
OPEN

ORIGINAL ARTICLE

Amyloid-β and hyperphosphorylated tau synergy drives
metabolic decline in preclinical Alzheimer’s disease
TA Pascoal1, S Mathotaarachchi1, S Mohades1, AL Benedet1,2, C-O Chung1, M Shin1, S Wang1, T Beaudry1, MS Kang1, J-P Soucy3,
A Labbe4,5,6, S Gauthier7 and P Rosa-Neto1,3,7,8for the Alzheimer’s Disease Neuroimaging Initiative9

This study was designed to test the interaction between amyloid-β and tau proteins as a determinant of metabolic decline in
preclinical Alzheimer’s disease (AD). We assessed 120 cognitively normal individuals with [18F]florbetapir positron emission
tomography (PET) and cerebrospinal fluid (CSF) measurements at baseline, as well as [18F]fluorodeoxyglucose ([18F]FDG) PET at
baseline and at 24 months. A voxel-based interaction model was built to test the associations between continuous measurements
of CSF biomarkers, [18F]florbetapir and [18F]FDG standardized uptake value ratios (SUVR). We found that the synergistic interaction
between [18F]florbetapir SUVR and CSF phosphorylated tau (p-tau) measurements, rather than the sum of their independent effects,
was associated with a 24-month metabolic decline in basal and mesial temporal, orbitofrontal, and anterior and posterior cingulate
cortices (Po0.001). In contrast, interactions using CSF amyloid-β1–42 and total tau biomarkers did not associate with metabolic
decline over a time frame of 24 months. The interaction found in this study further support the framework that amyloid-β and
hyperphosphorylated tau aggregates synergistically interact to cause downstream AD neurodegeneration. In fact, the regions
displaying the metabolic decline reported here were confined to brain networks affected early by amyloid-β plaques and
neurofibrillary tangles. Preventive clinical trials may benefit from using a combination of amyloid-β PET and p-tau biomarkers to
enrich study populations of cognitively normal subjects with a high probability of disease progression in studies, using [18F]FDG as
a biomarker of efficacy.
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INTRODUCTION
Alzheimer’s disease (AD) clinically develops in the context of
presymptomatic, mild cognitive impairment and dementia stages,
and can be quantified in vivo via imaging and fluid biomarkers.1

AD pathophysiological process has been modelled as a cascade of
progressive neuropathological events initiated by amyloidosis
followed by hyperphosphorylated tau accumulation and subse-
quent structural, functional and cognitive declines.1,2 Recent
longitudinal studies have shown that the coexistence of upstream
events of the AD cascade predicts downstream structural and
functional declines.3 For example, Knopman et al.4 have reported
that faster structural and metabolic declines are observed in those
individuals with abnormal baseline amyloid-β load and metabo-
lism or hippocampal volume. Furthermore, studies conducted in
cognitively normal individuals revealed amnestic and non
amnestic cognitive declines in individuals with co-occurrence
of abnormal amyloid-β load and cerebrospinal fluid (CSF) tau
pathology, brain atrophy or hypometabolism.5–8

A conceptual framework proposes that amyloid-β and tau
pathologies synergistically potentiates subsequent downstream
neurodegeneration.9 This synergistic framework challenges
previous AD pathophysiological theories emphasising amyloid-β

or tau pathologies as the major driving forces of disease
progression, the so-called baptist and tauist perspectives,
respectively.10 In fact, a cross-sectional study conducted in cognitive
normal individuals suggested brain atrophy of temporoparietal and
occipital cortices as a function of the interaction between abnormal
CSF amyloid-β1–42 and phosphorylated tau (p-tau) biomarker
status.11 Similarly, the deleterious associations between CSF
amyloid-β1–42 and brain structure or cognition are dependent on
the presence of abnormal CSF p-tau levels.12,13 In fact, data
supporting molecular synergistic interactions between amyloid-β
and tau peptides, leading to downstream toxicity, have been
described in the recent animal model literature.14–16

[18F]Fluorodeoxyglucose ([18F]FDG) positron emission tomogra-
phy (PET) is one of the most important biomarkers in AD research
and clinical practice. [18F]FDG abnormalities reflecting focal
cerebral hypometabolism constitute a well-validated and sensitive
biomarker associated with AD pathophysiology, with potential
applications in following disease progression and assessing the
efficacy of disease-modifying interventions.17 Although brain
metabolism is vulnerable to AD pathophysiology, the relationship
between amyloid-β and tau pathologies as determinants of brain
hypometabolism is still unclear. Few longitudinal imaging studies
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have supported a link, albeit a modest one, between amyloid-β or
tau pathology and metabolic decline.18,19 Although the patho-
genic synergism between brain amyloidosis and tau pathology
has been postulated as a determinant of AD progression, no
previous study so far has been tested whether the interactions
between amyloid-β and tau pathologies are associated with
developing brain hypometabolism.
Here, in a longitudinal study of cognitively normal elderly

individuals, we test the hypothesis that [18F]FDG metabolic decline
depends on the synergistic interaction between, rather than the
sum of independent effects of, amyloid-β and tau biomarkers.

MATERIALS AND METHODS
Database description and study participants
Data used in the preparation of this article were obtained from the AD
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was
launched in 2003 as a public–private partnership, led by Principal
Investigator Michael W Weiner, MD. The primary goal of ADNI has been to
test whether serial magnetic resonance imaging (MRI), PET, other biological
markers, and clinical and neuropsychological assessment can be combined
to measure the progression of mild cognitive impairment and early AD.
For the present study, we selected cognitively normal subjects who had

undergone baseline lumbar puncture and [18F]florbetapir PET imaging, as
well as both baseline and 24-month follow-up visits for the [18F]FDG PET.
The operational definition of cognitively normal individuals adopted in this
study was a mini-mental state examination score of 24 or higher, a clinical
dementia rating 0 and absence of any neuropsychiatric diagnosis,
including mild cognitive impairment and dementia. The inclusion/
exclusion criteria adopted by the ADNI are described in detail at www.
adni-info.org (accessed January 2016).

CSF analyses
CSF amyloid-β1–42, tau phosphorylated at threonine 181 and total tau were
quantified using the multiplex xMAP Luminex platform (Luminex, Austin,
TX, USA) with INNOBIA AlzBio3; (Innogenetics, Ghent, Belgium)
immunoassay kit-based reagents. The CSF biomarker data sets used in
this study were obtained from the ADNI files ‘UPENNBIOMK5-8.csv’, and all
the biomarkers values for each individual were selected from the same file.
Further details of ADNI methods for CSF acquisition and CSF measurement
can be found at www.adni-info.org (accessed January 2016).

MRI/PET methods
ADNI, MRI and PET standard acquisition protocols are detailed elsewhere
(http://adni.loni.usc.edu/methods; accessed January 2016). Imaging analy-
sis methods are summarized in Figure 1. T1-weighted MRI images were
corrected for field distortions and subsequently processed using the CIVET
image-processing pipeline. In summary, images underwent non-uniformity
correction, followed by brain masking and segmentation using the brain
extraction based on nonlocal segmentation technique.20 Images were
subsequently co-registered using a nine-parameter affine transformation
and non-linearly spatially normalized to the MNI 152 reference template.
PET images were blurred with a volumetric Gaussian kernel with a full-
width half-maximum of 8 mm. Subsequently, linear co-registration and
non-linear spatial normalization to the MNI 152 template space were
performed using the transformation derived from the semiautomatic PET/
T1-MRI transformation and anatomical MRI registration for each subject.
Voxel-wise, standardized uptake value ratio (SUVR) maps were then
generated for [18F]florbetapir using the cerebellum grey matter and the
global white matter as reference regions. [18F]FDG SUVR images were
generated using the pons as a reference region. A global SUVR value for
each subject was estimated from the precuneus, as well as from the
prefrontal, orbitofrontal, parietal, temporal, anterior and posterior cingulate
cortices. Individual [18F]FDG SUVR values were obtained from the region of
interest, tailored by voxel-based statistical clusters.

Statistical methods
Statistical analyses were performed using the R Statistical Software Package
version 3.0.2 with the RMINC library (http://www.r-project.org/; accessed
January 2016). RMINC is an imaging package that allows image files in the
Medical Image NetCDF (MINC) format to be analysed within the R statistical
environment.
The primary end point on this study was the rate of metabolic decline

defined as:

Δ% 18F
� �

FDG ¼ SUVR follow-up - SUVR baseline
SUVR baseline

� �
´

1
Δ Time

´ 100

The biomarkers were analyzed using z-scores. Simple linear regression
models evaluated the effects of global [18F]florbetapir SUVR or CSF p-tau as
single regressors on Δ%[18F]FDG. The voxel-based interaction model
described below was built to test whether main and interactive effects
between global [18F]florbetapir SUVR and CSF p-tau are associated with

Figure 1. Summary of image analysis methods.
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metabolic decline.

Δ% 18F
� �

FDG ¼ β0 þ β1ð½18F�florbetapirÞ þ β2ðp� tauÞ
þ β3ð½18F�florbetapir ´ p� tauÞ þ covariatesþ ε

To ensure that our results were not due to issues related to voxel-based
analysis, we then isolated the clusters, averaged the SUVRs and performed
the same analysis for each cluster, using the averaged SUVRs as the
outcomes. The model was adjusted for age, gender and APOE ε4 status.
The statistical parametric maps presented in this study were corrected

for multiple testing. Statistical significance was defined using a false
discovery rate with a threshold of Po0.001.

RESULTS
Demographics and key sample characteristics are summarized in
Table 1. The effects of [18F]florbetapir SUVR or CSF p-tau as single
regressors on metabolic decline were not significant in our
population. Voxel-based analysis revealed that longitudinal [18F]
FDG SUVR decline on basal and mesial temporal, orbitofrontal,
anterior and posterior cingulate cortices was driven by the
synergistic interaction between [18F]florbetapir SUVR and CSF
p-tau measurements (Figure 2). Although the interaction term was
significant (β3), the main effects of [18F]florbetapir SUVR (β1) and
CSF p-tau (β2) on 24 months metabolic decline were not
significant using our voxel-based regression model.
Subsequently, we examined the interaction between [18F]

florbetapir SUVR and CSF p-tau on Δ%[18F]FDG SUVR in the regions
revealed by the voxel-based analysis, using an averaged SUVR value
for each region of interest. The effect of the interaction on
metabolic decline was higher in mesiobasal temporal (slope
coefficient (β3) =− 4.42, s.e. = 1.16, Po0.0001) and orbitofrontal
(slope coefficient (β3) =− 4.12, s.e. = 1.4, P=0.0002), followed by
anterior (slope coefficient (β3) =− 2.77, s.e. = 0.73, P=0.0001) and
posterior cingulate (slope coefficient (β3) =− 1.78, s.e. = 0.75,
P=0.0009) clusters. The main effects of [18F]florbetapir SUVR and
CSF p-tau on metabolic decline were not significant in each of the
regions of interest evaluated. This interaction was absent in other
brain regions such as the occipital lobe (slope coefficient (β3) = 0.46,
s.e. = 1.03, P=0.65) and precuneus (slope coefficient (β3) = 1.18,
s.e. = 0.73, P=0.14). Importantly, the interaction between [18F]
florbetapir SUVR and CSF p-tau as a function of declines in [18F]
FDG was not observed, using global [18F]FDG SUVR measurements
(slope-coefficient (β3) =− 0.51, s.e. = 0.59, P=0.36).
Interestingly, the average global [18F]FDG SUVR decline in our

population was 1.6% (95% confidence interval : 0.6–2.5%),
whereas within the cluster revealed by the interaction analysis
in basal and mesial temporal, orbitofrontal, anterior and posterior
cingulate cortices the average [18F]FDG SUVR decline was 6.1%

(95% confidence interval : 4.7–6.9%) over 24 months
(Supplementary Figure 1).
In our study population, [18F]florbetapir SUVR was highly

correlated with CSF amyloid-β1–42 (Spearman's rho = 0.68,
Po0.0001), whereas CSF p-tau was highly correlated with CSF
total tau (Spearman’s rho = 0.70, Po0.0001). However, alternative
models showed that [18F]FDG SUVR decline was not associated
with the interaction between CSF amyloid-β1–42 with total tau or
p-tau. Furthermore, [18F]FDG SUVR decline was not associated
with the interaction between CSF total tau and [18F]florbetapir
SUVR. Similarly, interactions using CSF amyloid-β1–42 or total tau
biomarkers were not significant in the mesiobasal temporal,
orbitofrontal, anterior and posterior cingulate clusters.
Notably, longitudinal brain hypometabolism was independent

of APOE ε4 status or its interactions with CSF p-tau (slope
coefficient (β3) =− 0.47, s.e. = 1.40, P= 0.74), CSF total tau
(slope coefficient (β3) = 0.56, s.e. = 1.37, P=0.69), CSF amyloid-β1–42
(slope coefficient (β3) =− 0.70, s.e. = 1.26, P=0.58) or [18F]florbetapir
SUVR (slope coefficient (β3) = 0.48, s.e. = 1.31, P=0.72).

DISCUSSION
The present study shows that the synergism between, rather than
the sum of independent effects of, continuous brain amyloid-β
deposition and p-tau biomarkers drives the rate of metabolic
decline in AD-related regions in a cognitively normal elderly
population. We further found that the interaction between brain
amyloid-β deposition and total tau biomarkers did not predict
metabolic decline.
The synergistic interaction between brain amyloid-β deposition

and CSF p-tau biomarkers concentrations found in our study has
to be carefully interpreted from the pathophysiological perspec-
tive. In the statistical model proposed, in terms of such interaction
within the study population, the density of the brain amyloid-β
deposition and CSF concentrations of p-tau synergistically amplify
the severity of the subsequent brain hypometabolism. As such,
individuals with the highest baseline concentrations of [18F]
florbetapir SUVR and p-tau had the highest rate of metabolic
decline in AD-related regions over a time frame of 24 months. One
might claim that this interaction supports the conceptual frame-
work that amyloid-β and hyperphosphorylated tau aggregates
synergistically, rather than independently, potentiate downstream
neurodegeneration.9,21,22 The combined effect between amyloid-β
and hyperphosphorylated tau has been supported by animal
model literature.23 For example, p-tau potentiates amyloid-β-
induced neurotoxicity24 and molecular interactions between
amyloid-β and p-tau have shown to amplify synaptic and neuronal
damage in AD.25 Indeed, deleterious interactions between peptide
aggregates have already been described in other proteinopathies
such as Lewy body disease (alpha-synuclein)26 and frontal
temporal lobar degeneration (TDP-43 inclusions).27

Fast metabolic decline in mesial temporal regions is not
considered part of the normal aging process.28,29 Indeed, the
mesial temporal metabolic decline found in the present study is
consistent with the idea that mesial temporal hypometabolism may
be an early metabolic abnormality linked to the AD pathophysio-
logical process.30,31 Furthermore, the hypometabolic areas reported
here converge to the brain circuits that are affected early by
neurofibrillary tangles and amyloid-β plaques.32–34 Such conver-
gence between metabolic and neuropathological abnormalities in
limbic regions further supports a synergism between amyloid-β and
tau pathologies leading to hypometabolism. Recently, a hypothe-
tical model in which the interaction between amyloid-β and tau
aggregates potentiates mesial temporal synaptic dysfunction in the
preclinical stages of AD has been suggested.35 One may claim that
brain amyloid-β measurements represent a proxy of oligomeric
amyloid-β.36 As such, the deleterious effects of amyloidosis

Table 1. Demographics and key sample characteristics

Characteristics Values

Number of subjects 120
Age, mean, years (s.d.) 74.9 (6.7)
Males, n (%) 63 (52)
Education, mean (years, s.d.) 16.5 (2.6)
MMSE, mean (s.d.) 29.1 (1.2)
APOE ε4 carriers, n (%) 30 (25)
Follow-up, months, mean (s.d.) 24.1 (1.7)
CSF p-tau, mean pg/ml (s.d.) 35.7 (16.5)
CSF total tau, mean pg/ml (s.d.) 71.9 (34.2)
CSF amyloid-β1–42, mean pg/ml (s.d.) 199.4 (51.5)
[18F]Florbetapir, mean SUVR (s.d.) 1.14 (0.14)

Abbreviations: CSF, cerebrospinal fluid; MMSE, mini-mental state examination;
p-tau, phosphorylated tau; SUVR, standardized uptake value ratio.
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reported here might be mediated by amyloid-β oligomers rather
than fibrillar conformations.
In addition to recent findings supporting the claim that the

synergism between brain amyloidosis and neurodegeneration is
associated with AD progression;3,4 here we demonstrate that [18F]
florbetapir PET rather than CSF amyloid-β1–42—and CSF p-tau
rather than total tau—better predict mesial temporal metabolic
decline. The motivation to explore these effects using amyloid-PET
in our study is derived from its close association with Aβ plaques
load,37 whereas CSF total tau and p-tau may provide additional
information regarding neurodegeneration and neurofibrillary
tangles load, respectively.38,39 Therefore, our results support the
concept that the interaction between brain amyloid-β plaques and
neurofibrillary tangles drives downstream neurodegeneration in
early disease stages. In addition, the better prediction obtained
with CSF p-tau as compared with total tau might be explained by
the possible higher specificity of p-tau to AD pathophysiology.
Although high concentrations of p-tau better characterize the AD
pathological process,40 abnormal CSF total tau may be found in
several brain disorders associated with axonal death and neuronal
loss.41 Indeed, two previous studies conducted in ADNI partici-
pants also found that CSF p-tau, but not total tau, modulates the
link between amyloid-β pathology and brain atrophy or cognitive
decline.12,13 Although CSF amyloid-β1–42 is considered an effective
biomarker for representing disease status, direct measurements
of brain amyloid-β deposition, as measured with amyloid-PET
imaging, might be more strongly associated with eminent disease

progression in early AD stages.42,43 Alternatively, the lack of
association of CSF total tau and CSF amyloid-β1–42 with metabolic
decline may be due to the characteristics of the participants of the
study population or the CSF assay.
Clinical insights can be derived from the present results. For

example, the combination of abnormalities of CSF p-tau and
amyloid-PET biomarkers might serve as a strategy for population
enrichment, whereas [18F]FDG PET may serve as a biomarker of
efficacy in disease-modifying clinical trials that focus on indivi-
duals in the preclinical stages of AD.
The major methodological strength of the present results

constitutes the use of continuous variables in our statistical
analysis. In fact, biomarkers are naturally continuous measure-
ments and dichotomization techniques, such as establishment of
abnormalities thresholds have been constantly debated44 and
might not be ideal way to evaluate a disease with a continuous
spectrum as AD. Another strength in our analysis was the
conservative multiple comparison correction threshold using a
significance level of 0.001 to interpret the data, which helped to
avoid false positives results. To the best of our knowledge, this is
the first study showing the synergism between amyloidosis and
neurodegeneration without assuming a threshold for biomarker
abnormalities or artificial dichotomization techniques.
Methodological aspects limit the interpretation and external

validity of the present results. It is important to mention that ADNI
participants are highly educated; therefore mechanisms of brain
and cognitive reserve may have a role in the [18F]FDG PET

Figure 2. Synergistic effect between [18F]florbetapir SUVR and CSF p-tau drives [18F]FDG uptake decline in limbic regions. Statistical
parametric maps, after correcting for multiple comparisons (false discovery rate corrected at Po0.001), overlaid in a structural MRI scan, reveal
areas in which 24-month [18F]FDG uptake decline occurs as a function of the synergistic interaction between baseline [18F]florbetapir SUVR
and CSF p-tau measurements. Significant interactive effects were observed in the basal and mesial temporal, orbitofrontal, and anterior and
posterior cingulate cortices. The analysis was corrected for age, gender and APOE ε4 status. CSF, cerebrospinal fluid; [18F]FDG, [18F]
fluorodeoxyglucose; MRI, magnetic resonance imaging; p-tau, phosphorylated tau; SUVR, standardized uptake value ratio.
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outcomes reported here.45 The study population is composed of a
group of individuals who accepted to participate in a study
focusing on AD. Therefore, our population may be a self-selected
group of individuals who worry about cognition. It would be highly
desirable to replicate these results in a larger population-based
cohort. The observations reported here are purely phenomenolo-
gical and do not intend to prove a biological synergy between
amyloidosis and tau pathology. Our statistical model might have
captured a sequence of events, involving amyloid-β aggregation,
and subsequent tau phosphorylation and metabolic decline.
Certainly, molecular biology approaches involving cell cultures
and in vivo studies combining long-term sequential imaging of
amyloid-β, tau and brain metabolism in animal models, and in
humans could better assess a causal relation between these
pathological proteins and brain metabolic decline. We presented
the PET data without correcting for partial volume effects. Although
partial volume correction had an impact on our SUVR values, this
effect did not translate into significant differences in our final
results. Previous studies suggest that hypometabolism is more
related to APOE ε4 status than to amyloid-β accumulation.46

Interestingly, we found no interactive effects between APOE ε4
status and tau biomarkers, leading to hypometabolism. However,
despite recent evidence suggesting no effect of APOE ε4 status in
the metabolism of AD-related brain regions in ‘preclinical’
individuals,30 one should be cautious regarding the influence of
APOE ε4 in the present results due to our relatively small sample
size to detect genetic influences in early disease stages.
In conclusion, the proposed synergistic interaction between

amyloid-β and tau supports the idea of a more integrative model
of AD, although it does not explicitly refute the baptist or tauist
perspectives.
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