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Abstract New diagnostic criteria for Alzheimer’s disease (AD) treat different biomarkers of neuronal injury
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as equivalent. Here, we quantified the degree of agreement between hippocampal volume on struc-
tural magnetic resonance imaging, regional glucose metabolism on positron emission tomography,
and levels of phosphorylated tau in cerebrospinal fluid (CSF) in 585 subjects from all phases of
the AD Neuroimaging Initiative. The overall chance-corrected agreement was poor (Cohen k,
0.24–0.34), in accord with a high rate of conflicting findings (26%–41%). Neither diagnosis nor
APOE ε4 status significantly influenced the distribution of agreement between the biomarkers.
The degree of agreement tended to be higher in individuals with abnormal versus normal CSF b-am-
yloid (Ab1-42) levels. Prospective diagnostic criteria for AD should address the relative importance of
markers of neuronal injury and elaborate a way of dealing with conflicting biomarker findings.
� 2014 The Alzheimer’s Association. All rights reserved.
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1. Introduction

New diagnostic guidelines of the National Institute on Ag-
ing and the Alzheimer’s Association (NIA-AA) have inte-
grated biomarkers of Alzheimer’s disease (AD) into the
diagnostic algorithm for clinical research settings [1,2]—an
important step toward early diagnosis and potential
prevention of AD. Although the NIA-AA criteria rely on a
conceptual model [3] and large body of empirical evidence,
they make some implicit assumptions that need to be further
evaluated [4]. One of them is that different biomarkers within
the same category, amyloid accumulation or neuronal injury,
eserved.
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track the same pathomechanism. That is, the biomarkers
within the same category are treated as equivalent to obtain
a degree of certainty that the clinical symptoms of a given sub-
ject are caused by the AD pathophysiological process. In such
a case, a high degree of agreement between the biomarkers
would be expected. Studies on amyloid markers point to a
good but still imperfect agreement [5–7]. Less clear are the
interrelations between biomarkers of neural injury. A few
prior studies on this topic included the imaging biomarkers
only or were restricted to small samples [6,8,9]. Thus, the
present study investigated the agreement between
cerebrospinal fluid (CSF) phosphorylated tau (p-tau) levels,
regional cerebral metabolism (MET) on positron emission
tomography (PET) scans, and hippocampal volume (HIP)
on structural magnetic resonance imaging (MRI) in 585
subjects from the AD Neuroimaging Initiative (ADNI). This
multicenter setting is the ideal environment to study
biomarker interrelations, providing a large sample size of
subjects at different disease stages and ensuring uniform
biomarker assessment procedures. Essentially, variance in
operating procedures and measurement methods/assays
critically affect clinical applicability of both imaging and
CSF biomarkers [10,11].
2. Methods

The data used were obtained from the ADNI database at
www.loni.ucla.edu/ADNI on July 31, 2013. The study was
approved by the institutional review boards of all participating
centers, and written informed consent was obtained from all
participants or authorized representatives after extensive
description of ADNI. Included were baseline data from
elderly healthy subjects (HSs), subjects with so-called early
Table 1

Description of the study sample

Variable HS eMCI M

N 156 189 1

Gender, female (%) 42.3 45

Age (y) 74.8 (5.5) 71.2 (7.5) 7

Education (y) 16.2 (2.8) 15.8 (2.6) 1

APOE ε4 carriers (%) 23.1 38.6

MMSE 29.0 (1.2) 28.4 (1.5) 2

CSF Ab1-42, pg/mL 224.6 (68.2) 230.9 (72.3) 1

AD-positive (�192 pg/mL) CSF Ab1-42 (%) 32.7 36.0

FDG-PET, relative counts 1.31 (0.11) 1.30 (0.12) 1

AD-positive (count value �1.21)

FDG-PET (%)

19.9 24.3

Hippocampal volume (mm3) 3669 (427) 3629 (516) 3

AD-positive (�3260 mm3) hippocampal

volume (%)

16.0 23.3

CSF p-tau181 (pg/mL) 22.5 (11.3) 22.6 (11.2) 3

AD-positive (.23 pg/mL) CSF p-tau181 (%) 33.3 38.1

Abbreviations: HS, healthy elderly subjects; eMCI, early mild cognitive impair

APOE, apolipoprotein E; MMSE, Mini-Mental State Examination; CSF, cerebros

raphy; p-tau181, tau phosphorylated at threonine 181.

NOTE. Data are presented as mean (SD) or relative (in %) frequencies. Ab (1) i

Ab (2) indicates participants with b-amyloid 1-42 concentrations in cerebrospina
mild cognitive impairment (eMCI) [12], and patients with
MCI and probableAD from all phases ofADNIwith available
neuropsychological test results, APOE status, CSF proteins,
18F-fluorodeoxyglucose (FDG) PET, and structural MRI
scans (Table 1). For 113 participants, from whom no
screening/baseline MRI scans were available, those acquired
at the 3-month follow-up visit were included in the analyses.

Standardized biomarker acquisition and performance
methods of ADNI are described at www.loni.ucla.edu/
ADNI. Protocols of image and CSF analyses are reported in
detail elsewhere [13–16]. In brief, the mean FDG count per
subject was extracted from a composite region of interest on
the basis of the AD-typical hypometabolic pattern [6,16].
Hippocampal volumes were extracted from structural MRI
scans (1.5 T) using the FreeSurfer software http://surfer.
nmr.mgh.harvard.edu [16]. Peptide concentrations were
measured in CSF using aliquots obtained from the same
vial at the same thaw [17]. APOE genotypes were determined
using standard polymerase chain reaction methods [6]. To
differentiate between normal and pathologic biomarker find-
ings, we applied cutoffs that have been validated in previous
ADNI publications [6,7,13,16,18] (Table 1).

To assess the association between different biomarkers,
the percent agreement was derived, and chance-corrected
agreement was calculated using kappa (k) statistics.
K � 0.40 indicates poor, 0.41 to 0.60 moderate, 0.61 to
0.80 good, and�0.81 very good agreement [19]. Differences
between diagnostic groups, between APOE ε4 carriers and
noncarriers, and between patients with normal and abnormal
CSFAb42 levels (cutoff �192 pg/mL) [6,7,18] with regards
to the distribution of agreement between the biomarkers
were assessed with the chi-square test. In all analyses, a
two-sided level of significance of 0.05 was applied.
CI AD All Ab (1) Ab (2)

64 76 585 308 277

38.4 36.8 41.4 39.9 43.0

4.0 (7.4) 75.3 (8.6) 73.5 (7.3) 74.5 (6.9) 72.3 (7.6)

6.2 (2.8) 15.1 (3.4) 15.9 (2.9) 15.7 (2.9) 16.2 (2.8)

54.9 72.4 43.4 64.9 19.5

7.4 (1.8) 23.4 (2.0) 27.6 (2.4) 26.9 (2.6) 28.5 (1.7)

68.9 (60.5) 143.5 (43.0) 200.5 (73.0) 140.8 (29.2) 266.8 (44.2)

73.2 90.8 52.6 100 0

.21 (0.14) 1.08 (0.12) 1.25 (0.15) 1.19 (0.14) 1.31 (0.12)

53.7 90.8 40.0 58.1 19.9

239 (559) 2868 (489) 3431 (576) 3249 (531) 3633 (556)

52.4 77.6 36.6 50.0 21.7

3.3 (16.5) 40.4 (20.3) 27.9 (15.8) 35.8 (17.1) 19.1 (7.4)

68.9 81.6 51.1 77.9 21.3

ment; MCI, mild cognitive impairment; AD, probable Alzheimer’s disease;

pinal fluid; FDG-PET, [18F] fluorodeoxyglucose positron emission tomog-

ndicates participants with b-amyloid 1-42 levels in CSF lower�192 pg/mL.

l fluid .192 pg/mL.
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3. Results

The demographic characteristics,Mini-Mental State Exam-
ination scores, APOE ε4 status, biomarker data of the study
sample, and number of AD-positive findings are presented in
Table 1. The proportion of cases in each diagnostic group
with one, two, or three positive biomarkers is presented in
Fig. 1. Cohen k values and percent agreement between the bio-
markers are summarized in Table 2. Only poor agreements
were detected, with the highest k 5 0.34 for MET/HIP
(68.9% agreement) in thewhole sample. In a post hoc analysis,
excluding participantswith biomarker valueswithin61/4 stan-
dard deviation from the cutoff resulted in some improvement in
agreement degree: k for MET/HIP, MET/p-tau, and HIP/p-tau
rose to 0.45, 0.42, and 0.33, respectively (whole sample).

Neither diagnosis nor APOE ε4 status influenced the dis-
tribution of agreement between the biomarkers (P’s � .111
and .120, respectively). In the whole sample, k’s were higher
in amyloid-positive than in amyloid-negative participants
(Table 2). This difference reached the significance level for
HIP/p-tau (P 5 .002), whereas there was a trend for MET/
p-tau and MET/HIP (P 5 .06 and .085, respectively). Still,
poor agreement degree was found among amyloid-positive
participants (Table 3).

4. Discussion

As the authors of the new NIA-AA diagnostic guidelines
note, the likelihood of conflicting biomarker data represents
a limitation of the proposed algorithm [1,2]. The present
Fig. 1. Proportion of participants with one,
study explicitly addresses this issue by estimating the
agreement/disagreement between the major biomarkers of
neuronal injury in the multicenter setting of the ADNI. Quite
unexpectedly, we found a poor degree of agreement, with
conflicting biomarker data in roughly every third subject.
Thus, according to the proposed guidelines, 37% of MCI
subjects should be assigned to the category “uninformative,”
that is, such biomarker findings cannot be taken into account
in the diagnostic algorithm. Notably, the same degree of
diagnostic certainty is assigned to cases in which no
biomarker data are available. These results strongly suggest
a need for differential consideration of the biomarkers of
neuronal injury within the proposed diagnostic algorithm.

In fact, the different biomarkers of neuronal injury track
distinct aspects of the AD pathophysiological process. That
is, AD-related glucose hypometabolism is regarded to reflect
reduction in synaptic density/activity and phenomena of di-
aschisis, hippocampal atrophy—neural loss, while elevated
CSF p-tau—intracellular hyperphosphorylation of tau [3].
The limited agreement found can further be explained by
the dynamic character of biomarker changes, such that the
different biomarkers of neuronal injury become abnormal
at different time points of the disease course [3,20]. Yet,
the low degree of agreement even among patients with
dementia suggests additional factors to play a role. Among
them is, for example, clinical misdiagnosis. That is,
roughly 10% of patients with probable AD had normal
CSF Ab1-42 levels. Notably, all of them were positive for
at least one marker of neuronal injury (data not shown). In
two, three, or no positive biomarkers.



Table 2

Agreement between biomarkers of neuronal injury

HS eMCI MCI AD All Ab (1) Ab (2)

N 156 189 164 76 585 308 277

MET/HIP k 5 0.05 k 5 0.18 k 5 0.24 k 5 0.04 k 5 0.34 k 5 0.32 k 5 0.16

P 5 .572 P 5 .012 P 5 .002 P 5 .679 P , .001 P � .001 P 5 .010

a 5 71.8 a 5 70.4 a 5 62.2 a 5 73.7 a 5 68.9 a 5 65.9 a 5 72.2

p-tau/MET k 5 0.12 k 5 0.13 k 5 0.24 k 5 20.14 k 5 0.29 k 5 0.15 k 5 0.01

P 5 .119 P 5 .056 P 5 .002 P 5 .187 P , .001 P 5 .003 P 5 .916

a 5 64.7 a 5 61.9 a 5 62.8 a 5 72.4 a 5 64.3 a 5 61.4 a 5 67.5

p-tau/HIP k 5 20.01 k 5 0.15 k 5 0.17 k 5 20.09 k 5 0.24 k 5 0.12 k 5 0.05

P 5 .877 P 5 .027 P 5 .023 P 5 .422 P , .001 P 5 .013 P 5 .429

a 5 60.9 a 5 63.0 a 5 59.2 a 5 64.5 a 5 61.5 a 5 55.8 a 5 68.2

Abbreviations: HS, healthy elderly subjects; eMCI, early mild cognitive impairment; MCI, mild cognitive impairment; AD, probable Alzheimer’s disease;

p-tau181, tau phosphorylated at threonine 181; MET, regional metabolism on FDG-PET; HIP, hippocampal volume on MRI.

NOTE. Ab (1) indicates participants with b-amyloid 1-42 levels in cerebrospinal fluid (CSF) lower �192 pg/mL; Ab (2) indicates participants with b-am-

yloid 1-42 concentrations in cerebrospinal fluid .192 pg/mL.
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a similar vein, the term “suspected non-AD pathophysiology
(SNAP)” has been recently proposed to designate subjects
without evidence of amyloid accumulation but with
abnormal biomarkers of neuronal injury [4,21]. Such
individuals present with a variable positivity for markers
of neurodegeneration, likely as a sign of heterogeneous
(non-AD) underlying pathology [4]. Here, the proportion
of SNAP among HSs and patients with MCI was quite sub-
stantial (17%–32%, data not shown) and well comparable
with that in the population-based studies [4,21]. This
discussion is closely related to the critical issue of
specificity of the currently acknowledged AD biomarkers.
In particular, hippocampal atrophy was found, for
example, also in patients with cerebrovascular, Parkinson
disease, and semantic dementia. Yet, a nearly identical rate
of positive biomarker findings (20%–21%) among
amyloid-negative participants of the present study does not
indicate disadvantageous specificity of any particular
biomarker tested. Finally, the low degree of agreement in
the present study can partly be related to methodological is-
sues such as inaccuracies in image preprocessing/analysis,
Table 3

Agreement between biomarkers of neuronal injury separately among Ab (1) and

Ab (1)

HS eMCI MCI AD

N 51 68 120 69

MET/HIP k 5 0.15 k 5 0.15 k 5 0.20 k 5 0.0

P 5 .275 P 5 .209 P 5 .028 P 5 .72

a 5 68.6 a 5 63.2 a 5 62.5 a 5 72.

p-tau/MET k 5 0.23 k 5 0.11 k 5 20.04 k 5 20

P 5 .047 P 5 .243 P 5 .655 P 5 .28

a 5 58.8 a 5 50.0 a 5 60.0 a 5 76.

p-tau/HIP k 5 20.02 k 5 0.16 k 5 20.03 k 5 20

P 5 .826 P 5 .067 P 5 .669 P 5 .94

a 5 43.1 a 5 51.5 a 5 55.8 a 5 69.

Abbreviations: a, percent agreement; k, kappa coefficient; HS, healthy elderly su

ment; AD, probable Alzheimer’s disease;MET, regional metabolism on FDG-PET;

181; NA, nonapplicable because MET is a constant.

NOTE. Ab (1) indicates participants with b-amyloid 1-42 levels in cerebrospin

centrations in cerebrospinal fluid .192 pg/mL.
CSF peptide measurements, and suboptimal cutoff values.
These potential confounds would primarily concern subjects
with borderline or, according to the guidelines [1], “indeter-
minate” biomarker values, resulting in possibly incorrect
categorization. Indeed, after exclusion of subjects with
biomarker values close to the cut-off higher values of agree-
ment were detected for all pairs of biomarkers. However, the
(moderate) agreement reached is still not sufficient to justify
uniform treatment of the given markers.

In the whole sample, higher k values were found in
amyloid-positive than in amyloid-negative participants. This
observation in part supports the proposed model of AD devel-
opment, in which amyloid deposition acts as a trigger of down-
stream neurodegenerative processes [3,20]. However, the
percent agreement in the amyloid-positive group was still
below 66%, and low k values were found also among
amyloid-positive participants. Thus, despite the common path-
ophysiological process in the form of amyloid deposition, the
different aspects of AD-related neurodegeneration seem to
vary to a substantial degree in individual subjects, even at the
stage of dementia. That is, the agreement was not dependent
Ab (2) participants

Ab (-)

HS eMCI MCI AD

105 121 44 7

4 k 5 20.03 k 5 0.18 k 5 0.02 k 5 NA

2 P 5 .741 P 5 .046 P 5 .913 P 5 NA

5 a 5 73.3 a 5 74.4 a 5 61.4 a 5 NA

.13 k 5 20.09 k 5 0.01 k 5 0.13 k 5 NA

0 P 5 .367 P 5 .887 P 5 .395 P 5 NA

8 a 5 67.6 a 5 68.6 a 5 70.5 a 5 NA

.01 k 5 20.02 k 5 0.05 k 5 0.21 k 5 20.31

1 P 5 .814 P 5 .558 P 5 .16 P 5 .088

6 a 5 69.5 a 5 69.4 a 5 68.2 a 5 14.3

bjects; eMCI, early mild cognitive impairment; MCI, mild cognitive impair-

HIP, hippocampal volume onMRI; p-tau181, tau phosphorylated at threonine

al fluid lower �192 pg/mL. Ab (2), participants with b-amyloid 1-42 con-
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on severity of the clinical manifestation in the present data, as
reflected by low values of agreement in all diagnostic cate-
gories. Prospective diagnostic criteria of AD should address
the relative importance of biomarkers of neuronal injury and
elaborate away of dealingwith conflicting biomarker findings.
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RESEARCH IN CONTEXT

1. Systematic review: We searched for studies that had
assessed (a) relationship between different biomarkers
of Alzheimer’s disease (AD) and (b) clinical applica-
bility of the new diagnostic guidelines of the National
Institute on Aging and the Alzheimer’s Association.

2. Interpretation: Our findings indicate only poor agree-
ment between biomarkers of neuronal injury, irre-
spective of the diagnostic status. Consequently, the
different biomarkers of neuronal injury cannot be
treated equally in terms of diagnostic utility, as is
proposed in the guidelines.

3. Future directions: Prospective diagnostic criteria of
AD should address the relative importance of
markers of neuronal injury and elaborate a way of
dealing with conflicting biomarker findings.
References

[1] Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH,

Fox NC, et al. The diagnosis of mild cognitive impairment due to

Alzheimer’s disease: recommendations from the National Institute

on Aging-Alzheimer’s Association workgroups on diagnostic

guidelines for Alzheimer’s disease. Alzheimers Dement 2011;

7:270–9.

[2] McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr,

Kawas CH, et al. The diagnosis of dementia due to Alzheimer’s dis-

ease: recommendations from the National Institute on Aging-Alz-

heimer’s Association workgroups on diagnostic guidelines for

Alzheimer’s disease. Alzheimers Dement 2011;7:263–9.

[3] Jack CR Jr, Knopman DS, Jagust WJ, Shaw LM, Aisen PS,

Weiner MW, et al. Hypothetical model of dynamic biomarkers of

the Alzheimer’s pathological cascade. Lancet Neurol 2010;9:119–28.

[4] Jack CR Jr, Knopman DS, Weigand SD, Wiste HJ, Vemuri P, Lowe V,

et al. An operational approach to National Institute on Aging-Alz-

heimer’s Association criteria for preclinical Alzheimer disease. Ann

Neurol 2012;71:765–75.

[5] Fagan AM,MintunMA,Mach RH, Lee SY, Dence CS, Shah AR, et al.

Inverse relation between in vivo amyloid imaging load and cerebrospi-

nal fluid Abeta42 in humans. Ann Neurol 2006;59:512–9.

[6] Jagust WJ, Landau SM, Shaw LM, Trojanowski JQ, Koeppe RA,

Reiman EM, et al. Relationships between biomarkers in aging and de-

mentia. Neurology 2009;73:1193–9.

[7] Landau SM, Lu M, Joshi AD, Pontecorvo M, Mintun MA. Trojanow-

ski JQ, et al. Comparing positron emission tomography imaging and

cerebrospinal fluid measurements of b-amyloid. Ann Neurol 2013;

74:826–36.

[8] Yakushev I, Muller MJ, Buchholz HG, Lang U, Rossmann H,

Hampel H, et al. Stage-dependent agreement between cerebrospinal

fluid proteins and FDG-PET findings in Alzheimer’s disease. Curr Alz-

heimer Res 2012;9:241–7.

[9] Lowe VJ, Peller PJ, Weigand SD, Montoya Quintero C,

Tosakulwong N, Vemuri P, et al. Application of the National Institute

on Aging-Alzheimer’s Association AD criteria to ADNI. Neurology

2013;80:2130–7.

[10] Frisoni GB, Bocchetta M, Chetelat G, Rabinovici GD, de Leon MJ,

Kaye J, et al. Imaging markers for Alzheimer disease: which vs

how. Neurology 2013;81:487–500.

[11] Verwey NA, van der Flier WM, Blennow K, Clark C, Sokolow S, De

Deyn PP, et al. Aworldwide multicentre comparison of assays for ce-

rebrospinal fluid biomarkers in Alzheimer’s disease. Ann Clin Bio-

chem 2009;46(Pt 3):235–40.

[12] Aisen PS, Petersen RC, Donohue MC, Gamst A, Raman R,

Thomas RG, et al. Clinical core of the Alzheimer’s Disease Neuroi-

maging Initiative: progress and plans. Alzheimers Dement 2010;

6:239–46.

[13] Landau SM, Mintun MA, Joshi AD, Koeppe RA, Petersen RC,

Aisen PS, et al. Amyloid deposition, hypometabolism, and longitudi-

nal cognitive decline. Ann Neurol 2012;72:578–86.

[14] Jagust WJ, Bandy D, Chen K, Foster NL, Landau SM, Mathis CA,

et al. The Alzheimer’s Disease Neuroimaging Initiative positron emis-

sion tomography core. Alzheimers Dement 2010;6:221–9.

[15] Jack CR Jr, Bernstein MA, Fox NC, Thompson P, Alexander G,

Harvey D, et al. The Alzheimer’s Disease Neuroimaging Initiative

(ADNI): MRI methods. J Magn Reson Imaging 2008;27:685–91.

[16] Landau SM, Harvey D, Madison CM, Reiman EM, Foster NL,

Aisen PS, et al. Comparing predictors of conversion and decline in

mild cognitive impairment. Neurology 2010;75:230–8.

[17] Kim S, Swaminathan S, Shen L, Risacher SL, Nho K, Foroud T, et al.

Genome-wide association study of CSF biomarkers A{beta}1-42, t-

tau, and p-tau181p in the ADNI cohort. Neurology 2011;76:69–79.

[18] Shaw LM, Vanderstichele H, Knapik-Czajka M, Clark CM, Aisen PS,

Petersen RC, et al. Cerebrospinal fluid biomarker signature in

http://www.fnih.org
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref1
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref1
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref1
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref1
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref1
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref1
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref2
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref2
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref2
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref2
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref2
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref3
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref3
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref3
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref4
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref4
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref4
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref4
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref5
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref5
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref5
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref6
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref6
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref6
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref7
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref7
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref7
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref7
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref8
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref8
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref8
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref8
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref9
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref9
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref9
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref9
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref10
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref10
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref10
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref11
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref11
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref11
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref11
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref12
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref12
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref12
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref12
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref13
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref13
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref13
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref14
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref14
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref14
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref15
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref15
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref15
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref16
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref16
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref16
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref17
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref17
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref17
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref18
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref18


P. Alexopoulos et al. / Alzheimer’s & Dementia 10 (2014) 684-689 689
Alzheimer’s Disease Neuroimaging Initiative subjects. Ann Neurol

2009;65:403–13.

[19] Fleiss JL, Levin B, Paik MC. Statistical methods for rates and propor-

tions. John Wiley & Sons, Inc; 2003.

[20] Jack CR Jr, Knopman DS, Jagust WJ, Petersen RC, Weiner MW,

Aisen PS, et al. Tracking pathophysiological processes in Alzheimer’s
disease: an updated hypothetical model of dynamic biomarkers. Lan-

cet Neurol 2013;12:207–16.

[21] Petersen RC, Aisen P, Boeve BF, Geda YE, Ivnik RJ, Knopman DS,

et al. Criteria for mild cognitive impairment due to Alzheimer’s dis-

ease in the community. Ann Neurol 2013; http://dx.doi.org/10.1002/

ana.23931.

http://refhub.elsevier.com/S1552-5260(14)00112-5/sref18
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref18
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref19
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref19
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref20
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref20
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref20
http://refhub.elsevier.com/S1552-5260(14)00112-5/sref20

	Limited agreement between biomarkers of neuronal injury at different stages of Alzheimer's disease
	1. Introduction
	2. Methods
	3. Results
	4. Discussion
	Acknowledgments
	References


