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Abstract

Objective: To study risk factors for decreasing ab1–42 concentrations in cere-

brospinal fluid (CSF) in cognitively unimpaired individuals with initially nor-

mal amyloid and tau markers, and to investigate whether such ab1–42
decreases are associated with subsequent decline in cognition and other

biomarkers of Alzheimer’s disease. Methods: Cognitively normal subjects

(n = 83, 75 � 5 years, 35(42%) female) with normal CSF ab1–42 and tau and

repeated CSF sampling were selected from ADNI. Subject level slopes of ab1–42
decreases were estimated with mixed models. We tested associations of baseline

APP processing markers (BACE1 activity, ab1–40, ab1–38 and sAPPb) and

decreasing ab1–42 levels by including an interaction term between time and APP

marker. Associations between decreasing ab1–42 levels and clinical decline (i.e.,

progression to mild cognitive impairment or dementia, MMSE, memory func-

tioning) and biological decline (tau, hippocampal volume, glucose processing

and amyloid PET) over a time period of 8–10 years were assessed. Results:

Ab1–42 levels decreased annually with �4.6 � 1 pg/mL. Higher baseline BACE1

activity (b(se) = �0.06(0.03), P < 0.05), ab1–40 (b(se)= �0.11(.03), P < 0.001),

and ab1–38 levels (b(se) = �0.11(0.03), P < 0.001) predicted faster decreasing

ab1–42. The fastest tertile of decreasing ab1–42 rates was associated with subse-

quent pathophysiological processes: 11(14%) subjects developed abnormal amy-

loid levels after 3 � 1.7 years, showed increased risk for clinical progression

(Hazard Ratio[95CI] = 4.8[1.1–21.0]), decreases in MMSE, glucose metabolism

and hippocampal volume, and increased CSF tau and amyloid aggregation on

PET (all P < 0.05). Interpretation: Higher APP processing and fast decreasing

ab1–42 could be among the earliest, pre-amyloid, pathological changes in Alzhei-

mer’s disease.
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Introduction

Alzheimer’s disease is a slowly progressive neurodegenera-

tive disorder that is characterized by aggregation of amy-

loid beta into plaques in the brain. The presence of

plaques can be detected by decreased concentrations of

amyloid b 1–42 (ab1–42) in cerebrospinal fluid (CSF).

Cognitively normal individuals without evidence for

aggregated amyloid can show decreasing concentrations

of ab1–42 in CSF over time.1–6 However, it remains uncer-

tain as to whether such decreases indicate an early, pre-

amyloid stage of Alzheimer’s disease. Investigating the risk

factors for rate of decrease in ab1–42 concentrations, and

whether such decreases are associated with subsequent

decline in cognition and other biomarkers of Alzheimer’s

disease over time is critical for understanding the very

early pathophysiology of Alzheimer’s disease and may

enable development of strategies toward prevention of

amyloid accumulation.

Ab1–42 is produced via amyloidogenic processing of

the transmembrane amyloid b precursor protein (APP)

through cleavage by beta-site APP cleaving enzyme 1

(BACE1).7 During this process, other ab isoforms, ab1-
40 and ab1-38, are also produced and these isoforms are

less prone to aggregation than ab1–42.
7,8 In autosomal-

dominant Alzheimer’s disease, it has been shown that

several genetic mutations cause increased production of

ab1–42.
9 In sporadic Alzheimer’s disease, cross-sectional

studies have reported higher ab1-40 CSF levels with

higher amyloid plaque burden as measured with posi-

tron emission tomography (PET).10 But, lower ab1–42
levels in CSF or amyloid plaques on positron emission

tomography (PET) without a clear association with ab1-
40 levels have also been reported.11,12 As such, it is still

unclear to what extent increased APP processing is

involved in amyloid aggregation in sporadic Alzheimer’s

disease.

In the present study, we investigated whether decreas-

ing amyloid in cognitively normal individuals with ini-

tially normal amyloid and tau markers can be considered

an early pathophysiological event in Alzheimer’s disease,

and to this end we studied both upstream and down-

stream processes associated with decreasing amyloid. We

hypothesized that if increased APP processing is related

with amyloid aggregation in Alzheimer’s disease, then

higher CSF levels of proteins associated with APP process-

ing might be associated with faster ab1–42 decreases over

time. We further hypothesized that if faster decreasing

ab1–42 levels consequently initiate downstream pathophys-

iological processes, then such decreases should be associ-

ated with subsequent decline in cognition and other brain

markers associated with Alzheimer’s disease.

Therefore, we had two objectives: First, to investigate

whether higher baseline levels of markers involved in APP

processing (i.e., BACE1, sAPPb, ab1–40, ab1–38) were asso-

ciated with faster decreases in ab1–42 over time in a sam-

ple of cognitively unimpaired older adults with initially

normal ab1–42 and tau CSF biomarkers. Second, to inves-

tigate whether these faster rates of decreasing ab1–42 levels

subsequently lead to other pathophysiological changes in

Alzheimer’s disease, by studying relationships between

rates of decreasing ab1–42 levels with declines in cognition

and other established biomarkers for Alzheimer’s disease

(i.e., amyloid PET, CSF tau, Fludeoxyglucose (FDG) PET,

and hippocampal volume).

Methods

Subjects

The data analyzed in this study was obtained from the

Alzheimer’s Disease Neuroimaging Initiative (ADNI)

database (adni.loni.usc.edu). We selected 83 subjects from

ADNI-1 and ADNI-2 who at study enrolment had normal

cognition, normal CSF levels of ab1–42 (>192 pg/mL) and

tau (<93 pg/mL)13 and at least two longitudinal ab1–42
measurements available. All subjects had baseline and lon-

gitudinal diagnosis, MMSE, and memory delayed recall

scores on the logical memory subscale II of the Wechsler

Memory Scale, the Alzheimer’s Disease Assessment Scale-

Cognitive (ADAS) data and the Ray Auditory Verbal

Learning (RAVLT) available, which were used as measures

for cognitive functioning. ADNI started in 2003 as a pub-

lic–private collaboration under the supervision of Princi-

ple Investigator Michael W. Weiner, MD. The primary

goal of ADNI is to study whether serial magnetic reso-

nance imaging (MRI), positron emission tomography

(PET), other biological markers, and clinical and neu-

ropsychological measures can be combined to measure

the progression of mild cognitive impairment and early

Alzheimer’s disease. For up-to-date information, please

see www.adni-info.org. The institutional review boards of

all participating institutions approved the procedures for

this study. Written informed consent was obtained from

all participants or surrogates.

CSF

CSF samples were obtained and analyzed as previously

described by Toledo et al. [1] Briefly, ab1–42 and tau con-

centrations were measured with the multiplex xMAP

luminex platform (Luminex Corp, Austin, TX) with the

INNOBIA AlzBio3 kit (Innogenetics, Ghent, Belgium) at

the ADNI Biomarker Core laboratory at the University of
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Pennsylvania Medical Center. Longitudinal measurements

for each participant were obtained from the same batch.

ADNI 1 subjects (n = 53, 63%) had at baseline measure-

ments of proteins associated with amyloidogenic APP

processing (BACE1, sAPPb, ab1–40 and ab1–38). Secreted
APP-b (sAPPb) concentrations were based on Lumines-

cence counts as measured with LJL- Analyst (Molecular

Devices, Sunyvale, CA).14 BACE1 enzymatic activity was

measured with a two-step assay as described previously.15

Ab1–40 and ab1–38 concentrations were measured with

2D-UPLC-tandem mass spectometry as previously

described.16 More detailed information on protein assess-

ment and quality control is described at http://adni.loni.

ucla.edu.

MRI and PET biomarkers

Hippocampal volumes from the adnimerge file were

precomputed parcellations from the automated

subcortical segmentation atlas in FreeSurfer 4.4

(surfer.nmr.mgh.hardvard.edu)17 using an unbiased

within-subject and average template to align scans from

different time points.18 Hippocampal volumes below

6732 mm3 were considered abnormal. Cortical amyloid

aggregation was measured with 18F-AV-45 (AV45) PET

and glucose metabolism with F18-fluorodeoxyglucose

(FDG) PET. Both PET images were coregistered to sub-

ject’s time-aligned structural MRIs. For AV45, standard

Uptake Values ratios (SUVr) were calculated by dividing

the average signal in each of 68 anatomical regions (de-

fined by the Desikan-Killiany atlas using Freesurfer 5.3.0.)

by the average uptake in the cerebellum. FDG SUVr was

calculated by dividing the average uptake in five anatomi-

cal regions (posterior cingulate, and bilateral temporal

and angular gyri) by uptake of the cerebellar vermis and

pons. The cut-point for abnormality was defined as >1.1
for AV45,19 and as <1.21 for FDG PET.20 Repeated FDG

PET was available for 65 (78%) subjects, repeated hip-

pocampal volume measures were available for 81 (98%)

subjects, and repeated amyloid PET was available for 51

(61%) subjects.

Statistical analyses

For our first objective, we tested whether upstream APP

processing markers (ab1–40, ab1–38, sAPPb, BACE1) were

associated with baseline and decreases over time in ab1–42
levels (outcome variable) with linear mixed models that

included the main effects time and APP processing mark-

ers, and an interaction term of time X APP processing

marker, adjusting for age and gender. For our second

objective, we tested whether subject-specific rates in

decreasing ab1–42 levels over time were associated with

subsequent downstream declines in cognitive and biologi-

cal markers (i.e., CSF tau, amyloid and FDG PET and

hippocampal volume). To this end, we first estimated

subject-specific slopes of ab1–42 levels over time using a

linear mixed model with random slopes and intercepts

and time as main effect. Cox proportional Hazard models

were used to assess whether faster decreases in ab1–42
(predictor variable, continuous subject-specific slopes)

were associated with time to clinical progression to mild

cognitive impairment or dementia (outcome variable),

adjusting for age and gender. We repeated Cox propor-

tional Hazard models including baseline tau levels (model

2), and baseline MMSE scores (model 3) as additional

predictor variables. We further tested whether subject

ab1–42 slopes were associated with decline in MMSE,

delayed recall memory scores and biomarkers (outcome

variables) using linear mixed models with main effects

time and subject-specific ab1–42 slopes, and the interaction

between time X subject slopes. Linear mixed models were

adjusted for age and gender, and cognitive measures addi-

tionally corrected for years of education. GAMM models

were used to test whether a nonlinear or a linear associa-

tion best described the data: in case of significance non-

linear relationships were defined as having an estimated

degrees of freedom to describe an association of ≥2 (i.e.,

at least quadratic) are reported and linear estimates other-

wise. In order to aid interpretation of the results, we

repeated analyses taking tertiles of ab1–42 slopes as predic-
tor variable. These groups were also compared on baseline

clinical and biological characteristics with linear regres-

sion, Kruskal–Wallis, or Chi2 tests when appropriate. The

R package “emmeans” was used to obtain estimated

marginalized mean and slope estimates. All statistical

analyses were performed in R (version 3.4.2 “short

summer”).

Results

Sample characteristics

Included subjects with normal cognition, normal amyloid

and tau CSF levels and longitudinal CSF available were

on average 75 years old, 42% female, had an average

MMSE score of 29 and the majority of subjects did not

carry an APOE e4 allele (Table 1). Twelve subjects

showed clinical progression to MCI (10, 12%) or dementia

(2, 2%).

Rate of decreasing ab1–42 CSF levels

Across the total group, ab1–42 CSF levels decreased with

4.6 � 1.02 pg/mL annually (P < 0.001). Individuals were

grouped according to the lowest, intermediate and highest
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tertiles of subject-specific slope values. Across tertiles,

subjects had a similar age, gender distribution, level of

education and baseline MMSE scores (Table 1). Baseline

ab1–42 levels were lower in fast decreasing group com-

pared to the other groups.

Upstream processes from amyloid
aggregation

Linear mixed models showed no effects of APP process-

ing-related protein levels with baseline ab1–42 levels

(Table 2). Steeper annual decreases in ab1–42 concentra-

tions were associated with higher baseline levels of ab1–40,
ab1–38 and BACE1 (all P < 0.05; Table 2), and with

higher sAPPb levels at trend level (P = 0.08).

Downstream consequences of aggregating
amyloid

Next, we studied whether initial decreases in ab1–42 were

followed by decline in cognitive functioning and other

biomarkers over time. Cox proportional Hazard models

showed that faster rates of decreasing ab1–42 levels

predicted clinical progression to MCI or dementia

(Table 3), which seemed to be specific for the fast tertile

of decreasing ab1–42 subjects who had an almost fivefold

increased risk to clinically progress to MCI or dementia

during a median (IQR) follow-up time of 4 (2.3–7.0)
years (Fig. 1A; Table 3). Results remained similar after

additionally adjusting for baseline tau levels, and MMSE

scores. In those models, higher but still normal baseline

tau levels were also associated with clinical progression.

Subjects with fast decreasing ab1–42 also showed decline

in MMSE and in delayed recall memory scores on the

Wechsler’s Memory and ADAS scales (Table), and tended

to decline on the RAVTL delayed memory test, but this

was not significant (Fig. 1B-E). Subjects in the slow tertile

showed improvement in logical delayed recall memory

scores over time, and similar but not significant trends

on the other memory tests (Fig. 1C).

We further investigated which downstream biological

processes were associated with decreasing ab1–42 (Fig. 2;

Table 4). Figure 2A illustrates combined biomarker trajec-

tories after they were scaled (and inverted for amyloid

PET and tau) such that all positive values indicate normal

ranges and negative values abnormal ranges. This figure

shows that subjects with fast decreasing ab1–42, first devel-
oped abnormal CSF ab1–42 levels, after which about a year

later amyloid aggregation and hippocampal atrophy

reached abnormal values, and about 3 years later glucose

hypometabolism on PET reached abnormality. Only sub-

jects with fast decreasing ab1–42 showed amyloid aggrega-

tion on amyloid PET, and decreases on FDG PET

(Figures 2C and D). Increases in CSF tau levels were also

observed in subjects with intermediate decreasing ab1–42
(Fig. 2E). Hippocampal volume decreased independently

of the rate of decreasing ab1–42 levels (Fig. 2F).

Discussion

This study in cognitively unimpaired older individuals

shows that a pre-amyloid stage can be identified during

Table 2. Baseline and annual change effects for amyloid precursor

protein (APP) processing markers measured in cerebrospinal fluid

(CSF) as predictor and ab 1–42 CSF levels as outcome variable.

Baseline ab 1–42 Annual change ab 1–42

Predictor variable b (SE) b (SE)

Ab1–40 0.19 (0.11) �0.11 (0.03b

Ab1–38 0.17 (0.11) �0.11 (0.03)b

BACE1 �0.04 (0.12) �0.06 (0.03)a

sAPPb �0.03 (0.12) �0.05 (0.03)

All variables were Z-transformed in order to aid comparability of b

estimates. b’s from interaction effects with time are interpreted as fol-

lows: one standard deviation increase in predictor variable is associ-

ated with a standard deviation increase in slope of annual change in

amyloid b 1–42 values. All analyses were adjusted for age and gen-

der. ais P < 0.05; bis P < 0.0001.

Table 3. Hazard ratios (95% confidence interval) for clinical progression to mild cognitive impairment or dementia.

Predictor Model 1 P value Model 2 P value Model 3 P value

Ab1–42 slope continuous 0.81 (0.67, 0.99) 0.037 0.81 (0.67, 0.99) 0.0497 0.82 (0.66, 1.01) 0.068

Ab1–42 slope categorical in tertiles (n progressing/total n)

Slow (3/28) Reference Reference Reference

Intermediate (3/27) 2.1 (0.4, 10.4) 0.388 2.6 (0.4, 13.9) 0.275 2.6 (0.5, 13.9) 0.274

Fast (3/27) 4.8 (1.1, 21.0) 0.037 8.0 (1.1, 43.0) 0.016 7.8 (1.4, 43.1) 0.019

Baseline tau levels n.e. n.e. 1.1 (1.0, 1.1) 0.014 1.1 (1.0, 1.1) 0.014

Baseline MMSE n.e. n.e. n.e. n.e. 1.04 (0.6, 1.7) 0.877

MMSE is mini-mental state examination, n.e. is not estimated. Model 1 included as predictor ab 1–42 slope either continuously or as categorical

variable, Model 2 is Model 1 + baseline tau CSF levels as continuous variable, Model 3 is Model 2 + MMSE as continuous variable. All models

are adjusted for age and gender.
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which initially normal ab1–42 levels start aggregating.

Upstream from amyloid aggregation, higher baseline CSF

levels of BACE1 activity, ab1–40 and ab1–38 were associated

with subsequent faster decreases in ab1–42 levels, suggest-

ing that increased levels of proteins associated with APP

processing might play a role in the initial phases of amy-

loid aggregation in Alzheimer’s disease. Furthermore, our

results suggest that fast decreasing ab1–42 CSF concentra-

tions initiate downstream pathophysiological processes

that are known to be involved in AD, as fast decreasing

ab1–42 was associated with subsequent clinical and cogni-

tive decline, as well as amyloid aggregation on PET, glu-

cose hypometabolism, increase in CSF tau and

hippocampal atrophy. Together our findings suggest that

initially higher levels of APP processing-associated pro-

teins and subsequent decreasing ab1–42 levels indicate the

earliest, pre-amyloid, pathophysiological stage in Alzhei-

mer’s disease.

Ab1–42 is produced when APP is initially cleaved by

BACE1.7 Alzheimer’s disease causing genetic mutations in

APP, and also in PSEN1 and PSEN2, can promote ab1–42
production, the isoform that is particularly prone to

aggregation.9,21–23 So far, it has been challenging to study

the involvement of APP processing in the initial stages of

ab1–42 aggregation in sporadic Alzheimer’s disease,

because the onset of amyloid aggregation is difficult to

estimate. The results from our longitudinal analyses sug-

gest that increased APP processing may also play a role in

sporadic Alzheimer’s disease, as higher levels of BACE1,

ab1–40 and ab1–38 were associated with subsequent faster

decreases in ab1–42. These findings converge with observa-

tions in autosomal-dominant AD of higher ab1–40 levels

Figure 1. (A) Kaplan–Meier for time to clinical progression to mild cognitive impairment or dementia according to rate of decreasing Ab 1–42

levels (fast, intermediate or slow). Changes over time on: MMSE (B); Logical Memory Delayed Recall (C); ADAS-cog delayed recall (D; please note

that this measure was inverted so for all cognitive tests lower scores indicate worse function); and RAVLT delayed recall.
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in mutation carriers compared to controls 15 years before

estimated year of symptom onset, which was followed by

decreases in ab1–42 at 10 years before estimated symptom

onset.24 A recent rodent study suggested that BACE1 inhi-

bition strategies might be most effective during the initial

phase of plaque formation.25 Our results indicate that it

might be possible to identify individuals who are in such

a pre-amyloid stage of the disease, when they have higher

levels of APP markers, in combination with fast decreas-

ing ab1–42 levels. However, these APP-associated protein

levels may change over time in a nonlinear way,24,26 and

so more longitudinal studies are required to study

whether it is possible to develop approaches for identify-

ing subjects at risk for incipient amyloidosis based on

these markers. Another question that remains is what bio-

logical process causes APP processing to increase. One

explanation is that APP processing increases with aging,

as a cross-sectional study observed higher BACE1 levels

with older age,15 which may explain increasing preva-

lences of amyloid abnormality for older ages.27 Increased

APP processing has also been associated with higher neu-

ronal activation in rodent models, with highly active

brain areas showing increased vulnerability for amyloid

plaque formation.28–31 Support for the involvement of a

similar mechanism in human beings has recently been

reported, with brain areas showing relatively higher acti-

vation during nontask conditions were also among the

regions showing the first signs of amyloid aggregation as

measured with amyloid PET.32

Most individuals with normal amyloid and tau CSF

markers remain cognitively stable,33,34 but still some of

these individuals show cognitive decline. It is this subset

of individuals that provides the opportunity to study the

earliest pathogenic changes involved in Alzheimer’s dis-

ease. Previously, we showed that low amyloid concentra-

tions within the normal range were associated with

clinical progression in nondemented individuals, suggest-

ing that a dynamical range exists during which amyloid

starts to decrease.35 We now further extend on those find-

ings and show that faster decreasing ab1–42 of initially

normal levels are associated with subsequent downstream

declines in clinical, cognitive, and biological markers for

Alzheimer’s disease in cognitively normal individuals. Pre-

vious studies have demonstrated that normal ab1–42 CSF

levels in nondemented individuals can decrease below the

cut-point for abnormality over time.1–6 However, those

previous studies have reported conflicting results as to

whether decreases in ab1–42 levels are associated with clin-

ical progression, as one study did not observe an associa-

tion with decline on cognitive test scores when grouping

subjects according to whether or not subjects developed

abnormal ab1–42 levels within 3 years,4 while another

study observed a trend for decline on MMSE scores whenT
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subjects were grouped according to the median slope.5

With our approach, we compared subjects who had ini-

tially both normal amyloid and tau biomarkers based on

whether they showed slow, intermediate or fast decreasing

ab1–42 levels, and this enabled us to show that fast

decreasing ab1–42 levels were associated with clinical pro-

gression to mild cognitive impairment or dementia, and

showed faster decline on the MMSE and on neuropsycho-

logical memory tests that measure delayed recall, which is

sensitive to AD-related cognitive decline. This suggests

that decreasing ab1–42 levels trigger other downstream

pathophysiological processes involved in Alzheimer’s dis-

ease. Still, the close correspondence in time for amyloid

to become abnormal and clinical progression may seem

to be at odds with earlier observations in autosomal

dominant Alzheimer’s disease that ab1–42 levels plateau

many years before the onset of dementia.24,36,37It must be

noted that of the 12 subjects showing clinical progression,

10 progressed to MCI and only two progressed to demen-

tia, and so it might be that the rate of amyloid decreases

plateaus in the MCI stage.38,39 Another possibility is that

in late onset AD the pathophysiological cascade may take

less time to unfold than in early onset AD, as the aging

brain might be more vulnerable for pathophysiological

changes.

Subjects with fast decreasing ab1–42 showed amyloid

aggregation on PET about a year later. The observation

that amyloid in CSF may become abnormal before PET is

in line with previous reports.12,24,32,40,41 An implication of

these results is that for the earliest disease stages ab1–42

Figure 2. (A) Trajectories of biomarkers and MMSE combined from normal (positive values) to abnormal (negative values). Amyloid PET (AV45)

and tau were inverted, all variables were Z-transformed according to baseline levels and centered according to marker specific cut-points such

that 0 indicates threshold for abnormality for all markers (see next descriptions for cut-points biomarkers, for MMSE a score below 26 was

considered abnormal). (B) CSF ab 1–42 changes over time (dotted line indicates cut-point of 192); (C) Amyloid PET standardized uptake value

ratio (AV45 SUVr) over time (dotted line indicates cut-point of 1.1); (D) FDG PET SUVr changes over time (dotted line indicates cut-point of 1.21);

(E) Tau CSF changes over time (dotted line indicates cut-point of 93); (F) Hippocampal volume changes over time (dotted line indicates cut-point

of 6732). All plots are stratified for intermediate and fast rates of ab 1–42 cerebrospinal fluid (CSF) decreasing levels over time.
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CSF might be more useful than amyloid PET to serve as

an outcome measure for trials testing drugs that target

ab1–42 production. However, it must be noted that

although the concordance between CSF and PET mea-

sures for abnormal amyloid is often high,42 it is also pos-

sible for individuals to have an abnormal amyloid PET

scan and normal amyloid CSF.42,43 In some cases, CSF

amyloid may decrease at a later point in time,13 indicat-

ing that not all individuals seem to follow the same tem-

poral trajectories of CSF and PET changes. Such

discrepancies may reflect differences between these modal-

ities in terms of sensitivity and/or specificity to detect cer-

tain pathological aspects of amyloid plaques among

individuals. Brain glucose metabolism only decreased in

subjects with fast decreasing ab1–42. Tau levels increased

in subjects showing intermediate and fast decreasing ab1–
42 levels, suggesting that the process of amyloid aggrega-

tion and tau increase might be coupled together in time,

which has also been observed in autosomal dominant

AD.24 Potentially, decreasing ab1–42 levels reflect the pres-

ence of toxic ab1–42 oligomers that can trigger tau pathol-

ogy.21,44 However, no continuous correlation between tau

levels and continuous ab1–42 slopes was observed, and so

alternatively these processes might be independent from

each other. We further observed that hippocampal vol-

umes reduced for all subjects, independently of the rates

of decreasing ab1–42. This suggests that reductions in hip-

pocampal volumes over time can in part reflect normal

aging processes, or neurodegenerative processes unrelated

to Alzheimer’s disease. As such hippocampal atrophy,

although closely linked to the disease and to memory loss,

may not necessarily be specific for Alzheimer’s dis-

ease.33,45 At this point, research schemes for disease stag-

ing allow use CSF tau levels, glucose metabolism or

hippocampal atrophy to indicate neuronal injury.46 The

present observations suggest that these markers reflect dif-

ferent aspects of neuronal injury, and so these markers

should not be used interchangeably.

The majority of subjects that showed decreasing ab1–42
levels did not carry an APOE e4 allele, which was unex-

pected as APOE e4 is the major genetic risk factor for

Alzheimer’s disease. The relatively large proportion of

subjects lacking this allele might be explained by their

average age of 75 years, which is an age when about 22%

in noncarriers are expected to have abnormal amyloid

versus 60% APOE e4 carriers.27 Consequently, it is

unclear to what extent our findings can be generalized to

APOE e4 allele carriers. One study reported higher ab1-40
levels with older age in cognitively normal noncarriers,

but observed no association with age in carriers.12

Another study reported that higher levels of ab1–-40 corre-
lated with higher plaque burden in carriers, although of

weaker strength than in noncarriers.10 Although, our

results highlight the importance of repeated CSF sampling

over a long period of time to improve our understanding

of the pathophysiological mechanisms leading to Alzhei-

mer’s disease, more longitudinal studies are required to

study this question in younger participants, when the

proportion of APOE e4 carriers with normal amyloid is

expected to be larger.12,27

A limitation of the present study is that even though

this sample of individuals with repeated CSF and detailed

follow-up information over a period spanning 10 years is

currently one of the largest samples available, due to the

average age and the present inclusion criterion of normal

amyloid the proportion of individuals who showed clini-

cal decline was small. Another potential limitation is that

there were no repeated measurements available for APP

markers, and so it remains unclear whether those markers

change over time. Furthermore, amyloid aggregation on

PET was analyzed using SUVr values, which might not be

the most optimal approach to reliably detect (small)

changes over time.47 In addition, the slow and intermedi-

ate tertiles of decreasing ab1–42 showed annual changes

that were similar to measuring variability. Since those

groups showed no or little decline in cognition and other

biomarkers, it is conceivable amyloid levels will remain

largely normal in those individuals. However, subjects in

the fast tertile of decreasing ab1–42 showed consistent,

subsequent clinical and cognitive decline, as well as

decline in other biomarkers, suggesting that these individ-

uals are in the earliest stage of Alzheimer’s disease.

In conclusion, we observed in cognitively normal sub-

jects with initial normal CSF biomarkers that higher levels

of APP processing seem to be at the start of a pre-amy-

loid stage of Alzheimer’s disease, during which ab1–42
concentrations show rapid decreases over time. Trials that

target amyloid production are currently on going.

Although these results require replication in larger sam-

ples, an implication is that CSF ab1–42 might have use as

an outcome marker in trials targeting amyloid beta when

levels are still normal, and that such therapeutic strategies

might be of benefit for this population.
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