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Number 
of FDG 
scans	
   N	
   SMC	
   EMCI	
   LMCI	
   AD	
   Total	
  

1	
   343	
   106	
   307	
   410	
   241	
   1407	
  
2	
   258	
   0	
   167	
   279	
   112	
   816	
  
3	
   91	
   0	
   1	
   180	
   75	
   347	
  
4	
   85	
   0	
   0	
   162	
   58	
   305	
  
5	
   72	
   0	
   0	
   146	
   0	
   218	
  
6	
   39	
   0	
   0	
   105	
   0	
   144	
  
7	
   25	
   0	
   0	
   56	
   0	
   81	
  
8	
   5	
   0	
   0	
   28	
   0	
   33	
  

9	
   0	
   0	
   0	
   5	
   0	
   5	
  
Total	
   918	
   106	
   475	
   1371	
   486	
   3356	
  

FDG scan counts (as of 04/14/15) 



Number of 
Florbetapir 

scans	
   N	
   SMC	
   EMCI	
   LMCI	
   AD	
   Total	
  
1	
   273	
   104	
   305	
   259	
   148	
   1089	
  

2	
   201	
   7	
   211	
   165	
   27	
   611	
  

3	
   19	
   0	
   33	
   16	
   0	
   68	
  

Total	
   493	
   111	
   549	
   440	
   175	
   1768	
  

Florbetapir scan counts (as of 04/14/15) 
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The Centiloid Project: Standardizing quantitative amyloid plaque
estimation by PET
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Abstract Although amyloid imaging with PiB-PET ([C-11]Pittsburgh Compound-B positron emission to-
mography), and now with F-18-labeled tracers, has produced remarkably consistent qualitative find-
ings across a large number of centers, there has been considerable variability in the exact numbers
reported as quantitative outcome measures of tracer retention. In some cases this is as trivial as the
choice of units, in some cases it is scanner dependent, and of course, different tracers yield different
numbers. Our working group was formed to standardize quantitative amyloid imaging measures by
scaling the outcome of each particular analysis method or tracer to a 0 to 100 scale, anchored by
young controls (!45 years) and typical Alzheimer’s disease patients. The units of this scale have
been named “Centiloids.” Basically, we describe a “standard” method of analyzing PiB PET data
and then a method for scaling any “nonstandard” method of PiB PET analysis (or any other tracer)
to the Centiloid scale.
! 2015 The Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.

Keywords: Amyloid imaging; Positron emission tomography; Pittsburgh compound B; Centiloid scale; Standardize

1. Introduction

As biomarkers have been incorporated with increasing
frequency into multicenter research collaborations and clin-
ical trials, the need for standardization of: (1) specimen or
data collection; (2) biomarker assay; (3) analysis of data;

and (4) reporting of results has become apparent. A lack of
comparable methods across laboratories impedes the combi-
nation of data across sites within a single study and limits
meta-analyses across studies. Lack of standardization pre-
vents the application of universal cutoffs between normal
and abnormal ranges. It is also difficult to compare longitu-
dinal changes in quantitative terms without standardized
units. The sources of variability vary with the particular
biomarker are a cause for concern in all biomarker studies.
Biomarker researchers working with cerebrospinal fluid

*Corresponding author. Tel.: 11-412-246-6460; Fax: 11-412-246-
6465.

E-mail address: klunkwe@upmc.edu

1552-5260/$ - see front matter ! 2015 The Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jalz.2014.07.003
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Standardize reporting of amyloid PET results by performing 
studies with F18 ligands and PIB in the same subjects and 

translating SUVr measures to a scale from 0-100 
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Improved longitudinal [18F]-AV45 amyloid PET by white matter
reference and VOI-based partial volume effect correction
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Amyloid positron-emission-tomography (PET) offers an important research and diagnostic tool for investigating
Alzheimer's disease (AD). The majority of amyloid PET studies have used the cerebellum as a reference region,
and clinical studies have not accounted for atrophy-based partial volume effects (PVE). Longitudinal studies
using cerebellum as reference tissue have revealed only small mean increases and high inter-subject variability
in amyloid binding. We aimed to test the effects of different reference regions and PVE-correction (PVEC) on
the discriminatory power and longitudinal performance of amyloid PET.
We analyzed [18F]-AV45 PET and T1-weightedMRI data of 962 subjects at baseline and two-year follow-up data
of 258 subjects. Cortical composite volume-of-interest (VOI) values (COMP) for tracer uptake were generated
using either full brain atlas VOIs, gray matter segmented VOIs or gray matter segmented VOIs after VOI-based
PVEC. Standard-uptake-value ratios (SUVR)were calculated by scaling the COMP values to uptake in cerebellum
(SUVRCBL), brainstem (SUVRBST) or white matter (SUVRWM). Mean SUV, SUVR, and changes after PVEC were
compared at baseline between diagnostic groups of healthy controls (HC; N= 316), mild cognitive impairment
(MCI; N= 483) and AD (N= 163). Receiver operating characteristics (ROC) were calculated for the discrimina-
tions between HC, MCI and AD, and expressed as area under the curve (AUC). Finally, the longitudinal [18F]-
AV45-PET data were used to analyze the impact of quantitation procedures on apparent changes in amyloid
load over time.
Reference region SUVwasmost constant between diagnosis groups for thewhitematter. PVEC led to decreases of
COMP-SUV in HC (−18%) and MCI (−10%), but increases in AD (+7%). Highest AUCs were found when using
PVEC with white matter scaling for the contrast between HC/AD (0.907) or with brainstem scaling for the con-
trast between HC/MCI (0.658). Longitudinal increases were greatest in all diagnosis groups with application of
PVEC, and inter-subject variability was lowest for the white matter reference.
Thus, discriminatory power of [18F]-AV45-PET was improved by use of a VOI-based PVEC and white matter or
brainstem rather than cerebellum reference region. Detection of longitudinal amyloid increases was optimized
with PVEC and white matter reference tissue.

© 2014 Elsevier Inc. All rights reserved.

NeuroImage 108 (2015) 450–459
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Alzheimer's disease; FDA, Food and Drug Administration; FDG, fluorodeoxyglucose; FULL, full atlas VOIs; GM, graymatter; HC, cognitively healthy; MANOVA, multivariate analysis of
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Improved Power for Characterizing Longitudinal Amyloid-b
PET Changes and Evaluating Amyloid-Modifying Treatments
with a Cerebral White Matter Reference Region
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In this article, we describe an image analysis strategy with improved
power for tracking longitudinal amyloid-β (Aβ) PET changes and
evaluating Aβ-modifying treatments. Methods: Our aims were to
compare the power of template-based cerebellar, pontine, and
cerebral white matter reference regions to track 24-mo florbetapir
standardized uptake value (SUV) ratio (SUVR) changes; to relate those
changes to 24-mo clinical declines; and to evaluate Aβ-modifying
treatments in Aβ-positive (Aβ1) and Aβ-negative (Aβ−) patients with
probable Alzheimer dementia (pAD), in patients with mild cognitive
impairment (MCI), in cognitively normal controls (NCs), and in cog-
nitively normal apolipoprotein E4 (APOE4) carriers and noncarriers.
We used baseline and follow-up (∼24 mo) florbetapir PET scans
from 332 Aβ1 and Aβ− subjects participating in the multicenter
Alzheimer’s Disease Neuroimaging Initiative. Each of the proposed
analyses included 31 pAD patients, 187 MCI patients, and 114 NCs.
Cerebral-to-white matter, cerebellar, and pontine SUVRs were char-
acterized in terms of their longitudinal variability; their power to track
longitudinal fibrillar Aβ increases in Aβ1 and Aβ− subgroups and
cognitively normal APOE4 carriers and noncarriers; the sample
sizes needed to detect attenuated accumulation of or clearance
of fibrillar Aβ accumulation in randomized clinical trials; and their
ability to relate 24-mo fibrillar Aβ increases to clinical declines.
Results: As predicted, cerebral-to-white matter SUVR changes
were significantly less variable and had significantly greater power
to detect 24-mo fibrillar Aβ increases and evaluate Aβ-modifying
treatment effects in Aβ1 pAD, MCI, and NC subjects and cogni-
tively normal APOE4 carriers. They were also distinguished by the
ability to detect significant associations between 24-mo Aβ increases
and clinical declines. Conclusion: A cerebral white matter reference
region may improve the power to track longitudinal fibrillar Aβ

increases, to characterize their relationship to longitudinal clinical
declines, and to evaluate Aβ-modifying treatments in randomized
clinical trials.

Key Words: Alzheimer disease; florbetapir PET; biomarkers; image
analysis; statistical power; clinical trial sample size

J Nucl Med 2015; 56:560–566
DOI: 10.2967/jnumed.114.149732

PET ligands (1–15) have made it possible to investigate the
fibrillar amyloid-b (Ab) burden in living people; to clarify its
relationship to the dementia, mild cognitive impairment (MCI),
and preclinical stages of Alzheimer disease (AD); to characterize
the extent to which cross-sectional measurements predict subse-
quent clinical declines; to track longitudinal changes; and to help
evaluate Ab-modifying treatments.
Researchers commonly compute a semiquantitative cerebral-to-

reference region standardized uptake value ratio (SUVR) using
PET counts from a cerebral region of interest (ROI) and from
a whole cerebellar (2,3), cerebellar gray matter (10), or pontine (8)
reference ROI that is thought to be relatively devoid of fibrillar Ab.
Less commonly, researchers compute a cerebral-to-reference region
distribution volume ratio or other quantitative measures using longer,
dynamically acquired PET scans and the same cerebral and refer-
ence ROIs. With conventional reference ROIs, several radioligands
have demonstrated a close association between cross-sectional PET
SUVR or distribution volume ratio measurements and subsequent
postmortem histopathologic measurements of fibrillar Ab burden
and have been used to define relevant thresholds for distinguishing
between individuals with and individuals without moderate to severe
neuritic plaques (2,8,16,17).
Although longitudinal analyses have the potential to track the pro-

gression of fibrillar Ab deposition over time, to relate this progression
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Measurement of Longitudinal b-Amyloid Change with
18F-Florbetapir PET and Standardized Uptake Value Ratios

Susan M. Landau1,2, Allison Fero2, Suzanne L. Baker2, Robert Koeppe3, Mark Mintun4, Kewei Chen5, Eric M. Reiman5,
and William J. Jagust1,2

1Helen Wills Neuroscience Institute, University of California, Berkeley, California; 2Life Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, California; 3Radiology Department, University of Michigan, Ann Arbor, Michigan; 4Avid
Radiopharmaceuticals, Inc., Philadelphia, Pennsylvania; and 5Banner Alzheimer’s Institute, Phoenix, Arizona

The accurate measurement of β-amyloid (Aβ) change using am-
yloid PET imaging is important for Alzheimer disease research
and clinical trials but poses several unique challenges. In partic-
ular, reference region measurement instability may lead to spu-
rious changes in cortical regions of interest. To optimize our
ability to measure 18F-florbetapir longitudinal change, we evalu-
ated several candidate regions of interest and their influence on
cortical florbetapir change over a 2-y period in participants from
the Alzheimer Disease Neuroimaging Initiative (ADNI). Methods:
We examined the agreement in cortical florbetapir change
detected using 6 candidate reference regions (cerebellar gray
matter, whole cerebellum, brain stem/pons, eroded subcortical
white matter [WM], and 2 additional combinations of these
regions) in 520 ADNI subjects. We used concurrent cerebrospi-
nal fluid Aβ1–42 measurements to identify subgroups of ADNI
subjects expected to remain stable over follow-up (stable Aβ
group; n 5 14) and subjects expected to increase (increasing
Aβ group; n 5 91). We then evaluated reference regions accord-
ing to whether cortical change was minimal in the stable Aβ
group and cortical retention increased in the increasing Aβ
group. Results: There was poor agreement across reference
regions in the amount of cortical change observed across all
520 ADNI subjects. Within the stable Aβ group, however, cortical
florbetapir change was 1%–2% across all reference regions, in-
dicating high consistency. In the increasing Aβ group, cortical
increases were significant with all reference regions. Reference
regions containing WM (as opposed to cerebellum or pons) en-
abled detection of cortical change that was more physiologically
plausible and more likely to increase over time. Conclusion:
Reference region selection has an important influence on the
detection of florbetapir change. Compared with cerebellum or
pons alone, reference regions that included subcortical WM
resulted in change measurements that are more accurate. In
addition, because use of WM-containing reference regions
involves dividing out cortical signal contained in the reference
region (via partial-volume effects), use of these WM-containing
regions may result in more conservative estimates of actual
change. Future analyses using different tracers, tracer–kinetic
models, pipelines, and comparisons with other biomarkers will
further optimize our ability to accurately measure Aβ changes
over time.

Key Words: amyloid; Alzheimer’s disease; PET imaging

J Nucl Med 2015; 56:567–574
DOI: 10.2967/jnumed.114.148981

Emerging longitudinal amyloid PET studies suggest that there are
several analytic challenges that make measurement of b-amyloid (Ab)
change different from cross-sectional Ab analyses. These challenges
are further complicated by the fact that there is no gold standard for
measurement of Ab change, because rates of change cannot be in-
ferred from cross-sectional autopsy data. Because there is currently no
consensus on how to address these methodologic challenges, existing
longitudinal amyloid PET studies have used methods that were de-
veloped for cross-sectional datasets. However, recent data suggest that
the amount of annual change in 11C-Pittsburgh compound B (11C-PiB)
that we can detect in research studies (1) and clinical trials (2) is
similar to test–retest error rates, which are approximately 5%–9%
for 11C-PiB standardized uptake value ratios (SUVRs) (3,4). The
precise measurement of Ab change is therefore a critical concern
for Alzheimer disease (AD) research that seeks to identify subtle
or early changes in Ab and for clinical trials aimed at separating
meaningful change from noise (2), particularly for individuals who
are early in the course of disease. Early identification of change is
an important problem because interventions that lower brain Ab
deposition will be tested in early stages of disease, and robust
outcome measures are required to assess efficacy.
Several factors contribute to variability of longitudinal amyloid

PET measurements, including meaningful physiologic changes due
to disease, the tracer used, consistency of acquisition conditions
(e.g., patient positioning within the field of view, medication use),
and tracer quantitation method (distribution volume ratio [DVR] vs.
SUVR). A factor of particular concern is selection of an appropriate
reference region that is expected to remain free of fibrillar amyloid
over time. Whole cerebellum in particular has been used frequently
for florbetapir PET normalization (5–7), due to the relative sparing
of neuritic plaques in the cerebellum and an existing cerebellum-
based positivity threshold derived from young normal subjects (8)
and validated in an autopsy study (9). However, cerebellar or pons
reference regions may introduce noise in longitudinal measure-
ments. For example, the small size of the pons or the low position
of the cerebellum in the field of view may introduce artifacts due to
image truncation, alterations in scatter, attenuation correction, and
counting rate and sensitivity (10,11).
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very limited dynamic range of ¹⁸F-FDDNP values. In-vitro 
studies with 3H-FDDNP, at concentrations similar to 
those achieved in vivo with ¹⁸F-FDDNP, showed limited 
binding to neurofi brillary tangles and Aβ plaques.79 A 
non-selective ligand capable of binding a β-sheet protein, 
but unable to identify which misfolded protein underlies 
a specifi c clinical phenotype, therefore, ¹⁸F-FDDNP 
studies rely on regional brain retention to discriminate 
between disorders.

Selective tau PET tracers
Since 2002, researchers at Tohoku University, Japan, have 
been screening and developing small molecules that bind 
a β-sheet to label misfolded proteins. Screening these 
small molecules led to the identifi cation of quinoline 
and benzimidazole derivatives as potential tau 
PET tracers.58,80 2-(4-aminophenyl)-6-(2-[¹⁸F]fl uoroethoxy)
quinoline (¹⁸F-THK523), a quinoline derivative (fi gure 3), 
was assessed preclinically, and showed high binding 
affi  nity for tau fi brils at nanomolar concentrations, 12-fold 
selectivity for tau over Aβ, and substantial in-vivo retention 
in a tau transgenic mouse model.2 In-vitro studies81,82 
showed that ¹⁸F-THK523 binds selectively to PHF-tau,81 
but failed to bind to non-Alzheimer’s disease tau 

aggregates or to α-synuclein deposits.82 First-in-man PET 
studies showed signifi cantly higher ¹⁸F-THK523 retention 
in temporal, parietal, and orbitofrontal lobes, and in 
hippocampi of patients with Alzheimer’s disease 
compared with age-matched healthy controls. The very 
high tracer retention in white matter precluded the 
assessment of the distribution of tau pathology by visual 
inspection of the images.83 In the hippocampus and insula 
of healthy controls with a high Aβ burden, ¹⁸F-THK523 
retention was similar to that in patients with Alzheimer’s 
disease, but cortical ¹⁸F-THK523 retention was lower than 
in patients with Alzheimer’s disease.83

Consequently, two improved 2-arylquinoline derivatives, 
6-[(3-[¹⁸F]fluoro-2-hydroxy)propoxy]-2-(4-dimethyl-
aminophenyl)quinolone (¹⁸F-THK5105) and 6-[(3-[¹⁸F]
fluoro-2-hydroxy)propoxy]-2-(4-methylaminophenyl)
quinolone (¹⁸F-THK5117), were developed (fi gure 3).80 
¹⁸F-THK5105 and ¹⁸F-THK5117 showed higher binding 
affi  nity than ¹⁸F-THK523 to tau-rich Alzheimer’s disease 
brain homogenates.80 First-in-man PET studies of 
¹⁸F-THK5105 and ¹⁸F-THK5117 showed a robust visual 
and quantitative separation of patients with Alzheimer’s 
disease from healthy controls based on PET scans of 
brain areas known to have high tau deposition with a 

Figure 3: Chemical structures of available tau radiolabelled tracers
All these tau tracers have been assessed in human studies apart from the lansoprazole derivatives.
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Control: Male 74 
Hippocampus: 1.3 
Entorhinal Ctx: 1.2 
Temporal Ctx: 1.1 

Control: Male 22 
Hippocampus: 0.8 
Entorhinal Ctx: 0.9 
Temporal Ctx: 0.9 

Control: Male 90 
Hippocampus: 1.4 
Entorhinal Ctx: 1.2 
Temporal Ctx: 1.2 

Control: Female 75 
Hippocampus: 1.3 
Entorhinal Ctx: 1.4 
Temporal Ctx: 1.6 

1 

3 

SUVR 

Tau Imaging with [18F]AV-1451  
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AD: Female 75 
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Hippocampus: 1.7 
Entorhinal Ctx: 1.7 
Temporal Ctx: 2.3 
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Case D (75 year old control, DVR = 1.76) 

Case E (AD, 75 year old, MMSE=17) 



[18F]AV-1451 Pharmacokinetics 

AD 

Control 

Time Activity Curves SUVRs over time 



Tau Deposition by Age and Aβ  
18 Cognitively Normal People Mean Age 79 

Significant associations with 
age and PIB 



Ossenkoppele et al., Annals Neurol 2015 



Time	
  ac>vity	
  curves	
  of	
  [18F]THK-­‐5351	
  
Healthy	
  controls	
  vs	
  AD	
  pa>ents	


0	
  

0.5	
  

1	
  

1.5	
  

2	
  

2.5	
  

3	
  

3.5	
  

4	
  

0	
   10	
   20	
   30	
   40	
   50	
   60	
   70	
   80	
   90	
  

SU
V	


Time	
  (min)	


Healthy	
  control	


Cerebellum	
  

Inferior	
  temporal	
  

Hippocampus	
  

Subcor>cal	
  white	
  ma\er	
  

0	
  

0.5	
  

1	
  

1.5	
  

2	
  

2.5	
  

3	
  

3.5	
  

4	
  

0	
   10	
   20	
   30	
   40	
   50	
   60	
   70	
   80	
   90	
  

SU
V	


Time	
  (min)	


Alzheimer's	
  disease	

Cerebellum	
  

Inferior	
  temporal	
  

Hippocampus	
  

Subcor>cal	
  white	
  ma\er	
  



ADNI3 Specific Aims 

Continue Amyloid Imaging every 2 years 
 All continuing subjects and new 

 
Multiple amyloid imaging agents 

  
Tau Imaging every year 

 All continuing subjects and new 
 
Eliminate FDG? 



Major Hypotheses 

Tau accumulation will conform to Braak staging 
  

Tau accumulation will occur in MTL in Aβ negative 
controls 

 
The presence of Aβ in controls and MCI patients will be 

associated with neocortical tau 
 
Longitudinal accumulation of tau in neocortex will be 

more rapid in those with Aβ 
 
Tau Imaging will be related to cognition cross-

sectionally and longitudinally 
 



Amyloid Imaging in ADNI3 
Multiple amyloid imaging agents are planned 

 Florbetapir (amyavid) 
 Florbetaben (neuraceq) 
 Flutemetamol (vizamyl)???? 
  

Companies to perform centiloid standardization 
 Compound vs PIB 
 Publicly available data 

 
Delivery to a reasonable number of sites 



Tau Imaging: Tracer Characteristics 
Multisite Study 
Tracer delivery to multiple sites 
Management of regulatory issues is clear 
PET data acquisition protocol is simple, well tolerated, 

reliable 
 
Tracer “validation” 
Preclinical data showing specificity, affinity, brain uptake 
Pharmacokinetics are favorable 
Clinical data in a reasonable number of subjects with 

diverse diagnoses 
Data analysis methods yield results with face validity, 

parallel the biology 
 
Full kinetic models in comparison to SUVr 
 



Plans for tau Imaging in ADNI3 

To the extent possible, application will review 
the state of the field as of mid-2015 

 
Application will propose [18F]AV-1451 for  

multisite tau imaging in ADNI3 
 
Application will outline the features of 

acceptable tracers and note that we will use 
the best tracer at the time ADNI3 starts 
  

 



FDG? 

Pros 
Parallels phenotype/correlates with behavior 
Relationship to tau? 
May be predictive of outcomes 
 
Cons 
Another scan – subject burden 
Is FDG being included in clinical trials? 
ADNI already has considerable longitudinal FDG 

data 


