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Abstract.
Background: The earliest stage of preclinical Alzheimer’s disease (AD) is defined by low levels of cerebrospinal fluid (CSF)
amyloid-� (A�42). However, covariance in longitudinal dynamic change of A�42 and tau in incipient preclinical AD is poorly
understood.
Objective: To examine dynamic interrelationships between A�42 and tau in preclinical AD.
Methods: We followed 47 cognitively intact participants (CI) with available CSF data over four years in ADNI. Based on
longitudinal A�42 levels in CSF, CI were classified into three groups: 1) A�42 stable with normal levels of A�42 over time
(n = 15); 2) A�42 declining with normal A�42 levels at baseline but showing decline over time (n = 14); and 3) A�42 levels
consistently abnormal (n = 18).
Results: In the A�42 declining group, suggestive of incipient preclinical AD, CSF phosphorylated tau (p-tau) showed a
similar longitudinal pattern of increasing abnormality over time (p = 0.0001). Correlation between longitudinal slopes of
A�42 and p-tau confirmed that both trajectories were anti-correlated (rho = –0.60; p = 0.02). Regression analysis showed that
A�42 slope (decreasing A�42) predicted p-tau slope (increasing p-tau) (R2 = 0.47, p = 0.03). Atrophy in the hippocampus was
predicted by the interaction of A�42 and p-tau slopes (p < 0.0001) only in this incipient preclinical AD group. In all groups
combined, memory decline was predicted by p-tau.
Conclusions: The evolution of A�42 and p-tau CSF biomarkers in CI subjects follows an anti-correlated trajectory, i.e., as
A�42 declined, p-tau increased, and thus was suggestive of strong temporal coincidence. Rapid pathogenic cross-talk between
A�42 and p-tau thus may be evident in very early stages of preclinical AD.
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INTRODUCTION

Preclinical Alzheimer’s disease (AD) has been
defined according to the progressive appearance
of pathophysiological specific stages triggered by
amyloid-� (A�), i.e., decreasing A�42 in cere-
brospinal fluid (CSF), followed by brain injury
neurodegeneration, i.e., abnormal levels of tau pro-
tein and cortical and hippocampal atrophy, which
ultimately results in subtle cognitive decline, though
not yet so severe as to meet criteria for mild cognitive
impairment (MCI) [1]. However, accumulating evi-
dence has challenged this temporally ordered model
of the evolution of the underlying pathophysiolog-
ical processes that lead to AD. In the context of
autosomal dominant early-onset AD, cross-sectional
data inspection showed evidence of CSF total tau
abnormalities more or less coinciding with CSF A�42
abnormalities suggestive of increased amyloid aggre-
gation [2, 3]. More recently, using probabilistic event
modeling in a mixed group of cognitively intact (CI),
MCI, and AD subjects, Young et al. showed that CSF
tau may become abnormal before amyloidosis [4].

Similarly, several lines of evidence suggest that
tau abnormalities in medial temporal lobe and limbic
regions without amyloidosis may be age-associated
(i.e., a so-called PART syndrome) [5]. Findings that
a group of CI subjects had CSF tau but not amy-
loid abnormalities were consistent with this view
[6]. Indeed, tau pathology in the form of abnor-
mally phosphorylated protein has been documented
to start in early young adulthood and even childhood
[7, 8]. It has also been recently suggested that the
initial appearance of brain injury biomarkers (in cog-
nitively normal subjects) may not be dependent on
�-amyloidosis. Based on their observations of a sub-
group of CI people showing evidence of widespread
neuronal injury (glucose hypometabolism and hip-
pocampal atrophy) in absence of amyloid aggregation
(PIB- positron emission tomography (PET)) [9, 10],
it was hypothesized that this group had a suspected
non-AD pathophysiology (SNAP).

In this study we sought to expand and refine the
recent study of Mattsson et al. [11]. They identi-
fied three temporal patterns of CSF amyloid burden
in CI subjects in ADNI: 1) subjects with normal
levels of amyloid at baseline that remained longitu-
dinally stable (hereafter termed A�42 stable normal);
2) subjects with normal levels of amyloid at baseline
consistently declining longitudinally (termed A�42
declining); and 3) subjects with abnormal amyloid
levels at baseline that consistently remained abnormal

over time (termed A�42 abnormal). Here we extend
this work by carefully examining CSF p-tau trajecto-
ries in these A�42-classified groups and the attendant
interplay between these biomarkers.

MATERIALS AND METHODS

Participants

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) database (http://adni.loni.
usc.edu). The ADNI was launched in 2003 as a
public-private partnership, led by Principal Investi-
gator 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 assess-
ment can be combined to measure the progression of
MCI and early AD. For up-to-date information, see
http://www.adni-info.org.

Only CI participants at study entry were included
in the analyses. Inclusion criteria are described
elsewhere [12]. Briefly, participants were between
55–90 (inclusive) years old, had a Clinical Demen-
tia Rating (CDR) [13] score of 0, Mini-Mental
State Examination (MMSE) [14] scores between
24 and 30 (inclusive), normal memory function
documented by scoring at specific cutoffs on the
Logical Memory II subscale (delayed Paragraph
Recall) from the Wechsler Memory Scaled – Revised
subscale [15], no memory complaints aside from
those common to other normal participants of that
age range, non-depressed, non MCI, non-demented,
absence of significant impairment in other cognitive
domains, and preserved activities of daily living. All
participants signed written informed consent for par-
ticipation in ADNI as approved by the institutional
board at each participating center.

Cerebrospinal fluid measures

CSF was acquired by lumbar puncture in the
morning after overnight fast as described in the
ADNI procedures manual (http://adni.loni.usc.edu).
A 15–20 mL CSF sample was collected at each of the
participant centers and stored at ADNI Biomarker
Core laboratory at the University of Pennsylvania at
–80◦C pending biochemical analysis. Samples were
shipped overnight to the ADNI Biomarker Core at
the University of Pennsylvania on dry ice. The 1 to
42 amino acid form of amyloid-� peptide (A�42),

http://adni.loni.usc.edu
http://adni.loni.usc.edu
http://www.adni-info.org
http://adni.loni.usc.edu
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tau, and tau phosphorylated at the threonine181site
(p-tau) were quantified in CSF. The specific mono-
clonal antibodies used were 4D7A3 for A�42, AT120
for total tau (t-tau), and AT270 for p-tau. A�42,
t-tau, and p-tau181p were measured using a multi-
plex platform (xMAP; Luminex Corporation) with
Innogenetics (INNO-BIA AlzBio3; Ghent, Belgium;
for research use-only reagents) immunoassay kit-
based reagents. As described in Toledo et al. [16],
fresh and never before thawed 0.5 mL aliquots for
each subject’s set of longitudinal time points were
analyzed on the same 96-well plate in the same ana-
lytical run to minimize run-to-run and reagent kit
lot sources of variation. We utilized log-transformed
values for analyses of A�42, t-tau, and p-tau181p
from ADNI UPENN batch 4 in ADNI. Using pro-
posed cut-off values for ADNI [17], we used the
same classification followed by Mattsson et al. [11].
Briefly, we first fit linear mixed models with follow-
up as single predictor to derive intercepts and slopes
for each CSF measure. Then we subdivided the CI
sample into: 1) A�42 stable normal group, that had
estimated intercepts above the pathological cut-off
value for A�42 (A�42 > 192 pg/mL) and estimated
slopes less than the median among all A�42-normal
individuals; 2) A�42 declining group, that had inter-
cepts above the pathological cut-off value for A�42
(A�42 > 192 pg/mL) and slopes above the median
(negative slopes) among all A�42-normal individu-
als; and 3) A�42 abnormal group, that had intercepts
in the pathological range (A�42 ≤192). We also
included four subjects crossing the cut-off to A�42
abnormality. We included these subjects to avoid
“investigator biases” in selecting the cases, and to
obtain a raw representation of the population (Table 1
depicts a description of the groups). Also see the
Supplementary Material for a detailed description of
individuals excluded from study.

Brain atrophy measures

Scans were obtained from 1.5 Tesla scanners at dif-
ferent sites involved in ADNI with minor variations
in the MRI protocol based on the specific configu-
ration of each scanner. Volumetric measures of the
whole brain, cerebral white matter, and hippocampus,
as well as cortical thickness measures of entorhinal,
inferior temporal, middle temporal, parahippocam-
pal, posterior cingulate, and precuneus were extracted
combining both hemispheres. These measures were
selected because they represent brain areas that show
atrophy in AD, and where A�42 and tau seem

to have greater impact [8, 18–20]. Computations
for brain atrophy measures were performed using
Freesurfer (http://surfer.nmr.mgh.harvard.edu/). We
excluded full MRI scans for subjects whose corti-
cal reconstruction failed in any of the brain regions
examined.

Cognitive measures

Cognitive measures included immediate and
delayed episodic verbal memory of the logical
memory test of the Wechsler Memory Scale [15],
immediate and delayed recall of the Auditory Verbal
Learning Test [21], working memory as measured by
digit span, and speed of processing as measured by
digit symbol substitution test [22].

Statistical analysis

Statistical comparisons between demographic
variables were performed through ANOVA tests
adjusted for multiple comparisons, and Chi square
tests for continuous and dichotomous variables
respectively. Between group comparisons of
CSF measures at baseline were performed using
ANCOVA models with post-hoc comparisons and
Bonferroni correction. Linear mixed models (SAS
9.3. PROC MIXED) were fitted to inspect longi-
tudinal CSF trajectories within each group (A�42
stable normal, A�42 declining, and A�42 abnormal),
and between groups (Group x Time factor). In
these mixed models, the covariance pattern was
set as heterogeneous autoregressive structure, time
(follow-ups) was included as a repeated factor, and
subject was the random factor. In order to measure
relationship between longitudinal trajectories of the
different CSF biomarkers, correlation between the
slopes within A�42 groups was computed using
Spearman’s rank correlation coefficients. Stepwise
regression models, based on maximizing R square,
were also fit to inspect the contribution of the
variation in p-tau that might be attributed to A�42
variation (A�42 at baseline was forced into these
models), and second to inspect independent and
interactive contributions of A�42 and p-tau on brain
atrophy and cognition in the A�42 declining group.
In these models, A�42 at baseline, A�42 longitudinal
slope, p-tau longitudinal slope, and the interaction
between A�42 and p-tau longitudinal slopes were
the predictor variables, and each of the atrophy
and cognitive variables (in the form of longitudinal
slopes) were the outcome variables. Significance

http://surfer.nmr.mgh.harvard.edu/
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level for entry in the models was set up at Bonferroni
corrected significance level of p = 0.006 for brain
morphometry measures, and p = 0.008 for cognitive
measures. Age, gender, and educations (in years)
were forced into all the analyses. Effect sizes (ES)
were computed according to Cohen’s formula.

RESULTS

Participant characteristics

Study demographics are summarized in Table 1.
Forty-seven CI had valid CSF measures at baseline
(46 at first year, 25 at second year, 31 at third year, and
13 at fourth year). The APOE gene distribution dif-
fered between groups by Chi square test (χ2 = 16.16;
p = 0.003). The A�42 abnormal group had higher fre-
quency of the APOE E4 allele compared to A�42
stable normal group (Table 1). Interestingly, within
A�42 stable normal group, none of the participants
was APOE E4 carrier while 6 (40%) were carriers of
the neuroprotective APOE E2 variant (Table 1 and
Supplementary Table 1). Demographic characteris-
tics were similar across groups. A description of how
missing data were handled can also be found in the
Supplementary Material plus a comparison between
missing individuals at follow-up and non-missing
individuals at follow-up on demographic and clinical
stating variables (Supplementary Table 2).

Baseline CSF findings

As expected, the A�42 abnormal group showed
lower levels of A�42 compared to the A�42 stable
normal and A�42 declining groups (Table 2). P-tau
mean was also found to be higher in the A�42 abnor-
mal group compared to both A�42 stable normal and
A�42 declining groups and exceeding the established
cutoff to be considered as pathological (p-tau181p
> 23 pg/mL) [17]. Therefore, both A�42 and p-tau

mean levels were above the threshold of pathology at
baseline in the group considered as suggestive of pre-
clinical AD. Total tau mean levels were also higher in
the A�42 abnormal group but without exceeding the
cutoff value of total tau namely 93 pg/mL. Total tau
also did not differ between the three groups. Cor-
relation analyses showed that levels of A�42 and
p-tau were not correlated at baseline in any of the
groups (all p values > 0.54), but they were correlated
when considering the whole CI sample (rho = –0.35/
p = 0.01).

Longitudinal CSF findings

Aβ42
Mixed models fitted within each group revealed

that the A�42 declining group showed a signif-
icant longitudinal decline of A�42 (F4,29= 10.28/
p < 0.0001), whereas the A�42 stable normal (F4,31 =
0.29/p = 0.88) and the A�42 abnormal (F4,40 = 1.40/
p = 0.25) did not (Fig. 1A). In the whole CI subject
sample, A�42 longitudinal decline was found to show
a trend to significance (F4,108 = 2.26/p = 0.07). In a
secondary analysis in which group was a between
subject factor in the model, the Group x Time inter-
action was also significant (F8,100 = 2.98/p = 0.005).
ANCOVA models comparing longitudinal slopes
between the three groups corroborated this. As
described above, we computed individual slopes
for longitudinal trajectories of the CSF biomarkers.
Table 2 shows the means, standard deviations, and
the range of these slopes for each of the groups. Lon-
gitudinal A�42 slope was significantly higher (more
declining) in the A�42 declining group as compared
to A�42 stable normal, and showed a trend to signif-
icance compared to A�42 abnormal group.

P-tau and t-tau
Mixed models fitted within each group

revealed that the A�42 declining group showed

Table 1
Demographic characteristics and APOE status

A�42 Stable Normal A�42 Declining A�42 Abnormal Statistical Test
(n = 15) (n = 14) (n = 18)

Age, Mean (SD) 76.07 (6.88) 77.86 (3.86) 75.89 (3.76) F2,44 = 0.71/p = 0.50
Range 62 – 90 72 – 84 71 – 85
Gender M/F 10/5 8/6 9/9 χ2 = 0.93/p = 0.63
Education, Mean (SD) 16.33 (2.58) 16.14 (2.71) 16.00 (3.50) F2,44 = 0.05/p = 0.95
Range 12 – 20 13 – 20 6 – 20
APOE Status E2 carriers = 6 E2 carriers = 2 E2 carriers = 0 X = 16.16/p = 0.003

E3/E3 = 9 E3/E3 = 10 E3/E3 = 10 A�42 Stable versus A�42 Declining χ2 = 4.02/p = 0.13
E4 carriers = 0 E4 = 2 E4 carriers = 8 A�42 Stable versus A�42 Abnormal χ2 = 13.89/p = 0.001

A�42 Declining versus A�42 Abnormal χ2 = 5.18/p = 0.07
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Table 2
CSF Measurements at baseline and longitudinal trajectory (in the form of slope) at 4 years of follow-up (including age, gender and education

as covariates)

A�42 Stable Normal A�42 Declining A�42 Abnormal Statistical Test
(n = 15) (n = 14) (n = 18)

A�42 Baseline, Mean 268.93 (30.33) 258.93 (31.08) 157.44 (24.26) F2,41 = 81.95/p<0.0001
(SD) Range 214 – 324 198 – 305 111 – 190 A�42 Stable versus A�42 Declining p = 1.00

A�42 Stable versus A�42 Abnormal p < 0.0001
A�42 Declining versus A�42 Abnormal p < 0.0001

A�42 Slope 2.20 (5.50) –10.36 (9.71) –0.65 (9.34) F2,41 = 5.01/p = 0.01
–3 – 16 –24 – 10 –9 – 34 A�42 Stable versus A�42 Declining p = 0.01

A�42 Stable versus A�42 Abnormal p = 1.00
A�42 Declining versus A�42 Abnormal p = 0.08

P-tau Baseline, Mean 20.73 (7.74) 21.07 (7.61) 31.78 (13.90) F2,41 = 5.10/p = 0.01
(SD) Range 13 – 41 13 – 38 9 – 54 A�42 Stable versus A�42 Declining p = 1.00

A�42 Stable versus A�42 Abnormal p = 0.03
A�42 Declining versus A�42 Abnormal p = 0.03

P-tau Slope 0.16 (3.55) 2.01 (2.63) 2.91 (3.12) F2,41 = 3.42/p = 0.04
–9 – 8 –2 – 8 –3 – 11 A�42 Stable versus A�42 Declining p = 0.16

A�42 Stable versus A�42 Abnormal p = 0.05
A�42 Declining versus A�42 Abnormal p = 1.0

T-tau Baseline, Mean 58.53 (18.40) 72.79 (23.47) 84.94 (36.69) F2,41 = 1.99/p = 0.15
(SD) Range 30 – 94 45 – 122 14 – 179

T-tau Slope 2.06 (3.72) 3.07 (4.57) 2.21 (5.41) F2,41 = 0.23/p = 0.80
–3 – 10.4 –1.7 – 15.5 –4.5 – 12.5

Baseline data are presented in the form of raw CSF pg/mL for clarity purposes, although statistical tests were performed using log-transformed
values.

a significant longitudinal increase of p-tau
(F4,29 = 8.31/p =0.0001), whereas the A�42 sta-
ble normal (F4,32 = 1.98/p = 0.12) and the A�42
abnormal (F4,40 = 2.10/p = 0.10) did not (Fig. 1B).
In the whole CI sample p-tau longitudinal increase
was significant (F4,109 = 5.71/p = 0.0003). However,
mixed model with A�42 groups as between subjects
factor was not significant for the Group x Time
interaction term (F8,101 = 0.83/p = 0.58). Finally,
effect size analyses revealed an incremental pattern
on p-tau levels in the A�42 declining group between
each of the follow-ups and baseline, going from small
(0.20) to large (1.30) (Fig. 2B). The A�42 abnormal
group also showed a similar increase in p-tau levels
(small to large: 0.20–1.10) (Fig. 2C), whereas the
A�42 stable group levels tended toward a small
longitudinal decrease initially, but a considerable
increase at last follow-up (ES = 0.90) (Fig. 2A). This
suggests that p-tau levels increased at each follow-up
compared to baseline in all three groups, but this
increase was largest in the A�42 declining group.

Aβ42 and p-tau relationships
Figure 3 shows mean slopes of A�42 and p-tau

by group. As can be seen in Figure 3B, A�42 and p-
tau showed parallel trajectories in the A�42 declining
group. Individual trajectories for each subject in this
A�42 declining group are also shown in Figure 4. In

the A�42 abnormal group, while A�42 remained sta-
ble, p-tau showed a considerable decline (Fig. 3C). In
the A�42 normal stable group, both A�42 and p-tau
remained stable through follow-up (Fig. 3A). Cor-
relation coefficients between longitudinal p-tau and
A�42 slopes were as follows: rho = –0.60 (p = 0.02)
for the A�42 declining group, rho = –0.45 (p = 0.09)
for the A�42 stable normal group and rho = –0.16,
(p = 0.51) for the A�42 abnormal group (Fig. 5).
These correlation coefficients indicated that A�42 and
p-tau trajectories were anti-correlated in the A�42
declining group. A regression analysis to ascertain
the contribution of the variation of p-tau slope pre-
dicted by A�42 slope and A�42 baseline (forced into
the model) corroborated this; in the A�42 declin-
ing group, p-tau slope was predicted by A�42 slope
(F2,11 = 4.94, p = 0.03, R2 = 0.47; A�42 slope param-
eter estimate b = –1.26, t = –2.79, p = 0.02, Variance
Inflation Factor (VIF) = 1.04), whereas it was not pre-
dictive in the A�42 stable normal group (F2,12 = 2.47,
p = 0.13) and the A�42 abnormal group (F2,15 = 0.66,
p = 0.53). Total tau was not predicted by A�42 slope
in any of the groups.

Impact of Aβ42 and p-tau on brain atrophy and
cognition

Atrophy rates in several regions were predicted
by both A�42 and p-tau slopes and their interaction.
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Fig. 1. Longitudinal trajectories of CSF biomarkers. Figure rep-
resents least squares (LS) means and standard errors for the three
CSF biomarkers at each one of the 5 follow-ups: Baseline, 12, 24,
36, and 48 months. A) A�42 levels for A�42 normal stable (light
grey), A�42 declining (dark grey), and A�42 abnormal (black)
groups; B) p-tau181p levels for A�42 normal stable (light grey),
A�42 declining (dark grey), and A�42 abnormal (black) groups;
C) t-tau levels for A�42 normal stable (light grey), A�42 declining
(dark grey), and A�42 abnormal (black) groups.

Specifically in the A�42 declining group, showing
incipient preclinical AD, atrophy in the hippocam-
pus was influenced by p-tau slope, A�42 at baseline,
and the A�42 slope x p-tau slope interaction; atro-
phy in the precuneus was also predicted by A�42 at
baseline in this group (Table 3). Thickness measures

Fig. 2. Effect sizes of the longitudinal change in p-tau by group.
Figure represents effect sizes for p-tau at each follow-up (12, 24,
36, and 48 months) compared to baseline: A) A�42 stable normal
group; B) A�42 declining group; and C) A�42 abnormal group.

of the medial temporal lobe (i.e., middle temporal
and inferior temporal) were also associated to A�42
and p-tau slopes but only when setting a more lib-
eral level of significance criteria for entry (p = 0.10
instead of p = 0.05). Atrophy of the A�42 normal sta-
ble and A�42 abnormal groups was not predicted by
CSF biomarkers. The same held true for the whole
sample.

Regarding cognitive decline, the effect of CSF
biomarkers were only observed in the whole CI
sample: 1) logical memory immediate and delayed
decline were found to be predicted by p-tau
slope (Model for delayed memory F4,42 = 3.20,
p = 0.02, R2 = 0.23; Model for immediate memory
F4,42 = 2.62, p = 0.05, R2 = 0.20); and 2) digit symbol
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Fig. 3. Longitudinal trajectories of A�42 and p-tau by group. Figure represents intercepts and slopes (transformed to z scores) for each of the
groups. In these figures, p-tau levels have been transformed to negative values in order to be comparable to A�42 levels. A) In the A�42 stable
normal group, A�42 and p-tau were longitudinally stable; B) In the A�42 declining group, both A�42 and p-tau showed an anti-correlated
trajectory; C) In the A�42 abnormal group, while A�42 remained abnormally stable, p-tau showed decline; D) all groups are plotted together
for comparative purposes between groups.

processing was predicted by the interaction between
the slopes of A�42 and p-tau plus p-tau slope (Model
F5,41 = 2.51, p = 0.04, R2 = 0.23). Within group
analyses showed that none of the models reached the
Bonferroni corrected level of significance. Tables
for regression models on cognitive measures are
in supplement (Supplementary Table 3). Despite
non-significance, R2 for the full models were quite
large (e.g., approximately in the 0.50 to 0.75 range
for A�42 declining group).

We also provide longitudinal changes of clinical
staging variables (CDR and MMSE) in Supplemen-
tary Table 4. While longitudinal decline on CDR
did not reach statistical significance for any of the
groups, MMSE scores showed a significant decline
in the A�42 abnormal group (p = 0.04), and a trend for
significance in the A�42 declining group (p = 0.07).

DISCUSSION

In a subgroup of clinically CI individuals who
demonstrated declining CSF A�42 levels, p-tau levels
in CSF demonstrated coincident increases, suggest-
ing that slopes were tightly coupled. Importantly,
at least four subjects in the declining subgroup of

the ten for whom data were available, eventually
demonstrated abnormal amyloid levels (“amyloid
positivity”), i.e., they progressed to preclinical AD.
Covarying with A�42 decline was a p-tau increase,
which began at normal levels and ended at abnormal
levels. A�42 slope accounted for 47% of the variance
in p-tau slope increases. These findings suggest that
both CSF biomarkers are changing at similar rates
in individuals who are converting or may be con-
verting from CI to preclinical AD status. Of course,
correlations do not equate with causality and it thus
might be possible that some underlying disease pro-
cesses account for both amyloid and p-tau changes
independently.

In this A�42 declining group, p-tau and A�42
interactions also had a significant effect on hippocam-
pus atrophy. This suggests that neurodegenerative
processes involving cell death or neuronal loss in
medial temporal lobe were commencing and required
interactions between A�42 and p-tau. Additionally,
baseline A�42 level had an impact on precuneus
thickness, as has been reported previously [23–25].

The A�42 stable normal group demonstrated
increases in p-tau. However the slope was consider-
ably more gradual than in the A�42 declining group.
Thus, such increases may be age associated [26].
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Fig. 4. Individual longitudinal trajectories for A�42 and p-tau for each subject of the A�42 declining group. Figure shows A�42 and p-tau
intercepts and slopes (transformed to z scores) for each of individuals examined in the A�42 declining group. In these figures, p-tau levels
have been transformed to negative values in order to be comparable to A�42 levels. RID, roster identification number in ADNI.

Based on the high proportion of individuals carrying
the neuroprotective APOE E2 variant in this stable
group, it is unlikely that a significant number will
advance to AD. The A�42 abnormal group demon-
strated a steep increase in p-tau, while A�42 levels
remained relatively stable but abnormal. In this case it
may be argued that while A�42 levels have reached an
asymptote, p-tau related neurodegeneration may be
ongoing and accelerated [27]. As APOE E4 carriers
were disproportionately observed in this A�42 abnor-
mal group, it is possible that this group was more
advanced in terms of AD-related neurobiological pro-
gression because of E4-driven earlier age of onset.

With respect to cognition, our findings in the whole
group of CI suggest that immediate and delayed mem-
ory and speed of processing changes were predicted
by increases in p-tau, supporting the already reported
finding that p-tau may be more directly associated

with behavioral memory performance than A�42
[28]. However, we must acknowledge that overall
cognition was inconsistently related to CSF changes
in our study sample. This should be considered into
the context of the very subtle cognitive impairment
usually seen in CI individuals, and the possible lack
of sensitivity of the traditional neuropsychological
tests employed in detecting those subtle variations
in cognition. Last, it is plausible that CSF effects on
cognition may be mediated by brain atrophy and thus
not directly related to A�42 or p-tau variations per se.

Total tau did not demonstrate the same type of
changes that p-tau showed in our study. T-tau seems
to be a general marker of damage to cortical axons,
whereas p-tau appears to be more characteristic of
AD [29]. In the same line, the 42 amino acid form of
the A� peptide (A�42) is particularly considered the
driving force in the AD disease process as it is the
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Fig. 5. Correlation between A�42 and p-tau slopes by group. Figure shows scatter plots between the longitudinal slopes of A�42 and p-tau for
each of the groups in log-transformed values. A) A�42 stable normal group correlation coefficient rho = –0.45 (p = 0.09); B) A�42 declining
group correlation coefficient rho = –0.60 (p = 0.02); and C) A�42 abnormal group correlation coefficient rho = –0.16, (p = 0.51).

Table 3
Atrophy rates in the A�42 declining group

Hippocampus Volume: Model F6, 7 = 22.05 p = 0.0003, R2 = 0.95 (Covariates Age, Gender and Education R2 = 0.29)

DF Standardized t p R2 VIF
Estimate

A�42 x p-tau Slopes 1 1.89 9.02 <0.0001 0.33 6.12
p-tau Slope 1 1.47 6.69 0.0003 0.15 6.74
A�42 Baseline 1 –0.65 –5.06 0.001 0.18 2.29

Precuneus Thickness: Model F4, 8 = 14.74 p = 0.0009, R2 = 0.88 (Covariates Age, Gender and Education R2 = 0.38)

A�42 Baseline 1 –0.82 –5.80 0.0004 0.50 1.33

most abundant species of A�42 in amyloid plaques
[30]. Therefore, reduction of CSF A�42 seems to be a
consequence of the aggregation of this A�42 isoform
into plaques [31].

Several caveats to our study must be acknowl-
edged. First, the sample sizes for each A�42 derived
subgroup were small. However, lumbar puncture is
considered an invasive procedure and less widely

available, factors that limit enrollment in CSF studies.
Second, longitudinal follow-up may be considered as
short (4 years of follow-up). Future studies should
confirm our conclusions with longer follow-up. We
have reviewed the literature to ascertain sample size
and missing data issues in longitudinal CSF stud-
ies in aging and preclinical AD (See Supplementary
Table 5). Briefly, three studies [11, 16, 32] in the
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same database had same rates of missing data, and
one very recent study (Baltimore Aging) did have a
slightly greater sample: 20/21 individuals with three
or more follow-ups, as opposed to 31 individuals
at three years of follow-up and 13 at four years in
our study [33]. Thus, our study is the second largest
with longitudinal CSF data in aging and preclinical
AD. Furthermore, we also detail in the Supplemen-
tary Material the procedure we followed for handling
missing data. Additionally, and as with every study
of this type, we do not know the slope of A�42 or
p-tau before baseline. Third, the age range of our
sample (from 62 to 90 years) may have some role
in our findings, though it was a forced covariate in
our regressions.

For the purposes of this study, we assumed
that A�42 can initiate neurodegeneration of the
Alzheimer-type in older individuals. Support for this
view comes from early onset familial autosomal
dominant mutations in PS1, PS2, and APP, all of
which directly induce amyloid misprocessing. Nev-
ertheless, and as noted in the introduction, we are
aware of so called SNAP cases in which neurodegen-
eration may be independent from or precede amyloid
abnormalities [9, 10], that tau aggregation may occur
in the absence of amyloidosis in so-called PART [5,
34], and that early tau changes may be character-
istic of admixed CI, MCI, and AD subpopulations.
More broadly, it is important to appreciate that for the
specific purposes of this study, we began our work
from a premise in which amyloid changes precede
tau changes. However, this premise itself is debat-
able [35, 36]. Whether one accepts it, rejects it, or is
agnostic as we are, there are interesting, and in our
view draw unexpected implications that go beyond
biomarker staging. Thus, and as described, we have
shown tight temporal coupling between p-tau and
A�42. However, recent in vivo tau imaging in CI
controls has indicated that fibrillary tau is generally
restricted to medial temporal lobe/inferior temporal
regions, while A�42 aggregates reside primarily in
neocortex [25]. This in turn suggests that there is little
spatial overlap between the two. In our view, deter-
mining the extent and nature of rapid, pathological
molecular cross-talk between aberrantly phosphory-
lated tau and presumptively toxic A�42 species will
be an increasingly important area of investigation.
Indeed, several studies have underscored the impor-
tance of the interaction between A�42 and tau to
accelerate neurofibrillary disease and induce neu-
rodegeneration [27, 37]. Additionally, both in vitro
and preclinical work in transgenic mouse models of

tau aggregation also suggests that A�42 may acceler-
ate tau proto-aggregation or aggregation [38–40].

The primacy of amyloid in initiating neurode-
generative events, while arguable, continues to have
traction in research studies and clinical trials. Notions
about: 1) the amyloid cascade [41]; 2) amyloid as
an initiating event in AD (as in Jack and colleagues
model of staging); and 3) use of amyloid to define
so-called preclinical AD including in A4 study [42]
hold much sway in the field. Moreover, several recent
meta-analyses of A�42 in the preclinical and prodro-
mal stages of AD (both in JAMA 2015) highlight its
continuing relevance for the field. Indeed, multiple
clinical trials target only amyloid [43, 44]. We view
our data as a potential corrective, in that it provides
anomalous data demonstrating that coincident with
consistent declines in CSF A�42 in a subsample of
healthy individuals, increases in p-tau were observed.

In sum, A�42 and p-tau show anti-correlated lon-
gitudinal trajectories in CI subjects converting to
preclinical AD, and both factors impact hippocampal
atrophy. Both A�42 and p-tau and their interaction are
of obvious importance in understanding the develop-
ment of neuropathological processes leading to the
manifestation of preclinical AD, and therefore both
proteins may be important targets for clinical pre-
vention trials in individuals at an incipient state of
AD.

ACKNOWLEDGMENTS

This research was also supported by the Litwin-
Zucker Research Center and by grant R01 AG038734
(Goldberg TE, PI) from the National Institutes of
Health. The funding sources had no role in the design
and conduct of the study; collection, management,
analysis, and interpretation of data; preparation,
review, or approval of the manuscript; and decision
to submit the manuscript for publication.

Data collection and sharing for this project was
funded by the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) (National Institutes of Health
Grant U01 AG024904) and DOD ADNI (Department
of Defense award number W81XWH-12-2-0012).
ADNI is funded by the National Institute on Aging,
the National Institute of Biomedical Imaging and
Bioengineering, and through generous contributions
from the following: AbbVie, Alzheimer’s Asso-
ciation; Alzheimer’s Drug Discovery Foundation;
Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-
Myers Squibb Company; CereSpir, Inc.; Eisai Inc.;



J.J. Gomar et al. / Biomarkers in Incipient Preclinical AD 1095

Elan Pharmaceuticals, Inc.; Eli Lilly and Company;
EuroImmun; F. Hoffmann-La Roche Ltd and its affili-
ated company Genentech, Inc.; Fujirebio; GE Health-
care; IXICO Ltd.; Janssen Alzheimer Immunother-
apy Research & Development, LLC.; Johnson &
Johnson Pharmaceutical Research & Development
LLC.; Lumosity; Lundbeck; Merck & Co., Inc.;
Meso Scale Diagnostics, LLC.; NeuroRx Research;
Neurotrack Technologies; Novartis Pharmaceuticals
Corporation; Pfizer Inc.; Piramal Imaging; Servier;
Takeda Pharmaceutical Company; and Transition
Therapeutics. The Canadian Institutes of Health
Research is providing funds to support ADNI clin-
ical sites in Canada. Private sector contributions are
facilitated by the Foundation for the National Insti-
tutes of Health (http://www.fnih.org). The grantee
organization is the Northern California Institute for
Research and Education, and the study is coordinated
by the Alzheimer’s Disease Cooperative Study at the
University of California, San Diego. ADNI data are
disseminated by the Laboratory for Neuro Imaging
at the University of Southern California.

Authors’ disclosures available online (http://j-
alz.com/manuscript-disclosures/15-0937r1).

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: http://dx.doi.org/
10.3233/JAD-150937.

REFERENCES

[1] Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft
S, Fagan AM, Iwatsubo T, Jack CR, Jr, Kaye J, Montine
TJ, Park DC, Reiman EM, Rowe CC, Siemers E, Stern Y,
Yaffe K, Carrillo MC, Thies B, Morrison-Bogorad M, Wag-
ster MV, Phelps CH (2011) Toward defining the preclinical
stages of Alzheimer’s disease: Recommendations from the
National Institute on Aging-Alzheimer’s Association work-
groups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement 7, 280-292.

[2] Fleisher AS, Chen K, Quiroz YT, Jakimovich LJ, Gutier-
rez Gomez M, Langois CM, Langbaum JB, Roontiva A,
Thiyyagura P, Lee W, Ayutyanont N, Lopez L, Moreno S,
Munoz C, Tirado V, Acosta-Baena N, Fagan AM, Giraldo
M, Garcia G, Huentelman MJ, Tariot PN, Lopera F, Reiman
EM (2015) Associations between biomarkers and age in the
presenilin 1 E280A autosomal dominant Alzheimer disease
kindred: A cross-sectional study. JAMA Neurol 72, 316-324.

[3] Bateman RJ, Xiong C, Benzinger TL, Fagan AM, Goate
A, Fox NC, Marcus DS, Cairns NJ, Xie X, Blazey TM,
Holtzman DM, Santacruz A, Buckles V, Oliver A, Moul-
der K, Aisen PS, Ghetti B, Klunk WE, McDade E, Martins
RN, Masters CL, Mayeux R, Ringman JM, Rossor MN,
Schofield PR, Sperling RA, Salloway S, Morris JC (2012)

Clinical and biomarker changes in dominantly inherited
Alzheimer’s disease. N Engl J Med 367, 795-804.

[4] Young AL, Oxtoby NP, Daga P, Cash DM, Fox NC, Ourselin
S, Schott JM, Alexander DC (2014) A data-driven model of
biomarker changes in sporadic Alzheimer’s disease. Brain
137, 2564-2577.

[5] Crary JF, Trojanowski JQ, Schneider JA, Abisambra JF,
Abner EL, Alafuzoff I, Arnold SE, Attems J, Beach TG,
Bigio EH, Cairns NJ, Dickson DW, Gearing M, Grinberg
LT, Hof PR, Hyman BT, Jellinger K, Jicha GA, Kovacs GG,
Knopman DS, Kofler J, Kukull WA, Mackenzie IR, Masliah
E, McKee A, Montine TJ, Murray ME, Neltner JH, Santa-
Maria I, Seeley WW, Serrano-Pozo A, Shelanski ML, Stein
T, Takao M, Thal DR, Toledo JB, Troncoso JC, Vonsattel
JP, White CL, 3rd, Wisniewski T, Woltjer RL, Yamada M,
Nelson PT (2014) Primary age-related tauopathy (PART):
A common pathology associated with human aging. Acta
Neuropathol 128, 755-766.

[6] Vos SJ, Xiong C, Visser PJ, Jasielec MS, Hassenstab J,
Grant EA, Cairns NJ, Morris JC, Holtzman DM, Fagan AM
(2013) Preclinical Alzheimer’s disease and its outcome: A
longitudinal cohort study. Lancet Neurol 12, 957-965.

[7] Braak H, Thal DR, Ghebremedhin E, Del Tredici K (2011)
Stages of the pathologic process in Alzheimer disease: Age
categories from 1 to 100 years. J Neuropathol Exp Neurol
70, 960-969.

[8] Braak H, Del Tredici K (2011) The pathological process
underlying Alzheimer’s disease in individuals under thirty.
Acta Neuropathol 121, 171-181.

[9] Knopman DS, Jack CR, Jr, Wiste HJ, Weigand SD, Vemuri
P, Lowe V, Kantarci K, Gunter JL, Senjem ML, Ivnik RJ,
Roberts RO, Boeve BF, Petersen RC (2012) Short-term clin-
ical outcomes for stages of NIA-AA preclinical Alzheimer
disease. Neurology 78, 1576-1582.

[10] Jack CR, Jr, Knopman DS, Weigand SD, Wiste HJ, Vemuri
P, Lowe V, Kantarci K, Gunter JL, Senjem ML, Ivnik RJ,
Roberts RO, Rocca WA, Boeve BF, Petersen RC (2012)
An operational approach to National Institute on Aging-
Alzheimer’s Association criteria for preclinical Alzheimer
disease. Ann Neurol 71, 765-775.

[11] Mattsson N, Insel PS, Nosheny R, Tosun D, Trojanowski JQ,
Shaw LM, Jack CR, Jr, Donohue MC, Weiner MW (2014)
Emerging beta-amyloid pathology and accelerated cortical
atrophy. JAMA Neurol 71, 725-734.

[12] Gomar JJ, Bobes-Bascaran MT, Conejero-Goldberg C,
Davies P, Goldberg TE (2011) Utility of combinations of
biomarkers, cognitive markers, and risk factors to predict
conversion from mild cognitive impairment to Alzheimer
disease in patients in the Alzheimer’s disease neuroimaging
initiative. Arch Gen Psychiatry 68, 961-969.

[13] Morris JC (1993) The Clinical Dementia Rating (CDR):
Current version and scoring rules. Neurology 43, 2412-
2414.

[14] Folstein MF, Folstein SE, McHugh PR (1975) “Mini-mental
state”. A practical method for grading the cognitive state of
patients for the clinician. J Psychiatr Res 12, 189-198.

[15] Wechsler D (1987) Wechsler Memory Scale-Revised, San
Antonio, TX: The Psychological Corporation.

[16] Toledo JB, Xie SX, Trojanowski JQ, Shaw LM (2013) Lon-
gitudinal change in CSF Tau and Abeta biomarkers for up
to 48 months in ADNI. Acta Neuropathol 126, 659-670.

[17] Shaw LM, Vanderstichele H, Knapik-Czajka M, Clark CM,
Aisen PS, Petersen RC, Blennow K, Soares H, Simon A,
Lewczuk P, Dean R, Siemers E, Potter W, Lee VM, Tro-
janowski JQ (2009) Cerebrospinal fluid biomarker signature

http://www.fnih.org
http://j-alz.com/manuscript-disclosures/15-0937r1
http://dx.doi.org/10.3233/JAD-150937
http://dx.doi.org/10.3233/JAD-150937


1096 J.J. Gomar et al. / Biomarkers in Incipient Preclinical AD

in Alzheimer’s disease neuroimaging initiative subjects.
Ann Neurol 65, 403-413.

[18] Braak H, Alafuzoff I, Arzberger T, Kretzschmar H,
Del Tredici K (2006) Staging of Alzheimer disease-
associated neurofibrillary pathology using paraffin sections
and immunocytochemistry. Acta Neuropathol 112, 389-404.

[19] Fennema-Notestine C, Hagler DJ, Jr, McEvoy LK, Fleisher
AS, Wu EH, Karow DS, Dale AM (2009) Structural MRI
biomarkers for preclinical and mild Alzheimer’s disease.
Hum Brain Mapp 30, 3238-3253.

[20] Singh V, Chertkow H, Lerch JP, Evans AC, Dorr AE, Kabani
NJ (2006) Spatial patterns of cortical thinning in mild
cognitive impairment and Alzheimer’s disease. Brain 129,
2885-2893.

[21] Rey A (1964) L’examen clinique en psychologie, Presses
Universitaires de France, Paris.

[22] Buckner RL (2004) Memory and executive function in aging
and AD: Multiple factors that cause decline and reserve
factors that compensate. Neuron 44, 195-208.

[23] Becker JA, Hedden T, Carmasin J, Maye J, Rentz DM,
Putcha D, Fischl B, Greve DN, Marshall GA, Salloway S,
Marks D, Buckner RL, Sperling RA, Johnson KA (2011)
Amyloid-beta associated cortical thinning in clinically nor-
mal elderly. Ann Neurol 69, 1032-1042.

[24] Chetelat G, Villemagne VL, Bourgeat P, Pike KE, Jones G,
Ames D, Ellis KA, Szoeke C, Martins RN, O’Keefe GJ, Sal-
vado O, Masters CL, Rowe CC (2010) Relationship between
atrophy and beta-amyloid deposition in Alzheimer disease.
Ann Neurol 67, 317-324.

[25] Sperling R, Mormino E, Johnson K (2014) The evolution of
preclinical Alzheimer’s disease: Implications for prevention
trials. Neuron 84, 608-622.

[26] Price JL, Morris JC (1999) Tangles and plaques in nonde-
mented aging and “preclinical” Alzheimer’s disease. Ann
Neurol 45, 358-368.

[27] Desikan RS, McEvoy LK, Thompson WK, Holland D,
Roddey JC, Blennow K, Aisen PS, Brewer JB, Hyman
BT, Dale AM (2011) Amyloid-beta associated volume loss
occurs only in the presence of phospho-tau. Ann Neurol 70,
657-661.

[28] Andersson C, Blennow K, Almkvist O, Andreasen N,
Engfeldt P, Johansson SE, Lindau M, Eriksdotter-Jonhagen
M (2008) Increasing CSF phospho-tau levels during cogni-
tive decline and progression to dementia. Neurobiol Aging
29, 1466-1473.

[29] Avila J, Lucas JJ, Perez M, Hernandez F (2004) Role of tau
protein in both physiological and pathological conditions.
Physiol Rev 84, 361-384.

[30] Jarrett JT, Berger EP, Lansbury PT, Jr (1993) The carboxy
terminus of the beta amyloid protein is critical for the seed-
ing of amyloid formation: Implications for the pathogenesis
of Alzheimer’s disease. Biochemistry 32, 4693-4697.

[31] Blennow K, Hampel H, Weiner M, Zetterberg H (2010)
Cerebrospinal fluid and plasma biomarkers in Alzheimer
disease. Nat Rev Neurol 6, 131-144.

[32] Toledo JB, Bjerke M, Da X, Landau SM, Foster NL,
Jagust W, Jack C, Jr, Weiner M, Davatzikos C, Shaw LM,
Trojanowski JQ (2015) Nonlinear association between cere-
brospinal fluid and florbetapir F-18 beta-amyloid measures
across the spectrum of Alzheimer disease. JAMA Neurol 72,
571-581.

[33] Resnick SM, Bilgel M, Moghekar A, An Y, Cai Q,
Wang MC, Thambisetty M, Prince JL, Zhou Y, Soldan
A, Wong DF, O’Brien RJ, Ferrucci L, Albert MS (2015)
Changes in Abeta biomarkers and associations with APOE

genotype in 2 longitudinal cohorts. Neurobiol Aging 36,
2333-2339.

[34] Jellinger KA, Alafuzoff I, Attems J, Beach TG, Cairns
NJ, Crary JF, Dickson DW, Hof PR, Hyman BT, Jack
CR, Jr, Jicha GA, Knopman DS, Kovacs GG, Macken-
zie IR, Masliah E, Montine TJ, Nelson PT, Schmitt F,
Schneider JA, Serrano-Pozo A, Thal DR, Toledo JB, Tro-
janowski JQ, Troncoso JC, Vonsattel JP, Wisniewski T
(2015) PART, a distinct tauopathy, different from classical
sporadic Alzheimer disease. Acta Neuropathol 129, 757-
762.

[35] Drachman DA (2014) The amyloid hypothesis, time to
move on: Amyloid is the downstream result, not cause, of
Alzheimer’s disease. Alzheimers Dement 10, 372-380.

[36] Pimplikar SW, Nixon RA, Robakis NK, Shen J, Tsai LH
(2011) Amyloid-independent mechanisms in Alzheimer’s
disease pathogenesis. J Neurosci 30, 14946-14954.

[37] Jack CR, Jr, Wiste HJ, Knopman DS, Vemuri P, Mielke MM,
Weigand SD, Senjem ML, Gunter JL, Lowe V, Gregg BE,
Pankratz VS, Petersen RC (2014) Rates of beta-amyloid
accumulation are independent of hippocampal neurodegen-
eration. Neurology 82, 1605-1612.

[38] Chabrier MA, Blurton-Jones M, Agazaryan AA, Nerhus
JL, Martinez-Coria H, LaFerla FM (2012) Soluble abeta
promotes wild-type tau pathology in vivo. J Neurosci 32,
17345-17350.

[39] Zempel H, Thies E, Mandelkow E, Mandelkow EM (2010)
Abeta oligomers cause localized Ca(2+) elevation, missort-
ing of endogenous Tau into dendrites, Tau phosphorylation,
and destruction of microtubules and spines. J Neurosci 30,
11938-11950.

[40] LaFerla FM, Green KN (2012) Animal models of Alzheimer
disease. Cold Spring Harb Perspect Med 2, pii: a006320.

[41] Hardy J, Selkoe DJ (2002) The amyloid hypothesis of
Alzheimer’s disease: Progress and problems on the road to
therapeutics. Science 297, 353-356.

[42] Sperling RA, Rentz DM, Johnson KA, Karlawish J, Dono-
hue M, Salmon DP, Aisen P (2014) The A4 study: Stopping
AD before symptoms begin? Sci Transl Med 6, 228fs213.

[43] Ossenkoppele R, Jansen WJ, Rabinovici GD, Knol DL, van
der Flier WM, van Berckel BN, Scheltens P, Visser PJ, Ver-
faillie SC, Zwan MD, Adriaanse SM, Lammertsma AA,
Barkhof F, Jagust WJ, Miller BL, Rosen HJ, Landau SM,
Villemagne VL, Rowe CC, Lee DY, Na DL, Seo SW, Sarazin
M, Roe CM, Sabri O, Barthel H, Koglin N, Hodges J, Ley-
ton CE, Vandenberghe R, van Laere K, Drzezga A, Forster
S, Grimmer T, Sanchez-Juan P, Carril JM, Mok V, Camus
V, Klunk WE, Cohen AD, Meyer PT, Hellwig S, New-
berg A, Frederiksen KS, Fleisher AS, Mintun MA, Wolk
DA, Nordberg A, Rinne JO, Chetelat G, Lleo A, Blesa R,
Fortea J, Madsen K, Rodrigue KM, Brooks DJ (2015) Preva-
lence of amyloid PET positivity in dementia syndromes: A
meta-analysis. JAMA 313, 1939-1949.

[44] Jansen WJ, Ossenkoppele R, Knol DL, Tijms BM, Scheltens
P, Verhey FR, Visser PJ, Aalten P, Aarsland D, Alcolea D,
Alexander M, Almdahl IS, Arnold SE, Baldeiras I, Barthel
H, van Berckel BN, Bibeau K, Blennow K, Brooks DJ,
van Buchem MA, Camus V, Cavedo E, Chen K, Chete-
lat G, Cohen AD, Drzezga A, Engelborghs S, Fagan AM,
Fladby T, Fleisher AS, van der Flier WM, Ford L, Forster
S, Fortea J, Foskett N, Frederiksen KS, Freund-Levi Y,
Frisoni GB, Froelich L, Gabryelewicz T, Gill KD, Gkatzima
O, Gomez-Tortosa E, Gordon MF, Grimmer T, Hampel H,
Hausner L, Hellwig S, Herukka SK, Hildebrandt H, Ishi-
hara L, Ivanoiu A, Jagust WJ, Johannsen P, Kandimalla R,



J.J. Gomar et al. / Biomarkers in Incipient Preclinical AD 1097

Kapaki E, Klimkowicz-Mrowiec A, Klunk WE, Kohler S,
Koglin N, Kornhuber J, Kramberger MG, Van Laere K, Lan-
dau SM, Lee DY, de Leon M, Lisetti V, Lleo A, Madsen K,
Maier W, Marcusson J, Mattsson N, de Mendonca A, Meu-
lenbroek O, Meyer PT, Mintun MA, Mok V, Molinuevo JL,
Mollergard HM, Morris JC, Mroczko B, Van der Mussele S,
Na DL, Newberg A, Nordberg A, Nordlund A, Novak GP,
Paraskevas GP, Parnetti L, Perera G, Peters O, Popp J, Prab-
hakar S, Rabinovici GD, Ramakers IH, Rami L, Resende de

Oliveira C, Rinne JO, Rodrigue KM, Rodriguez-Rodriguez
E, Roe CM, Rot U, Rowe CC, Ruther E, Sabri O, Sanchez-
Juan P, Santana I, Sarazin M, Schroder J, Schutte C, Seo SW,
Soetewey F, Soininen H, Spiru L, Struyfs H, Teunissen CE,
Tsolaki M, Vandenberghe R, Verbeek MM, Villemagne VL,
Vos SJ, van Waalwijk van Doorn LJ, Waldemar G, Wallin A,
Wallin AK, Wiltfang J, Wolk DA, Zboch M, Zetterberg H
(2015) Prevalence of cerebral amyloid pathology in persons
without dementia: A meta-analysis. JAMA 313, 1924-1938.


