortical thickening in
the absence of p-tau alteration followed by atrophy once both Aand tau become abnormal.
Following our work, a similar Aβ– p-tau biomarker interaction on brain metabolism (T A
Pascoal et al., 2016) and on cognitive decline and progression to AD (Tharick A. Pascoal
et al., 2016) has been described.

5.2 Cortical dynamics differ between preclinical AD stages

Our longitudinal study (2nd work, section 4.2) of the cortical dynamics in preclinical AD
and healthy aging confirm the biphasic model in preclinical AD. Moreover, the results of
this study show that brain structure in each preclinical stage (as defined in the NIA-AA
2011 criteria) behaves differently.

Stage 0 subjects presented a widespread pattern of 2-year atrophy across the cerebral
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hemispheres that involved most brain areas with the exception of primary visual and
motor-sensory cortices. This pattern of generalized atrophy would reflect changes during
normal aging as previously reported (Fjell et al., 2014). This 2-year atrophy map in a
population that does not present any biomarker alteration provides further evidences that
the brain is a highly dynamic structure, even in a population that would not present any
pathological substrate. We propose that structural changes in preclinical AD should take
into account that the brain would suffer from at least two dynamic processes: the aging
process, as evidenced by the stage 0 results and the AD process. Whether these processes
are independent or related to some extent remains to be elucidated.

Stage 1 subjects presented less 2-year atrophy compared to stage 0 subjects. To our
knowledge this is the first study to provide evidences in a longitudinal study of a diminished
rate of atrophy related to brain amyloidosis. This finding would be compatible with the
amyloid-related cortical thickening (Chételat et al., 2010; Fortea et al., 2011; Johnson
et al., 2014), and specially to the first study of this thesis (Fortea et al., 2014). Our
interpretation of this finding is that while on the one hand, the aging process (Fjell et
al., 2014) inexorably led to brain atrophy, on the other hand, a possibly ammyloid-related
inflammation process would change the cell volume and number (due to glia recruitment)
thus increasing the cortical thickness as seen in our previous cross-sectional analyses. Thus,
depending on which of these terms predominate in the equation the 2-year change will be
either above or below zero. Our interpretation is that less cortical thinning or increased
cortical thickness are two sides of the same coin and an indistinguishable phenomenon
from the biological point of view.

Finally, stage 2 subjects presented an accelerated rate of cortical thinning, especially in
medial temporal regions: areas especially prone to neurofibrillary tangle pathology. This
accelerated rate of atrophy due to the amyloid-tau synergy has been already established in
previous cross-sectional studies using ADNI1 (Desikan et al., 2011). Moreover, recent in
vivo Tau-PET studies in humans have reported that tau pathology starts its propagation
from the medial temporal lobe (Johnson et al., 2016).

5.3 Brain microstructural changes in the AD continuum

We assessed the brain cortical microstructure indirectly through diffusion weighted imag-
ing (3rd work, section 4.3). The MD and FW indices also followed a biphasic trajectory
of changes. To study this relationship, we used the SIGNAL multicenter cohort. We first
were able to replicate the biphasic trajectory of changes in cortical thickness in preclinical
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AD in a completely independent cohort from that used in the first two works. Here, we
found that cortical microstructure is intimately related to the cortical thickness and also
follows a biphasic trajectory of changes. Stage 1 subjects presented decreased MD/FW
across the cortical mantle. Conversely, later in preclinical AD (stage 2) and in the pro-
dromal and dementia phases, the subjects show increased cortical MD and FW. These
findings are supported by the literature. Although anecdotally assessed, this is not the
first time that decreases in MD are found in the literature in preclinical sporadic AD.
Indeed, Racine et al reported a correlation between amyloid deposition, as measured by
PIB-PET, and MD decreases in the WRAP cohort (Racine et al., 2014). Similar results
were found some years before in ADAD in two different reports by different groups (Fortea
et al., 2010; Ryan et al., 2013). Moreover, increases in MD had been also reported in the
prodromal and the dementia phases (Douaud et al., 2013; Rose et al., 2008; Scola et al.,
2010). Our study was the first to assess the whole AD continuum in a much larger cohort
and to integrate them with the macrostructural changes in a biphasic model. Our inter-
pretation of these findings is that amyloid would produce an inflammatory response that
would lead to cell swelling, glial recruitment and/or change in the tissue viscosity that
would result in more difficulties for the water molecules to diffuse (Roitbak and Syková,
1999) and, therefore would initially cause decreases in MD and FW. An early increased
astrocytic response could justify these changes (Rodriguez-Vieitez et al., 2016). Another
potential explanation for the decreased diffusion would be that amyloid fibrils could di-
rectly reduce mobility of water particles (Mueggler et al., 2004), although this hypothesis
is still under debate (Thiessen et al., 2010). On the contrary, as the disease advances, the
tissue loss and cellular and membrane breakdown would facilitate water movement that
would be captured as MD increases (Weston et al., 2015).

Are the microstructural changes a mere reflection of the cortical thickness? Or, on the
contrary, does it gives complementary information? Is this a process that occurs before or
after the macrostructural alteration? We believe that the diffusion results are reflecting
something more than a simple cortical thickness change; the fact that all the results
survived partial volume correction supports this notion. Instead, we think that this metric
is informative and could be used in clinical trials once we elucidate whether microstructural
changes take place earlier than changes in cortical thickness.

Whether brain amyloidosis is producing microstructural changes before or after modifying
brain macrostructure remains an open question. Nevertheless, the fact that microstruc-
tural alterations appear to be more extensive with respect to the macrostructural suggests
that microstructural alterations could precede macrostructural changes.
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5.4 Local effects of amyloid on brain structure

Another important issue addressed in this thesis regards the local effect of amyloid de-
position on brain structure (4th work, section 4.4). In other words, is amyloid producing
an inflammation as reflected by increased cortical thickness in the same places where it
deposits and as a result of this deposition? Or rather is this a non-local generalized ef-
fect? Our previous studies used an indirect measure of brain amyloidosis, namely CSF
Aβ1-42 levels, which were not able to answer this question. Consequently, we conducted
further analyses taking advantage of the nuclear imaging Florbetapir-PET data available
in ADNI, which permits the measurement of local amyloid deposition. These results have
been summarized in the fourth work of this doctoral thesis and are as yet unpublished.

The first objective of this work was to replicate the proposed biphasic model on brain
structure in preclinical AD using Florbetapir-PET as a global measure of amyloidosis
both cross-sectionally and longitudinally. The second objective was to assess the local re-
lationship between amyloid and cortical thickness. The results showed that in the absence
of pathological tau, Florbetapir uptake was related to increased local cortical thickness.
This finding supports that amyloid deposition is associated with an inflammatory response
locally which is captured in the MRI as increased cortical thickness Few studies have an-
alyzed these complex relationships using PET-MRI multimodal approaches (Hanseeuw et
al., 2017; LaPoint et al., 2017; Lockhart et al., 2017) and even fewer studies have directly
assessed the local relationship between amyloid and brain structure (Sepulcre et al., 2016).
Moreover, while none of them have reported increased volumes or cortical thickness related
to brain amyloidosis, these studies did not take tau status into account.

In addition to demonstrating a local relationship between amyloid deposition and cortical
thickness, the mean Florbetapir SUVR was also positively correlated with cortical thick-
ness in a widespread pattern in the cortical mantle. This pattern resembled that found in
the local correlation but was visually more extensive. While a positive correlation was ex-
pected, we had hypothesized that the local correlation would have been stronger than that
with the global scalar measure. Several explanations could account for this result. First,
variance in the SUVR measure is less than the entire Florbetapir map, providing more
statistical power and thus more extensive results. Second, our analyses do not account for
the probable non-local effects, i.e. amyloid could affect the structural properties of the
area where it is deposited, but also could exert its pathophysiological mechanisms through
large-scale networks (Sepulcre et al., 2013, 2016). In any case, and whether this effect
is local or generalized, with this study we have provided further evidences that amyloid,
in the absence of tau, is related to increased cortical thickness. Finally, we showed that
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Florbetapir-PET can be used as an amyloid marker to detect amyloid-related inflamma-
tion.

5.5 The topography and chronicity of changes in the bipha-
sic model

The topography of brain regions showing increased cortical thickness or decreased MD/FW
is widespread. The previous studies showing increase cortical thickness in relation with
brain amyloidosis also showed a similar pattern (Chételat et al., 2010; Fortea et al., 2010,
2011; Johnson et al., 2014; Ryan et al., 2013) including the lateral temporal, inferior
and superior parietal, precuneus, frontal and posterior cingulate regions among others.
This is congruent with the fact that amyloid deposition is a widespread phenomenon in
the brain(Grothe and Teipel, 2016). Nevertheless, most of these areas are part of the
default mode network, the set of regions in which amyloid deposition is thought to begin
(Buckner et al., 2005; Seeley et al., 2009). On the other hand, the areas that showed
cortical atrophy in relation to tau (or in stage 2) were more localized, especially to medial
temporal regions. This finding is congruent with previous studies in the literature that
analyzed this relationship (Desikan et al., 2011) and with Tau-PET studies that showed
that these regions are early affected by tau pathology early in the disease curse (Johnson
et al., 2016).

It has been proposed that at a given time-point, different brain areas could be at different
stages (Jack Jr et al., 2010). Our data support this hypothesis. In our longitudinal study,
when the normal aging atrophy was accounted for, we could see regions with accelerated
atrophy in stage 1 subjects in the medial temporal lobe and with increased cortical thick-
ness in stage 2/3 subjects in the medial prefrontal area. This finding is congruent with
the aforementioned topography for tau toxicity in the medial temporal lobe (Braak et al.,
2011). The medial prefrontal areas, however, do not accumulate tau until much later in
the disease process.

These data are consistent with the hypothesis that Aβ and tau pathologies could start as
independent processes (Jack Jr et al., 2013). The fact that we found a correlation between
CSF tau levels and cortical thinning in medial temporal areas only in Aβ positive subjects
is compatible with an acceleration of the underlying tauopathy when both pathologies are
present (Jack Jr et al., 2013). Thus, the neocortical spread of tau would begin in the
medial temporal lobe as previously proposed (Desikan et al., 2011; Jack Jr et al., 2013;
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Khan et al., 2014) and would follow the Braak stages (Braak et al., 2011). Pathological
(Braak and Braak, 1995) and in vivo Tau PET studies (Johnson et al., 2016) have reported
that, at the age-range sampled in the ADNI cohort, tau pathology is expected in medial
temporal regions (Braak and Braak, 1995) in healthy controls, although CSF biomarkers
may not be able to capture it (Jack Jr et al., 2013). Tau pathology would progress in the
medial temporal lobe as a function of age and independently of AD pathology (Braak et
al., 2011; Jack Jr et al., 2013) and would require A pathology to expand to neocortical
areas (Schöll et al., 2016).

In any case the three published papers were performed using CSF biomarkers as amyloid
and tau measures. This precludes from inferring the local effects and interactions. For
these reasons, the regional interpretation has always been exercised with caution.

5.6 Rationale to support the biphasic model in preclinical
AD

The set of studies that compose this doctoral thesis led us to propose a new model of
imaging biomarker trajectories in preclinical AD, which is summarized in Figure 5.1.

Figure 5.1: Proposed biphasic model for preclinical AD.

The inflammatory response associated with amyloid deposition in the absence of patho-
logical tau was indirectly suggested by different MRI derived metrics: increased cortical
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thickness and decreased MD. While we did not demonstrate this inflammation directly in
any of our works, our hypothesis is biologically plausible. First, neuroinflammation has
been postulated as a key factor in the pathogenesis of AD (Heneka et al., 2015). This
inflammation could be due to oligomeric forms of Aβ (Clifford R Jack Jr et al., 2010) or
neuronal hypertrophy in response to Aβ. Also, complement activation on amyloid-plaques
was found in non-demented subjects who don’t meet pathological criteria for AD (Zanjani
et al., 2005). Second, human neuropathological studies have shown a phase of nuclear or
cellular hypertrophy, without neuronal loss, in healthy controls with AD neuropatholog-
ical features which could precede atrophy of the neurons in symptomatic AD (Iacono et
al., 2008, 2009). Whether this early nuclear hypertrophy is a protective/compensatory
mechanism that helps the brain to resist the development of a dementia as suggested by
the authors or simply an early pathological event of AD pathophysiology deserves further
investigation. In the same line, neuropathological examination with PSEN1 mutations
showed the presence of ‘cotton wool plaques’ throughout cortical and subcortical regions
(Takao et al., 2002) which could occupy extra space and would be also responsible for the
increased cortical volume (Lee et al., 2013). Third, MRI studies in animals also support
our data. A phase of neuronal hypertrophy has been found in (APP)/PS1 transgenic mice
(Oh et al., 2009), as well as increased cerebral and intracranial sizes contacts (Maheswaran
et al., 2009) and synaptic contacts (West et al., 2009). Interestingly, and in line with our
longitudinal study, a biphasic sequence of cortical changes has been proposed in AD trans-
genic mice models (Badhwar et al., 2013; Grand’maison et al., 2013; Hébert et al., 2013).
These studies showed abnormal thickening in the entorhinal, perirhinal, retrosplenial, an-
terior cingulate, and frontal association cortices from the first to the third month of age,
which remained abnormal until the sixth month of life when Aβ deposition and spatial
memory deficits have just been established. Finally, in the longitudinal follow-up, these
areas suffer from atrophy by 12 months of age (Hébert et al., 2013). Finally, the inflamma-
tory response associated with brain amyloidosis has been recently demonstrated in early
stages of the disease in human studies in vivo using PET tracers of neuroinflammation
in autosomal dominant AD (Rodriguez-Vieitez et al., 2016). Thus, the authors observed
early astrocytic activation, as measured by Deprenyl-PET (11C-deuterium-L-deprenyl), at
least as early as amyloid deposition. This early activation declined posteriorly, suggesting
a biphasic trajectory of changes also in the astrocyte activation. In this regard, a recent
work also suggested that there could be a biphasic trajectory of microglial activation in
the AD continuum (Fan et al., 2017).

The synergistic toxic effect of amyloid and tau, namely that tau pathology potentiates Aβ
pathology and vice versa, has strong biological support (Spillantini and Goedert, 2013).
For example, while tau deposits are found in the brain very early in life, as early as in
the first decade (Braak and Del Tredici, 2011), the deleterious effect of the protein and
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the appearance of a clinical dementia appear only when both amyloid and tau presences
converge (Price et al., 2009). Moreover, in animal models, it has been reported that Aβ
can enhance tau pathology (Hurtado et al., 2010; Jin et al., 2011; Lewis et al., 2001)
by increasing the frequency of neurofibrillary tangles in specific cortical regions (Götz et
al., 2001; Lewis et al., 2001) and by the enhancement of amyloid tau formation (Hurtado
et al., 2010). In agreement with this hypothesis, a study that combined both humans
and animal data showed that APP expression potentiated and accelerated tau toxicity in
driving lateral entorhinal cortex dysfunction (Khan et al., 2014). On the other hand, tau
could affect the role of amyloid in the brain. Thus, tau has been shown to be necessary
for Aβ-induced toxicity (Rapoport et al., 2002) and reducing endogenous tau mitigated
the amyloid-induced deficits in AD transgenic mouse models (Roberson et al., 2007).
Unfortunately, we couldn’t test the local interaction between amyloid and tau pathology
using PET data in the study of the local amyloid effect due to the limited number of
subjects with available tau PET.

5.7 Integration of the biphasic model for cortical changes in
preclinical AD into previous biomarker models

This doctoral thesis began only a year earlier than the 2013 revised Jack et al model (Jack
Jr et al., 2013), which has been hugely influential in the field and in this thesis. This model
described the temporal evolution of different biomarkers in relation to each other and to
the onset and progression of clinical symptoms. The authors continue to propose that the
alterations in amyloid metabolism would be the first and the triggering factor for the AD
pathological cascade with tau markers coming just after. However, the authors recognize
in the revised model that certain “sub-threshold” tau levels could be present even before
amyloid deposition. This subtle modification to the 2010 model has strong implications as
it challenges the amyloid hypothesis, which assumes serial causal events in the pathogenesis
of AD. The authors propose that tau and amyloid pathologies are independent processes
and that the underlying tau pathology accelerates once it converges with amyloid. Finally,
the MRI and FDG-PET biomarkers would be the last to alter, just before the appearance
of the first clinical symptoms.

Our biphasic model is congruent with amyloid to be the initiating event in AD pathogenesis
or, at least in the spread of cortical pathology. We found cortical alterations in those
subjects with brain amyloidosis in the absence of tau, whereas subjects with pathological
tau levels, but with normal levels of amyloid (SNAP) do not. Our findings also support
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the concept that once amyloid is present, the underlying tauopathy confined in the medial
temporal lobe, spreads into the cortical mantle.

We acknowledge that some of our results do not fit in the current proposed models. Specif-
ically, a phase with increased cortical thickness is not contemplated in the model. As
mentioned before, the data in the literature regarding the relationship between brain amy-
loidosis and brain structure is controversial. We believe that our results could integrate
those findings in the literature by incorporating potential interactions between biomarkers
and adding the possibility of non-monotonous trajectories for biomarkers. Instead, we
argue in favor of non-linear inverted U-shape trajectories for brain macrostructure and
brain microstructure in preclinical AD that result from interactions between biomarkers.

Brain microstructure is another novel finding in our model that could be incorporated into
the Jack et al 2013 model. The authors recognized the necessity to find new biomarkers
that could aid in a better characterization of the preclinical phase. In this thesis we
presented a study that showed early changes in cortical microstructure, as measured by
cortical MD, related to brain amyloidosis. As previously discussed, brain microstructure
adds important biological information to the well-established biomarkers. Whether this
measure could be earlier than macrostructural, FDG or functional MRI measures is still
under debate and should be tested in longitudinal analyses.

Our proposed model is presented in the Figure 5.1. We have included brain macrostructure
(or CTh), brain microstructure (MD/FW) as well as the preclinical AD stages (Sperling et
al., 2011). This model based on the 2013 Jack et al model adds several modifications. First,
we have added MD as a biomarker. Second, we have incorporated non-monotonous effects
in the biomarker shapes, i.e., we have added the increased cortical thickness and decreased
MD/free-water effects. Finally, we subdivided the X-axis in the NIA-AA preclinical AD
stages as defined by Sperling et al in 2011.

5.8 Other implications for research in preclinical AD

This thesis has other potential implications in the preclinical AD research field, the first
of which refers to the conceptualization of preclinical AD. In the Introduction of this
thesis we exposed the controversy in the field, with two international sets of criteria:
the IWG-2 (Dubois et al., 2016) and the NIA-AA (Sperling et al., 2011). The IWG-2
criteria required the demonstration of both amyloid and tau to define preclinical AD,
whereas in the NIA-AA the demonstration of amyloid is sufficient to be in stage 1 of
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preclinical AD (labeled as amyloid asymptomatic-at-risk in the IWG-2). Application of
one model over the other would drastically change the percentage of the elderly population
defined as having preclinical AD. The results of this thesis provide evidence that amyloid
deposition in the absence of p-tau induce the first structural changes. This would support
the idea that these subjects, or at least a great proportion of them, defined as being in the
asymptomatic-at-risk state “only” in the IWG-2 framework, would effectively be in the
course of the disease already. Moreover, the fact that tau requires the presence of amyloid
to exert its deleterious effects also favors the preclinical AD conceptualization by Sperling
et al in 2011. The tau asymptomatic-at-risk state of the IWG-2 does not have such clear
biological consequences. Our results therefore favor the sequence of events proposed in
the NIA-AA criteria with a stage of amyloidosis followed by a stage of amyloidosis and
tau pathology synergistically exerting toxic effects on the cortex.

This temporal ordering of events in the theoretical AD cascade supports the amyloid cas-
cade hypothesis (Hardy and Selkoe, 2002). This theory has been recently challenged by
the failures of anti-amyloid therapies in clinical trials and from a conceptual point of view
by the definition of a SNAP state in which subjects would show neuronal injury biomark-
ers independent of Aβ (Jack et al., 2012; Knopman et al., 2013). This group would be
partially coincident (only when defined with tau biomarkers, not with neurodegeneration
biomarkers) with the tau asymptomatic-at-risk state of the IWG-2. As mention before our
data suggests that amyloid only subjects would be in the course of the disease but that
tau only subjects would not. Our results are supported with recent evidence that shows
the critical difference of defining the SNAP construct with tau biomarkers or with both
tau and neurodegeneration biomarkers (Vos et al., 2016). When SNAP is defined with
CSF measures of tau the risk of this group for progression into MCI has been shown to be
dramatically diminished in several works (Roe et al., 2013; Vos et al., 2013). Moreover,
recent results in the literature present that the SNAP group show very similar longitudinal
trajectories of change in Aβ accumulation and hippocampal atrophy than stage 0 subjects
(Gordon et al., 2016). However the group of SNAP is highly heterogeneous (Mormino
et al., 2016), and the potential role of this group in the AD pathogenesis is still to be
elucidated (Dani et al., 2017; Clifford R. Jack et al., 2016; Villeneuve, 2016). Tau accu-
mulation in the medial temporal lobe has been clearly established. Whether this finding
is related to AD or to the aging process (Crary et al., 2014) requires further research.
We hypothesize that tau and amyloid could be independent pathologies, and that the
deleterious effect of tau is potentiated when amyloid is present. Indeed, recent Tau-PET
studies have suggested that Aβ is a necessary factor for tau to spread from the temporal
lobe to cortical areas (Johnson et al., 2016; Schöll et al., 2016; Villemagne et al., 2017).
On the contrary, in the absence of Aβ, tau would be confined to hippocampal and medial
temporal structures (Wang et al., 2016).



134 Chapter 5. Discussion

Our thesis also has clinical implications, especially in the individual risk attributed to the
biomarker status. We have shown that subjects with both amyloid and tau alterations
would be more advanced on the road of AD pathology than amyloid only (stage 1) or the
SNAP group. These results are in agreement with both the NIA-AA and IWG-2 models
and also in line with recent literature that supports the notion that the synergy of amyloid
and tau leads to greater neuronal dysfunction (T A Pascoal et al., 2016), atrophy (Desikan
et al., 2011) and, importantly, greater clinical progression (Dani et al., 2017; Desikan et
al., 2012; Illán-Gala et al., 2017; Tharick A. Pascoal et al., 2016).

Our results highlight the importance of the inflammation in the pathogenesis of AD.
Inflammation has been considered an important factor in AD (Blennow et al., 2010;
Heneka et al., 2015; Jagust, 2016; Maphis et al., 2015; Pimplikar et al., 2010; Tejera
and Heneka, 2015), and recently a study reported that the implication of inflammation in
the disease could be earlier than we previously thought (Rodriguez-Vieitez et al., 2016).
This fact opens a window of opportunity for therapeutic interventions that could tackle
inflammation-related physiopathological processes. Indeed, it was suggested in observa-
tional studies that a long-term use of non-steroidal anti-inflammatory drugs was associated
with a 28% decreased risk of AD. As pointed out by Jack in 2013, the development of
new biomarkers that could capture other aspects of the pathophysiology of AD, such as
inflammation, is crucial over the next decade. In this sense, we hypothesize that the de-
creased MD detected in stage 1 in areas that showed cortical thickening is an indirect sign
of neuroinflammation.

Finally, our results directly impact the design of AD clinical trials and would help to
understand some unexpected findings in previous anti-amyloid immunotherapy trials. In
both the active (AN1792 trial) (Fox et al., 2005) and passive (Solanezumab (Doody et
al., 2014) and Bapineuzumab (Salloway et al., 2014)) immunization trials, the active
arm showed shrinkage or no changes without clinical deterioration (http://www.alzforum.
org/new/detail.asp?id53312). As discussed in these studies, the brain shrinkage is unlikely
due to neuronal death because the levels of CSF tau were reduced after the treatment.
We believe that these findings are better explained if we consider the pathological cortical
thickening related to brain amyloidosis (Fortea et al., 2014; Pegueroles et al., 2017). There-
fore, our findings affect the use of MRI as a surrogate marker in preclinical AD trials. Is
a biomarker that behaves non-linearly an adequate marker for clinical trials? At the very
least the use is much more problematic and would require appropriate modeling. Second,
our results suggest that MD could be a potential biomarker for clinical trials, although
further research is required to clarify whether it is an earlier marker than macrostructural
changes. Finally, the results presented in this thesis predict different trajectories for each
preclinical AD stage. Nevertheless, recent clinical trials in preclinical AD selected patients
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based on amyloid (Sperling et al., 2014) or APOE status (Reiman et al., 2011) but did
not take into account the tau status. Our results highlight the importance of using both
tau and amyloid as selection criteria in clinical trials.

5.9 Limitations and future work

The results of this thesis have to be interpreted bearing in mind its limitations. The
limitations have been described in detail in each work of this doctoral thesis, but are
globally considered in this section.

An important limitation is that we measured amyloid and tau pathology with indirect
assessments through CSF determination in three of the studies. This fact implies that we
could not study the topography of changes or local interactions between amyloid and tau.
Future studies that combine Florbetapir-PET and Tau-PET imaging (Schöll et al., 2016)
will be crucial to disentangle the potential local synergies and to further demonstrate that
different brain areas are at different stages in the same individual. This issue has been
addressed by few studies (La Joie et al., 2012; Sepulcre et al., 2016) and the conclusions are
unclear (Jagust, 2016; Whitwell et al., 2013). Amyloid-related atrophy (Whitwell et al.,
2013) and the discrepancy between the distribution of amyloid and brain functional and
structural alterations are issues that still remain unresolved (Jack et al., 2008; Rosenbloom
et al., 2011).

Second, the use of cut-offs is intrinsic to the definition of preclinical AD stages, but is
problematic (Clifford R Jack et al., 2016). Moreover, the definition of stages, especially the
choice of biomarker (i.e. CSF vs imaging biomarkers), could also affect the interpretation
of the data as we have recently published (Illán-Gala et al., 2017).

Third, the relatively young age of the SIGNAL cohort accounts for the limited sample
sizes in the preclinical stages, particularly at stage 2. However, all the results presented
in this thesis survived multiple comparisons, even with discrete sample sizes.

A fourth limitation of this thesis is the lack of longitudinal follow-up, especially in the
third study of this thesis. The SIGNAL cohort is a live project that is nowadays scanning
longitudinal follow-up MRI to a number of subjects. Only with longitudinal data can
we be sure that MD alterations precede macrostructural changes. Moreover, it would be
important to have longer longitudinal follow-ups that would enable the capture of the full
biphasic process that we propose.
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In this thesis we have proposed a biphasic model for the preclinical phase of AD. In the
first phase, amyloid, in the absence of tau alteration, would produce inflammation that
is reflected as cortical thickening and decreased diffusivity in the structural and the dif-
fusion MRI, respectively. In the second phase, amyloid would potentiate the deleterious
effect of tau which would ultimately result in cortical thinning and increased diffusivity.
However, several questions remain open. First, we have studied the amyloid-related in-
flammation through indirect measures such as increased cortical thickness and decreased
MD/free-water. Although we provided biological evidence to support that these findings
are related to inflammation, we could not exclude that other factors could account these
micro and macrostructural changes, like cognitive reserve (Arenaza-Urquijo et al., 2013) or
other protective or compensatory mechanisms. It would be important to confirm that these
changes are truly amyloid-related changes and not the reflection of other pathophysiologi-
cal factors. For these reasons, tools like Deprenyl-PET, which have already demonstrated
an early inflammation phase in ADAD, would be ideal to resolve this question. Second,
although we have provided evidence that amyloid has an effect on brain structure in the
preclinical phase, we did not assessed its effect in the prodromal or dementia phases. We
believe that amyloid could still be biologically active in both the prodromal and dementia
phases and that this would have a reflection on brain structure. Third, in this thesis
the earliest stage we studied was stage 1. However, it has been reported that changes
could arise in APOE ε4 allele carriers. We hypothesize that APOE ε4 allele carriers with
negative biomarkers would enable the study of even earlier pathophysiological processes.
Finally, we hypothesize that other MRI biomarkers, like those derived from functional
MRI, could be earlier markers of dysfunction. We plan to study these early changes in
the future.
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Conclusions

Global conclusion

We propose a biphasic model for cortical changes in preclinical AD which supports the
central role of amyloid pathology in AD pathogenesis. It is sufficient to induce pathological
changes and necessary for tau toxicity. In sum, amyloid-related inflammation is associated
with increased cortical thickness/decreased atrophy rates and decreases in cortical mean
diffusivity and free water. The synergistic toxic effects of amyloid and tau would produce
cortical thinning/accelerated atrophy rates and increased mean diffusivity and free water.

• There exists an interaction between CSF amyloid and tau biomarkers on brain struc-
ture. CSF Aβ in the absence of elevated p-tau is associated with pathological cortical
thickening. This phase is followed by atrophy once both CSF p-tau and amyloid be-
come abnormal.

• Both aging and AD are associated with longitudinal cortical atrophy. The impact of
preclinical AD on the aging brain is biphasic. Amyloid deposition in the absence of
pathological tau is associated with decreased atrophy rates whereas the synergistic
toxic effects of amyloid and tau induce accelerated cortical thinning.

• Changes in cortical diffusivity are able to track the cortical microstructural properties
and also follow a biphasic trajectory of changes in preclinical AD. The amyloid-
related inflammation is associated with a reduction in mean diffusivity and free
water whereas the cellular loss and atrophy is associated with an increase in mean
diffusivity and free water which further expands to other cortical areas in patients
with prodromal and dementia phases of AD.
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• Amyloid deposition increased cortical thickness in stage 1 subjects, likely due to
local inflammatory changes.
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Objective: To assess the relationships between core cerebrospinal fluid (CSF) biomarkers and cortical thickness (CTh)
in preclinical Alzheimer disease (AD).
Methods: In this cross-sectional study, normal controls (n 5 145) from the Alzheimer’s Disease Neuroimaging Initia-
tive underwent structural 3T magnetic resonance imaging (MRI) and lumbar puncture. CSF b-amyloid1–42 (Ab) and
phospho-tau181p (p-tau) levels were measured by Luminex assays. Samples were dichotomized using published cut-
offs (Ab1/Ab2 and p-tau1/ptau2). CTh was measured by Freesurfer. CTh difference maps were derived from interac-
tion and correlation analyses. Clusters from the interaction analysis were isolated to analyze the directionality of the
interaction by analysis of covariance.
Results: We found a significant biomarker interaction between CSF Ab and CSF p-tau levels affecting brain structure.
Cortical atrophy only occurs in subjects with both Ab1 and p-tau1. The stratified correlation analyses showed that
the relationship between p-tau and CTh is modified by Ab status and the relationship between Ab and CTh is modi-
fied by p-tau status. p-Tau–dependent thinning was found in different cortical regions in Ab1 subjects but not in Ab2

subjects. Cortical thickening was related to decreasing CSF Ab values in the absence of abnormal p-tau, but no cor-
relations were found in p-tau1 subjects.
Interpretation: Our data suggest that interactions between biomarkers in AD result in a 2-phase phenomenon of
pathological cortical thickening associated with low CSF Ab, followed by atrophy once CSF p-tau becomes abnormal.
These interactions should be considered in clinical trials in preclinical AD, both when selecting patients and when
using MRI as a surrogate marker of efficacy.
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The pathophysiological processes of Alzheimer disease

(AD) begin many years before the diagnosis of AD

dementia. b-Amyloid1–42 (Ab) deposition is thought to

be an early event, and the biomarkers related to brain

amyloidosis are the first to become abnormal.1,2 The

long preclinical phase in AD is divided into 3 stages

based on operational research criteria1: asymptomatic cer-

ebral amyloidosis (stage 1), stage 1 plus evidence of early

neurodegeneration (stage 2), and stage 2 plus subtle cog-

nitive decline (stage 3). Nonetheless, a subset of
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cognitively normal individuals show evidence of early

neurodegeneration in the absence of Ab deposition (sus-

pected non-Alzheimer pathophysiology [SNAP]).3 The

possibility of Ab-independent neurodegenerative proc-

esses in AD does not fit current biomarker models.4

The relationship between the amyloidosis and brain

structure is controversial. Several cross-sectional studies

have reported cortical thinning5–9 or hippocampal atro-

phy,10 whereas other studies found no relationship11 or

even increased gray matter in relation to Ab deposi-

tion.12,13 There are several possible explanations for these

discrepancies. First, the age range sampled varies across

studies, and not all brain changes in aging reflect incipi-

ent AD.14 Second, the relationship between cerebrospinal

fluid (CSF) Ab and cortical thickness (CTh) in preclini-

cal stages may not be linear.15 Third, possible interac-

tions between CSF biomarkers in preclinical AD might

confound this relationship. For example, longitudinal

volume loss or cognitive decline in preclinical AD only

occurred in those subjects who, in addition to brain amy-

loidosis, had abnormal CSF levels of phospho-tau181p (p-

tau).16,17 These data suggest that abnormally elevated p-

tau is a critical link between Ab deposition and acceler-

ated volume loss in AD-vulnerable regions.16

It is essential to determine the interactions between

core CSF biomarkers and CTh to establish the sequence

of events in preclinical AD. These interactions could

impact on the design and interpretation of prevention tri-

als in preclinical AD. The objective of this study was to

disentangle the interactions between CSF Ab and p-tau

levels affecting CTh, based on the following hypotheses:

(1) atrophy occurs in the presence of both Ab and p-tau

in preclinical AD, and (2) CSF Ab in the absence of ele-

vated CSF p-tau might be associated with increased CTh.

Subjects and Methods

Study Participants and Clinical Classification
Data used in the preparation of this article were obtained from

the Alzheimer’s Disease Neuroimaging Initiative (ADNI) data-

base (adni.loni.usc.edu). ADNI was launched in 2003 by the

National Institute on Aging, the National Institute of Biomedi-

cal Imaging and Bioengineering (NIBIB), the Food and Drug

Administration, private pharmaceutical companies, and non-

profit organizations, as a $60-million, 5-year public–private

partnership. The primary goal of ADNI has been to test

whether serial magnetic resonance imaging (MRI), positron

emission tomography, other biological markers, and clinical and

neuropsychological assessment can be combined to measure the

progression of mild cognitive impairment (MCI) and early AD.

Determination of sensitive and specific markers of very early

AD progression is intended to aid researchers and clinicians to

develop new treatments and monitor their effectiveness, as well

as lessen the time and cost of clinical trials.

The principal investigator of this initiative is Michael W.

Weiner, MD, VA Medical Center and University of California,

San Francisco. ADNI is the result of efforts of many coinvestiga-

tors from a broad range of academic institutions and private cor-

porations, and subjects have been recruited from >50 sites across

the United States and Canada. The initial goal of ADNI was to

recruit 800 subjects, but ADNI has been followed by ADNI-GO

and ADNI-2. To date, these 3 protocols have recruited >1,500

adults, aged 55 to 90 years, to participate in the research, consist-

ing of cognitively normal older individuals, people with early or

late MCI, and people with early AD. The follow-up duration of

each group is specified in the protocols for ADNI-1, ADNI-2,

and ADNI-GO. Subjects originally recruited for ADNI-1 and

ADNI-GO had the option to be followed in ADNI-2. For up-

to-date information, see www.adni-info.org. We restricted the

study to those normal controls with 3T MRI and available CSF

results (177 subjects were selected for analysis).

CSF Analyses

ADNI PROCEDURE. Methods for CSF acquisition and bio-

marker measurement using the ADNI cohort have been

reported previously.18 Ab and p-tau were measured using the

multiplex xMAP Luminex platform (Luminex Corporation,

Austin, TX) with INNO-BIA AlzBio3 (Innogenetics, Ghent,

Belgium) immunoassay kit–based reagents. Using proposed

CSF cutoffs,18 we divided the sample into Ab-positive

(�192pg/ml), Ab-negative (>192pg/ml), p-tau–positive

(�23pg/ml), and p-tau–negative (<23pg/ml) subjects.

MRI Acquisition

ADNI PROCEDURE. The details of acquisition are available

elsewhere (http://www.adni-info.org).

CTH PROCEDURE. Cortical reconstruction of the structural

images was performed with the FreeSurfer software package

(v5.1; http://surfer.nmr.mgh.harvard.edu). The procedures have

been fully described elsewhere.19 Estimated surfaces were

inspected to detect errors in the automatic segmentation proce-

dure. Of the 177 N3-processed MRIs analyzed, 32 were

excluded because of segmentation errors, and 145 were included

in the analyses.

Statistical Methods
Group analyses were made using SPSS (SPSS Inc, Chicago, IL).

Comparisons between groups were performed using 2-tailed

Student t test for continuous variables and with a chi-square

test for categorical variables. CTh analyses were performed

using linear modeling of the thickness maps as implemented in

FreeSurfer with age and gender as covariates. A Gaussian kernel

of 15mm full-width at half maximum was applied. To avoid

false positives, we tested Monte Carlo simulation with 10,000

repeats in Qdec (family-wise error [FWE], p< 0.05). Only

regions that survived FWE are presented in the figures.

The main objective of our work was to demonstrate a

statistical interaction between CSF p-tau and CSF Ab status
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affecting CTh. To answer this question, 2 approaches were

used: interaction and stratified correlation analysis. We first per-

formed a vertexwise interaction analysis across the whole corti-

cal mantle, showing voxels with an amyloid (positive or

negative) by p-tau (positive or negative) interaction. We focused

on regions that survived the interaction and then analyzed the

directionality of the interaction and the main and interactive

effects of each variable in an analysis of covariance (ANCOVA),

covarying for the effects of age and sex. Specifically, we used

the following model:

CTh 5 b01 b1 � p -tau 1 b2 � Ab1 b3

� ðp-tau � AbÞ1 covariates 1 e

To ensure that our results were not due to a categorical

treatment of variables, we also conducted an interaction analysis

to assess whether the relationships between CTh and one CSF

biomarker (treated as a continuous variable) were affected by

the status of the other dichotomized CSF biomarker. We then

analyzed the directionality of this interaction in scatterplots at

the maximum significant vertex. Finally, we performed stratified

correlation analyses to further study the relationships between

CTh and CSF biomarkers.

Results

The Table summarizes the demographic, clinical, and

CSF data. Applying the published cutoffs,18 the propor-

tion of CSF Ab-positive subjects (26.9%) was lower than

the proportion of p-tau–positive subjects (43.4%). The

group of Ab-positive subjects had a higher proportion of

p-tau–positive subjects (79.5%) than the group of Ab-

negative subjects (30.2%; p< 0.001).

Interaction Analyses: Synergistic Interactions
between CSF Biomarkers Affecting Brain
Structure
Figure 1 presents the vertexwise interaction analysis

across the whole cortical mantle, showing voxels with an

amyloid by p-tau interaction. Extensive clusters emerged,

one mainly in the lateral occipital, middle temporal, and

inferior parietal regions and cortical areas around supe-

rior temporal sulcus (bankssts) and another in fusiform

and occipital regions in the right hemisphere. We then

isolated the clusters, averaged the CTh, and plotted it in

box and whisker plots for each cluster (see Fig 1B, C).

As hypothesized, amyloid abnormalities in the absence of

tau abnormalities were associated with increased CTh in

both clusters. In the presence of p-tau, however, the

directionality changed toward cortical thinning in sub-

jects who were both Ab1 and p-tau1.

TABLE. Demographic and Cerebrospinal Fluid
Data

Characteristic ADNI Value

No. 145

Age, mean yr (SD) 73.4 (6.2)

Female sex, % 51.0

Ab, mean pg/ml (SD) 227.6 (65.1)

Ab positive, % 26.9

p-tau, mean pg/ml (SD) 25.2 (13.2)

p-tau positive, % 43.4

MMSE, mean (SD) 29.1 (1.1)

Ab 5 b-amyloid1–42; ADNI 5 Alzheimer’s Disease Neuroi-
maging Initiative; MMSE 5 Mini-Mental State Examina-
tion; p-tau 5 phospho-tau181p; SD 5 standard deviation.

FIGURE 1: Interaction analyses in Alzheimer’s Disease Neuroimaging Initiative: familywise corrected (p < 0.05) clusters with a b-
amyloid1–42 (Ab1 or Ab2) by phospho-tau181p (PT

1 or PT
2) interaction. (A) Areas in which there is an interaction between the

dichotomized (Ab and PT) biomarkers covaried for age and gender displayed across the lateral and medial hemispheres of the
cerebral cortex. (B, C) Box and whisker plots for all normal controls, illustrating the individual cortical thickness (CTh) values in
the temporoparietal (B) and fusiform–occipital (C) clusters, based on cerebrospinal fluid (CSF) Ab and CSF PT status for all par-
ticipants. The central black lines show the median value, regions above and below the black lines show the upper and lower
quartiles, respectively, and the whiskers extend to the minimum and maximum values. As illustrated, the Ab1/PT

2 individuals
demonstrated increased CTh values, and the Ab1/PT

1 showed decreased CTh values.
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We also examined the main and interactive effects

of CSF p-tau and CSF Ab on CTh with ANCOVA anal-

yses in the FWE corrected clusters, controlling for age

and sex. Both the main and interactive effects were sig-

nificant in the model in both clusters (interaction term

between CSF p-tau and CSF Ab status: b-

coefficient 5 20.246, standard error [SE] 5 0.053,

p< 0.001 for the fusiform–occipital cluster, and b-

coefficient 5 20.306, SE 5 0.064, p< 0.001 for the tem-

poroparietal cluster; main effect of CSF p-tau: b-

coefficient 5 0.186, SE 5 0.047, p< 0.001 for the fusi-

form–occipital cluster, and b-coefficient 5 0.206,

SE 5 0.056, p< 0.001 for the temporoparietal cluster;

main effect of CSF Ab: b-coefficient 5 0.068,

SE 5 0.031, p< 0.028 for the fusiform–occipital cluster,

and b-coefficient 5 0.150, SE 5 0.037, p< 0.001 for the

temporoparietal cluster).

To ensure that our results were not due to a cate-

gorical treatment of variables, we also conducted an

interaction analysis to assess whether the relationship

between CTh and 1 CSF biomarker (treated as a contin-

uous variable) was affected by the status of the other

dichotomized CSF biomarker. We found an interaction

between CSF Ab and p-tau levels affecting brain struc-

ture. As hypothesized, cortical thinning occurred in sub-

jects who were both Ab1 and p-tau1. Figure 2A1 shows

the Ab–CTh correlation by p-tau status analysis (areas in

which the relationship between Ab levels and CTh was

modified by p-tau status). Extensive clusters emerged

mainly in middle and inferior temporal, bankssts, inferior

parietal, and precuneus regions in the left hemisphere

and superior and inferior parietal and supramarginal

regions in the right hemisphere. Figure 2A2 shows the

CTh values for each Ab value (p-tau positive and p-tau

FIGURE 2: Interaction analyses in Alzheimer’s Disease Neuroimaging Initiative: familywise corrected (p < 0.05) clusters in which
the correlation between cortical thickness (CTh) and 1 biomarker is modified by the status of the other dichotomized bio-
marker. (A1) Areas in which the b-amyloid1–42 (Aß)–CTh correlation is modified by phospho-tau181p (p-tau) status. (A2) Scatter-
plot showing CTh and Aß values at the maximum significant vertex in the laterotemporal cluster. P-tau–positive subjects are
shown in red, and p-tau–negative subjects are shown in blue. (B1) Areas in which the p-tau–CTh correlation is modified by Aß
status. (B2) Scatterplot showing CTh and p-tau values at the maximum significant vertex (asterisks) in the fusiform cluster. Aß–
positive subjects are shown in red, and Aß–negative subjects are shown in blue. Red–yellow indicates a positive correlation,
and blue indicates a negative correlation. CSF 5 cerebrospinal fluid.
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negative were analyzed separately) at the maximum sig-

nificant vertex in the laterotemporal cluster. Similar

results were found in all FWE corrected clusters (results

not shown).

Figure 2B1 shows the p-tau–CTh correlation by Ab
status analysis. Extensive clusters emerged in fusiform

and lingual areas in the left hemisphere and in fusiform,

inferior temporal, and lateral occipital areas in the right

hemisphere. Figure 2B2 shows the CTh values for each

p-tau value (Ab positive and Ab negative were analyzed

separately) at the maximum significant vertex in the fusi-

form and inferior temporal areas. Similar results were

found in all FWE corrected clusters (results not shown).

We performed stratified correlation analyses to fur-

ther assess whether the relationship between p-tau and

CTh is modified by Ab status and whether the relation-

ship between Ab and CTh is modified by p-tau status.

Relationship between CSF p-Tau and CTh Is
Modified by Ab
Figure 3 shows the p-tau–CTh correlation analyses in

Ab-positive and Ab-negative subjects. In Ab-positive sub-

jects, extensive clusters (FWE corrected) of decreasing

CTh in relation to increasing CSF p-tau values emerged

in fusiform, lingual, lateral occipital, and superior parie-

tal areas in the left hemisphere and rostral middle fron-

tal, caudal middle frontal, precentral, inferior temporal,

fusiform, and occipital regions in the right hemisphere.

In Ab-negative subjects, no significant clusters (FWE cor-

rected) of correlations were found between p-tau and

CTh.

Correlation Analyses: Relationships between
CSF Ab and CTh Are Modified by p-Tau
Figure 4 shows the Ab–CTh correlation analyses in p-

tau–negative and p-tau–positive subjects, respectively. In

p-tau–negative subjects, extensive clusters (FWE cor-

rected) of increasing CTh in relation to decreasing CSF

Ab values emerged in middle temporal, inferior parietal,

bankssts, and lateral occipital areas in the left hemisphere

and inferior parietal, superior parietal, and precuneus

areas in the right hemisphere. In p-tau–positive subjects,

no significant clusters (FWE corrected) of correlations

were seen between Ab and CTh.

The correlation analyses in the whole cohort, if not

stratified, found no significant clusters (FWE corrected)

of association between CTh and Ab or p-tau (results not

shown).

Discussion

This study shows that interactions between markers in

preclinical AD result in a two-phase phenomenon of

pathological cortical thickening in relation to decreasing

CSF Ab, followed by atrophy when CSF p-tau becomes

abnormally elevated. We show that CSF p-tau modifies

the effects of Ab on CTh in different cortical regions

and vice versa. CTh increased with amyloid deposition

(measured by CSF Ab) in the absence of abnormal p-tau

FIGURE 3: Cerebrospinal fluid phospho-tau181p (p-tau)–corti-
cal thickness (CTh) correlation in b-amyloid–positive sub-
jects. Only regions that survived familywise error (FWE)
correction for multiple comparisons (p < 0.05) are shown.
Red–yellow indicates a positive correlation, and blue indi-
cates a negative correlation. In b-amyloid1–42–negative sub-
jects, no significant clusters (FWE corrected) of correlations
were found between p-tau and CTh.

FIGURE 4: Cerebrospinal fluid b-amyloid1–42 (Ab)–cortical
thickness (CTh) correlation in phospho-tau181p (p-tau)-nega-
tive subjects. Only regions that survived familywise error
correction (FWE) for multiple comparisons (p < 0.05) are
shown. Red–yellow indicates a positive correlation, and blue
indicates a negative correlation. In p-tau–positive subjects,
no significant clusters (FWE corrected) of correlations were
found between Ab and CTh.
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levels. Conversely, amyloid deposition increased the dele-

terious effect of p-tau on brain structure.

The relationship between Ab and brain structure in

preclinical AD remains highly controversial, with variable

results across studies.5–13 Our present findings could help

explain these discrepancies by incorporating the effects of

the interaction between biomarkers into the model. Our

interaction and stratified analyses clearly suggest that bio-

markers interact in preclinical AD. CSF p-tau modified

the effects of Ab on CTh and vice versa. CTh increases

were found in relation to decreasing CSF Ab values in

the absence of elevated p-tau, whereas no relationship

was observed between Ab and CTh in p-tau–positive

individuals. Conversely, amyloid deposition, assessed by

CSF Ab levels, dramatically increased the deleterious

effect of p-tau on brain structure. We found cortical

thinning in relation to increasing CSF p-tau levels in

CSF Ab-positive subjects, but no relationships in Ab-

negative individuals. Our findings confirm and extend

the interaction between CSF Ab and p-tau affecting

brain structure recently described by Desikan et al.16,17

Conversely, the finding of cortical thickening in PSEN1
asymptomatic mutation carriers,20 sporadic preclinical

AD,12,13,15 and APOEe4 carriers21,22 suggests an inverted

U-shape relationship between CSF Ab levels and CTh.15

Our present results help to integrate these 2 observations.

Brain atrophy has been described in subjects with very

low CSF Ab values.9,15 Subjects with very low CSF Ab
values, in turn, are more likely to show abnormally ele-

vated CSF p-tau levels in ADNI (see Fig 2B2). We

hypothesize that the inverted U-shape relationship

between CSF Ab levels is due to a 2-phase phenomenon

of pathological cortical thickening in relation to Ab that

is followed by atrophy once the synergistic effect with p-

tau predominates.16

Our results are biologically plausible. In human

neuropathological studies, a phase of nuclear/cellular

hypertrophy before clinical onset has been described, fol-

lowed by cellular atrophy.15,23 MRI studies in double

amyloid precursor protein (APP)/PS1 transgenic mouse

models have shown an increase in cerebral and intracra-

nial size.24,25 The reciprocal influence between Ab and

tau also has strong biological support.26 Tau inclusions

appear before Ab deposition in most people as they

age,27 but AD dementia arises only when Ab deposition

coexists.28 Furthermore, the Ab accumulation can

enhance tau pathology in transgenic mouse models.29,30

In this respect, a very recent and elegant work in humans

and mouse models shows that APP expression acts to

potentiate and accelerate tau toxicity in driving lateral

entorhinal cortex dysfunction.31 Conversely, tau is neces-

sary for Ab-induced neurotoxicity,32 and reducing endog-

enous tau ameliorates Ab-induced deficits in an AD

mouse model.33

This work has potential clinical implications. First,

our results support the notion that tau and Ab pathologi-

cal changes could be independent processes but have clear

pathogenic synergies. In previous studies, limited to exami-

nation of the entorhinal cortex, CSF Ab was only found

to be associated with atrophy in the entorhinal cortex in

the context of abnormal CSF p-tau.16,34 Here, we extend

this analysis to all brain vertex and find a similar pattern

in several cortical association areas. Second, the amyloid

cascade hypothesis has been challenged by recent findings,

which show that neuronal injury biomarkers might be

independent of Ab.3 Our results show that tau-related

atrophy in different cortical regions in AD, at least that

reflected by abnormally high CSF p-tau, is substantially

enhanced in the presence of Ab. This finding is in agree-

ment with Vos and colleagues’ work, in which the progres-

sion rate of participants in the SNAP group (CSF tau was

used as a marker of neuronal injury) did not differ from

that of individuals classed as normal as opposed to stages

2 and 3, in which higher progression rates were found.35

Third, our work may help clarify some unexpected find-

ings in antiamyloid immunotherapy trials. In the active

(AN1792 trial)36 and passive (solanezumab37 and bapineu-

zumab38) immunization trials, the active arm showed

shrinkage or no changes on MRI (http://www.alzforum.

org/new/detail.asp?id53312). As discussed in these studies,

it is unlikely that brain shrinkage is due to neuronal death,

because CSF tau was reduced after treatment. Our finding

of cortical thickening with amyloid deposition in the

absence of abnormal p-tau supports the possibility that

brain shrinkage after immunotherapy is caused directly or

indirectly (ie, by reducing Ab-associated inflammation) by

the reduction of amyloid deposition. Finally, our results

highlight the limitations of amyloid imaging alone when

selecting subjects in clinical trials in preclinical AD.

The strengths of this study are the inclusion of a rela-

tively high number of subjects and the finding that the

results survived multiple comparisons correction. The

study has several limitations. The first of these is the lack

of complete overlap between thickened and thinned

regions in the stratified correlation analyses (see Figs 3 and

4). Nonetheless, the analysis of the directionality of the

interaction and the ANCOVA analyses (see Fig 1), and the

analyses treating CSF biomarkers as continuous variables

support the existence, at least in some regions, of a 2-phase

phenomenon in preclinical AD. Moreover, different fac-

tors can explain the absence of complete overlap between

thickening and thinning. Amyloid and tau pathologies

show different deposition patterns in AD,27,28,39 with areas

in which one pathology predominates over the other. In
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addition, several local and general protective and compen-

satory mechanisms might modulate the effects of the AD

pathophysiological process on brain structure in different

regions.40 Longitudinal studies will help to confirm this

sequence of events. Finally, another limitation is the indi-

rect assessment of brain amyloidosis and neurofibrillary

pathology through CSF biomarkers. We cannot therefore

directly correlate CTh with local amyloid deposition or

neurofibrillary pathology in the brain. Thus, the results

should be interpreted in relation to CSF biomarkers and

not to pathophysiological processes. It is expected that

novel tau imaging techniques in combination with amy-

loid imaging will help to determine the individual regional

changes that occur during the preclinical phase of the

disease.

In conclusion, the interactions between biomarkers

in preclinical AD determine a 2-phase phenomenon that

consists of pathological cortical thickening in relation to

decreasing CSF Ab followed by atrophy once the syner-

gistic effect with p-tau predominates. The use of bio-

markers in future clinical trials for AD should therefore

be reconsidered, first because amyloid imaging alone can-

not dissect these processes and second, because the use of

MRI as a surrogate marker of efficacy should incorporate

this 2-phase phenomenon.
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Longitudinal brain structural changes in preclinical Alzheimer’s disease
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Abstract Introduction: Brain structural changes in preclinical Alzheimer’s disease (AD) are poorly under-
stood.
Methods: We compared the changes in cortical thickness in the ADNI cohort during a 2-year follow-
up between the NIA-AA preclinical AD stages defined by cerebrospinal fluid (CSF) biomarker levels.
We also analyzed the correlation between baseline CSF biomarkers and cortical atrophy rates.
Results: At follow-up, stage 1 subjects showed reduced atrophy rates in medial frontal areas and pre-
cuneus compared to stage 0 subjects, whereas stage 2/3 subjects presented accelerated atrophy in
medial temporal structures. Low CSF Ab1–42 levels were associated with reduced atrophy rates in
subjects with normal tau levels and high CSF tau levels with accelerated atrophy only in subjects
with low Ab1–42 levels.
Discussion: Our longitudinal data confirm a biphasic trajectory of changes in brain structure in pre-
clinical AD. These have implications in AD trials, both in patient selection and the use of MRI as a
surrogate marker of efficacy.
� 2016 the Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The asymptomatic phase of Alzheimer’s disease (AD)
begins decades before the appearance of the first clinical
symptoms. The NIA-AA research criteria divided this

preclinical phase into three stages [1]: subjects with no evi-
dence of AD biomarker alteration or cognitive decline (stage
0), asymptomatic amyloidosis (stage 1), amyloidosis with
evidence of neurodegeneration (stage 2), and amyloidosis,
neurodegeneration, and subtle cognitive decline (stage 3).

The data regarding structural brain changes in preclinical
AD remain unclear. Several cross-sectional studies have re-
ported cortical thinning [2–7] or hippocampal atrophy [8] in
relation to brain amyloidosis, whereas others have found no
relationship [9] or even increased cortical thickness [10–12].
Several factors might account for these discrepancies. First,
there are important methodological differences across
studies such as the age range sampled, preclinical AD
definition (i.e., the use of imaging versus biochemical
biomarkers) or technical differences in the analysis of the
structural changes (i.e., volume vs. surface-based methods).
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Second, the relationship between cerebrospinal fluid (CSF)
biomarkers and brain structure in preclinical AD might not
be linear, possibly reflecting interactions between different
processes on brain structure. In this respect, two recent
studies reported that brain volume loss in preclinical AD
only occurred in subjects with both amyloid and tau
biomarker alterations [13,14]. Based on cross-sectional
data, we recently proposed that interactions between CSF
biomarkers in preclinical AD would follow a 2-phase phe-
nomenon [11]. The first phase would consist of pathologic
cortical thickening in relation to decreasing CSF amyloid b
1–42 (Ab1–42) levels, followed by a second phase of cortical
thinning once tau biomarkers in CSF become abnormal.

Longitudinal approaches are needed to further validate
this model. However, the number of such studies is limited,
and the conclusions are unclear. Likewise to the cross-
sectional studies, some groups reported no relationship be-
tween CSFAb1–42 and brain structural longitudinal changes
[13,15], whereas others showed progressive atrophy in
relation with decreased CSF Ab1–42 levels [2,16–19].
These discrepancies underline the importance of taking
into account the interaction between tau and amyloid
pathologies when interrogating the longitudinal brain
changes in preclinical AD [13,16]. Furthermore, the study
of the cortical dynamics in preclinical AD must also take
into account that not all brain changes in aging reflect
incipient AD [20]. Brain structure is highly dynamic and
evolves with age [21], and it may be difficult to dissect the
age-related effects from the disease-specific effects on brain
structure [6,20,22–24]. Aging and AD might have
overlapping effects on specific regions of the cerebral
cortex [20,22]. Therefore, the AD-specific changes should
be considered superimposed to the age-related progressive
brain atrophy.

In this work, we aimed to confirm the aforementioned
two-phase phenomenon in preclinical AD, comparing longi-
tudinal brain structural changes at a 2-year follow-up based
on the following hypotheses: stage 1 subjects would show
less cortical thinning than stage 0 subjects, whereas stage
2/3 subjects would show accelerated cortical thinning
compared to stage 0 subjects.

2. Methods

2.1. Study participants

Data used in the preparation of this article were obtained
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (adni.loni.usc.edu). The ADNI was
launched in 2003 by the National Institute on Aging
(NIA), the National Institute of Biomedical Imaging and
Bioengineering, the Food and Drug Administration (FDA),
private pharmaceutical companies, and non-profit organiza-
tions, as a $60 million, 5-year public-private partnership.
The primary goal of ADNI has been to test whether serial
magnetic resonance imaging (MRI), positron emission

tomography (PET), other biological markers, and clinical
and neuropsychological assessment can be combined to
measure the progression of mild cognitive impairment and
early AD. The Principal Investigator of this initiative is
Michael W. Weiner, MD, VAMedical Center and University
of California–San Francisco. ADNI is the result of efforts of
many co-investigators from a broad range of academic insti-
tutions and private corporations, and subjects have been re-
cruited from over 50 sites across the United States and
Canada. More information can be found in the Acknowledg-
ments section (see also http://adni-info.org/).

We selected all healthy controls with available CSF re-
sults and a 3T MRI study both at baseline and at 2-year
follow-up. We also included the 1-year follow-up MRI in
the processing stream, when available. We also searched
the available CSF data at the 2-year follow-up.

2.2. CSF analysis

CSF acquisition and biomarker concentration measure-
ments using ADNI data have been previously described
[25]. Ab1–42 and total tau (t-tau) levels were measured using
the multiplex xMAP Luminex platform (Luminex) with In-
nogenetics (INNO-BIA AlzBio3) immunoassay kit–based
reagents. Using published cutoffs (192 pg/mL for Ab1–42
and 93 pg/mL for tau) [25], we classified all subjects into
stage 0 (Ab2/tau2), stage 1 (Ab1/tau2) and stage 2/3
(Ab1/tau1). T-tau was used instead of p-tau because in
ADNI, t-tau has a higher specificity than p-tau (92.3% vs.
73.1%) [25]. Only eight subjects did not meet the NIA-AA
preclinical staging criteria (Ab2/tau1) and were excluded
from further analyses.

The duration of the AD preclinical stages has not been es-
tablished and might be significant for the aforementioned
analyses, especially if it is a period close to or shorter than
2 years. Therefore, for the group comparisons, we conducted
two complementary set of analyses. We first performed
group analyses in those subjects that at the 2-year follow-
up remained in the same CSF category (Ab and t-tau status);
termed stage 0 plus, stage 1 plus, or stage 2/3 plus, respec-
tively. We then repeated these analyses using the whole sam-
ple of HC with subjects classified into the different
preclinical stages based on baseline CSF levels.

2.3. MRI analysis

The details of MRI acquisition and preprocessing are
available elsewhere (http://adni-info.org/). All structural
MRIs (baseline, 1-year follow-up and 2-year follow-up)
were first processed using the cross-sectional cortical recon-
struction stream in Freesurfer (v5.1; http://surfer.nmr.mgh.
harvard.edu). The procedures have been described previ-
ously [26]. All estimated surfaces were visually inspected
to detect segmentation errors. Each MRI time-point was
then processed with the Freesurfer longitudinal stream
[27]. Specifically, an unbiased within-subject template space
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and image is created using robust, inverse consistent regis-
tration [28]. Several preprocessing steps are then initialized
with common information from this within-subject tem-
plate, significantly increasing reliability and statistical po-
wer [27]. At this point, all images were again re-inspected
in a slice-by-slice basis to detect segmentation errors, and
four of 110 subjects (3.6%) were excluded from the ana-
lyses. Symmetrized percent change (spc) between the base-
line and the 2-year time-point MRIs was automatically
extracted using the longitudinal stream in Freesurfer [27].
The spc is the rate of atrophy with respect to the average
thickness between timepoints and is the longitudinal mea-
sure recommended by Freesurfer developers, given that it
is a more robust measure and increases statistical power.
Specifically, the spc is defined as

spc5rate of atrophy=average5½ðthick22thick1Þ
=ðtime22time1Þ=0:5 � ðthick11thick2Þ�

Finally, individual spc maps were smoothed using a 15-
mm full-width at half maximum kernel and introduced in a
two-stage model as implemented in Freesurfer.

2.4. Statistical methods

The statistical analyses were made using SPSS (SPSS Inc,
Chicago, IL). Owing to the fact that tau was not normally
distributed, it was transformed using a logarithmic scale.
Comparisons across stages were made using an ANOVA
with Tukey post hoc test correction (P, .05) for continuous
variables and chi-square for categorical variables.

First, as an exploratory analysis to visualize the 2-year at-
rophy differences across groups with respect to stage 0, we
calculated the median 2-year spc by stages, and we
computed the vertex-wise difference in this median 2-year
spc between stage 0 and all other stages.

We performed two sets of group comparisons, first be-
tween the stage plus categories and then second the more in-
clusive analyses using the whole sample. Significant clusters
were then isolated, averaged, and plotted in box and whisker
plots. These cluster mean values were analyzed with an AN-
COVA to assess differences across stages. To explore the
relationship between the brain structural changes, and CSF
Ab1–42 and CSF tau separately, we performed stratified
continuous correlations as previously described [11] in the
whole sample. Therefore, we analyzed the correlation be-
tween Ab1–42 and the spc in the tau negative group of sub-
jects and the correlation between t-tau and spc in the Ab
positive subjects. The significant clusters were also isolated,
averaged, and plotted in a scatterplot.

All group and correlation analyses included age, sex, and
years of education as covariates. We tested Monte-Carlo
simulation with 10,000 repeats as implemented in Qdec
(family-wise error [FWE] correction at P, .05). The figures
show only those results that survived FWE correction.

3. Results

3.1. Demographics and CSF data

Tables 1 and 2 show the demographic and CSF data of the
subjects included in the stage plus category and in the whole
sample, respectively. There were no differences in

Table 1

Demographic and cerebrospinal fluid data from those subjects that remained in the same CSF category

Characteristic Stage 0 plus* Stage 1 plus* Stage 2/3 plus* P value Total

N 24 8 7 — 39

Age, mean y (SD) 67.0 (5.4)k 68.0 (6.6)z 80.3 (5.6)zk ,.05 76.3 (6.5)

Female sex, % 33.30% 37.5% 42.9% NSx 35.9%

Ab1–42, mean pg/mL (SD) 242.2 (27.4)yk 141.3 (35.6)y 136.5 (19.3)k ,.05 202.5 (51.1)

t-tau, mean pg/mL (SD) 58.4 (17.0)k 52.7 (17.9)z 140.9 (30.3)zk ,.05 72.1 (32.5)

2 years Ab1–42, mean pg/mL (SD) 233.1 (29.6){ 133.4 (42.2)z 128.7 (19.6)z{ ,.05 193.9 (51.8)

2 years t tau, mean pg/mL (SD) 57.5 (17.1){ 55.2 (22.4)z 137.9 (30.7)z{ ,.05 71.5 (34.2)

Years of education, mean (SD) 17.1 (2.6) 16.8 (2.7) 16.9 (2.0) NS 17.0 (2.4)

MMSE, mean (SD) 29.4 (1.10) 29.0 (1.14) 29.3 (0.73) NS 29.3 (1.0)

CDRsb 0.02 (0.13) 0.12 (0.21) 0.14 (0.22) NS 0.06 (0.17)

ADAS11 5.8 (4.5) 6.6 (4.0) 6.4 (1.9) NS 6.1 (2.9)

ADAS13 8.6 (5.7) 10.1 (6.1) 10.3 (4.0) NS 9.2 (4.5)

TMT-B 70.3 (42.1) 74.4 (29.0) 89.1 (43.7) NS 74.5 (40.4)

Abbreviations: Ab1–42, cerebrospinal fluid amyloid b1–42; t-tau, cerebrospinal fluid total tau; MMSE, mini-mental state examination; NS, non-significant.

NOTE. Unless otherwise specified, P values were calculated using ANOVA. Using published cutoffs (192 pg/mL for Ab1–42 and 93 pg/mL for t-tau), all

subjects were classified into stage 0 (Ab2/tau2), stage 1 (Ab1/tau2), and stage 2/3 (Ab1/tau1). ADAS11 5 11-item Alzheimer’s Disease Assessment

Scale-cognitive subscale (ADAS-cog 11); ADAS13 5 13-item Alzheimer’s Disease Assessment Scale-cognitive subscale (ADAS-cog 13).

*Plus refers to those subjects that are in the same CSF category at baseline and in the follow-up.
yStage 1 significantly different compared to stage 0 (post-hoc Tukey, P , .05).
zStage 1 significantly different compared to stage 2/3 (post-hoc Tukey, P , .05).
xChi-square test.
kStage 2/3 significantly different compared to stage 0 (post-hoc Tukey, P , .05).
{Stage 0 significantly different compared to stage 2/3 (post-hoc Tukey, P , .05).
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demographics or CSF values between the stage plus
subsample and the whole cohort. Both stage 2/3 plus
subjects and stage 2/3 were older than stage 0 plus and
stage 0 subjects, respectively. There were no differences in
gender, years of education, MMSE scores, the CDR sum
of boxes, the Alzheimer’s Disease Assessment Scale
cognitive subscale (ADAS-Cog), the ADAS word list
recall, and the Trail Making Test B (TMT-B) across groups.

3.2. Two-year longitudinal brain structural changes
across stages

Wefirst analyzed the cortical dynamics across stages. The
visual inspection of the maps of the vertex-wise median spc
in each preclinical stage is shown in Fig. 1 (upper row). The
stage 0 subjects showed widespread cortical thinning over
time across the brain hemispheres (Fig. 1A1), mainly
including frontal, parietal, and temporal areas, with a rela-
tive preservation of primary visual and motor-sensory
cortices. We then analyzed the longitudinal brain structural
changes across AD preclinical stages at 2-year follow-up.
The exploratory visual inspection of the difference maps
of the vertex-wise median spc with respect to stage 0 is
shown in Fig. 1B. When compared to stage 0 subjects, stage
1 subjects showed widespread areas of reduction of cortical
thinning (Fig. 1B), with the exception of the medial temporal
lobes. Stage 2 showed a widespread pattern of increased rate
of cortical thinning, especially in temporoparietal areas,
with the exception of medial frontal areas.

We performed group comparisons between preclinical
AD stages. To better capture the dynamics in each stage,
we first restricted the analyses to those subjects that did
not change CSF category in the follow-up (Fig. 2). When
compared with stage 0 plus subjects, stage 1 plus subjects

showed a cluster of decreased rate of cortical thinning in
the precuneus and in medial frontal regions in the right hemi-
sphere. The differences between stage 0 plus subjects and
stage 2/3 plus subjects did not survive multiple comparisons.
The comparison between stage 1 plus subjects and stage 2/3
plus subjects yielded several clusters of accelerated atrophy
in both hemispheres (Fig. 2B).

We then repeated these analyses in the whole sample.
When compared with stage 0 subjects, stage 1 subjects
showed a large cluster of decreased rate of cortical thinning
in the right hemisphere in medial frontal regions (Fig. 3A).
When compared with stage 0 subjects, subjects in stage 2/
3 showed two large clusters of increased rate of cortical thin-
ning in both hemispheres in parahippocampal, fusiform, and
entorhinal regions (Fig. 3B). Stage 2/3 subjects showed
accelerated atrophy in the medial temporal lobe and in the
precuneus and posterior cingulate compared to subjects in
stage 1 (Fig. 3C).

The box plots illustrates that both stage 1 and 2/3 subjects
presented cortical thinning in the medial temporal lobe
structures compared to stage 0, whereas in the medial frontal
lobe, the stage 1 subjects presented less cortical thinning
than stage 0 subjects. The ANCOVA analyses showed signif-
icant differences between groups in the medial frontal clus-
ter (Fig. 3A1, stage 0 vs. stage 1: P , .001) and in the left
medial temporal cluster (Fig. 3B1, stage 0 vs. stage 2/3:
P , .00001; stage 0 vs. stage 1: P , .01; Fig. 3C1, stage 1
vs. stage 2/3: P , .01).

3.3. Correlation between CSFAb1–42 and CSF tau and
brain longitudinal changes

To assess if pathologic CSF Ab1–42 levels are associated
with a decreased cortical rate of atrophy in subjects with

Table 2

Demographic and cerebrospinal fluid data

Characteristic Stage 0 Stage 1 Stage 2/3 P value Total

N 59 28 11 - 98

Age, mean yr (SD) 74.0 (6.0)* 74.7 (7.3) 79.4 (5.1)* ,0.05 74.8 (6.5)

Female sex, % 42.4% 50.0% 54.6% NSy 45.9%

Ab1–42, mean pg/mL (SD) 235.5 (26.7)*z 152.3 (32.6)z 137.9 (28.3)* ,0.05 200.7 (51.1)

t-tau, mean pg/mL (SD) 56.4 (16.8)* 55.7 (17.6)x 137.1 (36.7)*x ,0.05 65.3 (32.5)

Years of education, mean (SD) 16.7 (2.6) 16.4 (2.1) 16.6 (1.8) NS 16.6 (2.4)

MMSE, mean (SD) 29.2 (1.09) 29.1 (1.01) 29.4 (0.81) NS 29.2 (1.0)

CDRsb 0.02 (0.09) 0.05 (0.21) 0.09 (0.2) NS 0.03 (0.17)

ADAS11 6.0 (2.8) 5.0 (3.2) 6.4 (2.1) NS 5,7 (2.9)

ADAS13 9.1 (4.2) 8.2 (4.9) 10.5 (4.4) NS 9.0 (4.5)

TMT-B 70.5 (33.9) 83.6 (50.6) 92.1 (40.4) NS 76.6 (40.4)

Abbreviations: Ab1–42, cerebrospinal fluid amyloid b1–42; t-tau, cerebrospinal fluid total tau; MMSE, mini-mental state examination; NS, nonsignificant.

NOTE. Unless otherwise specified, P values were calculated using ANOVA.

NOTE. Using published cutoffs (192 pg/mL for Ab1–42 and 93 pg/mL for tau), all subjects were classified into stage 0 (Ab2/tau2), stage 1 (Ab1/tau2), and

stage 2/3 (Ab1/tau1). ADAS115 11-item Alzheimer’s Disease Assessment Scale-cognitive subscale (ADAS-cog 11); ADAS135 13-item Alzheimer’s Dis-

ease Assessment Scale-cognitive subscale (ADAS-cog 13).

*Stage 2/3 significantly different compared to Stage 0 (post-hoc Tukey, P , .05).
yChi-square test.
zStage 1 significantly different compared to Stage 0 (post-hoc Tukey, P , .05).
xStage 2/3 significantly different compared to Stage 1 (post-hoc Tukey, P , .05).
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normal CSF tau levels, we then examined the Ab1–42-spc
correlation in the stages 0 and 1 (both defined by normal
tau levels in CSF). These analyses revealed that decreasing

levels of CSF Ab1–42 were associated with less longitudinal
cortical thinning in some subjects or even cortical thickening
in others (Fig. 4A1 and 4A2) in medial frontal areas.

Fig. 1. (A1), (A2), and (A3) represent the median longitudinal symmetrized percent change for stage 0, stage 1 and stage 2/3, respectively, over the 2-year

follow-up. Blue indicates cortical loss, whereas red-yellow indicates cortical thickening. (B1), (B2), and (B3) display the median longitudinal symmetrized

percent change in stage 0, stage 1, and stage 2/3, respectively, after the median of the reference (stage 0) is subtracted. Blue indicates decreased spc (i.e.,

more 2-year atrophy), whereas red-yellow represents increased spc with respect to stage 0. Abbreviation: spc, symmetrized percent change.

Fig. 2. Group comparison of the longitudinal brain structural changes at 2-year follow-up between the stages plus groups, covariated by age, sex, and years of

education. (A1) Group analysis between stage 0 plus and stage 1 plus. Areas in which there is decreased rate of cortical thinning (FWE, P, .05) in stage 1 plus

compared to stage 0 plus. (B1) Group analysis between stage 1 plus and stage 2/3 plus. Areas in which there is a significant (FWE, P, .05) cortical thinning in

stage 2/3 plus with respect to stage 1 plus. (A2) Box and whisker plots illustrating the mean frontal symmetrized percent change for each group. (B2) Box and

whisker plots illustrating the mean right superior parietal cluster symmetrized percent change for each group. The central black lines show the median value,

regions above and below the black lines show the upper and lower quartiles, respectively, and the whiskers extend to the minimum and maximum values. Blue

indicates decreased spc (i.e., more 2-year atrophy), whereas red-yellow represents increased spc with respect to stage 0. The colors in the box-plots are only for

illustrative purposes. Abbreviations: spc, symmetrized percent change; FWE, family-wise error corrected, P , .05.
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Conversely, no Ab1–42–spc correlation was found in stages 2
and 3 (both with high tau levels in CSF). Similar results were
found when limiting the analysis to the stage plus subjects.

To determine if pathologic CSF tau levels are associated
with an increased cortical rate of atrophy in the presence of
abnormal CSF Ab1–42 levels, we then examined the tau-spc

correlation in the entire Ab positive group (stages 1 to 3).
These analyses revealed that increasing CSF tau levels
were associated with an accelerated cortical thinning in the
presence of abnormal CSFAb1–42 levels in medial temporal
regions (Fig. 4B1 and 4B2). Conversely, no tau-spc correla-
tion was found in the Ab negative group (stage 0). These

Fig. 3. Group comparison of the longitudinal brain structural changes at 2-year follow-up between stages, covariated by age, sex, and years of education. (A1)

Group analysis between stage 0 and stage 1. Areas in which there is decreased rate of cortical thinning (FWEP, .05) in stage 1 compared to stage 0. (B1) Group

analysis between stage 0 and stage 2/3. Areas in which there is a significant (FWE P , .05) cortical thinning in stage 2/3 with respect to stage 0. (C1) Group

analysis between stage 1 and stage 2/3 groups. Areas in which there is a significant (FWE P, .05) cortical thinning in stage 2/3 with respect to stage 1. (A2) Box

and whisker plots illustrating the mean frontal symmetrized percent change for each group. (B2) Box and whisker plots illustrating the mean right medial tem-

poral cluster symmetrized percent change for each group. (C2) Box and whisker plots illustrating the mean left medial temporal cluster symmetrized percent

change for each group. The central black lines show the median value, regions above and below the black lines show the upper and lower quartiles, respectively,

and the whiskers extend to the minimum and maximum values. Blue indicates decreased spc (i.e., more 2-year atrophy), whereas red-yellow represents

increased spc with respect to stage 0. The colors in the box-plots are only for illustrative purposes. Abbreviations: spc, symmetrized percent change; FWE,

family-wise error corrected, P , .05.
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results remained unchanged after the inclusion of the eight
subjects that were Ab2/tau1. Similar results were found
when limiting the analysis to the stage plus subjects.

All the analyses were repeated without including years of
education as a covariate, and the results did not change.

4. Discussion

The results of this study show that cortical dynamics in
preclinical AD follow a biphasic longitudinal trajectory
across the various stages. Stage 0 was associated with pro-
gressive cortical atrophy likely reflecting changes during
normal aging as previously reported [21]. Stage 1 subjects
showed attenuation in the rates of brain atrophy across the
cerebral hemispheres, with the exception of the medial tem-
poral regions. On the contrary, stage 2/3 subjects showed
increased atrophy in temporoparietal regions, especially in
medial temporal lobes. These changes result from a
decreased cortical rate of atrophy associated with decreasing
CSFAb1–42 levels when CSF tau levels are normal and from
an increased cortical rate of atrophy associated when both
Ab1–42 and t-tau levels in CSF tau are abnormal. Taken
together, our longitudinal data support our biphasic model
in preclinical AD, in which cortical changes due to the AD

process are superimposed to the age-associated progressive
changes.

It has been described that normal aging is associated with
progressive brain atrophy in specific brain areas [21,22]. In
fact, the pattern that we found in stage 0 subjects, mainly
comprising temporal, frontal, and parietal areas, with a
relative preservation of motor sensory and primary visual
cortices is in agreement with previous findings [21,22]. In
this study, we provide first-time evidence of a reduction in
the rates of brain atrophy associated with brain amyloidosis
in a longitudinal study. This diminished rate of atrophy in
stage 1 subjects is in agreement with the cortical thickening
reported in some cross-sectional studies in relation to brain
amyloidosis, especially those that dissect the effect of
amyloid-tau interactions [10–12]. The accelerated rate of
atrophy in the medial temporal lobe and cognitive
progression due to the synergistic effects of Ab1–42 and tau
in medial temporal areas has been previously reported in
longitudinal studies in ADNI1 [13,14]. In this study, we
confirm this result in the ADNI2 cohort. In agreement with
this hypothesis, the correlation between tau and
accelerated brain atrophy rates was found in all the Ab
positive groups (stages 1–3). Taken together, our results
provide further evidence of an inverted U shape in cortical

Fig. 4. Stratified correlation analysis. (A1) Correlation between longitudinal brain structural changes at 2-year follow-up and baseline CSFAb1–42 levels in the

tau negative group. No correlation between Ab1–42 and spc was found in the tau positive subjects. (A2) Scatterplot showing the individual CSFAb1–42 levels and

spc in the medial frontal region. (B1) Correlation between longitudinal brain structural changes at 2-year follow-up and baseline CSF tau levels in Ab positive

subjects. No correlation between tau and spc was found in the Ab negative subjects. (B2) Scatterplot showing the individual baseline CSF tau levels and spc in

the medial temporal region. Abbreviation: Spc, symmetrized percent change.
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brain structural changes in preclinical AD. We acknowledge
that several local and general compensatory mechanisms
might modulate the effects of the AD pathophysiological
process in different regions [29]. In this respect, the DIAN
study showed increased cortical thickness in the orbitofron-
tal cortex, a region matching the region found in the present
study, until the estimated onset of dementia [30]. Therefore,
it is possible that other factors, beside Ab and tau interac-
tions, might account for the findings we observe in this study.

The topography of the changes supports the notion that, at
a given timepoint, different brain areas can be at different
stages [31]. In our study, in the medial prefrontal area,
both those subjects classified as stage 1 and stage 2/3 might
be at the amyloid phase, whereas in the medial temporal lobe
structures, both stage 1 and stage 2/3 subjects might already
be at a neuronal dysfunction phase due to incipient neurofi-
brillar degeneration [32]. When limiting the analyses to
stage 0 plus and stage 1 plus subjects, the analysis uncovered
an extension of the attenuated longitudinal atrophy to the
precuneus. This is in fact congruent with the revised Jack’s
et al. [33] model which incorporates tau and Ab pathology
as independent processes. The fact that we only found a cor-
relation between CSF tau levels and cortical thinning in
medial temporal regions in Ab positive subjects is congruent
with the notion that, in these subjects, an initially subclinical
tauopathy accelerates after Ab biomarkers become
abnormal [33]. The anatomic order for this neocortical
spread of tau pathology begins thus in the medial temporal
lobe as it has been proposed [13,33,34], in a pattern of
atrophy following the tau Braak stages [32]. Pathologic
studies have shown that, at the age-range sampled in this
study, tau pathology is expected in medial temporal regions
[35] in cognitively normal subjects although CSF bio-
markers are unable to capture it [33]. The cortical thickness
in the medial temporal region may thus decrease linearly as
the disease progresses, irrespective of the existence of brain
amyloidosis. A recent study using a tau PET tracer supports
this model of tau spread in which aging is related to
increased tau-tracer retention in regions of the medial tem-
poral lobe, but in which the detection of tau outside
the medial temporal lobe requires the presence of cortical
amyloid b [36]. The topography of brain regions showing
amyloid-related increased cortical thickness is widespread
[10–12,37,38]. However, all these regions are part of the
default mode network, and amyloid deposition initially
starts in this network [39,40]. Furthermore, other factors
such as cognitive reserve make these relationships more
complex. Cognitive reserve is associated with cortical
thickness and with an increased tolerance to the
neurodegenerative processes [41].

The biological explanations for this amyloid-related
increased cortical thickness may include an inflammatory
response to oligomeric Ab, neuronal hypertrophy in
response to Ab, and the pathogenic synergies between tau
and Ab, among other possible factors. We have previously
discussed the biological, animal, human, neuropathologic,

and clinical studies that support these hypotheses in the pre-
vious works that led to the proposal of this two-stage phe-
nomenon in preclinical AD [11,12,38]. Furthermore, and
of particular interest to our longitudinal study, this
trajectory of changes has also been proposed for AD
transgenic mouse models [42–44]. These studies showed
aberrant thickening in the entorhinal, perirhinal,
retrosplenial, anterior cingulate, and frontal association
cortices, occurring between 1 and 3 months [42–44].
These areas remained abnormally thick at 6 months, when
Ab deposition and spatial memory deficits have just been
established but showed evident cortical thinning by 12
months [43]. The inflammatory response associated to Ab
has been also recently demonstrated in early stages of AD
pathology [45]. This study assessing the longitudinal
changes in astrocytosis and amyloid PET in humans showed
that astrocyte activation is implicated early in preclinical
AD. Finally, an elegant work in human and mouse models
showed that amyloid precursor protein expression acts to
potentiate and accelerate tau toxicity in driving lateral ento-
rhinal cortex dysfunction [34] and the synergistic effects of
Ab and tau. We, however, emphasize that the present work is
an observational study. Therefore, the synergistic effect of
amyloid and tau is a pathophysiological hypothesis that is
consistent with the data but not the only possible interpreta-
tion.

This work has potential clinical implications. Our results
highlight the relevance of the NIA-AA preclinical AD
research criteria in predicting different longitudinal brain
structural changes associated with each stage. Furthermore,
our findings strengthen the role of pathogenic synergies be-
tween biomarkers and nonlinear trajectories of changes in
hypothetical biomarker models of AD. The results also
have significant implications in clinical trials. MRI is
commonly used as a surrogate marker of efficacy. The unex-
pected finding of cortical atrophy (without clinical deteriora-
tion) seen in previous active (AN1792 trial) [46] and passive
(solanezumab [47] and bapineuzumab [48]) immunization
trials is better explained if we consider the pathologic thick-
ening associated with brain amyloidosis [11]. Moreover,
these results predict different trajectories for the cortical dy-
namics in the different AD preclinical stages. Current clin-
ical trials in preclinical AD select patients based on
amyloid [49] or APOE status [50] but do not take into ac-
count the tau status. Our data, however, suggest that the se-
lection criteria should differentiate between the different
preclinical AD stages.

The main strength of this study is that it allows direct
assessment of the longitudinal cortical changes in the
various preclinical stages in a well-characterized cohort.
The main limitation is the indirect assessment of brain
amyloidosis and neurofibrillary pathology through CSF bio-
markers which cannot assess the topography of abnormal-
ities. Therefore, using CSF biomarkers, we could not
assess the specific stage in each region. Further studies
with amyloid and tau PET imaging should confirm the
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pathogenic synergies between tau and amyloid b. A second
limitation of this study is the different sample sizes associ-
ated with preclinical disease stage. The sample size in pre-
clinical AD stage 2/3 is small (N 5 11), and the estimate
of the longitudinal change in cortical thickness become
less precise with lower sample sizes. However, the correla-
tion maps with larger sample sizes (N 5 39) are in agree-
ment with the group results (stage 0 vs. stage 2/3) and are
also consistent with the literature [13]. Finally, longer longi-
tudinal follow-up periods that capture the full individual
changes in each preclinical phase of AD are needed to estab-
lish whether stage 1 subjects progress and follow the pattern
described for stage 2/3 subjects.

In conclusion, changes in cortical structure during pre-
clinical AD manifest biphasically. They start as pathologic
cortical thickening in some areas related to amyloid accumu-
lation and evolve toward atrophy once the synergistic toxic
effect of tau predominates. These results have direct impli-
cations in clinical trials in subjects with preclinical AD,
both in the use of MRI as a surrogate marker of efficacy
and in the selection of subjects.
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using online databases looking for articles as-
sessing the brain structural changes in preclinical
Alzheimer disease (AD). Although there are several
cross-sectional studies, longitudinal reports are
limited and the conclusions unclear. These relevant
references are appropriately cited.

2. Interpretation: We propose a biphasic trajectory of
brain structural changes in preclinical AD; first as
amyloid-related pathologic cortical thickening fol-
lowed by atrophy once the synergistic toxic effect of
tau predominates. These findings impact current AD
pathophysiological models.

3. Future directions: The new framework sets the basis
for additional studies such as those with longer
follow-up periods to confirm the biphasic trajectory
of changes or those with amyloid and tau PET tracers
to directly assess the pathogenic synergies. These
results have implications in AD clinical trials, both in
the use of MRI as a surrogate marker of efficacy and
in the selection of subjects.
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