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ABSTRACT

Background: PET imaging using [18F]fluorodeoxyglucose (FDG) and [11C]Pittsburgh compound B
(PIB) have been proposed as biomarkers of Alzheimer disease (AD), as have CSF measures of the
42 amino acid !-amyloid protein (A!1-42) and total and phosphorylated tau (t-tau and p-tau). Relationships between biomarkers and with disease severity are incompletely understood.

Methods: Ten subjects with AD, 11 control subjects, and 34 subjects with mild cognitive impairment from the Alzheimer’s Disease Neuroimaging Initiative underwent clinical evaluation; CSF
measurement of A!1-42, t-tau, and p-tau; and PIB-PET and FDG-PET scanning. Data were analyzed
using continuous regression and dichotomous outcomes with subjects classified as “positive” or “negative” for AD based on cutoffs established in patients with AD and controls from other cohorts.

Results: Dichotomous categorization showed substantial agreement between PIB-PET and CSF
A!1-42 measures (91% agreement, " ! 0.74), modest agreement between PIB-PET and p-tau
(76% agreement, " ! 0.50), and minimal agreement for other comparisons (" "0.3). Mini-Mental
State Examination score was significantly correlated with FDG-PET but not with PIB-PET or CSF
A!1-42. Regression models adjusted for diagnosis showed that PIB-PET was significantly correlated with A!1-42, t-tau, and p-tau181p, whereas FDG-PET was correlated only with A!1-42.
Conclusions: PET and CSF biomarkers of A! agree with one another but are not related to cognitive impairment. [18F]fluorodeoxyglucose-PET is modestly related to other biomarkers but is better related to cognition. Different biomarkers for Alzheimer disease provide different information
from one another that is likely to be complementary. Neurology® 2009;73:1193–1199
GLOSSARY
A!1-42 ! 42 amino acid !-amyloid protein; AD ! Alzheimer disease; ADNI ! Alzheimer’s Disease Neuroimaging Initiative;
CDR ! Clinical Dementia Rating; CI ! confidence interval; FDG ! [18F]fluorodeoxyglucose; MCI ! mild cognitive impairment;
MMSE ! Mini-Mental State Examination; MR ! magnetic resonance; PIB ! [11C]Pittsburgh compound B; p-tau ! phosphorylated tau; ROC ! receiver operating characteristic; ROI ! region of interest; SUVR ! standardized uptake value ratio;
t-tau ! total tau; WMS-R ! Wechsler Memory Scale–Revised.

Supplemental data at
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Interest in biomarkers for Alzheimer disease (AD) stems from recent advances showing their
potential use in diagnosis and prediction of AD, along with the promise of effective diseasemodifying therapies that will require early and accurate diagnosis. In particular, the 42 amino
acid amyloid-! peptide (A!1-42) is reduced in the CSF of patients with AD, and both total tau
(t-tau) and phosphorylated tau (p-tau) are increased.1 Together, these CSF measures have been
proposed as biomarkers that might be useful in the diagnosis of AD or in the prediction of who
might develop it.2-4
*Data used in the preparation of this article were obtained in part from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(www.loni.ucla.edu/ADNI). As such, the investigators within ADNI contributed to the design and implementation of ADNI and/or provided data but didnot
participate in analysis of writing of this report. ADNI investigators are listed at http://www.loni.ucla.edu/ADNI/Collaboration/ADNI_Authorship_list.pdf.
Coinvestigators for this study are listed in appendix e-1 on the Neurology! Web site at www.neurology.org.
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PET with the metabolic tracer [18F]fluorodeoxyglucose (FDG) or the A! imaging agent
[11C]Pittsburgh compound B (PIB)5 may also
be useful biomarkers. FDG-PET shows
reduced metabolism that is related to the neuropathologic and clinical diagnosis of AD.6-8 PIBPET may also be useful in the diagnosis and
prediction of dementia.9-11 Although some studies have evaluated some of the relationships between imaging and CSF biomarkers,12-14 results
are not entirely consistent.
The Alzheimer’s Disease Neuroimaging
Initiative (ADNI) is a multicenter project
supported by the NIH, private pharmaceutical companies, and nonprofit organizations
with the primary goal of evaluating MRI,
PET, CSF, and clinical measures as biomarkers for monitoring the progression of mild
cognitive impairment (MCI) and AD. We
used data from ADNI to investigate the relationships between CSF and PET biomarkers
and clinical disease severity.
METHODS Subjects. ADNI subjects undergo clinical evaluation and MRI scanning at baseline and then, depending on diagnosis, at 6, 12, 24, and 36 months (controls); 6, 12, 18, 24, and 36
months (patients with MCI); or 6, 12, and 24 months (patients
with AD). The data for this report includes all ADNI subjects who
had PIB-PET scans and CSF biomarkers measured by the end of
2008. Approximately 50% of all recruited ADNI subjects had CSF
samples obtained at the baseline exam. An “add-on” study using
PIB-PET was begun toward the end of the first year of the ADNI
project and recruited 103 subjects for PIB-PET imaging; hence, most
recruited subjects did not have their initial PIB scan at the actual baseline examination but at month 12 or 24. All subjects who underwent
PIB scanning also had FDG scans at the same time point as well as at
the baseline examination. The final sample reflects the combination of
all PIB-PET subjects and an approximately 50% lumbar puncture rate
so that 55 subjects (10 AD, 11 control, and 34 MCI diagnosed at study
enrollment) were available who had a full data set including PIB and
FDG-PET, CSF biomarkers, and clinical evaluation.
Patients with AD met criteria for probable AD15 and had
Mini-Mental State Examination (MMSE) scores of 20 to 26 and
Clinical Dementia Rating (CDR) scores of 0.5 or 1.16 Patients
with MCI have MMSE scores between 24 and 30 and CDR
scores of 0.5, and must have a memory complaint verified by an
informant, documented abnormal memory function on 1 paragraph recall on the Wechsler Memory Scale–Revised (WMS-R)
paragraph recall,17 and preserved general cognition. Normal controls were required to have MMSE scores of 24 to 30, no memory complaints, and normal documented memory function on
the WMS-R and Logical Memory II subscale. Further information can be found at www.adni-info.org.

Standard protocol approvals, registrations and patient
consents. The procedures for this study were approved by institutional review boards of all participating institutions. Written informed consent was obtained from all participants or surrogates.
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CSF and PET measurements. Methods for CSF acquisition
and biomarker measurement have been reported previously for
this sample.18 In brief, CSF was collected, transferred to polypropylene tubes, and frozen on dry ice within an hour after collection. Samples were divided into aliquots at the University of
Pennsylvania ADNI Biomarker Core Laboratory, stored at
#80°C, and measured using the multiplex xMAP Luminex platform (Luminex Corp, Austin TX) with Innogenetics (INNOBIA AlzBio3, Ghent, Belgium) immunoassay kit– based reagents
as previously described.19 The reagents included monoclonal antibodies specific for A!1-42 (4D7A3), t-tau (AT120) and p-tau
phosphorylated at threonine 181 (AT270), and analyte-specific
detector antibodies (HT7, 3D6). Because results for t-tau and
p-tau181p were similar, we generally report results for t-tau, noting similarities and differences where appropriate.
PET scanning was performed on multiple PET instruments
of differing resolutions. PIB scans were collected as 4 $
5-minute frames from 50 to 70 minutes after injection of approximately 15 mCi of tracer. FDG scans were collected on the
same day as the PIB scans, as 6 $ 5-minute frames from 30 to 60
minutes after injection of approximately 5 mCi of tracer (and
120 minutes after injection of PIB). Scans were corrected with
either segmented transmission data or CT scans, depending on
instrumentation. All scans underwent quality control and were
realigned and averaged, intensity normalized using a subjectspecific mask with an average voxel intensity of 1, set to a standard orientation and voxel size, and smoothed to a common
resolution of 8 mm full-width at half-maximum. More detailed
information can be found at http://www.loni.ucla.edu/ADNI/
Data/ADNI_Data.shtml.
All PET data were analyzed using regions of interest (ROIs)
that were specified a priori. FDG data were first intensity normalized to a reference ROI that was comprised of averaged pons
and cerebellar vermis. For the FDG analyses, we generated a
group of ROIs based on regions that were frequently cited in the
literature as showing differences between patients with AD and
controls. These regions included the bilateral angular gyrus, posterior cingulate/precuneus, and inferior temporal cortex of both
hemispheres. The ROIs were defined using coordinates from the
Montreal Neurological Institute atlas. Each individual’s PET
scan was then spatially normalized to the SPM5 PET template,
and mean FDG counts were extracted from each ROI. These
ROI mean counts were then averaged to form a single “composite”
FDG ROI that was the variable used in all FDG-PET analyses.
PIB data were normalized to the cerebellum to create standardized uptake ratio (SUVR) images.20 All ROIs were drawn on
a structural magnetic resonance (MR) template from a single
79-year-old MCI subject scanned at the University of Pittsburgh
(an “average” elderly individual representative of atrophy and
ventricular size). Each subject’s PIB-PET data were coregistered
to his or her MRI using SPM5. The individual’s MR was then
normalized to the MCI template using linear and nonlinear parameters implemented in SPM5; these parameters were then
used to transform the subject’s PIB-PET scan to the template
space. The PIB-PET data were resliced to the dimensions of the
MCI template, and normalized counts were extracted from each
ROI. A total of 14 ROIs were generated using the MCI template; for this report, we averaged bilateral cortical ROIs in
which PIB uptake has previously been shown to occur: anterior
cingulate, prefrontal, lateral temporal, and parietal cortex, and posterior cingulate/precuneus. This produced a mean cortical PIB
SUVR,9,21 which was the variable used in all PIB-PET analyses.
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Table 1

Sample characteristics
Controls (n " 11)

AD (n " 10)

MCI (n " 34)

PIB at baseline/12 mo/
24 mo

0/9/2

1/9/0

6/22/6

Age at PIB

74.6 (6.1)

73.8 (5.2)

75.6 (7.2)

Education

16.4 (2.8)

15.1 (3.5)

16.8 (2.9)

Gender, M/F

5/6

7/3

25/9

MMSE at baseline

29.2 (1.5)

24.1 (1.4)

27.4 (1.5)

MMSE at PIB

28.7 (0.9)

22.1 (2.9)

27.1 (2.3)

ApoE4 frequency

0.18

0.45

0.35

% PIB#

55

90

82

% CSF A!1–42#

63

90

76

% CSF t-tau#

27

40

38

% CSF p-tau#

63

80

68

% FDG# (baseline)

36

90

59

Mean CSF A!1-42

175.1 (48.2)

132.1 (40.0)

160.4 (54.0)

Mean CSF t-tau

81.1 (24.4)

110.6 (74.7)

93.7 (40.6)

Mean CSF p-tau181p

31.5 (14.3)

42.7 (22.0)

35.6 (15.3)

Values are mean (SD) or percentage.
PIB ! '11C(Pittsburgh compound B; MMSE ! Mini-Mental State Examination; A!1– 42 ! 42
amino acid !-amyloid protein; t-tau ! total tau; p-tau ! phosphorylated tau; FDG !
'18F(fluorodeoxyglucose.

Data analysis. For the comparison among biomarkers (CSF
measures, PIB- and FDG-PET), we evaluated relationships as
both continuous and dichotomous measures. Dichotomous
measures were defined using cutoffs obtained from samples other
than these ADNI subjects. For the CSF variables, these cutoffs
were established with receiver operating characteristic (ROC)
analyses performed on a group of 56 subjects with autopsyconfirmed AD and 52 cognitively normal elderly controls evaluated and followed at the University of Pennsylvania Alzheimer’s
Disease Clinical Core using the same CSF analytic protocol as
the ADNI sample.18 In these individuals, the A!1-42 value of 192
pg/mL was the upper limit to diagnose AD with a sensitivity of
96.4% and specificity of 76.9%. For t-tau, the optimal cutoff
Figure 1

was 93 pg/mL (sensitivity 69.6%, specificity 92.3%), and for
p-tau181p, this was 23 pg/mL (sensitivity 67.9%, specificity
73.1%), above which subjects were defined as having AD. To
define PIB-PET scans as positive or negative, we used data from
a separate group of 20 normal controls and 20 patients with AD
scanned in Berkeley and analyzed using methods identical to
ADNI. An ROC approach defined this cutoff as a PIB SUVR of
1.465 for the mean cortical ROI with a sensitivity and specificity
both of 90%.21 For FDG-PET, we performed an ROC analysis
on all the ADNI controls and patients with AD with baseline
FDG-PET scans who were not subjects in this report (85 patients with AD and 91 controls). The optimal cutoff of the composite ROI was 1.21, yielding a sensitivity of 82% and specificity
of 72%. Values for each biomarker were thus considered “positive” if they fell within the range defined as AD by these cutoffs.
Comparisons between methods used percent agreement as well as
the " statistic with 95% confidence intervals (CI). The " statistic
compares the agreement between the 2 techniques in relation to the
agreement that would be expected by chance, an important correction because the proportion of positive results differed across modalities. Comparisons between methods also used continuous
outcomes with regression models. In these models, secondary analyses included age, education, and diagnostic group as covariates to
examine confounding between variables.
RESULTS Table 1 shows the sample characteristics.
CSF measurements were performed at the baseline examination in all subjects, and the majority of individuals had PIB scans 1 year later. FDG scans and clinical
evaluations were performed at baseline and 12- and 24month time points. As a result, all reported comparisons
are contemporaneous except for the comparison between CSF and PIB-PET. Groups were comparable in
terms of age, gender, and education, although neither
CSF A!1-42 nor either tau measurement was different
across groups (analysis of variance, p % 0.15). Many
cases were PIB& regardless of diagnostic group.
Figure 1 shows the relationships between PIBPET, CSF, and FDG scans for all the clinical groups,

Mean cortical [11C]PIB SUVR plotted against CSF A!1-42 (A) and CSF t-tau (B) and the composite FDG-PET (C) measure for
all subjects

Cutoffs for PIB SUVR and each biomarker are marked on each axis and were defined in separate cohorts as described in the text. PIB ! Pittsburgh
compound B; SUVR ! standardized uptake value ratio; A!1-42 ! 42 amino acid !-amyloid protein; t-tau ! total tau; FDG ! [18F]fluorodeoxyglucose; MCI !
mild cognitive impairment; AD ! Alzheimer disease.
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Table 2

Number of cases positive and negative for Alzheimer disease on PIB
or FDG scans that were positive and negative on other biomarkers
CSF A!#

PIB#
PIB$

CSF A!$

40

3

t-tau#

t-tau$

FDG#

FDG$

19

24

28

15

6

6

2

10

1

11

FDG#

28

5

16

17

FDG$

14

8

4

18

11

PIB ! '

18

C(Pittsburgh compound B; FDG ! '

F(fluorodeoxyglucose; t-tau ! total tau.

and table 2 shows the numerical agreement. Of 43
cases classified as PIB&, 40 were also classified as AD
by CSF A!1-42 measurements, 19 were classified as
AD by t-tau measurement, and 28 were classified as
AD by FDG. Of the 12 cases classified as PIB#, 10
were classified as negative by CSF A!1-42, 11 were
classified as negative by CSF t-tau, and 6 were classified as negative by FDG. Thus, there was 91% agreement (" ! 0.74, CI 0.53– 0.95) between PIB and
CSF A!1-42, 55% agreement for PIB and t-tau (" !
0.21, CI 0.05– 0.37), 76% agreement for p-tau181p
(" ! 0.50, CI 0.25– 0.75), and 62% agreement for
PIB and FDG (" ! 0.12, CI #0.13 to 0.37). Interestingly, three-fifths of the disagreements between
PIB and CSF A!1-42 involved subjects whose values
were very close to the cut points for differentiation;
this was not the case for discrepancies between PIB
and the other variables (figure 1). Regression analysis
including all subjects indicated that the mean cortical
PIB SUVR was correlated with A!1-42 (r ! 0.73,
p " 0.0001), t-tau (R ! 0.42, p ! 0.001), p-tau181p
(R ! 0.49, p ! 0.0001), and the FDG composite
ROI (R ! 0.28, p ! 0.04). In addition, A!1-42 and
t-tau were correlated with one another (R ! 0.38,
p ! 0.004).
Figure 2

Values for the composite FDG-PET ROI as defined in the text,
plotted against CSF A!1-42 (A) and CSF t-tau (B)

Cutoff values are marked on each axis and were defined in separate cohorts as described in the text. FDG ! [18F]fluorodeoxyglucose; ROI ! region of interest; A!1-42 !
42 amino acid !-amyloid protein; t-tau ! total tau; AD ! Alzheimer disease; MCI ! mild
cognitive impairment.
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Figure 2 shows the relationships between FDGPET and CSF measures, and the numerical agreement is again in table 2. Thirty-three cases were
classified as AD by FDG-PET, of which 28 had positive CSF A!1-42 results and 16 had positive CSF
t-tau results. Of 22 FDG scans classified as negative
for AD, 8 were CSF A!1-42 negative, and 18 were
t-tau negative. Thus, agreement was 65% (" ! 0.23,
CI #0.02 to 0.48) between FDG and CSF A!1-42,
62% (" ! 0.28, CI 0.05– 0.5) between FDG and
t-tau, and 65% for p-tau181p (" ! 0.25, CI #0.01 to
0.51). In continuous analyses, the FDG composite
ROI was related to CSF A!1-42 (R ! 0.33, p !
0.01), marginally to t-tau (R ! 0.24, p ! 0.08), and
also to p-tau181p (R ! 0.34, p ! 0.01).
Figure 3 shows the relationships between the 4 biomarkers and cognitive status as measured with the
MMSE. MMSE was not related to A!1-42 (R ! 0.01,
p ! 0.48) or mean cortical PIB SUVR (R ! 0.20, p !
0.13), but was related to p-tau181p (R ! 0.28, p !
0.04), was related marginally to t-tau (R ! 0.26,
p ! 0.055), and was most strongly related to FDG at
both baseline (R ! 0.37, p ! 0.005) and the time of
the PIB scan (R ! 0.63, p " 0.0001). These results
were not substantially affected by adjusting for age
and education, but adjustment for diagnostic group
resulted in loss of significance for the relationships
between MMSE and p-tau181p, t-tau, and baseline
(but not subsequent) FDG-PET. Identical analyses
using the Alzheimer’s Disease Assessment Scale Cognitive subscale and the Auditory Verbal Learning
Test as dependent measures produced results that
were similar.
Because relationships between biomarkers may
also be confounded by diagnostic groups, secondary
analyses included age, education, and diagnostic
group in the regression models. PIB-PET remained
associated with A!1-42 ( p " 0.0001), t-tau ( p "
0.0007), and p-tau181p ( p " 0.0005). However, the
relationship between FDG-PET and both PIB-PET
and t-tau was no longer significant with the inclusion
of diagnosis, and the relationship between FDGPET and p-tau181p was marginal ( p ! 0.06), whereas
the relationship between FDG-PET and A!1-42 remained ( p ! 0.04).
DISCUSSION These data show different patterns of
relationships among the biomarkers and between the
biomarkers and MMSE. The 2 measures of brain A!
deposition— obtained with PET and CSF—were
substantially related to one another regardless of
whether evaluated as continuous or dichotomous
variables and regardless of age, education, and diagnosis. In contrast, there was less agreement between
PIB and tau and between FDG and the other bi-
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Figure 3

Cognitive function (measured with MMSE) vs CSF A!1-42 (A), CSF
t-tau (B), mean cortical PIB SUVR (C), and composite FDG-PET (D)
in a univariate analysis

The regression shown for FDG-PET is the baseline examination compared with baseline
MMSE. Significant associations are reported in the text. MMSE ! Mini-Mental State Examination; A!1-42 ! 42 amino acid !-amyloid protein; t-tau ! total tau; PIB ! [11C]Pittsburgh
compound B; SUVR ! standardized uptake value ratio; FDG ! [18F]fluorodeoxyglucose;
ROI ! region of interest.

omarkers; in these situations, agreement on the classification of subjects was generally similar, with "
values generally from 0.1 to 0.3 indicating only fair
agreement, with the exception of the relationship between PIB and p-tau181p, which were in moderate
agreement. A different pattern of results emerged for
relationships with cognition, because MMSE was
most strongly related to FDG-PET, and not to the
A! measurements. Continuous univariate analyses
showed that FDG was significantly associated with
PIB, tau variables, and A!1-42, whereas inclusion of
the diagnostic group in the models negated this relationship for PIB and t-tau, suggesting that the relationship between glucose metabolism and these
variables was related to diagnosis or disease stage.
Taken together, the results suggest that PIB-PET
and CSF A! measure the same process and are not
confounded by diagnostic category, whereas glucose
metabolism tracks a different process that is related
to cognitive impairment and confounded by diagnosis when related to other biomarkers. Tau measurements seem to be intermediate, having modest

associations with both A! and cognition. Differences
in glucose metabolism between diagnostic groups
may account for associations between FDG-PET and
biomarkers such as tau when evaluated in groups of
subjects with different diagnoses.
Findings of agreement between A! biomarkers
across different diagnoses are important for several
reasons. Many subjects, regardless of diagnosis,
showed evidence of brain A! accumulation. In this
situation, there is no gold standard for clinicians because clinical categorization is so obviously problematic. Future applications of biomarkers may well
involve the detection of A!, tau, or clinical decline
rather than a specific diagnosis, depending on the
availability and efficacy of therapy.
Our results agree with previous reports showing
strong associations between CSF A!1-42 and PIBPET using both dichotomous and continuous correlations,12,13,22 and disagree with a report suggesting
discrepancies between the 2 biomarkers.23 Studies
have also reported a relationship between PIB and
tau measures, though in general these are less robust
than for A!1-42.22 The relationship between FDGPET and PIB-PET is complex, depending to some
extent on which regions are compared, because parietal cortex shows an inverse relationship between A!
deposition and glucose metabolism, whereas other
regions, notably prefrontal cortex, do not.5,24 The
variables used in our analyses were summary measures intended to reflect a global index for each tracer; our results cannot address the ROI differences in
the patterns of relationships but do introduce the
idea that diagnosis may be a confounding factor in
these associations. Finally, the relationships between
FDG-PET and CSF measures that have been previously reported are variable, with some studies suggesting an association between FDG and p-tau14,25,26
but not A!1-4226 and other studies showing no association with p-tau but weak associations with t-tau.27
These studies are difficult to compare because they
used different subject groups, different imaging
methods, different immunoassays, and different tau
phosphorylation sites.
This study has several limitations, most importantly the delay between CSF sampling and PIB
scanning. However, the detection of strong associations despite this delay, and previous reports of stability of CSF measurements and PIB deposition over
years28-30 mitigates this problem. The use of a single
averaged ROI for both the FDG and PIB measures is
another limitation, because regional tracer uptake
has clinical significance that may provide additional
information. Nevertheless, our goal was the development of a summary measure that could be used for
overall assessment of glucose metabolism and PIB
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uptake; similar measures have been used previously.9
The ADNI cohort was selected to represent individuals who participate in clinical trials and as such may
not be completely generalizable. The strengths of the
report include a moderately large sample, use of separate groups to define cutoff values, and the multicenter nature of the study that demonstrates
feasibility of the approach on a large scale.
Biomarkers for AD are an intense area of development, largely because of optimism about the potential for effective therapies. It is increasingly apparent
that each biomarker may play a different role in diagnosis, prediction, or monitoring. These results indicate that different modalities for measuring
!-amyloid produce similar results, but that measures
of glucose metabolism and tau reflect a different process that is better related to cognitive impairment
and diagnosis. This reflects an emerging view
wherein A! deposition is a relatively early and pivotal event that advances slowly and triggers a cascade
that includes downstream alterations in tau, synaptic
and neuronal loss, reduction in glucose metabolism,
and cerebral atrophy, all of which are better related to
cognitive decline than is A! itself.21,31 Regardless of
the precise mechanism, the different and complementary nature of these biomarkers suggests that
their combined use will be more informative than the
use of any one measurement alone.
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