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ABSTRACT :

The objective of this work was to improve the dadidiagnosis of Alzheimer's disease (AD) by prapgps simple
decision tree based on three major biomarkers ofdIdd in the cerebrospinal fluid (CSF): amyloicopde AB1-
42, total Tau (t-Tau) and Tau phosphorylated atlBhr(p-Tau). Two consecutive cohorts comprising pédBients
in total were recruited by the Memory and Neuroldgjinics at Lille University Hospital (France). T¢eeincluded
293 patients with AD, 171 patients with other detizmnand 84 healthy controls. All patients underwembar
puncture for the assessment of CSF concentratibAgb-42, t-Tau and p-Tau. International criteria femneentias
were used for diagnosis by investigators blind 8FQest results. To identify the combination ofrbéwkers that
best predicted the 3 diagnoses, we used the CHAtsibn tree method with the first cohort. Our sl yielded a
two-step decision tree, with a first stratificatistep based on thefA-42/p-Tau ratio of the CSF, and a second step
based on CSF p-Tau concentrations. The second tcelasrthen used to determine the power (0.618)itbaty
(82%) and specificity (81%) of this tree in AD diaxgis. These were found to be at least as highaes tof other
known algorithms based on the three CSF biomarkdi$;42, t-Tau and p-Tau.

For the first time, diagnostic rules for AD based ©SF variables were compared in a single study.fi@ddings

indicate that the measurement @31A42 and p-Tau levels in the CSF is sufficientiemdose AD.
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INTRODUCTION:

Alzheimer’s disease (AD) is the most common caudsdementia in the elderly. With the aging of thepplation,
there is an increasing need to develop objectigtstéor the early diagnosis of AD, since diseaselifgmg
treatments are more likely to be effective whemtsthearly, before neurodegeneration is too adwhnte improve
the accuracy of clinical diagnosis, clinical praetiat present includes the assessment of biomariketke
cerebrospinal fluid (CSF) [1]. The three biomarkeusrently validated for routine clinical use am®tgins that are
found in the two brain lesions specific to AD pati& senile plaques (SPs) and neurofibrillary taagNFTs). SPs
consist for the most part of the hydrophobic anmt/leéptide 81-42, whereas the principal components of NFTs are
the Tau proteins, which occur mainly in an abnotynayperphosphorylated state. These biochemicatgés in the
brain are reflected by characteristic changesenGBF of AD patients, including elevated levelsadél Tau (t-Tau)
and Tau phosphorylated at Threonine 181 (p-Tauj, detreased levels offA-42. Previous studies have shown
that these biomarkers can be used to distinguiskdasm AD patients and healthy controls with gooasgévity and
specificity, but cut-off levels differ between lalatories [2, 3, 4, 5, 6]. Furthermore, results fr@Q8F studies of
neuropathologically validated dementias do notediffignificantly from those that are based exclkigivon a
clinical diagnosis of dementing illness [7, 8].drder to increase their diagnostic power, overldse few years,
several studies have proposed the use of new mdimesisting of ratios of CSF biomarkers or forrautambining
the levels of 2 or more of these biomarkers. Howete our knowledge, no single study has compated t
diagnostic value of the three biomarkers, singlyirocombination. Our objective here is to proposelear and
simple decision tree that combines these CSF bismarand can be used to diagnose AD in routinecelin
practice.

We assessed CSF concentrations fi-42, t-Tau and p-Tau in a cohort of patients vdémentia and healthy
controls drawn from our Memory and Neurology ClmidVe first used an independent cohort to deterrttiee
major diagnostic indicators of AD by comparing thensitivity, specificity and diagnostic power ofetiCSF
biomarkers described in the literature, alone arambination [9, 10, 11, 12]. Next, we establishesimple decision
tree based on 2 of these biomarker1A2 and p-Tau. Finally, using a second, indepenadamort, we compared
our decision tree to several others used routimelclinical practice to discriminate between AD anther

dementias.

MATERIALS AND METHODS:

Patients:

This study was conducted at the Memory ResearchResburce Center of the Neurology department dé Lil
University Hospital. This clinic has a local catalimh area but also serves as a resource and redecenter for the
region, which explains the fact that not all patseexamined are followed up by the clinic, and dlsat it recruits
young and/or atypical patients. In accordance Wittnch legislation, explicit informed consent frg@tients was
waived since all clinical, imaging, and biologicddta were generated during routine clinical workauu were
extracted for the purpose of this study. For cdrgubjects, informed consent was obtained withageroval of the

local ethics committee in order to take an add#lod ml of CSF and to conserve it for research pseg.



Regulations concerning electronic filing were folkd, and patients and their relatives were informédhe
possibility that individual data would be used @étrospective clinical research studies.

Between February 2004 and August 2010, 7491 neveratattended the clinic. Of these, 685 had a Ammb
puncture. Those with a diagnosis of possible deimé€nt57) and those with no confirmed diagnosis8@)=were
excluded from the study.

The first cohort (training set) consisted of 233igres recruited between February 2004 and Jun@& 290the
Memory and Neurology Clinics and included 91 pdasepresenting with probable AD, 104 patients witheo
dementias and 38 controls (Table 1). The secondrtdisalidation sample) consisted of 315 patiemtsruited
between July 2008 and August 2010, including 20@:=p&s presenting with probable AD, 67 patientshwither
probable dementias and 46 controls (Table 1). Sfaliwbd dementia assessment included medical Wistor
informant-based history, physical and neurologieshmination, laboratory tests, neuropsychologieating and
brain imaging. For the study, two senior physiciapgcialized in cognitive disorders and blind te tBSF test
results assessed all participants, and their degmwere compared. Only patients for whom the frlebdiagnoses
of the two physicians were in agreement were cemsitifor the study.

A diagnosis of probable AD was made using the mateof the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzhesn®isease and Related Disorders Association [13].
Diagnoses for non-AD degenerative dementias (refleto here as OD, other dementias), i.e. vascidaredtia
(vaD) [14], Lewy body dementia (LBD) [15] and fratémporal dementia (FTD) [16], were made using the
comprehensive admission criteria of internationaimdntia associations. For Cohorts 1 and 2, resdgtithe
number of patients included in the OD group wadotlews: VaD (n1=25, n2=25), LBD (n1=33, n2=21)TB
(n1=21, n2=17), Creutzfeldt-Jakob Disease (n1=30p2alcoholic dementia (n1=1, n2= 0) and otherethegative
dementias (Corticobasal Degeneration, ProgressipeaBuclear Palsy, Parkinson Dementia and semdementia)
(n1=21, n2=4). MMSE scores were available for 82 aid 97 OD patients.

Healthy controls consisted of individuals refertedthe Neurology Clinic for psychiatric disorderscarding to
DSM-IV criteria (n1=11, n2=19) or other neurolodi@nditions characterized by the lack of progmssdf a
degenerative pathology, such as headaches, dyaachronic alcoholism, Parkinson's disease, mieltjglerosis or
drug addiction (n1=26, n2=27). Minimental State mkaation (MMSE) scores were not systematicallyilatde

for controls.

CSF Samples and Measurements:

CSF was obtained from the L3/L4 or L4/L5 intervera space by lumbar puncture (LP), and collected5mL
polypropylene tubes. Within 4 hours, CSF sampleswentrifuged at 1000xg for 10 minutes at 4°Qyuadied into
1.5 mL polypropylene tubes and stored at -80°Cl tuntiher analysis. CSF 1-42 levels were measured using the
InnotestB-amyloid[1-42] sandwich immunosorbent assay (ELI%&)(Innogenetics, Belgium) for the detection of
AP peptides containing both the 1st and 42nd amimdsa€SF t-Tau concentrations were determined uiirg
Innotest hTAU-Ag sandwich ELISA kit (Innogeneti®@glgium) capable of detecting all Tau isoformsespective

to their phosphorylation state. Tau phosphorylaa¢dhreonine 181 (p-Tau) was measured using thetdsh
Phospho-Tau[181P] sandwich ELISA kit (Innogenetislgium). The interassay coefficient of variatieas 16%
for AB1-42, 8% for t-Tau and 7% for p-Tau. The LP anddblection of clinical data were carried out I¢san 1

month apart.



Statistical analysis:

Statistical analysis was performed using SAS saftweersion 9.2 [SAS Institute Inc., Cary, NC USA]he
threshold for significance was set at p=0.05.

Qualitative variables were expressed as frequermiggrcentages, and quantitative variables as sneatandard
deviation. Comparisons between the 3 groups werfenpeed by a chi-squared test for qualitative Valea and by
analysis of variance (ANOVA) for quantitative varies.

Each biomarker was dichotomized according to ctitvafues in the literature. Only control subjectsl gatients
with pure AD were considered for the evaluationtltd sensitivity and specificity of each variablealdes for
sensitivity and specificity near or greater tha Were considered to be good.

Our second step was to develop rules for the piiedicof AD using these biomarkers. A decision treas
constructed for the training set by means of theAlTH(Chi-squared Automatic Interaction Detectiongtimod,
using SIPINA software, version 3.7. The CHAID madtis a non-linear stepwise discriminant analysé #elects
the most predictive variable at each step accortiinpe chi-squared test. The dependent variabére he three
diagnostic groups, and the independent variabkeshitee previously dichotomized biomarkers.

The diagnostic power of this decision tree was watald using the mean kappa coefficient, sensitigityl
specificity, with the AD group on the one hand anglon-AD group consisting of OD and control sulgjgmoled on
the other. A kappa coefficient greater than 0.8caidd excellent diagnostic power, while a kappaffament
between 0.6 and 0.8 indicated good agreement. @hsitsvity corresponded to the probability that AR patient
would be correctly classified using the tree. Tpecificity corresponded to the probability thatatient without AD
would be classified as a control or OD patient gshe tree.

The third step consisted of an external validatstindy of the new decision tree, using the kappdficant,
sensitivity and specificity on a validation samplavo commonly used decision trees were appliechéo dame
validation sample, as described above. For eacisidedree, the kappa coefficient, sensitivity apecificity were
evaluated. The sensitivity and specificity of thewndecision tree were compared with the two comgnasied

decision trees using a McNemar test. Kappa coefftsiwere also compared by normal approximation.

RESULTS :

The demographic data of the two cohorts are surzewhrin Table 1. It is worth noting that the agetloé¢
cognitively healthy group was significantly lowdsan that of the two groups with dementias in th&t ftohort. The
mean and median CSF concentrations of the thréaatedl biomarkers, p1-42, t-Tau and p-Tau, in each group are
shown in Table 1. These were comparable to levedsribed in the literature, validating our cohdatssubsequent

CSF analyses.

Diagnostic power of CSF biomarkers and indices inidcriminating AD patients from controls in Cohort 1:
Healthy controls in Cohort 1 were younger than ODAD patients (p<0.0001). Since the 3 groups wesé n
matched for age, we did not compute new cut-ofti@albut used those previously published in thealitee: 500
pg/mL for AB1-42 [5, 12]; 450 pg/mL for t-Tau (mean age of gadients 70 years; [17]); 53 pg/mL for p-Tau; 0.8
for the Innotest Amyloid Tau Index (IATI) [9, 18].6 for t-Tau/A1-42; 9 for A31-42/p-Tau [10, 11] and 1 for the



Discrimination Formula (DF) described in [12]. Thensitivity and specificity of each biomarker wemmputed
using controls and patients with pure AD (TableT})ey were higher for all ratios or formulae usangombination
of at least 2 CSF biomarkers than for single C®¥fbirkers.

Establishment of a simple decision tree based on éhAb42/p-Tau ratio and p-Tau cut-offs for optimal
discrimination between AD patients and controls/ no-AD dementia patients (Cohort 1):

In clinical practice, the clinician has to deal lwjpatients with various types of dementia that db mecessarily
occur in isolation. We therefore analyzed a hetemegus group of demented patients (Cohort 1; Tapléeo
determine the best stratification of AD patients asntrols and patients with other dementias, basegdreviously
validated CSF biomarkers/indices. This analysisdgié a two-step decision tree, which we will heteatall the
Lille decision tree (Figure 1), in which the figep consisted of stratification based on the CBE-A2/p-Tau ratio,
and the second step on CSF p-Tau levels. This siggtision tree allowed us to define three growgset on their
biochemical signature. The first was characteribgdan altered f1-42/p-Tau ratio and p-Tau values, and
corresponded to probable AD, consisting mostly &f patients (74%) and to a much lesser extent ofp@tients
(25%). The second was characterized by an altefdd-42/p-Tau ratio but normal p-Tau values, and cowadpd
to the possibility of AD, consisting mostly of Ofents (60%) and to a lesser extent of AD pati€d@6). The
third signature was characterized by normflLAl2/p-Tau and p-Tau values, and correspondedet@xblusion of
AD, consisting mainly of OD patients (62%) and cots (30%). Ten AD patients (9%) were identifiedbesonging
to this group, suggesting that they were undetéztafp this method (false negative). The sensitiaityg specificity
of this tree for the diagnosis of AD were, respesti, 86% and 81%. (Figure 1).

These results remained unchanged when a lower ftwatue for t-Tau (350 pg/mL) was used for anadysi

independent of age, as described in several st{iis

Validation of the decision tree using an independédrcohort (Cohort 2):

To avoid a circularity bias, we tested the Lillecid#on tree on a validation sample (Cohort 2). Td@sond cohort
included significantly more AD patients than thehGd 1 (Table 1). The subgroup with altere@1A42/p-Tau
ratios and p-Tau values again corresponded maim\ patients (89%) and a few OD patients (9%). $hiegroup
characterized by an altere3®&-42/p-Tau ratio but normal p-Tau values consistedrofqual number of AD and
OD patients (37.5% each). Finally, the subgrouphwibrmal A81-42/p-Tau ratios and p-Tau values consisted
mainly of equal numbers of controls (34%) and ORigmds (34%). However, there were many more migified

AD patients (25%) in this group than in Cohort he$e results were in good agreement with the eliniiagnosis
(k=0.648). Finally, compared to Cohort 1, the speityfiof the tree did not change for Cohort 2 (8186 its
sensitivity was slightly reduced (82%).

Comparison of the Lille decision tree with two comronly used decision trees (Cohort 2) :

Two other decision trees are commonly used for Afgosis. In Tree A, a combination of 2 or morerat
biomarkers has been shown to predict the developofeAD with a sensitivity of 82% and a specificiof 97%
[19]. In Tree B, widely used in France, the conserfer interpreting CSF parameters is based omauwtion of

CSF p-Tau levels and IATI (a function of t-Tau akfl1-42 levels): the biochemical profile is in favdrpyobable



AD when both parameters are abnormal and exclud@swhen both are normal. For intermediate resulis, t
biochemical profile is not conclusive. We used ¥adidation cohort (Cohort 2) and previously detared cut-off
values to analyze the capacity of these two datisiges to discriminate between AD patients androtsor OD
patients (Figure 2A and 2B). There was no signifiadifference between these trees and the Lille imeterms of
diagnostic power (Figure 2C), as revealed by ttppkecoefficient. When considering the sensitivitg apecificity
of the trees, Tree A was not significantly differdrom the Lille tree. However, Tree B, in spite itd similar
diagnostic power, showed a significantly greatemsgivity (85%; p=0.025) but reduced specificity7¢3), a

difference that was almost significant (p=0.058).

DISCUSSION:

In the present study, we investigated the diagogstirformance of various indices based on the $ewélthree
validated CSF biomarkers of AD: t-Tau, p-Tau arfeiLlA2. We first analyzed single CSF biomarker levelthe
first cohort to compare them with those describgdabge multicenter studies [12][5]. While our coheize was
similar to that of the first of these studies [12],au and p-Tau levels were lower in our contnaugp (244 vs. 280
pg/mL and 37 vs. 51 pg/mL respectively), a findthgt could be explained by the considerably loweamage of
our control group (49 years) compared to that efrtiulticenter study (67 years). In AD patientsspite of a similar
mean age (71 years), t-Tau and p-Tau levels weeehiin our study (710 vs. 559 pg/mL and 101 vsp§anL,
respectively), with a correspondingly worse mempeyformance (mean MMSE score: 18 vs. 223142 levels
were not significantly different between Cohortridahe multicenter study, either with respect ® ¢ontrol group
(628 vs. 675 pg/mL) or with respect to the AD gro®7 vs. 370 pg/mL), when considering an intreagiss
variability of 16%.

We next tested the diagnostic performance (seitgitand specificity) of these CSF markers and iadiderived
from them, since it has been suggested that theolise combination of 2 or 3 CSF biomarkers improyds
diagnosis. We demonstrated that indices consigiingatios or formulae combining at least 2 CSF kadkers
performed better than single CSF biomarkers. U€iagort 1, we therefore established a new decisim for AD
diagnosis with a sensitivity of 86% and specificity81%. Moreover, to avoid a circularity bias, asalyzed the
performance of this Lille tree with a second indegent cohort, the validation cohort or Cohort 2e Thagnostic
power and specificity of our decision tree werebktawith Cohort 2, with only a slight reduction gensitivity
(82%).

We also demonstrated that our simple decision br@sed on the Bl-42/p-Tau ratio and p-Tau levels, possessed the
same diagnostic power as other strategies deschibétk literature for discriminating between ADtipats and
controls or patients with other dementias. TheeLdkecision tree was similar in sensitivity and #ipety to the
previously described Tree A [19], whereas Tree B wwore sensitive (85%) but less specific than owith) a
specificity of less than 80%, insufficient for acate diagnosis. This suggests that CSF t-Tau learelnot useful
for the diagnosis of AD as they result in no improment of diagnostic power, sensitivity or spedificivhen
compared to p-Tau andfA-42 levels alone. These results are in accordaiittethe study of Tapiola et al. [20],
which shows that the best correlation of AD-relgpadhologic changes in the brain is seen with tB&-A2/p-Tau
ratio. Finally, the specificity of our tree for AB1%) was really good, given the 45% of OD patiéntsur first



cohort. Considering the high incidence of comotidive could not exclude the possibility that soofethese

patients also suffered from Alzheimer’s disease.

This study also raises certain questions. When aoimgp our results and those in the literature, \bseove
considerable variability in outcome measures, dafiedn specificity and sensitivity. What is thederlying reason
for these differences? Does the percentage of Qierpa affect these measures? In Cohorts 1 artteQydrcentage
of OD patients was significantly different, being% and 21%, respectively. In previous studies, theye,
respectively, 20% [9], 56% [10], 25% [11] and 8%][1Cohort 1 is therefore comparable to the cobbivelge et
al. [10] whereas Cohort 2 is comparable to the ashased by Hulstaert et al. [9] and Ibach etHL][As would be
expected by an effect of the percentage of OD pesighe sensitivity and specificity of the Lillesdrimination tree
for Cohort 1 (86% and 81% respectively) were simitathose of the Welge study (85% and 85% respeig).
However, in Cohort 2, these values (82% and 81%emcsrely) were significantly different from thosd# the
Hulstaert study (85% and 58% respectively) but camrable to the results of Ibach et al. (79% and 7é8pectively)
[11]. Thus, the increased percentage of OD patiant€ohort 1 relative to Cohort 2 only slightly efted the
sensitivity of the Lille decision tree. The accwyrad AD diagnosis decreases with age (for a stablesitivity level
of 85%, the specificity of AD diagnosis is signdittly lower in younger populations [21]). The sfiety values
yielded by our study are thus probably overestiometi since our controls are younger than our ADeptt.
However, despite a significantly higher mean ageaftrols in Cohort 2 (although still lower thanthe the two
patient groups), the specificity was not signifitardifferent whereas sensitivity decreased slighHinally, the
severity of the disease in the study populatiorccagcount for differences between studies. Instudy, the mean
MMSE scores of the patient groups in both cohomsencomparable, reflecting similar disease sevémithe two
groups. These scores were slightly lower than ttsesa in previous studies for AD patients (18 &722) and
comparable for OD patients (20 vs. 19.8-21). Soraeations could also arise from preanalytical oalgtical
sources [22, 5, 23], and it has not so far beersiplesto eliminate them. It should be possible educe this

variability by improving the standardization of biarker-based tests in the future.

CONCLUSION:

Our results suggest thatpA-42 and p-Tau are the principal biomarkers for Aliagnosis, and that CSF
concentrations of t-Tau do not improve this diagnodowever, CSF t-Tau appears to be of clinicedrist for the
prognosis of dementia, higher t-Tau levels beingoeiated with more rapid progression from mild dtge
impairment to AD [21]or with a more severe cognitive profile [22] can therefore be assumed that CSF t-Tau
levels are instructive in evaluating the progressib neurodegeneration. It would be of interestatdate the Lille
decision tree in a multicenter study in the futuned to further improve it by the addition of neigrbarkers for the

differential diagnosis of AD and other dementias.
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