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CSF biomarker changes precede symptom

onset of mild cognitive impairment

ABSTRACT

Objective: This study evaluated longitudinal CSF biomarker measures collected when participants
were cognitively normal to determine the magnitude and time course of biomarker changes before
the onset of clinical symptoms in subjects with mild cognitive impairment (MCI).

Methods: Longitudinal CSF collection and cognitive assessments were performed on a cohort of
265 participants who were cognitively normal at their baseline assessment and subsequently
developed MCI or dementia. CSF g-amyloid 1-42 (AB1-42), total tau (t-tau), and phosphorylated
tau (p-tau) were determined longitudinally. Consensus diagnoses were completed annually. Cox
regression analyses were performed, with baseline CSF values and time-dependent rate of
change in CSF values as covariates (adjusted by baseline age, race, and education), in relation
to time to onset of mild cognitive symptoms.

Results: The mean time from baseline to onset of mild cognitive symptoms was 5.41 years.
Increased risk of progressing from normal cognition to onset of clinical symptoms was associated
with baseline values of AB1-42, p-tau, and the ratios of p-tau/AB1-42 and t-tau/AR1-42 (p <
0.002). Additionally, the rate of change in the ratios of t-tau/AB1-42 (p < 0.004) and p-tau/AR1-42
(0 < 0.02) was greater among participants who were subsequently diagnosed with MCI.

Conclusions: Baseline differences in CSF values were predictive of clinical symptoms that were a
harbinger of a diagnosis of MCI more than 5 years before symptom onset, and continue to show
longitudinal changes as cognitive symptoms develop, demonstrating that baseline and longitudi-
nal changes in CSF biomarkers are evident during the preclinical phase of Alzheimer disease.
Neurology® 2013;81:1753-1758

GLOSSARY

AB1-42 = p-amyloid 1-42; AD = Alzheimer disease; BIOCARD = Biomarkers for Older Controls at Risk for Dementig;
DIAN = Dominantly Inherited Alzheimer Network; MCI = mild cognitive impairment; p-tau = phosphorylated tau; t-tau =
total tau.

There is substantial evidence that a subset of older individuals who are cognitively normal have
Alzheimer disease (AD) pathology in their brains, based on both autopsy findings' and amy-
loid imaging.*=° It has been presumed that individuals with pathologic change are at high risk of
developing cognitive decline over several years, and that the earliest manifestation of this pre-
clinical phase of disease is a change in levels of CSF biomarkers.”

The importance of CSF biomarkers was first emphasized by studies comparing patients with
AD dementia with controls.*” The most common finding of studies that have examined normal
individuals has been that, over a follow-up duration of 1 to 8 years, baseline levels of B-amyloid
1-42 (APB1-42) or the ratio of tau or phosphorylated tau (p-tau) to AB1-42 is associated with
an increased likelihood of being diagnosed with mild cognitive impairment (MCI).'*"?

The current study addresses issues that remain unresolved by these studies. First, the outcome in
all instances has been the diagnosis of MCI. Because onset of clinical symptoms can precede the
diagnosis of MCI by several years,” it is unclear whether CSF biomarker changes are evident even
earlier. Second, most subjects in previous studies were older than 70 years of age; thus, it is unknown
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whether such CSF changes can be identified at
younger ages. Third, no study has examined
differences in CSF values at both “baseline”
(when subjects were first enrolled) as well as
longitudinally, likely because of limitations in
sample size and duration of follow-up.

METHODS Study design. The study was designed to recruit
and follow a cohort of cognitively normal individuals who were pri-
marily in middle age. By design, approximately three-quarters of
the participants had a first-degree relative with dementia of the Alz-
heimer type. The overarching goal was to identify variables among
cognitively normal individuals that could predict the subsequent
development of mild to moderate symptoms of AD. Subjects were
administered a comprehensive neuropsychological battery annually.
MRI scans and CSF and blood specimens were obtained approxi-
mately every 2 years. The study was initiated at the NIH in 1995,
and was stopped in 2005 for administrative reasons. In 2009, a
research team at the Johns Hopkins School of Medicine was funded
to reestablish the cohort, continue the annual clinical and cognitive
assessments, collect blood, and evaluate the previously acquired
MRI scans and CSF and blood specimens (see figure e-1 on the
Neurology® Web site at www.neurology.org for an outline of the
study design).

Standard protocol approvals, registrations, and patient
consents. A total of 349 individuals were initially enrolled in the
study, after providing written informed consent.

Selection of participants. Recruitment was conducted by the
staff of the Geriatric Psychiatry Branch of the intramural program
of the National Institute of Mental Health, with enrollment con-
ducted over time, beginning in 1995 and ending in 2005. Sub-
jects were recruited via printed advertisements, articles in local
or national media, informational lectures, or word-of-mouth.

At baseline, all participants completed a comprehensive evalu-
ation at the Clinical Center of the NIH. This evaluation consisted
of a physical and neurologic examination, an ECG, standard labo-
ratory studies (e.g., complete blood count, vitamin By, level, thy-
roid function), and neuropsychological testing. Individuals were
excluded from participation if they were cognitively impaired, as
determined by cognitive testing, or had significant medical, psychi-
atric, or neurologic disorders (e.g., severe cerebrovascular disease,
alcohol or drug abuse, epilepsy). See appendix e-1 for further details

regarding the evaluation of the participants.

Clinical and cognitive assessment. The annual cognitive assess-
ment consisted of a neuropsychological battery covering all major
cognitive domains (see Albert et al., unpublished, for the contents
of the current neuropsychological battery). A clinical assessment
was also conducted annually. Since the study has been conducted
at Johns Hopkins, the clinical evaluation has included the following:
a physical and neurologic examination, assessments of medication

13,14

use, behavioral and mood assessments,'>!* family history of dementia,

history of symptom onset, and a Clinical Dementia Rating, based on

15,16

a semistructured interview.">'® The clinical assessments given at the

NIH covered similar domains.

Consensus diagnoses. Each case in the study received a consen-
sus diagnosis that was handled in a similar manner: 1) clinical data
pertaining to the medical, neurologic, and psychiatric status of the
subject were examined, 2) reports of changes in cognition by the
subject and by collateral sources were examined, and 3) decline
in cognitive performance was established. The estimated age at

which the clinical symptoms began was based primarily on the
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reports of the subject and collateral. The clinical diagnoses were
made blinded to the results of CSF analyses. See appendix e-2

for further details regarding the diagnostic procedures.

CSF assessments. CSF was collected from 307 participants at
baseline. Of these, 199 had CSF collected on more than one visit
during the time the study was conducted at the NIH. The mean
time between the first and last CSF collection, for those with
more than one spinal tap was 4.17 years (SD 2.56) (see table e-1
for details regarding the frequency of CSF collection). No CSF
has been collected since the study was reinitiated at Johns Hopkins.
The CSF specimens were analyzed using the same protocol used in
the Alzheimer’s Disease Neuroimaging Initiative. This protocol
used the xMAP-based AlzBio3 kit (Innogenetics, Ghent, Belgium)
run on the Bioplex 200 system. The kit contains monoclonal anti-
bodies specific for AB1-42 (4D7A3), total tau (t-tau) (AT120),
and p-tauygy, (AT270), each chemically bonded to unique sets
of color-coded beads, and analyte-specific detector antibodies
(HT7, 3D6). Calibration curves were produced for each biomarker
using aqueous buffered solutions that contained the combination
of 3 biomarkers at concentrations ranging from 25 to 1,555 pg/mL
for recombinant tau, 54 to 1,799 pg/mL for synthetic AB1-42,
and 15 to 258 pg/mL for a synthetic tau peptide phosphorylated at
the threonine 181 position (i.e., the p-tau;g;,, standard). All assays
were run in triplicate. Each subject had all their samples analyzed
on the same plate. See appendix e-3 for details regarding the CSF
assay and the intercorrelations of the CSF measures; additional

details have been published elsewhere.!”

Statistical methods. The statistical analyses were designed to
determine whether any of the CSF measures obtained from partic-
ipants when they were first enrolled (i.e., at “baseline”) were related
to time to onset of clinical symptoms. A set of Cox regression anal-
yses was then performed for each individual CSF measure separately,
using age at onset of clinical symptoms as the outcome variable.
These analyses used baseline CSF values and time-dependent rate of
change in these values as covariates; the censoring time was defined
as the last date of assessment. These models tested whether each of
the CSF values (adjusted by baseline age, education, and race) was
related to time to onset of clinical symptoms, and whether there was
a differential rate of change over time in the CSF values before the
onset of symptoms. See figures e-2, e-3, and e-4 for plots showing
the CSF values for each subject over time.

Additionally, we calculated hazard ratios for each of the signif-
icant variables in the univariate baseline models and in the models
examining rate of change over time. Before this analysis, the CSF
values were converted to z scores (i.e., scores with a mean of 0
and an SD of 1, averaged over the scores for the normal subjects)
so that it would be possible to compare the hazard ratios for each
CSF measure along the same metric. The hazard ratio indicates
the change in relative risk per 1 unit change in the predictor. For
example, if the hazard rato for CSF AB1-42 is 0.66, the hazard of
clinical symptom onset is reduced by a factor of 0.66 (i.e., by 66%)
for each unit 7ncrease in the z score for this CSF value. Likewise, if
the hazard ratio for CSF p-tau is 1.54, the hazard of clinical symp-
tom onset is zncreased by a factor of 1.54 (i.e., by 54%) for each unit
increase in the z score for this CSF value. All data analyses presented
here were performed using R version 2.14.1 (see appendices e-4 and

e-5 for further details regarding the statistical methods).

RESULTS The CSF findings presented here pertain to
265 participants in the BIOCARD Study. Their demo-
graphic characteristics are shown in table 1, as are the
characteristics of the cohort as a whole (n = 349). Data
from 2 groups were evaluated. Group 1 consisted of
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Table 1
whole

Variable

Age, y, mean (SD)

Sex, female, %

Education, y, mean (SD)

Race, Caucasian, %

APOE &4 carriers, %

MMSE score, mean (SD)

Participant characteristics at baseline in relation to the cohort as a

Cohort as a whole (hn = 349) Subjects in analyses (n = 265)

57.3(10.4) 57.2(9.9)
58 61
17.0 (2.4) 171 (2.3)
97 97
34 36
29.5(0.9) 29.5(0.8)

Abbreviation: MMSE = Mini-Mental State Examination.

subjects who were cognitively normal at last evaluation
(n =
“impaired not MCI” (n = 26) at their last visit (total
group 1 = 212). Group 2 consisted of subjects who

186) combined with subjects diagnosed as

received a diagnosis of MCI (n = 42) or dementia (n =
11) at their last visit (total group 2 = 53). Table 2
shows the characteristics of these groups at baseline.
The mean duration of follow-up for the participants
included in these analyses was 8.17 years (SD 3.38).
Although the data presented here include subjects with
a diagnosis of “impaired not MCI” in the normal
group, results were comparable when these individuals
were excluded from the analysis (data not shown). The
reasons for exclusion of other subjects from the analyses
are summarized in table 2.

Baseline AB1-42, t-tau, and p-tau values as well
as the ratio of t-tau/AB1-42 and p-tau/AB1-42 were
examined as predictors of time to onset of clinical
symptoms. Table 3 presents the means and SDs of
these variables at baseline. The mean time from base-

line to onset of clinical symptoms for participants who

Table 2

Participant characteristics at baseline and follow-up features

stratified by outcome status

Variable

Age at entry, y, mean (SD)
Sex, female, %

Education, y, mean (SD)
Race, Caucasian, %

APOE ¢4 carriers, %

MMSE score at entry, mean (SD)
Total follow-up time, y, mean (SD)
No. of CSF measures per subject, mean (SD)

CSF follow-up time, y, mean (SD)

Control group Progressed to MCI

(n=212) or AD (n = 53)
56.0 (9.3) 62.0 (10.4)
61 58

17.1(2.2) 16.7 (2.3)

99 91°

33 45

29.5(0.8) 29.4 (1.0
8.89 (3.10) 8.85 (3.48)
2.50 (1.54) 2.57(1.70)
4.20 (2.63) 4.38 (2.43)

Abbreviations: AD = Alzheimer disease; MCl = mild cognitive impairment; MMSE = Mini-

Mental State Examination.

Subjects excluded from the analyses: no. of subjects without CSF specimens = 42; no. of
subjects with symptom onset at or before baseline = 14; and no. of subjects not yet re-

enrolled or withdrawn = 28.

2p = 0.001.
bp = 0.05.

developed symptoms was 5.42 years (*£3.21). Cox
regression models were completed for each of the 5 var-
iables at baseline (adjusted by baseline age, education,
and race). Relative risks (i.e., hazard ratios) were calcu-
lated for each of the measures examined in the baseline
Cox regression models (table 4). Four of the 5 baseline
Cox regression models (those for baseline values of
AR1-42, p-tau, tau/AB1-42, p-tau/AB1-42) showed
a significant relationship with time to onset of clinical
symptoms (at the p < 0.002 level or greater).

For each of the 5 measures, we also completed Cox
regression models using both baseline CSF values and
time-dependent rate of change in these values as covari-
ates, adjusting for baseline age, education, and race (see
table 4). The 2 CSF ratios, t-tau/AB1-42 (p < 0.004)
and p-tau/AB1-42 (p < 0.02), showed a differential
rate of change over time in subjects who developed cog-
nitive symptoms relative to those who did not.

The survival curve from the Cox regression model
for p-tau was plotted to facilitate the visualization of
our results (figure 1). These curves were derived from
a Cox regression model for each variable, by catego-
rizing the baseline variable into 2 groups described
above, using the median value of each CSF biomarker
at baseline as a cutoff for the groups (tables e-2 and
e-3 and figures e-5 through e-9).

DISCUSSION In this study, CSF biomarker analyses
and longitudinal clinical and cognitive evaluations
were conducted in a large cohort of individuals who
were cognitively normal at baseline, some of whom
subsequently developed MCI or dementia (n = 53).
Our data show that baseline differences in CSF
AB1-42 and p-tau, as well as the ratios of t-tau/
AB1-42 and p-tau/APB1-42, are predictive of outcome
more than 5 years before clinical symptom onset. In
the current analyses, increased risk of progressing
from normal cognition to onset of clinical symptoms
was associated with a lower baseline value of CSF
AR1-42, a higher value of CSF p-tau, and a higher
value of both ratios. Additionally, the rate of increase in
the ratio of p-tau/AB1-42 or t-tau/AB1-42 was dif-
ferentially greater among those individuals who were
subsequently diagnosed with MCI or dementia.

As noted previously, several studies have reported
the utility of CSF biomarkers in predicting conver-
sion of MCI to AD. Gustafson et al.'” followed a
cohort of individuals (aged 70-84 years) who were
not demented and reported that only low AB1-42 at
baseline predicted significant decline or dementia. Li
etal.'" examined a group of normal individuals (aged
21-100 years) using a predefined cut-point for t-tau/
AB1-42 ratio and reported an association between
this CSF measure at baseline and progression to
MCI over a 3.5-year period. Fagan et al.'> examined
a group of normal individuals (aged 60-91 years) and
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Table 3

CSF values at baseline for subjects who remained normal vs subjects

who developed clinical symptoms and were diagnosed with MCI or AD

dementia

CSF measure
AB1-42, pg/mL
t-tau, pg/mL
p-tau, pg/mL
t-tau/Ap1-42

p-tau/Ap1-42

Remained normal Progressed to MCI or AD

414.99 (92.5) 339.40 (114.8)
64.86 (25.92) 94.63 (48.0)
34.79 (13.44) 49.54 (23.79)

0.17(0.13) 0.34 (0.27)
0.09 (0.09) 0.19(0.16)

Abbreviations: AB1-42 = g-amyloid 1-42; AD = Alzheimer disease; MCI| = mild cognitive
impairment; p-tau = phosphorylated tau; t-tau = total tau.

Data are mean (SD).

found that both ratios (i.e., p-tau/AB1-42 and t-tau/
AB1-42) were associated with increased risk of pro-
gression to MCI or dementia over 1 to 8 years.

Our findings confirm and extend the prior results in
several important ways. First, differences in CSF at
baseline were predictive of outcome more than 5 years
before the onset of clinical symptoms. Because the
onset of clinical symptoms typically precedes the diag-
nosis of MCI by several years, this extends previous
findings that used the date of clinical diagnosis of
MCI as the outcome of interest. Second, the average
age of the cohort was 56.8 years at baseline. Because
previous studies have been conducted primarily among
individuals who were more than 70 years of age, this
extends the age at which CSF biomarker changes
may be observed among normal individuals who sub-
sequently develop MCI. These findings are also consis-
tent with recent estimates of the onset of CSF changes
before diagnosis among individuals with a dominant
AD mutation, because they showed that lower CSF
AB1-42 was associated with estimated age at onset in
the kindred.'® Lastly, the strength of the findings is
emphasized by the fact that increased risk of progression
from normal cognition to onset of clinical symptoms
was observed both in relation to baseline CSF values
and also to rate of change over time in CSF measures.

Table 4

HRs for baseline and rate of change in CSF values in relation to onset of

clinical symptoms

Baseline CSF values (n = 265)

Time-dependent rate of
change in values (n = 168)

CSF measure HR? (95% CI) p Value HR? (95% Cl) p Value
Apl-42 0.66 (0.48-0.90) 0.008 0.70 (0.31-1.57) 0.385
t-tau 1.31 (0.98-1.74) 0.068 1.09 (0.71-1.68) 0.703
p-tau 1.54 (1.14-2.06) 0.004 1.05 (0.73-2.38) 0.874
t-tau/Ap1-42 1.52(1.16-1.99) 0.002 1.84 (1.21-2.79) 0.004
p-tau/Ap1-42 1.51 (1.12-2.05) 0.007 1.72 (1.09-2.71) 0.020

Abbreviations: Ap1-42 = B-amyloid 1-42; Cl = confidence interval; HR = hazard ratio;
p-tau = phosphorylated tau; t-tau = total tau.
@ Adjusted for baseline age, race, and education.
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Interestingly, while the hazard ratios were quite sim-
ilar for the baseline values of CSF AR 1-42 and p-tau and
the ratios t-tau/AB1-42 and p-tau/AB1-42, the longi-
tudinal assessments emphasized the importance of the
ratios of p-tau and t-tau to AB1-42. For example, the
hazard ratios associated with the rate of change for CSF
AB1-42 and p-tau were 0.70 (not significant) and 1.09
(not significant), while the hazard ratio for the rate of
change in the ratios of t-tau/AB 1-42 and p-tau/AB 1-42
were 1.84 (p < 0.004) and 1.72 (p < 0.02). Moreover,
the risk of progression associated with rate of change in
the ratios of t-tau/AR 1-42 and p-tau/AB 1-42 was high-
er than that due to baseline values of AB1-42 and p-tau.
This is the first study, to our knowledge, to show that
the rate of change of these ratios is more powerful as a
predictor than baseline values in determining who devel-
ops early cognitive symptoms and offers hope that these
biomarkers may be useful longitudinally in clinical trials.
For example, incorporation of rate of change of tau/
AB1-42 and p-tau/AB1-42 in treatment trials could
serve as a biomarker to determine whether the treatment
is having its intended effect.

We cannot rule out the possibility that baseline
CSF levels in our participants reflect lifelong abnormal
CSF values. However, the fact that the rate of change
was also predictive of time to develop clinical symp-
toms suggests that the baseline CSF values likely reflect
an actual alteration in the production or clearance of
these biomarkers with age in the brain.

The study must be interpreted in the context of its
limitations. The subjects are well educated and primar-
ily Caucasian, with the majority having a family history
of dementia, so the results may not generalize to the
US population at large. It will be particularly important
to know the impact of family history of dementia and
APOE genotype on these findings. Such analyses will
require longer follow-up and more detailed analyses.

Our findings are consistent with the hypothesis con-
tained in the working group report on “preclinical AD”
suggesting that a change in CSF values is detectable
during the phase of AD when pathology is developing
but clinical symptoms have not yet been reported.” The
hypotheses summarized in this working group report
proposed that alterations in both amyloid and tau levels
in CSF, as well as volumetric changes on MRI scans,
would precede changes in cognition. Although our
study has collected MRI data relevant to this issue,
we are not yet in a position to address the question of
the sequence in which CSF biomarkers and brain atro-
phy occurs or how our findings might compare with
proposed hypothetical models."

Interestingly, while the working group report did
not hypothesize a differential sensitivity of CSF p-tau
vs t-tau during the “preclinical” phase of AD, our find-
ings suggest this might be the case. This would be con-
sistent with the fact that p-tau is a more direct measure



Figure 1

Proportion without symptoms

Kaplan-Meier plot for the value of CSF phosphorylated tau (p-tau),
based on the Cox regression model
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The black line represents values below the median at baseline and the red line represents
values at or above the median at baseline. The y-axis represents the proportion of subjects
remaining without symptoms. The plot starts at age 50 years and is truncated at 75 years
because few cases remained unimpaired after this age, making those estimates unreliable.
Note that the survival curves are not adjusted for age, education, or race.

of neuronal damage, and the formation of neurofibril-
lary tangles that are a hallmark of AD pathology.

The findings of biomarker changes in a younger
cohort and the extended time interval between bio-
marker changes and onset of the earliest symptoms
have been reported by the Dominantly Inherited Alz-
heimer Network (DIAN) Study, which found that bio-
marker alterations may precede cognitive measures by
almost 25 years.'® However, there are important differ-
ences between the 2 studies. The DIAN Study looked
at cross-sectional CSF measures, while participants in
our study were followed longitudinally after enroll-
ment, with a mean duration of follow-up of 8.17 years.
Moreover, the DIAN Study involved participants with
autosomal dominant AD, which makes up only 1%
of all cases of AD, whereas our study involves partic-
ipants at risk of the more common sporadic, late onset
AD. Unlike the DIAN Study, we did not observe an
increase in AB1-42 preceding a subsequent decline,
consistent with the hypothesis that autosomal domi-
nant AD causes an overproduction in AB1-42. Nev-
ertheless, both studies have broader implications for
the conduct of clinical trials in cognitively normal sub-
jects at risk of AD.
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