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Abstract

Objective—Develop a cerebrospinal fluid biomarker signature for mild Alzheimer’s disease (AD)
in Alzheimer’s Disease Neuroimaging Initiative (ADNI) subjects.

Methods—Amyloid-p 1 to 42 peptide (AP1.42), total tau (t-tau), and tau phosphorylated at the
threonine 181 were measured in (1) cerebrospinal fluid (CSF) samples obtained during baseline
evaluation of 100 mild AD, 196 mild cognitive impairment, and 114 elderly cognitively normal (NC)
subjects in ADNI; and (2) independent 56 autopsy-confirmed AD cases and 52 age-matched elderly
NCs using a multiplex immunoassay. Detection of an AD CSF profile for t-tau and AB1.4» in ADNI
subjects was achieved using receiver operating characteristic cut points and logistic regression
models derived from the autopsy-confirmed CSF data.

Results—CSF AP1.42 was the most sensitive biomarker for AD in the autopsy cohort of CSF
samples: receiver operating characteristic area under the curve of 0.913 and sensitivity for AD
detection of 96.4%. In the ADNI cohort, a logistic regression model for AB1.42, t-tau, and APOg4
allele count provided the best assessment delineation of mild AD. An AD-like baseline CSF profile
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for t-tau/Ap1.42 was detected in 33 of 37 ADNI mild cognitive impairment subjects who converted
to probable AD during the first year of the study.

Interpretation—The CSF biomarker signature of AD defined by AB.42 and t-tau in the autopsy-
confirmed AD cohort and confirmed in the cohort followed in ADNI for 12 months detects mild AD
in a large, multisite, prospective clinical investigation, and this signature appears to predict
conversion from mild cognitive impairment to AD.

If the clinical diagnosis of probable AD is imprecise with accuracy rates of approximately 90%
or lower using established consensus criteria for probable AD, but definite AD requires autopsy
confirmation, it is not surprising that diagnostic accuracy is lower at early and presymptomatic
stages of AD.1-4 It is believed that the development of full-blown AD takes place over an
approximately 20-year prodromal period, but this is difficult to determine in the absence of
biomarkers that reliably signal the onset of nascent disease before the emergence of measurable
cognitive impairments. Because intervention with disease-modifying therapies for AD is likely
to be most efficacious before significant neurodegeneration has occurred, there is an urgent
need for biomarker-based tests that enable a more accurate and early diagnosis of AD. ~7
Moreover, such tests could also improve monitoring AD progression, evaluation of new AD
therapies, and enrichment of AD cohorts with specific subsets of AD subjects in clinical trials.

The defining lesions of AD are neurofibrillary tangles and senile plaques formed, respectively,
by neuronal accumulations of abnormal hyperphosphorylated tau filaments and extracellular
deposits of amyloid B (AB) fibrils, mostly the 1 to 42 peptide (AB1-42), the least soluble of the
known AP peptides produced from AP precursor protein by the action of various peptidases.
1-3 Hence, for these and other reasons summarized in consensus reports on AD biomarkers,
cerebrospinal fluid (CSF), total tau (t-tau), and Ap were identified as being among the most
promising and informative AD biomarkers.2:6 Increased levels of tau in CSF are thought to
occur after its release from damaged and dying neurons that harbor dystrophic tau neurites and
tangles, whereas reduced CSF levels of ABq.4» are believed to result from large-scale
accumulation of this least soluble of AP peptides into insoluble plaques in the AD brain. The
combination of increased CSF concentrations of t-tau and phosphotau (p-tau) species and
decreased concentrations of AB.4» are considered to be a pathological CSF biomarker
signature that is diagnostic for AD.5,689 Notably, recent studies have provided compelling
preliminary data to suggest that this combination of CSF tau and AB biomarker changes may
predict the conversion to AD in mild cognitive impairment (MCI) subjects.10 Thus, an increase
in levels of CSF tau associated with a decline in levels of CSF ABy_4> may herald the onset of
AD before it becomes clinically manifest.

However, before the utility of CSF AB4.42 and tau concentrations for diagnosis of AD can be
established, it is critical to standardize the methodology for their measurement.®~8:10 For
example, among the published studies of CSF tau and AB, there is considerable variability in
the observed levels of these analytes, as well as their diagnostic sensitivity and specificity. This
is attributable to variability in analytical methodology standardization and other factors that
differ between studies of the same CSF analytes in similar but not identical cohorts.>~/

The Alzheimer’s Disease Neuroimaging Initiative (ADNI) was launched in 2004 to address
these and other limitations in AD biomarkers (see reviews in Shaw and colleagues7 and Mueller
and coauthors,11 and the ADNI Web site [http://www.adni-info.org/index] where the ADNI
grantand all ADNI data are posted for public access). To this end, the Biomarker Core of ADNI
conducts studies on ADNI-derived CSF samples to measure CSF AB1.42, t-tau, and p-tau (tau
phosphorylated at threonine181 [p-tauygyp]) in standardized assays. Evaluation of CSF
obtained at baseline evaluation of 416 of the 819 ADNI subjects is now complete, and we report
here our findings on the performance of these tests using a standardized multiplex
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immunoassay system that measures the biomarkers simultaneously in the same sample aliquot
in ADNI subjects and in an independent cohort of autopsy-confirmed AD cases.

Subjects and Methods

The ADNI is a large, multicenter, longitudinal neuroimaging study, launched in 2004 by the
National Institute on Aging, the National Institute of Biomedical Imaging and Bioengineering,
the Food and Drug Administration, private pharmaceutical companies, and nonprofit
organizations. ADNI includes 819 adult subjects, 55 to 90 years old, who meet entry criteria
for a clinical diagnosis of amnestic MCI (n = 397), probable AD (n = 193), or normal cognition
(n = 229). Participants receive baseline and periodic physical and neurological examinations
and standardized neuropsychological assessments, and provide biological samples (blood,
urine, and in a subset, CSF) throughout the study. Imaging (magnetic resonance imaging and
for a subset, F-fluorodeoxyglucose positron emission tomography and Pittsburgh compound
B positron emission tomography) is performed at baseline and at regular intervals thereafter
(for reviews and more details, see Shaw and colleagues,7 Mueller and coauthors,11 and
http://www.adni-info.org/). All AD subjects met National Institute of Neurological and
Communication Disorders/Alzheimer’s Disease and Related Disorders Association criteria for
probable AD with a Mini-Mental State Examination score between 20 and 26, a global Clinical
Dementia Rating of 0.5 or 1, a sum-of-boxes Clinical Dementia Rating of 1.0 to 9.0, and,
therefore, are only mildly impaired. Entry criteria for amnestic MCI subjects include a Mini-
Mental State Examination score of 24 to 30 and a Memory Box score of at least 0.5, whereas
other details on the ADNI cohort can be found online at:
http://www.nia.nih.gov/Alzheimers/Researchinformation/Clinical Trials/ ADNI.htm. In brief,
exclusion criteria included any serious neurological disease other than possible AD, any history
of brain lesions or head trauma, or psychoactive medication use (including antidepressants,
neuroleptics, chronic anxiolytics, or sedative hypnotics).

Baseline CSF samples were obtained in the morning after an overnight fast from 416 ADNI
subjects (AD = 102, MCI = 200, NC = 114 with average [+ standard deviation] ages of 75 +
8, 75+ 7, and 76 £ 5 years, respectively; Table 1) from individuals enrolled at 56 participating
centers at the time the subjects entered ADNI (ie, baseline). Their demographic, clinical, and
APQg¢ genotyping results are comparable with that in the full ADNI patient population
(http://www.adni-info.org/index). Lumbar puncture was performed with a 20- or 24-gauge
spinal needle as described in the ADNI procedures manual (http://www.adni-info.org/). In
brief, CSF was collected into collection tubes provided to each site, then transferred into
polypropylene transfer tubes followed by freezing on dry ice within 1 hour after collection,
and shipped overnight to the ADNI Biomarker Core laboratory at the University of
Pennsylvania Medical Center on dry ice. Aliquots (0.5ml) were prepared from these samples
after thawing (1 hour) at room temperature and gentle mixing. The aliquots were stored in bar
code—labeled polypropylene vials at —80°C. Written informed consent was obtained for
participation in these studies, as approved by the institutional review board at each participating
center.

An independent set of premortem CSF samples from 56 autopsy-confirmed AD cases and 52
cognitively normal elderly subjects followed by the University of Pennsylvania Alzheimer’s
Disease Clinical Core provided an independent analysis sample set that was matched with the
ADNI samples with respect to age (mean + standard deviation [95% confidence interval]: 71
+ 10 [69-74] and 70 + 11 [67-73] years, respectively) at the time of their lumbar puncture.

The cases and control subjects were evaluated and followed as described previously,lz_14 and
all of these CSF samples were collected at University of Pennsylvania Alzheimer’s Disease

Clinical Core using standardized methodolo%/ including storage of aliquots in polypropylene
vials maintained in the repository at —80°C. =14 Written informed consent was obtained for
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participation in these studies, which was approved by the University of Pennsylvania
Institutional Review Board.

AP1.42, t-tau, and p-tauygp were measured in each of the 416 CSF ADNI baseline aliquots
using the multiplex xMAP Luminex platform (Luminex Corp, Austin, TX) with Innogenetics
(INNO-BIA AlzBio3; Ghent, Belgium; for research use—only reagents) immunoassay Kit—
based reagents. Full details of this combination of immunoassay reagents and analytical
platform are provided elsewhere.19:16 |n prief, Innogenetics kit reagents included well-
characterized capture monoclonal antibodies specific for AB1.42(4D7A3), t-tau(AT120), and
p-taugip (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 three biomarkers at
concentrations ranging from 56 to 1,948pg/ml for recombinant tau, 27 to 1,574pg/ml for
synthetic ABq_42 peptide, and 8 to 230pg/ml for a tau synthetic peptide phosphorylated at the
threonine 181 position (ie, the p-tauyg;p standard). Before performing these analyses of the
ADNI and the independent autopsy-based CSF samples in the ADNI University of
Pennsylvania ADNI Biomarker Core laboratory, an interlaboratory study was conducted to
qualify the performance conditions, including all major variables that can affect the test results,
for the immunoassay reagents and analytical platform. These studies were conducted using
strategies and procedures to standardize the assay similar to those that VVanderstichele and
coIIeagues16 described. This investigation (Shaw and colleagues, manuscript in preparation,
but see summary of these data online at: http://www.adni-info.org/) provided the basis for
achieving day-to-day reproducibility for the three biomarkers of less than 10% variation for
CSF pool samples and less than 7% for aqueous quality controls. The ADNI baseline CSF
samples were analyzed over a 14-day period and included test—retest analyses of 29 of the
samples that further substantiated the analytical performance (r? values for comparison of
initial test result with retest result of 0.98, 0.90, and 0.85 for t-tau, AB1_42, and p-tausgsp,
respectively for 29 randomly selected samples). Only subjects with a valid test result for all 3
biomarkers are included in this study, that is, 114 NC, 196 MCI, and 100 AD subjects.

APOg genotyping was done for all ADNI study candidates using EDTA blood samples
collected at the screening visit (see Table 1). TagMan quantitative polymerase chain reaction
assays were used for genotyping APOg¢ nucleotides 334 T/C and 472 CT with an ABI 7900
real-time thermo-cycler (Applied Biosystems, Foster City, CA) using DNA freshly prepared
from EDTA whole blood. A total of 96 samples randomly selected from the total of 1,131
subjects screened before inclusion (or exclusion) into the ADNI study were retested by
sequencing using an ABI 3130 sequencer (Applied Biosystems). Except for the 5 samples that
failed to sequence, the remaining 91 were concordant with the Tag-Man genotyping results.

Receiver operating characteristic curve (ROC) and logistic regression (LR) analyses were done
using SAS v 9.1.3 (SAS Institute, Cary, NC) and R v 2.7.1. Between-group differences for
each biomarker were assessed by the Mann-Whitney U test using GraphPad Prism, v 5.

Mean + standard deviation values for CSF t-tau, AB1.42, p-tausgyp, t-tau/ABy_4» and p-
tau;g1p/APB1-42, for the ADNI AD, MCI, and NC study groups are summarized in Table 2.
These data confirm the findings of the majority of single and smaller multicenter studies for
these biomarkers in AD subjects wherein most investigators report increases in t-tau, p-
tauygyp concentrations, t-tau/AB; 4o, and p-tausgp/AB1.42 ratio values when comparing NC
with MCI, and then further increases in these values when comparing MCI with AD.-10,
12-16 Ap1.42 average concentrations, on the other hand, decrease when comparing NC with
MCI, then decrease further in comparing MCI with AD.7-10,12-16 c|oser examination of the
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distribution of each biomarker and ratios demonstrated that the distributions are not normal,
and for AB1-42, the distributions appear to be bimodal (Fig 1). Typical published single enzyme-
linked immunosorbent assay test values for tau and AB1.4 are generally up to two to four times
greater than with the multiplex xXMAP Lumnex platform using the INNO-BIA AlzBio3
immunoassay reagents, although the two methods correlate well with each other and provide
equivalent diagnostic performance when CSF samples are analyzed by both methods within
the same study.15‘17 In the ADNI Biomarker Core, we observed single-test enzyme-linked
immunosorbent assay t-tau concentrations approximately 4-fold greater, AB1.42 approximately
2-fold greater, and p-tau;g;p approximately 25% greater than xMAP (data not shown). The
differences in the absolute values between the two assay formats could be related to differences
in the monoclonal antibodies used, assay test conditions (time, temperature, multiplexing), and/
or the fact that the calibrators are not produced in the same matrix (CSF).

Premortem CSF was obtained from separate, ADNI-independent groups of autopsy-confirmed
AD cases and additional NC subjects who were matched for age to provide a pathological basis
for these biomarker measurements. The CSF t-tau, p-tausgsp, and ABy.4, concentrations of
these individuals were measured using the same reagents and assay system described earlier
for the baseline CSF samples from ADNI subjects. These data are summarized in Table 3. The
same trends for each of the mean concentrations or ratio values for the t-tau and Ap biomarker
parameters were observed for these ADNI-independent subjects and autopsy-confirmed AD
cases, as well as in the age-matched ADNI-independent NC group as observed for the ADNI
AD and NC cohorts (see Table 3 and compare Figs 2 and 3).

ROC analyses of the autopsy-confirmed AD cases versus the NC group provided cutpoint
concentrations achieved at the greatest diagnostic test accuracy and assessments of the
diagnostic sensitivity and specificity, and the positive and negative predictive values for the
biomarker measurements as summarized in Table 4. The greatest ROC area under the curve
(AUC) value for a single parameter was obtained for AB1.42 (0.913). This biomarker had the
greatest sensitivity value (96.4%) and negative predictive value of 95.2% (ie, the probability
that AD is not present when the test is negative, ie, when CSF ABq_42 concentration is greater
than the cutoff value of 192pg/ml and comparing AD with NC subjects), and diagnostic test
accuracy (87.0%) (ie, the percentages of all results for the AD vs NC groups that are classified
correctly) of the three single biomarkers or the two biomarker ratios (see Table 4). The
diagnostic specificity for ABi_42 was 76.9%. The diagnostic specificity for t-tau, on the other
hand, was 92.3%, and the greater for all five test parameters was the positive predictive value
0f 90.7% (ie, the probability that the disease is present when the t-tau CSF concentration value
is greater than the cutoff concentration value of 93pg/ml). The test accuracy and sensitivity
were 80.6 and 69.6%, respectively, for t-tau. For the t-tau/Ap1.4o ratio, the AUC value is 0.917,
the sensitivity and specificity values are 85.7 and 84.6%, the test accuracy is 85.2%, positive
predictive value is 85.7%, and negative predictive value is 84.6%.

LR analyses were performed using the variables sex, years of education, age at the time of
lumbar puncture, APO¢4 allele expression (0, 1, or 2 APOe4 alleles), and each of the three
biomarkers, with backward elimination and insertion into the model that had only AB,_4> and
t-tau as variables to determine which variables contributed most to the discrimination between
AD and NC. AB1.49, t-tau, and APOg4 allele number were significant contributors to the LR
model, whereas p-tau;g;p and the other variables were not. The LR model for AB;_4; + t-tau
+ APO¢e4(1) + APOe4(2) (LRtan) is: Pi=1/1 + exp(—3.907 —0.0182*Tau + 0.0338*AB1.42 +
{0ifno APOc¢4 allele is present; —0.671 if 1 APOe4 allele is present; —17.673 if 2 APOe4 alleles
are present}). Using the LRtaa model as the independent variable and performing ROC
analysis for the CSF biomarkers from the autopsy-confirmed AD cases in the cohort of ADNI-
independent, age-matched AD and NC group, we found that the AUC, sensitivity, testaccuracy,
and negative predictive values improved modestly to 0.942, 98.2%, 89.9% and 97.2%,
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respectively (see Table 4). Plots of CSF tau versus CSF AB1.42 concentrations are summarized
in Figures 2 and 3, respectively.

Because the APO¢4 allele is the most robust genetic risk factor for sporadic AD, we performed
comparisons of average values for each of the biomarkers and ratios thereof as summarized in
Table 5 for the ADNI subjects who were carriers of zero, one, or two APOc¢4 alleles. Notably,
asseenin Table 5, AB1_4o concentration is lowest in AD, MCI, and NC subjects with two alleles
of APOg4, and concentrations increase as the number of alleles decreases. MCI subjects who
had one or two APOe4 alleles had greater average t-tau and p-tau;gyp concentrations, as well
as greater t-tau/ABy 42 and p-tauyg1p/APy.-42 ratio values than subjects lacking any APOe4 allele
(APOe4-), although there was no difference between carriers of one versus two alleles. CSF
t-tau concentrations in AD and NC subjects did not increase as a function of number of
APOe4 alleles, and there was not a consistent dose-response effect for p-tauygyp, in either the
AD or NC groups. Because there were only two of the elderly NC group who expressed two
APO¢4 alleles, it is not possible in this ADNI NC cohort to fully test for a relation between
APOe4 allele number and CSF biomarker concentrations or ratios. Thus, because it is known
that there is greater AD pathology in AD patients who are APOe4+ (reviewed in Roses and
Saunders’s article18), one might expect that ADNI NC and MCI subjects who are APOg4+
would show more limited difference in their CSF t-tau and ABq_4» profile compared with the
CSF profile of these AD biomarkers in their ADNI counterparts with early AD.

As expected, there were ADNI MCI subjects who converted to a clinical diagnosis of probable
AD during the first year of follow-up. As of August 15, 2008, there were a total of 37 MCI
subjects who had provided CSF samples at baseline when they entered ADNI and who 12
months thereafter were documented to be converters to AD at the time of their year 1 visit (see
CSF ADNI baseline biomarker data summarized in Table 2). The average biomarker
concentrations and ratio values for these MCI to AD converters were different (p < 0.0001)
from the corresponding results for the ADNI NC group, and as noted later, they had an AD-
like CSF profile incidence comparable with that seen in the ADNI AD group (see Table 2 and
Fig 1B). On the other hand, the three MCI subjects who back-converted to NC status showed
an NC-like CSF tau and AP profile at baseline. The CSF t-tau values for these MCI subjects
were 69, 73, and 83pg/ml, all less than the cutoff value of 93pg/ml; the values for ABq_42 Were
253, 233, and 285pg/ml, all greater than the cutoff value of 192pg/ml; and the values for p-
tauyg1p Were 21, 25, and 20pg/ml, two less than the cutoff value of 23pg/ml and one slightly
more than it. The change in clinical diagnosis for these three MCI individuals was based on an
improvement on several cognitive measures including the ADAS-Cog, Mini-Mental State
Examination, and memory measures. These subjects also improved on the Clinical Dementia
Rating according to informants. It should be noted that results for all three of these subjects
were mild at the time of their initial diagnosis and consequently were just on the border of
normal and MCI. Because of the small numbers of subjects, it is important to be cautious about
drawing any definitive conclusions from these subjects, and it will be important to confirm this
finding with greater numbers of MCI subjects at later stages in the study. Finally, application
of the cut points for the three best pathologically based parameters, AB1.42, t-tau/AB1.42, and
the LRyaa model, for the presence of an AD-like CSF profile in the ADNI AD, MCI, and NC
groups, as well as in the MCI subjects who converted to AD, showed the following incidence
of an AD-like CSF profile: 91, 88, and 89%, respectively, for AD; 74, 69, and 70%,
respectively, for MCI; 38, 34, and 31%, respectively, for NC; and 86.5, 89, and 86.5%,
respectively, for MCI converters to AD.

Discussion

ADNI is a multisite, prospective clinical study funded by the National Institute on Aging,
industry, and foundations (see Acknowledgements for details on sources for ADNI funding)
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with the following mission: (1) to develop standardized neuroimaging and biomarker methods
for AD clinical trials; (2) to determine optimum methods for acquiring and processing brain
images; (3) to validate AD neuroimaging and biomarker findings by correlating them with
ADNI behavioral test data; and (4) to provide a database available to the public for all ADNI
findings for further analysis.7’1 This is the first report on studies of baseline CSF samples
from ADNI subjects, and we measured tau and AB1.4o values in the approximately 50% of
ADNI subjects who consented to lumbar puncture, including representatives of the AD, MClI,
and NC groups. Our objective in this study was to establish a CSF profile for these biomarkers
that might serve as CSF signatures for the presence of AD pathology, and thus aid in the
identification of patients among elderly individuals with late-life cognitive impairment. To do
this, we measured A4, t-tau, and p-tausg;p, in each of the 416 CSF ADNI baseline aliquots
(102 = AD; 200 = MCI; 114 = NC) using the well-characterized and standardized multiplex
XMAP Luminex platform with Innogenetics (INNO-BIA AlzBio3) immunoassay kit—based
reagents.15v16 We also performed these CSF measurements using the same methods on CSF
samples from an ADNI-independent set of 56 autopsy-confirmed cases with AD and 52 age-
matched NC subjects for comparison with the ADNI data set and to inform our interpretations
of these ADNI data. Hence, this also is the first study to compare CSF data from ADNI subjects
with those from a comparable ADNI-independent cohort of autopsy-confirmed AD cases. This
enabled us to define an AD CSF profile for tau and Ap levels in the ADNI AD subjects and in
the ADNI-independent autopsy-confirmed AD cases using ROC analyses and LR modeling
(Fig 4). In brief, among the CSF biomarker studies here, CSF AB1.4> concentration was the
most sensitive analyte for the detection of AD, thereby indicating that CSF AB1.47 is the most
informative single AD biomarker both for the ADNI cohort and the ADNI-independent
autopsy-confirmed cohort of AD cases. Specifically, for these CSF samples, we observed the
following for CSF AB1.42: ROC AUC = 0.913; sensitivity for detection of AD = 96.4%;
negative predictive value = 95.2%; specificity for discriminating AD from elderly NC = 76.9%;
and positive predictive value = 81.8% with an overall test accuracy of 87%.

Because these metrics are critical for the assessment of AD biomarkers, / it is important to note
that a sensitivity of 100% indicates that a diagnostic test identifies 100% of subjects with AD,
whereas a test with 100% specificity distinguishes AD from non-AD subjects. Consensus
reports recommend that informative biomarkers of AD should have a sensitivity and specificity
of more than 85%.%:6 On the other hand, prior probability is the frequency of a disease in
specific populations, and the positive predictive value of an AD biomarker is the percentage
of people who are positive for the biomarker and who also are confirmed to have definite AD
at autopsy. Clinically useful biomarker tests should have a positive predictive value of more
than 80%. The negative predictive value of a test also is informative because this indicates
the percentage of people with a negative test who, at autopsy, prove not to have the disease.
Thus, a negative predictive value of 100% indicates that the test completely rules out the
possibility that an individual has the disease pathology when the test is performed. Clearly, a
reliable AD biomarker with a high negative predictive value would be extremely useful. Given
the values of these metrics for CSF ABy.4» reported here, our study identifies CSF AB1.42 as
the most informative AD biomarker of those we examined in the context of the ADNI study.
It is important to emphasize here that the diagnostic test outcomes described are applicable to
the ADNI study subjects but not necessarily to individuals in other settings. For example, the
prevalence of AD would be lower and the presence of other neurodegenerative disorders higher
inmemory disorder clinics or other clinical settings in which a patient is evaluated for a memory
complaint. The performance of these tests in such patients would require further independent
studies to derive the diagnostic utility of these biomarker tests.

However, it is likely that a panel of biomarkers rather than a single analyte will have the most
utility for the diagnosis of AD, predicting which NC individuals and which subjects with MCI
will progress to AD, as well as for monitoring the response of patients to disease-modifying
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therapies. Further studies are needed to confirm the potential utilities of the biomarkers
examined here, but several studies indicate that CSF tau and Ap assays look increasingly
promising for the early diagnosis of AD and recognizing those MCI subjects with the greatest
likelihood to progress to AD.10,13,14,19,20 e presence of possible AD pathology in
approximately 40% of the ADNI NC group is consistent with Li and colleagues’21 and Fagan
and coauthors’22 findings that in the aging cognitively normal population there is a significant
decrease in ABq_42 concentration and increased tau concentration in individuals older than 60
years, as compared with those younger than 60 years, and Gustafson and investigators’23 and
Stomrud and researchers’24 reports that CSF ABq_42 concentration decreases are the most
sensitive predictor of cognitive decline in elderly healthy subjects. Long-term follow-up of the
ADNI cognitively normal individuals will be required to confirm that the CSF signature for
AD accurately predicts AD pathology.

Indeed, our LRyaa model showed that the combination of AB4_40, t-tau, and the number of
APO¢4 alleles provided the best delineation of mild AD from MCI and cognitively normal
subjects in ADNI. An AD-like pathological CSF profile for Api_4, and t-tau, the t-tau/
A4 ratio, was detected in 33 of the 37 ADNI MCI subjects who converted to a diagnosis
of probable AD 1 year after their baseline CSF collection, whereas the addition of APOe4 as
a covariate in the LR model did not improve on the prediction of conversion from MCI to
probable AD. Further work is needed to develop additional panels of biomarkers, as well as to
identify more genetic risk factors that will help distinguish AD from other neurodegenerative
diseases associated with cognitive impa\irments.25‘2

Based on the data reported here from the first ADNI CSF biomarker study, we have confirmed
and extended reports from other laboratories suggesting that CSF tau and A are the most
informative AD biomarkers,7‘10'12‘16'19'20 and that there is a dose—response relation
between CSF biomarkers and the number of APOe4 alleles,29 but the significance of our
findings goes beyond this because our data are based on the use of validated CSF methods to
measure tau and AB1.42 using CSF samples collected over a period of a year from 56 different
ADNI performance sites. Thus, the results of these studies offer the promise that the methods
used here can be exported to many different clinical laboratory settings to enable wider access
to these AD biomarker tests by clinicians and researchers.
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Fig 1.

(A) Frequency distribution of cerebrospinal fluid (CSF) amyloid-f 1 to 42 peptide (AB1-42)
concentration in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) Alzheimer’s
disease (AD), mild cognitive impairment (MCI), and cognitively normal (NC) groups at their
baseline visit. Dotted vertical lines within each diagnosis is the AB_4, cutoff concentration of
192pg/ml determined from the ADNI-independent autopsy-based AD CSF samples. (B)
AP1.42 concentrations in CSF, collected at the baseline visit, of 37 ADNI MCI subjects who
at their 1-year visit converted to a diagnosis of probable AD. Data points for the MCI—AD
converters are presented as a horizontal dot plot with the x-axis scale identical to that of the
AP1.4» frequency plot for the entire ADNI MCI group.
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Fig 2.

Plot of cerebrospinal fluid (CSF) tau concentration versus CSF amyloid-p 1 to 42 peptide
(AB1-42) concentration for the autopsy-confirmed Alzheimer’s disease (AD) cases (solid
circles) and elderly cognitively normal (NC) subjects (open circles).
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Fig 3.

Plot of cerebrospinal fluid (CSF) tau concentration versus CSF amyloid-f 1 to 42 peptide
(AB1-42) concentration for the Alzheimer’s Disease Neuroimaging Initiative (ADNI) probable
Alzheimer’s disease (AD; solid circles), mild cognitive impairment (MCI; squares), and
elderly cognitively normal (NC; open circles) subjects.
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(A) Receiver operating characteristic curve (ROC) curves for the non—Alzheimer’s Disease
Neuroimaging Initiative (ADNI) autopsy-based Alzheimer’s disease (AD) cases versus non-
ADNI cognitively normal (NC) subjects. The LRtaa model, amyloid-p 1 to 42 peptide
(AB1-42), and tau/AB; 4o ratio are the independent variables whose ROC curves are shown. (B)
ROC curves for ADNI probable AD versus NC subjects. CSF = cerebrospinal fluid.
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Demographic Characteristics of Alzheimer’s Disease Neuroimaging Initiative Study Subjects Who Provided a

Cerebrospinal Fluid Sample at the Baseline Visit

Characteristics AD
n 100
Sex, M/F 58/42 (58%)
Age, yr
Median 76
Mean + SD 75+8
95% CI 73-77
MMSE score
Median 24
Mean + SD 23519
95% ClI 23.2-23.9
ADAS Cog 11
Median 17.2
Mean + SD 18.2+6.2
95% CI 16.9-19.4
ApOE e4*/e4™ 69/31 (69%)

Mcl
196
131/65 (67%)

75
5x7
74-76

27
269+138
26.7-27.2

11.3
11.6+45
11-12.3
106/90 (54%)

NC
114
58/56 (51%)

76
76 +5
75-77

29
29.1+£1.0
28.9-29.3

6.3
6.4+29
5.9-6.9

27/87 (24%)

AD = Alzheimer’s disease; MCI = mild cognitive impairment; NC = cognitively normal; SD = standard deviation; CI = confidence interval; MMSE =

Mini-Mental State Examination; ApoE = apolipoprotein; ADAS Cog 11 = Alzheimers Disease Assessment Scale-cognitive subscale 11.
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