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Abstract
Objectives: In order for therapies for Alzheimer's disease (AD) to have the greatest impact, it will
likely be necessary to treat individuals in the “preclinical” (presymptomatic) stage. Fluid and
neuroimaging measures are being explored as possible biomarkers of AD pathology that could aid
in identifying individuals in this stage in order to target them for clinical trials and to direct and
monitor therapy. The objective of this study was to determine if cerebrospinal fluid biomarkers for
AD suggest the presence of brain damage in the preclinical stage of AD.

Methods: We investigated the relationship between structural neuroimaging measures (whole brain
volume) and levels of cerebrospinal fluid (CSF) amyloid-β (Aβ)40, Aβ42, tau, and phosphorylated
tau181 (ptau181), and plasma Aβ40 and Aβ42 in well-characterized research subjects with very mild
and mild dementia of the Alzheimer type (DAT; n=29) and age-matched, cognitively normal controls
(n=69).

Results: Levels of CSF tau and ptau181, but not Aβ42, correlated inversely with whole brain
volume in very mild/mild DAT, whereas levels of CSF Aβ42, but not tau or ptau181, was positively
correlated with whole brain volume in non-demented controls.

Interpretation: Reduction in CSF Aβ42, likely reflecting Aβ aggregation in the brain, is associated
with brain atrophy in the preclinical phase of AD. This suggests that there is toxicity associated with
Aβ aggregation prior to the onset of clinically detectable disease. Increases in CSF tau (and ptau181)
are later events that correlate with further structural damage and occur with clinical onset and
progression.
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Introduction
Alzheimer's disease (AD) will become a public health crisis within 2-3 decades if left untreated.
Although there are currently no proven therapies that delay the onset or prevent the progression
of AD, several promising candidates are being developed. The testing and ultimate
implementation of emerging therapies will require identification of affected and “at risk”
individuals in order to target them for clinical trials and to direct and monitor therapy. AD
pathology is estimated to begin a decade or longer prior to the appearance of any cognitive
symptoms and signs of dementia (a stage termed “preclinical AD”), with impairments
becoming clinically detectable only after substantial neuronal cell death has taken place.1-5

Thus, fluid and neuroimaging measures are being explored as possible biomarkers for early
stage and preclinical AD diagnosis since it is in these initial stages that disease-modifying
therapies are likely to have the greatest chance of preserving normal brain function.

Whole brain atrophy, the presumed consequence of years of axonal and neuronal degeneration,
is a fundamental but not specific feature of AD and has been quantified antemortem by
magnetic resonance imaging (MRI) in both cross-sectional and longitudinal studies. 6, 7 The
best studied fluid analytes in AD have been cerebrospinal fluid (CSF) levels of Aβ42, the
primary constituent of amyloid plaques, and tau, the primary component of neurofibrillary
tangles. Levels of CSF Aβ42 are typically reduced in dementia of the Alzheimer type (DAT),
8-11 reflecting its aggregation and deposition as amyloid in the brain,12 whereas levels of CSF
tau and phosphorylated tau (ptau) species are elevated in DAT8, 13, 14 and are hypothesized to
reflect the presence of neurofibrillary tangles and/or neurodegeneration,15, 16 although not all
studies support this conclusion.17 The extent to which these fluid measures relate to brain
volumetric measures remains unclear, especially in non-demented elderly individuals and those
with early stage DAT. To this end, we investigated the relationship between CSF (and plasma)
analytes and brain structural measures as determined by quantitative MRI in well-characterized
cohorts of non-demented elders and those with very mild or mild DAT. Elucidation of these
relationships may not only provide information regarding the possible utility of these measures
as biomarkers of preclinical and early stage AD but may also shed light on the natural
progression of neuropathological changes in AD and whether or not protein misfolding in the
brain results in neurodegeneration prior to clinically detectable disease.

Subjects and Methods
Subjects

Subjects (n=98) were community-dwelling volunteers enrolled in longitudinal studies of
healthy aging and dementia through the Washington University Alzheimer Disease Research
Center (ADRC). Subjects were 60-91 years of age and in good general health, having no other
neurological, psychiatric or systemic medical illness that could contribute importantly to
dementia, nor medical contraindication to lumbar puncture (LP) or magnetic resonance
imaging (MRI). Cognitive status was determined annually in accordance with standard
protocols and criteria.18, 19 A Clinical Dementia Rating (CDR) 20 of 0 (n=69) indicated no
dementia whereas CDR 0.5 (n=21) and CDR 1 (n=8) indicated very mild and mild AD
dementia, respectively, consistent with NINCDS/ADRDA criteria.21 The rate of postmortem
confirmation of AD clinical diagnosis in our Center is 92% 22, including the very mild CDR
0.5 stage. Studies were approved by the Human Studies Committee at Washington University,
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and written informed consent was obtained from all subjects. All subjects in the study
underwent LP for the collection of CSF, venipuncture for the collection of plasma (n=84
subjects), and MRI for assessment of brain volumetric measures. LP/blood collection and MRI
were performed within 2 years of each other.

CSF and Plasma Collection, Processing, and Biomarker Measurement
CSF (20-30 mL) was collected in polypropylene tubes at 8:00 am after overnight fasting as
previously described.12 CSF samples were free from any blood contamination. Samples were
gently inverted to avoid gradient effects, briefly centrifuged at low speed to pellet any cellular
elements, and aliquoted (500 μL) into polypropylene tubes prior to freezing at −84° C. Fasted
blood (10-15 mL) was obtained at the time of LP and collected into polypropylene tubes
containing ethylenediaminetatraacetic acid. Plasma was prepared by standard centrifugation
methods prior to aliquoting and freezing at −84° C. CSF samples were analyzed for total tau,
phosphorylated tau181 (ptau181), and Aβ42 by commercial enzyme-linked immunosorbant
assay (ELISA) (Innotest, Innogenetics, Ghent, Belgium). CSF Aβ40 and plasma Aβ40 and
Aβ42 were assayed by ELISA, as described.23 For all biomarker measures, samples were
continuously kept on ice, and assays were performed on sample aliquots after a single thaw
following initial freezing.

Magnetic Resonance Imaging Acquisition and Image Processing
MR imaging was performed using a Siemens 1.5 Tesla Vision scanner (Erlangen, Germany).
Cushions and a thermoplastic mask were used to reduce head movement. A scout image (TR
= 15 ms, TE = 6 ms, flip angle = 30°, 2.34 × 1.17 × 8 mm resolution) was acquired to center
the field of view, and then multiple (three or four) T1-weighted sagittal MP-RAGE24 scans
(TR = 9.7 ms, TE = 4 ms, flip angle = 10°, TI = 20 ms, TD = 200 ms, 1 × 1 × 1.25 mm resolution)
were acquired in each subject. Images were processed for motion correction, atlas
transformation and inhomogeneity correction as previously described.25-27 Processing resulted
in registered structural data resampled to 1 mm3 voxels in Talairach atlas space.28 Whole brain
volume was obtained using commercially available FSL software,29, 30 with segmentation
classifying each voxel of the MR image as CSF, gray or white matter. Normalized whole brain
volumes (nWBV) were computed as the proportion of all voxels occupied by gray and white
matter (equivalent to 100-%CSF) voxels, yielding a unit that represents the proportion of
estimated total intracranial volume. Hippocampal (hippocampal formation and dentate gyrus)
volume measures were obtained using Freesurfer software. 31 This automated technique
registers an individual's MR image to a probabilistic brain atlas acquired from a predetermined
training set (in this case healthy adults and AD patients), and has been reported to generate
volumes with a high correspondence to manually generated volumes. 31 Hippocampal volumes
were obtained from all but 12 of the 98 subjects (omissions due to Freesurfer processing errors).
Hippocampal volumes (combined left and right) were adjusted for body size by correcting for
intracranial volume (ICV) (representing all voxels within the cranium) using a covariance
approach: Adjusted volume in cubic millimeters = raw volume − b × (ICV − mean ICV), where
b is the slope of the regression of an ROI volume on ICV. Adjusted hippocampal volumes
(HC) are expressed as cubic millimeters.

In Vivo Amyloid Imaging with PET PIB
Thirty-seven of the 98 participants who had CSF and MRI measures underwent in vivo amyloid
imaging via positron emission tomography (PET) with Pittsburgh Compound B (PIB) ([N-
methyl-[11C]]2-(4′-methylaminophenyl)-6-hydroxybenzothiazole)32 within two years of LP,
as described.12 Three-dimensional regions of interest were created for each participant based
on their individual MRI scans. A mean cortical PIB value was obtained by averaging the
prefrontal cortex, precuneus, lateral temporal cortex, and gyrus rectus regions, as described
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previously.12 In qualitative analyses, presence of cortical amyloid (PIB-positive) was defined
by a mean cortical PIB binding potential ≥0.16 based on visual inspection of more than 200
scans performed at Washington University. Signal from PIB binding potentials above this value
are easily visualized and appear qualitatively to be above background levels. Individuals with
mean cortical values <0.16 were considered to be PIB-negative.

Statistical Analyses
Unpaired Student's t-tests or Chi square analyses were used to determine whether demographic
and biomarker variables differed between the two clinical groups (CDR 0 vs CDR >0). The
relationship between imaging measures and CSF biomarker measures was examined using
bivariate (Pearson's r) correlations and partial correlations controlling for age (SPSS v.15)
without correction for multiple comparisons. Since the Type I error rate rises with increasing
numbers of statistical tests, some statistically significant differences reported may be due to
chance. However, the likelihood for such an error is highest for p-values closest to 0.05 and
decreases with smaller p-values. Mahalanobis Distance and Cook's Distance methods 33 were
used to define multivariate outliers, and partial correlations (controlling for age) were again
performed on the new data set in which outliers were omitted. A p-value of 0.05 defined
statistical significance for all analyses.

Results
Since there were only 8 CDR 1 subjects in the present cohort, for comparative purposes we
combined the CDR 1 (mild DAT, n=8) group with the CDR 0.5 group (very mild DAT, n=21)
to make a CDR>0 group (very mild/mild DAT, n=29). We then investigated whether the two
clinical groups (non-demented, CDR 0 vs. very mild/mild DAT, CDR>0) differed according
to the various demographic and biomarker variables. Comparisons between these groups are
shown in Table 1. The groups differed significantly with regard to age (slightly older in the
CDR>0 group), education (less in the CDR>0 group), and MMSE scores (lower in the CDR>0
group). Subjects with very mild/mild DAT also exhibited the typical AD fluid biomarker
phenotype characterized by significantly lower mean levels of CSF Aβ42, higher CSF tau,
ptau181 and the tau(s)/Aβ42 ratios, 8-11, 13, 14 with no change in mean levels of CSF Aβ40 or
plasma Aβ40 or Aβ42. The very mild/mild DAT group also exhibited significantly reduced
whole brain (nWBV) and hippocampal (HC) volumes, as has been reported previously.6, 27

In order to better understand the relationship between the structural and fluid biomarker
measures in cognitively normal elderly, we next compared the CSF and plasma measures with
nWBV in non-demented individuals (Figure 1). As chronological age was associated with fluid
and imaging measures, correlations were adjusted for age in all analyses. In this non-demented
group, brain volume was not associated with levels of CSF Aβ40 (Fig. 1A), tau (Fig. 1C) or
ptau181 (r=−0.0020, p=0.987), nor with plasma Aβ40 (r=−0.0390, p=0.776) or Aβ42 (Fig.
1D), even when the five outliers (CSF tau=1068 pg/mL, plasma Aβ42=351 and 856 pg/mL,
and plasma Aβ40=518 and 599 pg/mL) were omitted from the analysis. However, nWBV was
significantly correlated with CSF Aβ42 (Fig. 1B); non-demented individuals with low CSF
Aβ42 had smaller brain volumes than those with higher CSF Aβ42. None of the fluid measures
correlated with hippocampal volume in the non-demented cohort (Table 2).

We previously reported that low CSF Aβ42 was highly sensitive and specific for identifying
individuals with cortical amyloid as assessed by PET PIB.12, 34 In particular, all individuals
who were PIB-positive had a CSF Aβ42 <500 pg/mL (100% sensitivity) and the majority of
individuals who were PIB-negative had a CSF Aβ42 >500 pg/mL (84% specificity). This same
pattern was observed in the subset of individuals in the present cohort who had undergone PET
PIB (n=37); all PIB-positive individuals had CSF Aβ42 values below the cut-off of 500 pg/
mL (13/13, 100% sensitivity) and most PIB-negative individuals had CSF Aβ42 values ≥500
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(20/24; 83% specificity) (Fig. 1E). Therefore, using the CSF Aβ42 level as a surrogate for the
presence of brain amyloid, we next compared whole brain volumes in CDR 0 subjects in the
present cohort whose CSF Aβ42 was below or above this 500 pg/mL cut-off. Non-demented
individuals with CSF Aβ42 <500 pg/mL (likely indicative of brain amyloid) exhibited
significantly smaller brain volumes (p=0.0005) on average than those with CSF Aβ42 ≥500
pg/mL (Fig. 1F). The mean hippocampal volume was also smaller in CDR 0 subjects with CSF
Aβ42 <500 pg/mL (mean=6793.59, SD=786.46, n=26) compared to those with CSF Aβ42
values ≥500 pg/mL (mean=7338.48, SD=720.09, n=32) (p=0.008). These observations
strongly suggest that alterations in Aβ42 metabolism linked with Aβ aggregation are associated
with structural change (i.e., brain atrophy) prior to the ability to detect any cognitive
impairment.

Different results were observed in individuals with very mild/mild DAT. In contrast to the non-
demented group, nWBV in subjects with very mild/mild DAT was not associated with levels
of CSF Aβ42 (Fig. 2A), nor with levels of CSF Aβ40 (r=0.0830, p=0.6820), or plasma Aβ40
(r=0.1240, p=0.5470) or Aβ42 (Fig. 2B). Instead, whole brain volume was inversely correlated
with levels of CSF tau (Fig. 2C) and ptau181 (Fig. 2D). The same results were obtained even
when the five outliers (CSF Aβ42= 849 and 1088 pg/mL, CSF ptau181=181 and 241 pg/mL,
plasma Aβ40=563 pg/mL) were omitted from the analysis. These very mildly and mildly
impaired individuals with high CSF tau and ptau181 had smaller brain volumes than those with
lower CSF tau and ptau181. Similar results were obtained when we restricted our analyses to
just CDR 0.5 cases (n=21); subjects with very mild DAT showed correlations between nWBV
and CSF tau (r=−0.4810, p=0.0320) and ptau181 (r=−0.4340, p=0.0560, approaching statistical
significance) as in the combined CDR 0.5/CDR 1 group. Interestingly, nWBV was now also
correlated with CSF Aβ42 (r=0.4930, p=0.0270) in the CDR 0.5 group, similar to what we
observed in the CDR 0 group. There were too few subjects in the CDR 1 group (n=8) to make
meaningful statements about this group on its own. None of the fluid measures correlated with
hippocampal volume in the very mildly/mildly demented cohort (Table 2).

Discussion
As disease-modifying therapies for AD are being developed, there is great need to identify
biomarkers that will serve as surrogates of underlying disease pathology. In the eventual
clinical setting, such biomarkers might be used to improve the accuracy of clinical diagnosis
and to track disease progression. As an immediate application, biomarkers may be useful in
the design and evaluation of clinical trials; for example, to assess the effect of a therapy on its
intended target in early phase studies, to optimize patient enrollment in prevention trials (to
increase homogeneity, decrease sample size and shorten trial duration), and to track disease
progression (by providing quantifiable, pathology-related endpoints). Results of the present
study suggest that alterations in Aβ42 metabolism, likely reflecting Aβ aggregation in the brain,
are associated with brain atrophy in the “preclinical” phase of AD (as well as the very early
CDR 0.5 stage), whereas alterations in tau and ptau181 are later events in the disease that
correlate with further structural damage and occur with clinical (i.e., dementia) progression.
Thus, CSF Aβ42 may be considered a useful biomarker for the presence of amyloid plaques
regardless of clinical status, whereas CSF tau measures may have more utility in tracking
disease progression once clinical symptoms and signs have appeared.

The correlations we observed between levels of CSF tau (and ptau181), but not Aβ42, and
whole brain volume in DAT are consistent with histopathologic findings of associations
between atrophy measures and NFT burden or Braak NFT stage35-38 but not Aβ plaque load.
37, 38 In addition, studies suggest that by the time individuals become cognitively impaired due
to AD, cortical amyloid deposition is close to reaching its maximal extent.39, 40 A recent
antemortem study reported a positive correlation between whole brain atrophy and cortical
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amyloid as detected by PET PIB in a small number of demented subjects (n=9);41 however,
evaluation of the robustness of this finding awaits further study in larger subject groups.
Previous results regarding the relationship between CSF measures and atrophy in DAT (or
MCI) have been mixed,42-47 likely due to the small number of subjects evaluated and the
differences in subject characteristics and methodologies between the studies.

To our knowledge, only one study has investigated the relationship between CSF and
volumetric measures in non-demented controls, and no associations between any CSF marker
and hippocampal atrophy were found in that very small cohort (n=9)42, consistent with our
hippocampal analyses. It is possible that many of the CDR 0 subjects who have brain amyloid
and low CSF Aβ42 still have many years before they convert to dementia . During this period,
lasting possibly a decade or more, amyloid is depositing in several brain regions, including
cortical regions that have recently been shown to exhibit thinning during this presymptomatic
stage.48 The hippocampus proper is not a region with prominent early amyloid deposition so
hippocampal volume may not be expected to strongly correlate with CSF Aβ42 in the
presymptomatic stage, even though volume may be reduced in this stage. Reduction in
hippocampal volume in the presymptomatic stage may relate to processes taking place in
addition to amyloid deposition, especially tangle formation. Consistent with this hypothesis,
we did observe a non-significant trend for an association between hippocampal volume and
CSF tau (p=0.1030) in non-demented controls.

The present study is the first to characterize the relationship between CSF and volumetric
measures in a large cohort (n=69) of well-characterized, cognitively normal controls. The
positive correlation we observe between CSF Aβ42 and whole brain volume in this cohort may
reflect the death of neurons in the preclinical stage of AD. However, cell death is not a
fundamental feature of preclinical AD, 1, 49 and the lack of relationship between CSF Aβ40
and brain volume also argues against this hypothesis. Alternatively, because individuals with
brain amyloid, as detected by PET PIB, have low levels of CSF Aβ42, 12, 34 the association
between low CSF Aβ42 and small brain volume in this non-demented cohort may reflect
underlying Aβ aggregation and deposition and consequent and/or concomitant axonal and
synaptic degeneration leading to measurable atrophy in the preclinical phase. Reductions in
CSF Aβ42 reflect the presence of amyloid plaques but perhaps also diffuse (non-fibrillar)
plaques and/or concomitant Aβ oligomer formation, both of which could contribute to
neurotoxicity (neuritic and/or cellular) and consequent volume loss, but would not be
visualized with PET PIB. In support of this hypothesis, we have recently observed low CSF
Aβ42 in the absence of cortical PIB binding in a subject later found to exhibit an abundance
of diffuse, but not neuritic, plaques at autopsy two years after LP and PIB testing (N. Cairns,
A. Fagan, M. Mintun, D. Holtzman, J. Morris, unpublished observations). Since the present
data demonstrate that CSF Aβ42 and tau measures correlate with meaningful structural change
in the preclinical and clinical stages of AD, respectively, and that the CSF tau/Aβ42 ratio
predicts future cognitive decline in cognitively normal elders 34, 50 and individuals with MCI,
51 we propose that CSF Aβ42, either alone or in combination with tau measures, may be
especially useful for the selection of presymptomatic individuals with known preclinical AD
pathology for enrollment in prevention trials of disease-modifying therapies. As robust changes
in CSF tau (and ptau) and further volumetric loss appear to occur later in the disease process,
these biomarkers may be useful for evaluating the effects of a given treatment on disease
progression.
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Figure 1.
Scatterplots showing the relationship between the various fluid and imaging measures in non-
demented (CDR 0) subjects (n=69). Normalized whole brain volume (nWBV) in non-demented
subjects is not correlated with levels of (A) CSF Aβ40, (C) CSF tau (even when the outlier is
omitted, r=−0.0280, p=0.8210), or (D) plasma Aβ42 (even when the two outliers are omitted,
r=0.0150, p=0.9170), but is positively correlated with (B) CSF Aβ42. E) In the subset (n=37)
of subjects in this study who underwent in vivo amyloid imaging with Pittsburgh Compound
B (PIB), all subjects with cortical amyloid (PIB-positive, mean cortical PIB binding potential
≥0.16) had low levels of CSF Aβ42 (<500 pg/mL) whereas the majority (83%) of PIB-negative
subjects (mean cortical PIB binding potential <0.16) had high CSF Aβ42 (>500 pg/mL). F) As
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a group, non-demented subjects with CSF Aβ42 <500 pg/mL had significantly smaller brain
volumes than subjects with CSF Aβ42 ≥500 pg/mL. CSF tau and plasma Aβ42 values
surrounded by the open squares in panels C and D, respectively, indicate statistical outliers as
defined by the Mahalanobis Distance and Cook's Distance methods.33
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Figure 2.
Scatterplots showing the relationship between the various fluid and imaging measures in
subjects with very mild/mild dementia of the Alzheimer type (DAT; CDR >0) (n=29).
Normalized whole brain volume (nWBV) in subjects with early stage DAT is not correlated
with levels of Aβ42 in (A) CSF (even when the two outliers are omitted, r=0.1920, p=0.3510)
or (B) plasma, but is inversely correlated with (C) CSF tau and (D) CSF ptau181 (approaching
significance even when the outlier is omitted, r=−0.3780, p=0.0520). CSF Aβ42 and ptau181
values surrounded by the open squares in panels A and D, respectively, indicate statistical
outliers as defined by the Mahalanobis Distance and Cook's Distance methods. 33
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Table 1
Subject Demographic Characteristics

Characteristic CDR 0 CDR > 0a P value
N 69 29
Age at LP, mean (SD), y 71.41 (8.62) 75.1 (5.0) 0.0337*
Gender, F/M (% F) 52/17 (75%) 17/12 (59%) 0.6092
APOE genotype, % ε4+ 41% 59% 0.4598
Education, mean (SD), y 15.7 (3.0) 14.0 (3.1) 0.0128*
MMSE score (range 0-30), mean (SD) 29.32 (0.98) 25.24 (4.15) <0.0001*
nWBV, mean (SD), fractional ICV 0.765 (0.038) 0.728 (0.033) <0.0001*

HC, mean (SD), mm3b 7084 (793) 6009 (1236) <0.0001
CSF Aβ40, mean (SD), pg/mL 10524 (3837) 10613 (3787) 0.9164
CSF Aβ42, mean (SD), pg/mL 572 (208) 472 (186) 0.0275*
CSF tau, mean (SD), pg/mL 334 (180) 534 (304) <0.0001*
CSF ptau181, mean (SD), pg/mL 61 (27) 82 (46) 0.0059*
CSF tau/Aβ42, mean (SD) 0.684 (0.559) 1.363 (1.176) <0.0002*
CSF ptau181/Aβ42, mean (SD) 0.124 (0.087) 0.211 (0.197) 0.0030*

Plasma Aβ40, mean (SD), pg/mLc 220 (113) 194 (81) 0.2942

Plasma Aβ42, mean (SD), pg/mLd 64 (120) 40 (44) 0.3137
Abbreviations: APOE, apolipoprotein E; CDR, clinical dementia rating; HC, hippocampal complex (combined left and right hippocampal formation);
ICV, intracranial volume; LP, lumbar puncture; N, number; nWBV, normalized whole brain volume; v, volume; y, years;

a
CDR 0.5, n=21; CDR 1, n=8

b
CDR 0, n=58; CDR > 0, n=28

c
CDR 0, n=57; CDR > 0, n=27

d
CDR 0, n=57; CDR > 0, n=27

*
statistically significant
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