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bstract

This study aimed to investigate whether cerebrospinal fluid (CSF) biomarkers could have helped the clinician in differential dementia
iagnosis in case of clinically ambiguous diagnoses, as compared to autopsy-confirmed dementia diagnosis as gold standard.

Twenty-two patients of our autopsy-confirmed dementia population totalling 157 patients had an ambiguous clinical diagnosis at CSF
ampling and were included in statistical analysis. CSF levels of �-amyloid peptide (A�1-42), total tau protein (T-tau) and tau phosphorylated
t threonine 181 (P-tau181P) were determined. A biomarker-based model was applied to discriminate between AD and NON-AD dementias.

AD and NON-AD patients showed no significant differences in A�1-42 and T-tau concentrations, whereas P-tau181P concentrations were
ignificantly higher in AD compared to NON-AD patients. The biomarker-based diagnostic model correctly classified 18 of 22 (82%) patients
ith clinically ambiguous diagnoses.

Using a biomarker-based model in patients with clinically ambiguous diagnoses, a correct diagnosis would have been established in the
ajority of autopsy-confirmed AD and NON-AD cases, indicating that biomarkers have an added diagnostic value in cases with ambiguous

linical diagnoses.
2008 Elsevier Inc. All rights reserved.

a

r
s
s
7

eywords: Alzheimer’s disease; Biomarkers; Cerebrospinal fluid; Dementi

. Introduction

The most common cause of dementia is Alzheimer’s dis-
ase (AD). Diagnosis of probable AD is made according
Please cite this article in press as: Le Bastard, N., et al., Added diagno
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o clinical diagnostic criteria (NINCDS–ADRDA criteria)
hat are mainly based on the exclusion of other systemic
r brain diseases (McKhann et al., 1984). Moreover, the
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equired diagnostic work-up is time-consuming and expen-
ive (Dubois et al., 2007; McKhann et al., 1984). Average
ensitivity and specificity figures of respectively 81% and
0% for a diagnosis of probable AD were obtained using
europathology as gold standard (Knopman et al., 2001).
hese figures however were mostly achieved in specialized
linical centers and diagnoses are based on follow-up peri-
ds of several years. A much lower diagnostic accuracy
an be expected in the earliest stages of the disease and
stic value of CSF biomarkers in differential dementia diagnosis.

hen the diagnostic work-up is performed in non-specialized
enters. Diagnosis of definite AD can therefore only be
ade through postmortem pathological examination of the

rain.
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As the brain is in direct contact with the cerebrospinal
uid (CSF) and the flow of proteins from and to the brain is
estricted by the blood–brain barrier, biochemical changes
hat reflect pathophysiological processes in the brain are
eflected in CSF. Consequently, research on biomarkers for
ementia focuses on CSF. Promising CSF biomarkers for
D are �-amyloid1-42 protein (A�1-42), total tau-protein

T-tau) and phosphorylated tau (P-tau) (Andreasen et al.,
003; Knopman et al., 2001; The Ronald and Nancy Reagan
esearch Institute of the Alzheimer’s Association and the
ational Institute on Aging Working Group, 1998). The value
f those biomarkers in discriminating patients with AD from
ealthy elderly (Hulstaert et al., 1999; Sjögren et al., 2000),
epressed elderly (Buerger et al., 2003) and subjects with
arkinson’s disease (Holmberg et al., 2003) has been demon-
trated in several independent studies.

A clinically very relevant but yet unstudied question
s whether CSF biomarkers can have an added diagnostic
alue in differential dementia diagnosis. Indeed, low average
pecificity levels of 48% for clinical diagnosis of possible
D reflect the overlap of clinical profiles between AD and
ther (NON-AD) types of dementia (Knopman et al., 2001).
hould diagnostic errors occur, they most likely involve
ne of the other primary dementias, mixed pathologies that
nclude a vascular component, or uncertainties associated
ith early diagnosis. Especially in the earliest dementia

tages, inconclusive routine clinical diagnostic work-up often
esults in clinically ambiguous diagnoses that can often be
educed to an AD versus NON-AD differential diagnosis.
owever, an overlap in CSF levels of A�1-42 and T-tau
etween AD and NON-AD dementias like frontotempo-
al dementia (FTD), dementia with Lewy bodies (DLB),
arkinson’s disease dementia or vascular dementia (VAD)

imits sensitivity, specificity and diagnostic accuracy of these
ndividual biomarkers (Hulstaert et al., 1999; Sjögren et
l., 2000). Tau phosphorylated at threonine 181 (P-tau181P)
Please cite this article in press as: Le Bastard, N., et al., Added diagno
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eems to be a more specific marker for AD (Hampel et al.,
004; Vanderstichele et al., 2006). The combined assess-
ent of individual CSF biomarkers could further increase

he specificity for discriminating AD from other (degener-
s
a

able 1
ummary of the clinical, pathological and biomarker-based diagnoses of the exclud

xcluded subjects Clinical diagnosis

AD or NON-AD

1 AD or DLB
2 AD or CJD
3 AD or FTD
4 AD or DLB
5 AD or DLB
6 AD or FTD
7 AD or FTD
8 AD or VAD
9 AD or CJD
0 AD or CJD
1 AD or CJD
Fig. 1. Classification tree. Abbreviation: Np, neuropathology.

tive) dementias (Andreasen and Blennow, 2005; Blennow
nd Vanmechelen, 2003). Combined assessment of (CSF)
iomarkers can be achieved by applying biomarker-based
iagnostic models using different combinations of biomark-
rs (Engelborghs et al., 2008). In a population (N = 200) of
utopsy-confirmed dementia patients and healthy controls,
e recently developed biomarker-based models that allow
iscriminating (1) AD from NON-AD dementias, (2) AD
rom pooled healthy controls and NON-AD dementia patients
nd (3) dementia from healthy controls, achieving sensitiv-
ty, specificity, and diagnostic accuracy levels, consistently
xceeding 80% (Engelborghs et al., 2008).

The aim of this study was to investigate whether CSF
iomarkers could have helped the clinician in differential
ementia diagnosis in clinically ambiguous cases (when a
linical diagnostic work-up was not able to discriminate
etween AD and a NON-AD dementia), using an AD ver-
us NON-AD biomarker-based model (Engelborghs et al.,
008) compared to autopsy-confirmed dementia diagnosis as
old standard.

. Methods

.1. Study population
stic value of CSF biomarkers in differential dementia diagnosis.

We expanded our original neuropathologically confirmed
tudy population (Engelborghs et al., 2007; Engelborghs et
l., 2008) with 57 dementia subjects (N = 157). From this

ed subjects.

Pathological diagnosis Biomarker model

AD + DLB NON-AD
AD + DLB AD
AD + FTD AD
AD + DLB AD
AD + DLB AD
AD + DLB NON-AD
AD + FTD AD
AD + DLB AD
AD + CJD AD
AD + CJD AD
Hippocampal necrosis AD

dx.doi.org/10.1016/j.neurobiolaging.2008.10.017
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Table 2
Summary of the symptoms at clinical work-up of the included subjects.

Included subjects Clinical diagnosis

1 AD or DLB
Memory problems
Extrapyramidal signs
Visual hallucinations

2 AD or DLB
Memory problems
Extrapyramidal signs
Neuropsychiatric symptoms (sleep
disorder, aggression)

3 AD or Korsakoff syndrome
Memory problems
History of alcohol abuse
Neuropsychiatric symptoms (depression,
aggression, self neglect, delusions, sleep
disorder, apathy)
Extrapyramidal signs

4 AD or metachromatic leucodystrophya

Apraxia, agnosia, aphasia
Neuropsychiatric symptoms (aggression,
stereotyping, utilization behavior,
restlessness)
Dysarthria

5 AD or FTD
Memory problems
Neuropsychiatric symptoms (loss of
insight and judgment, disinhibition,
dietary hyperactivity, impaired control of
emotions, echolalia, logorrhea,
restlessness, utilization behavior)

6 AD or CJDb/c

Memory problems
Myoclonus

7 AD or CJDc

Memory problems
Myoclonus
Cerebellar signs (ataxia, gait disturbances)

8 AD or VAD
Neuropsychiatric symptoms
Aphasia
Pyramidal signs
Extrapyramidal signs (parkinsonism)

9 AD or CJDc

Memory problems
Myoclonus
Cerebellar signs (gait disturbances,
tendancy to fall)
Apraxia

10 AD or CJD
Memory problems
Extrapyramidal signs (tremors)
Neuropsychiatric symptoms
Apraxia, aphasia

11 AD or CJDc

Neuropsychiatric symptoms
Cerebellar signs (gait disturbances, ataxia,
tendancy to fall)
Extrapyramidal signs (parkinsonism)

Table 2 (Continued)

Included subjects Clinical diagnosis

12 AD or CJDc

Memory problems
Apraxia
Speech disturbances (akinetic mutism)
Epilepsy

13 AD or CJDb

Memory problems
Behavioral disturbances (decreased
initiative)
Myoclonus

14 AD or DLB
Memory problems
Myoclonus
Extrapyramidal signs
Visual hallucinations
Fluctuation in cognition
Agnosia, aphasia, apraxia

15 AD or CJDb

Memory problems
Myoclonus

16 MXD or DLB
Memory problems
Neuropsychiatric symptoms (aggression,
confusion, wandering, decreased interest)
Visual and auditive hallucinations
Extrapyramidal signs
Apraxia, anomia

17 AD or FTD
Behavioral disturbances (disinhibition,
perseverations)
Memory problems

18 MXD or VAD
Memory problems
Visual problems (hemianopsia after
cerebrovascular accident)
Neuropsychiatric symptoms

19 AD or FTD
Neuropsychiatric symptoms (apathy,
decreased interest, aggression, agitation,
restlessness)
Memory problems
Decreased executive functions

20 AD or CJDb/c

Neuropsychiatric symptoms
Memory problems

21 AD or FTD
Neuropsychiatric symptoms (aggression)
Memory problems
Dysarthria
Decreased executive functions

22 AD or DLB
Memory problems
Neuropsychiatric symptoms (aggression)
Extrapyramidal signs
Hallucinations
Fluctuation in cognition

a Based on brain MRI scan.
b Based on EEG.
c Rapidly progressive dementia.

dx.doi.org/10.1016/j.neurobiolaging.2008.10.017
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tudy population, we selected all subjects (N = 22) who (1)
t time point of CSF sampling, had an ambiguous clinical
iagnosis, i.e. where the clinician was not able to catego-
ize the patient in the AD group or the NON-AD group
ased on strictly applied clinical diagnostic criteria and (2)
ad an unambiguous neuropathological dementia diagnosis,
.e. where the neuropathological examination showed exclu-
ively or predominantly features of a single type of dementia
Fig. 1). The biomarker profile and pathological spectrum of
he excluded neuropathologically ambiguous cases are pre-
ented in Table 1. Clinical symptoms of the included patients
re summarized in Table 2.

All subjects’ samples (CSF and brain) originated from the
iobank facilities of the Institute Born-Bunge (Antwerp, Bel-
ium). Required minimal information consisted of patient’s
ate of birth, date of death, CSF sampling date, gender, clini-
al and neuropathological diagnosis. The study was approved
y the local medical ethics committee.

.2. Clinical and neuropathological diagnostic criteria

All dementia patients were diagnosed by a neurologist
xperienced in dementia diagnosis at the time point of
umbar puncture (LP) according to strictly applied clinical
iagnostic criteria (without knowledge of CSF biomarker
ata). The diagnosis of probable AD was established using
INCDS–ADRDA criteria (McKhann et al., 1984). All
atients also fulfilled the Diagnostic and Statistical Man-
al of Mental Diseases (DSM-IV-TR) criteria (American
sychiatric Association, 2000). MXD was diagnosed when
atients fulfilled the criteria of probable AD according to
INCDS–ADRDA criteria and, in addition, displayed cere-
rovascular disease (CVD) on brain CT and/or MRI that,
owever, did not meet the criteria of relevant CVD according
o NINDS–AIREN criteria of VAD (Roman et al., 1993),
hus excluding multiple large-vessel infarcts, strategically
laced infarcts, multiple basal ganglia and white matter
acunes or extensive white matter lesions. VAD was diag-
osed according to the NINDS–AIREN criteria (Roman et
l., 1993). For the diagnosis of probable FTD, the criteria
escribed by Neary et al. (1998) were applied. DLB was diag-
osed applying the clinical diagnostic criteria of McKeith
t al. (1996, 2005). Creutzfeldt–Jakob disease (CJD) was
iagnosed according to the diagnostic criteria of Weber
2000). There were two patients with a NON-AD clinical
ifferential diagnosis not belonging to one of the NON-AD
iagnoses mentioned above, in particular metachromatic leu-
odystrophy and Korsakoff syndrome, which were diagnosed
ccording to the DSM-IV-TR criteria (American Psychiatric
ssociation, 2000). CSF sampling was performed during the

linical diagnostic work-up.
All pathological diagnoses were established by the same
Please cite this article in press as: Le Bastard, N., et al., Added diagno
Neurobiol. Aging (2009), doi:10.1016/j.neurobiolaging.2008.10.017

europathologist (JJM) who was blinded for the CSF results.
or AD patients, the neuropathological criteria of Braak and
raak (1991), Jellinger and Bancher (1998) and Braak et al.

2006) were applied, whereas FTD patients were neuropatho-
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ogically diagnosed according to Jackson and Lowe (1996)
nd Markesbery (1998). The pathological criteria of Kosaka
t al. (1988) were applied for diagnosing DLB. CJD, MXD
nd VAD were diagnosed according to Markesbery (1998).
ll patients died between April 1995 and September 2007.
To summarize, the stains routinely applied in our lab-

ratory on paraffin blocks representative of the whole
entral nervous system (but not for the spinal cord) are
aematoxylin–eosin, cresyl violet and Bodian’s technique.
he routinely applied immunostains are 4G8 (amyloid), AT8

P-tau181P) and an anti-ubiquitin antibody (ubiquitin). When
he presence of Lewy bodies is suspected on haematoxylin–
osin and ubiquitin immunoreactivity, an anti-alpha-
ynuclein staining is applied. In non-tau fronto-temporal
ementias or when the ubiquitin staining shows immunore-
ctive dystrophic neurites in the upper cortical layers and
cat’s eyes” intranuclear inclusions, TDP-43 immunostain-
ng is performed. When the routine histology suggests a
pongiform encephalopathy of the CJD type, a 3F4 antibody
s applied.

.3. CSF sampling, storage and analysis

CSF was obtained in clinical centers during clinical work-
p of the patient by LP at the L3/L4 or L4/L5 interspace.
amples from 12 patients were collected in the Memory
linic at Middelheim General Hospital (Antwerp, Belgium)
etween June 1995 and August 2007, whereas samples from
0 patients were collected in referring centers between March
999 and April 2005. In Middelheim General Hospital, CSF
ampling was performed according to a standard protocol.
SF samples were collected in polypropylene vials and

mmediately frozen in liquid nitrogen. In case of macro-
copically hemorrhagic CSF, samples were immediately
entrifuged (10 min at 4000 × g); the supernatant was dis-
ributed in a different polypropylene vial and frozen in liquid
itrogen. Routine investigation of CSF was performed and
ncluded cell count, total protein and glucose analysis. When-
ver CSF cell count revealed more than 10 white blood cells
r more than 500 red blood cells per mm3, samples were not
ncluded in the study (which did not apply to any of the sam-
les). Referring centers were asked to sample at least 1 ml of
SF in polypropylene vials. Referring centers could either

hip fresh, unfrozen samples (within 24 h after sampling,
hipment at room temperature) or frozen samples (within
week after sampling, shipment on dry ice). Despite these

nstructions, some CSF samples (N = 6) from referring cen-
ers were not collected in polypropylene vials.

CSF samples were stored at the Biobank facilities of the
nstitute Born-Bunge (Antwerp, Belgium) at −75 ◦C until
nalysis.

CSF analysis was performed at R&D facilities of Inno-
stic value of CSF biomarkers in differential dementia diagnosis.

enetics NV (Ghent, Belgium) or at the Reference Centre
or Biological Markers of Memory Disorders (Antwerp,
elgium). CSF biomarker analysis was performed without
nowledge of the clinical or pathological diagnosis.

dx.doi.org/10.1016/j.neurobiolaging.2008.10.017
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Table 3
Summary of the clinical and pathological diagnoses of the included subjects and categorization of patients in the AD or NON-AD group according to pathology
and biomarker model.

Included subjects Clinical diagnosis Pathological diagnosis Pathological category Biomarker model

AD or NON-AD

1 AD or DLB AD AD AD
2 AD or DLB DLB NON-AD NON-AD
3 AD or Korsakoff syndrome AD AD AD
4 AD or Metachromatic leucodystrophy MXD AD AD
5 AD or FTD AD AD AD
6 AD or CJD AD AD (AD)
7 AD or CJD AD AD AD
8 AD or VAD VAD NON-AD AD
9 AD or CJD AD AD AD

10 AD or CJD AD AD NON-AD
11 AD or CJD AD AD (AD)
12 AD or CJD AD AD AD
13 AD or CJD AD AD AD
14 AD or DLB AD AD AD
15 AD or CJD AD AD AD
16 MXD or DLB DLB NON-AD NON-AD
17 AD or FTD AD AD NON-AD
18 MXD or VAD VAD NON-AD NON-AD
19 AD or FTD FTD NON-AD NON-AD
20 AD or CJD CJD NON-AD AD
21 AD or FTD AD AD AD
22 AD or DLB AD AD AD

D set equa
o : AD, A
L -AD, n

m
k
I
T
a
p
a

i
r
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c
b

T
D

A
A
I
D
M
C
C
C
C
C
C

S
d
t

r

iagnostic categories between brackets are patients with out-of-range values
r both and who are not included in the analysis in Table 3b. Abbreviations
ewy bodies; FTD, frontotemporal dementia; MXD, mixed dementia; NON

CSF levels of A�1-42, T-tau and P-tau181P were deter-
ined with commercially available single-parameter ELISA

its (respectively, INNOTEST® �-AMYLOID(1-42),
NNOTEST® hTAUAg, INNOTEST® PHOSPHO-
AU(181P); Innogenetics, Ghent, Belgium). With each
Please cite this article in press as: Le Bastard, N., et al., Added diagno
Neurobiol. Aging (2009), doi:10.1016/j.neurobiolaging.2008.10.017

ssay, the clinical samples, together with a blank (sam-
le diluent), the (prepared) calibrator solutions and the
ppropriate controls, were tested strictly following the test

c
t
c

able 4
emografic and biomarker data.

Total AD

ge at CSF sampling (years) 75 (70–83) N = 22 77 (71–
ge at death (years) 77 (71–83) N = 19 79 (72–

nterval CSF sampling–death (months) 1.6 (1.0–5.7) N = 19 1.8 (0.8
isease duration (months) 33 (14–60) N = 22 27 (13–
MSE score (/30) 17 (6–22) N = 16 9 (6–20
SF A�1-42 levels (pg/ml)a 375 (131–548) N = 22 236 (12
SF A�1-42 levels (pg/ml)b 399 (139–549) N = 20 304 (13
SF T-tau levels (pg/ml)a 532 (215–1070) N = 22 532 (21
SF T-tau levels (pg/ml)b 362 (193–701) N = 19 436 (19
SF P-tau181P levels (pg/ml)a 49.0 (39.7–92.8) N = 22 71.1 (41
SF P-tau181P levels (pg/ml)b 45.4 (39.4–88.5) N = 21 66.2 (40

ignificant differences are indicated in bold. Data are presented as median with
isease; A�1-42, �-amyloid1-42 protein; CSF, cerebrospinal fluid; MMSE, Mini M
au hyperphosphorylated at threonine 181; T-tau, total protein tau.

a Biomarker concentrations with out-of-range data set equal to the lowest/highest
estesting or when insufficient CSF was available to allow retesting.
b Biomarker concentrations with out-of-range data considered as missing data.
l to the lowest/highest calibrator concentrations for A�1-42 and/or P-tau181P

lzheimer’s disease; CJD, Creutzfeldt–Jakob disease; DLB, dementia with
on-Alzheimer’s disease; VAD, vascular dementia.

nstructions provided in the kit inserts. All samples were
un in duplicate. If the intra-assay coefficient of variation
CV) was >20% (calculated as range × 100/average) or if
oncentrations obtained were out-of-range (OD values not
etween mean OD values of highest and lowest calibrator
stic value of CSF biomarkers in differential dementia diagnosis.

oncentration), samples were retested (by extension of
he calibrator concentration range in case of out-of-range
oncentrations). The concentration ranges of the test kits are

NON-AD Statistical analysis:
Rank Sum Test

86) N = 16 71 (62–78) N = 6 p = 0.140, T = 49.0
87) N = 14 71 (68–80) N = 5 p = 0.195, T = 36.0
–7.6) N = 14 1.3 (0.9–22.4) N = 5 p = 0.926, T = 49.0
57) N = 16 36 (18–60) N = 6 p = 0.911, T = 70.5
) N = 11 18 (15–25) N = 5 p = 0.212, T = 53.5
7–517) N = 16 519 (327–581) N = 6 p = 0.302 T = 83.0
7–557) N = 14 519 (327–581) N = 6 p = 0.409, T = 73.0
9–1094) N = 16 489 (198–1071) N = 6 p = 0.941, T = 68.0
3–724) N = 14 352 (174–827) N = 5 p = 0.853, T = 48.0
.7–112.0) N = 16 36.9 (25.4–49.2) N = 6 p = 0.022, T = 38.0
.7–102.5) N = 15 36.9 (25.4–49.2) N = 6 p = 0.029, T = 38.0

interquartile ranges between brackets. Abbreviations: AD, Alzheimer’s
ental State Examination; NON-AD, NON-Alzheimer’s disease; P-tau181P,

calibrator concentration in cases still displaying out-of-range data following

dx.doi.org/10.1016/j.neurobiolaging.2008.10.017
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Fig. 2. Biomarker-based diagnostic model: AD versus NON-AD dementia
using CSF A�1-42 and P-tau181P levels. Discrimination between AD and
NON-AD: log (P-tau181P) = −0.9450 + 0.7813 × log (A�1-42). Natural log-
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ransformed biomarker concentrations in the area above the discrimination
ine are indicative for AD, natural log-transformed biomarker concentrations
n the area under the discrimination line are indicative for NON-AD.

escribed in the package inserts (A�1-42: 125–2000 pg/ml,
-tau: 75–1200 pg/ml, P-tau181P: 15.6–500 pg/ml).

.4. Biomarker-based diagnostic model

The AD versus NON-AD biomarker-based model dis-
riminates AD from NON-AD patients by means of a
iscrimination line that is based on two biomarker concen-
rations and that is defined by the following equation: log
P-tau181P) = −0.9450 + 0.7813 × log (A�1-42) (Engelborghs
t al., 2008). According to this model, the probability of AD
ignificantly increases with an increasing concentration of
-tau181P and significantly decreases with increasing con-
entration of A�1-42. CSF biomarker concentrations in this
odel are natural log-transformed concentrations.

.5. Statistical analyses

Data between AD and NON-AD patients were compared
sing Mann–Whitney Rank Sum Test. A binomial test (one
ample test of a proportion) was used to investigate the perfor-
ance of the CSF biomarkers in the biomarker-based model

sing the pathological diagnosis as the gold standard. Sen-
Please cite this article in press as: Le Bastard, N., et al., Added diagno
Neurobiol. Aging (2009), doi:10.1016/j.neurobiolaging.2008.10.017

itivity and specificity figures and diagnostic accuracy were
alculated. A probability level of 0.05 was considered sig-
ificant. Statistical analyses were performed using SPSS®

ersion 13.0 and SAS® version 9.1.

l
s
i
w

able 5
ummary of binomial tests for the biomarker-based AD versus NON-AD model.

Number of
patients

AD according to biomarker mod

Correctly
identified AD

Total AD

a) With out-of-range data set
equal to highest/lowest
calibrator concentration

22 14 16

b) With out-of-range data
considered as missing data

20 12 14
 PRESS
f Aging xxx (2009) xxx–xxx

. Results

.1. Description of the study population

The definite AD group consisted of six males and ten
emales, whereas the definite NON-AD group consisted of
hree males and three females. All patients had a clinical dif-
erential diagnosis of probable AD (N = 22, among whom 2
atients with MXD) and a diagnosis of a probable NON-AD
ementia, such as VAD (N = 2), FTD (N = 4), DLB (N = 5),
JD (N = 9), metachromatic leucodystrophy (N = 1) or Kor-

akoff syndrome (N = 1) (Table 3). Pathological diagnoses
onsisted of AD (N = 15), MXD (N = 1), VAD (N = 2), FTD
N = 1), DLB (N = 2) and CJD (N = 1) (Table 3).

Demographic data are summarized in Table 4. The exact
ate of death was missing for three patients, although the year
f death was available. The majority (17/22) of CSF samples
ere taken within 1 year preceding death. There were no

ignificant differences between AD and NON-AD patients
or age at CSF sampling, age at death, interval between CSF
ampling and death and Mini Mental State Examination score
Table 4). The study population consisted of moderate to
evere dementia patients.

.2. CSF analyses and CSF biomarker levels

Biomarker data are summarized in Table 4. Seven CSF
amples showed out-of-range concentrations for at least one
f the biomarkers. Five out-of-range samples originated from
D patients and two from NON-AD patients. In total, four T-

au concentrations and one P-tau181P concentration exceeded
he highest calibrator concentrations, whereas five A�1-42
oncentrations were below the lowest calibrator concentra-
ion. These samples were retested with extended calibrator
urves; two T-tau concentrations still exceeded the highest
alibrator concentration and for two samples insufficient CSF
as available for retesting (2 A�1-42, 1 T-tau and 1 P-tau181P

oncentration).
Therefore, data analyses concerning CSF biomarker levels

ere performed twice: (1) with out-of-range data set equal
o the highest (T-tau: 1200 pg/ml; P-tau181P: 500 pg/ml) or
stic value of CSF biomarkers in differential dementia diagnosis.

owest (A�1-42: 125 pg/ml) calibrator concentrations in cases
till displaying out-of-range data following retesting or when
nsufficient CSF was available to allow retesting and (2)
ith these out-of-range data considered as missing data (but

el NON-AD according to biomarker model Statistical analysis:
Binomial test

Correctly identified
NON-AD

Total NON-AD

4 6 p = 0.003

4 6 p = 0.007

dx.doi.org/10.1016/j.neurobiolaging.2008.10.017
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ncluding the out-of-range samples for which a valid result
as obtained through extension of the calibrator curve).
Comparing AD and NON-AD patients, no signifi-

ant differences in A�1-42 and T-tau levels were found,
hereas P-tau181P levels were significantly higher in
D patients (Table 4). None of the CSF biomark-

rs correlated with the MMSE scores in the total
roup (A�1-42: r = 0.248 p = 0.355; T-tau: r = −0.450,
= 0.081; P-tau181P: r = −0.393, p = 0.132) or in the AD

A�1-42: r = 0.027, p = 0.936; T-tau: r = −0.451, p = 0.164;
-tau181P: r = −0.214, p = 0.527) and NON-AD (A�1-42:
= 0.027, p = 0.936; T-tau: r = −0.451, p = 0.164; P-tau181P:
= −0.214, p = 0.527) subgroups.

.3. Recategorization of pathological diagnoses and
dded diagnostic value of CSF biomarkers

Subjects pathologically diagnosed as AD or MXD were
ooled in the AD category whereas other dementias (VAD,
TD, DLB and CJD) were pooled in the NON-AD cate-
ory (Table 3). CSF biomarker levels of A�1-42 and P-tau181P
ere modeled in the AD versus NON-AD biomarker model

Fig. 2). A comparison of the diagnostic categories was made
or each patient (Table 3) and the data were analysed by
eans of a binomial test. The outcome was either a success

when diagnostic categories of pathology and of biomarkers
or individual patients matched) or a failure (when diagnostic
ategories did not match).

In patients with clinically ambiguous diagnoses, a cor-
ect biomarker diagnosis was established in 18/22 (82%)
atients (Table 5) as compared to pathological diagnosis
p = 0.003). Comparable results were achieved excluding
atients with out-of-range concentrations for A�1-42 and/or
-tau181P (p = 0.007) (Table 5).

. Discussion

To test whether CSF biomarkers could have helped the
linician in differential dementia diagnosis in clinically
mbiguous cases, we analysed CSF biomarker levels of 22
atients with clinically ambiguous diagnoses and compared
heir pathological diagnoses with the diagnoses obtained by

odeling the CSF biomarkers in an AD versus NON-AD
iomarker-based model.

The current clinical diagnostic accuracy of AD using neu-
opathology as reference standard shows an 81% sensitivity
nd a 70% specificity (Knopman et al., 2001). Consequently,
hen clinical diagnosis is used as standard, terms of sen-

itivity, specificity and accuracy should preferentially be
eplaced by terms such as “negative, positive, or overall
ercent agreement” with clinical diagnosis (Food and Drug
Please cite this article in press as: Le Bastard, N., et al., Added diagno
Neurobiol. Aging (2009), doi:10.1016/j.neurobiolaging.2008.10.017

dministration, 2007). Such an approach, combined with
orroborating studies as the one described here, will pave the
ay forward to improve current clinical dementia diagnosis,

specially in early phases of the disease.

d
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.1. Study population

Selection criteria were (1) having an ambiguous clin-
cal diagnosis of AD versus NON-AD dementia and (2)
n unambiguous neuropathological diagnosis. The autopsy-
onfirmed dementia population (N = 157) patients consisted
f 33 patients with ambiguous clinical diagnoses. How-
ver, 10 patients also had ambiguous neuropathological
iagnoses as discrimination between AD or NON-AD
ementia could not be made according to neuropathologi-
al diagnostic criteria (Fig. 1). Indeed, the relative extent to
hich AD lesions and other coexisting pathological lesions

ontribute to clinical symptoms cannot always be deter-
ined with certainty (The National Institute on Aging and
eagan Institute Working Group on Diagnostic Criteria for

he Neuropathological Assessment of Alzheimer’s Disease,
997). Moreover, these data show that neuropathology also
as its limitations as gold standard for dementia diagnosis.
ollowing exclusion of these 10 subjects, the final study
opulation consisted of 22 subjects as one patient with a
linically ambiguous dementia diagnosis appeared to have
o neuropathology of dementia. Most neuropathologically
mbiguous patients would have been classified as AD patients
ccording to the model that is based on CSF A�1-42 and
-tau181P levels.

Based on neuropathological diagnoses, the study popula-
ion was re-categorized and consisted of 16 (73%) definite
D and 6 (27%) definite NON-AD patients. MXD patients
ere categorized in the AD group, as diagnosis of MXD
ainly implies AD brain lesions with an additional but minor

ascular component (Markesbery, 1998). Since most (17/22,
7%) of the CSF samples were taken within 1 year preced-
ng death, we can assume that CSF biomarker profiles reliably
eflected pathological diagnoses. Moreover, dementia pathol-
gy starts many years before onset of clinical symptoms
Shaw et al., 2007).

.2. CSF biomarker levels

We were not able to detect significant differences in CSF
�1-42 and T-tau concentrations between AD and NON-
D patients, which is in accordance with previous studies

hat demonstrated a substantial overlap between AD and
ON-AD dementias with regard to CSF A�1-42 and T-tau

evels (Andreasen et al., 2003; Blennow and Vanmechelen,
003). Despite a relatively small study population, signifi-
antly higher CSF P-tau181P levels were found in AD patients
ompared to NON-AD patients. This supports the assump-
ion that P-tau181P is a more specific marker for AD (Hampel
t al., 2004; Vanderstichele et al., 2006).

.3. Diagnostic performance of CSF biomarkers in
stic value of CSF biomarkers in differential dementia diagnosis.

ifferential dementia diagnosis

Diagnostic accuracy and sensitivity of the AD versus
ON-AD biomarker model systematically exceeded 80%.

dx.doi.org/10.1016/j.neurobiolaging.2008.10.017
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ower specificity levels could be due to the relatively small
ON-AD population. The patients with clinically ambigu-
us diagnoses included in the statistical analyses (N = 22)
ere selected from a large group (N = 157) of neuropatholog-

cally confirmed patients. The focus on clinically ambiguous
ases, which pose the greatest challenge in daily clinical prac-
ice, accounts for the relatively small number of patients,
specially in the NON-AD group, as prevalence of NON-
D dementias is lower than the prevalence of AD. A larger

est group would have strengthened the conclusions drawn
ere but is not easy to accomplish given the highly specific
election criteria for the study population.

This study showed that by applying CSF biomarkers, a
orrect diagnosis would have been established in 18 out of
2 (82%) patients with ambiguous clinical diagnoses (AD
r NON-AD) using autopsy-confirmed diagnosis as gold
tandard, achieving a high level of statistical significance
binomial test: p = 0.003). Thus, CSF biomarkers could have
elped the clinician to establish a correct dementia diagnosis
n case of clinically ambiguous diagnosis. Especially in the
arliest dementia stages, clinical differential diagnosis can
e ambiguous given the substantial overlap in clinical symp-
oms between AD and NON-AD dementias and given the
imited specificity of the clinical diagnostic dementia criteria.
s an early and accurate dementia diagnosis will be of grow-

ng importance when disease-modifying drugs will become
vailable, the use of CSF biomarkers for dementia diagnosis
ight prove to be a very valuable and clinical relevant tool
hen clinical diagnostic criteria fail to discriminate between
D and NON-AD dementias. Also, AD is a multifactorial and
eterogeneous disorder. CSF biomarker concentrations may
ot only be useful in the differential diagnosis of dementia,
ut also in identifying various subgroups of AD. CSF levels
f A�1-42, T-tau and ubiquitin have been proven success-
ul in identifying subgroups of AD patients, also reflecting
heir histopathological lesions. One group with low A�1-42
nd without a marked increase in T-tau was found to have
high incidence of Lewy bodies (Iqbal et al., 2005). To

iagnose (different subgroups of) NON-AD patients, other
rotein markers than the ones presented in this paper, such
s �-synuclein, may also be useful.

.4. Limitations of the study

Although several limitations have already been discussed,
he major limitations of the present study can be summarized
s follows:

. Given the longitudinal follow-up that was required
to obtain autopsy-confirmed diagnoses and given the
highly specific selection criteria for the study population
included, only a small population was included. More-
over, the sample size of the NON-AD group was less than
Please cite this article in press as: Le Bastard, N., et al., Added diagno
Neurobiol. Aging (2009), doi:10.1016/j.neurobiolaging.2008.10.017

half the size of the AD group which might further have
compromised statistical validity.

. Out-of-range CSF biomarker values were found in 7/22
(32%) samples, which were mostly samples from AD

i
n
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patients (N = 5). The low out-of-range A�1-42 concen-
trations are possibly due to the collection of CSF in
polystyrene vials in case samples originated from refer-
ring centers. The reduction in A�1-42 concentration due to
collection of CSF in polystyrene is about 20% (Lewczuk et
al., 2006a). This accounts for 4 out of the 5 out-of-range
A�1-42 concentrations. There is however no straightfor-
ward (methodological) explanation for the out-of-range
results for T-tau and P-tau181P although we previously
reported that out-of-range concentrations occurred more
often in the diseased group than in a healthy control group.
Consequently, it can be speculated that the observation of
an “out-of-range” result can by itself be indicative of an
underlying dementia (Engelborghs et al., 2008).

. Biomarker concentrations were determined in two dif-
ferent laboratories. Since none of these samples were
determined in both centers, we cannot provide data on
the interlaboratory variance of these samples. Although
we can assume that the interlaboratory variance is low
because all analyses have been performed according to
the manufacturer’s instructions, interlaboratory CV have
been determined by means of other samples (N = 31) that
were analyzed in both laboratories. For A�1-42, T-tau and
P-tau181P, the mean CV was 18.5%, 13.9% and 9.8%,
respectively, which is less than the mean CV (A�1-42 CV
29%, T-tau CV 26%, P-tau181P CV 27%) from an interna-
tional quality control survey of CSF biomarkers (Lewczuk
et al., 2006b).

. Eight of the 22 included samples were used to develop
the AD versus NON-AD biomarker model. Although this
might be considered a drawback, the objective of this study
was by no means to validate the biomarker model itself.

. The limited time interval between LP and autopsy does
not reflect daily clinical practice. Indeed, most dementia
patients included were at the moderate to severe stages of
dementia at CSF sampling. Although it is unclear whether
similar findings would have been achieved including
early stage dementia subjects, the lack of any corre-
lation between dementia severity and CSF biomarker
concentrations in both AD and NON-AD groups is
reassuring. Moreover, most studies have demonstrated
intra-individual stability of CSF A�1-42, T-tau and P-
tau181P levels over time. One study reported an increase
of CSF P-tau181P levels in MCI patients that converted
to AD at follow-up (Andersson et al., 2008). Apply-
ing the biomarker-based AD versus NON-AD model, an
increase of CSF P-tau181P levels would even imply that
the biomarker profile moves further away from the dis-
crimination line.

. Conclusions
stic value of CSF biomarkers in differential dementia diagnosis.

Using the AD versus NON-AD biomarker-based model
n cases with ambiguous clinical diagnoses, a correct diag-
osis would have been established in the majority (82%)

dx.doi.org/10.1016/j.neurobiolaging.2008.10.017
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f autopsy-confirmed AD and NON-AD cases. These find-
ngs indicate that CSF biomarkers have a diagnostic value in
ifferential dementia diagnosis and can help establishing a
orrect clinical dementia diagnosis.
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