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Abstract Although amyloid imaging with PiB-PET ([C-11]Pittsburgh Compound-B positron emission to-
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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.
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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;
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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
y Elsevier Inc. All rights reserved.
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(CSF) analytes and brain volumetric measurements by mag-
netic resonance imaging (MRI) have recognized this and
have already begun collaborative efforts to standardize
methods and outcomes across laboratories [1–6].

The need for standardization is equally important in am-
yloid positron emission tomography (PET). In amyloid PET,
causes of variability include the particular amyloid tracer
used, acquisition time duration, method of analysis, target
and reference regions employed and partial volume correc-
tion (of lack thereof). Instrumentation issues such as scanner
model, reconstruction algorithm and method of attenuation
correction also challenge efforts toward standardization.
The recent proliferation of amyloid PET tracers, each with
somewhat different properties, has added to the variability
in quantitatively expressed outcome data. The result of this
lack of standardization in amyloid PET has led to: (1) a fairly
wide range of “typical” values in amyloid-negative subjects
(i.e., the normal range); (2) lack of a clear definition of am-
yloid loads typically associated with clinical dementia vs.
levels that are only just outside the amyloid-negative range
but are seldom associated with dementia (i.e., a dementia
cutoff); (3) difficulty comparing data across studies in both
natural history and treatment studies; and (4) difficulty
comparing longitudinal changes across sites.

For these reasons, our working group was convened after
a presentation at the 2012 Alzheimer’s Imaging Consortium
premeeting of the Alzheimer’s Association International
Conference. That presentation of a general standardization
approach by one of the coauthors of this report (MM)
evolved into the specific approach that is presented here in
detail. This relatively simple approach hypothesizes that
comparable results can be achieved across analysis tech-
niques and tracers by linearly scaling the outcome data of
any amyloid PET method to an average value of zero in
“high-certainty” amyloid-negative subjects and to an
average value of 100 in “typical” Alzheimer’s disease
(AD) patients. The unit of this 100-point scale has been
termed the “Centiloid” (CL).

In this report, we outline a standard approach that is
tailored to assessment of a large cortical area that represents
the typical regions of high amyloid load inAD.Wehavegath-
ered cases we believe can adequately define average “high-
certainty” amyloid-negative subjects and typical AD
patients. To be included in our analysis, subjects had to
have dynamic PET data sets available to increase the gener-
alizability of their use. Methods are presented to take this
“standard” approach and adapt it to most approaches
currently used in the field so that only a simple scaling of
data is required and no significant change in locally preferred
practice is necessary. The approach is meant to be broadly
applicable and, as such, some shortcomings were accepted
to improve simplicity and accessibility by most groups.
The approach is based on the most widely applied method
up to this point: [C-11]Pittsburgh Compound-B (PiB) tissue
ratios gathered 50- to 70-minute postinjection. Whenever
choices were made based on optimization of outcomes, the
data used was PiB data and no consideration was given to
optimization of any of the F-18-labeled tracers. However,
we recognize that many sites will not have access to
carbon-11, so we also describe how scaling can be accom-
plished using only fluorine-18 tracers when necessary.

A key component of the optimal use of the Centiloid
method will be free access to all necessary data on a public
database, and all the scan data used in this initial report has
been deposited on the Global Alzheimer’s Association Infor-
mation Network (GAAIN; http://www.gaain.org) for free
public access. This initial description is intended to be a
serviceable first iteration. We assume that further research
will be necessary to fully examine the assumptions made
and to fine-tune the process and fully understand the
strengths and limitations.
2. Approach and results

There are three “levels” to the Centiloid process. The first
level is described in this report and need not be repeated by
other sites. The purpose of this level-1 process is to set the
“typical” 0-anchor and 100-anchor points for all future
scaling operations. The second level of the Centiloid process
is the method suggested for individual sites to scale their
unique method of PiB-PET or any method using a tracer
other than PiB to the Centiloid scale. The third level is to
be used when an individual site simply wants to exactly
reproduce a method that has previously been scaled to Cen-
tiloids and is basically a check of the processing pipeline to
ensure that errors are eliminated before the processing and
scaling of site-collected data is begun.
2.1. Level-1: The standard method and anchor points (see
Supplementary Flowchart 1, available online.)

Level-1 is the main component of this study. A diagram of
the general Level-1 process is given in Supplementary
Flowchart 1. It is the process of choosing subjects to define
the 0- and 100-anchor points of the CL scale and prescribing
the method for normalization. It should not be necessary for
any group to repeat this step of the process to use the Centi-
loid scale. An effort was made to give these “anchor points”
biological relevance. The 0-anchor was intended to represent
a definitively amyloid(2) brain. The 100-anchor was in-
tended to represent the amount of global amyloid deposition
found in a typical mild-moderate AD subject. Because both
are mean values, some amyloid(2) scans will have slightly
negative CL values. Likewise, there will be a range of
“typical AD values” around 100 CL and about half of all
AD subjects will fall above, sometimes significantly above
a value of 100 CL.

2.1.1. Subjects
None of the subjects described later should be considered

unique to this study as all have been included in a variety of
previously published analyses.

http://www.gaain.org/
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2.1.1.1. The young control 0-anchor (YC-0) subject set
PiB-PET data that included data from at least 50 to 70 mi-

nutes after injection of PiB was collected from 34 subjects
under the age of 45 years (31.5 6 6.3 years; range 22–43)
who were judged to be cognitively normal after a standard
neuropsychological and clinical evaluation [7–9] This age
range was used because it lends great certainty that the
subject will be truly amyloid-negative [10,11]. Twenty
subjects were studied at Washington University in St.
Louis (18 on Siemens BioGraph TruePoint TrueV [Model
1094] and two on Siemens ECAT Exact HR1) and 14
subjects were assessed at the University of California at
Berkeley (UCB)/Lawrence Berkeley National Laboratory
(LBNL) (five on Siemens BioGraph TruePoint TrueV
(Model 1094) and nine on Siemens ECAT Exact HR). Of
the 32 younger subjects tested for APOE genotype (two
younger subjects refused testing), 8 (25%) were APOE ε4
carriers and 24 (75%) were ε4 noncarriers. These young
control 0-anchor (YC-0) subjects were used to define the
0-anchor point by determining the mean of the group.

2.1.1.2. The AD 100-anchor (AD-100) subject set
PiB-PET data that included data from at least 50 to 70 mi-

nutes after injection of PiB was collected from 47 subjects
diagnosed with AD using the 1984 National Institute of
Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease and Related Disorders Associ-
ation (now known as the Alzheimer’s Association)
(NINCDS-ADRDA) criteria and assessed at the University
of California at San Francisco and LBNL (n 5 22: all
from Siemens ECAT Exact HR PET scanner), the University
of Pittsburgh (Pitt; n 5 18; all from Siemens ECAT Exact
HR1 PET scanners) or through the Australian Imaging, Bio-
markers and Lifestyle study (AIBL; n5 7; all from Phillips
Allegro PET scanner) according to previously described pro-
cedures [12–15]. All AD 100-anchor subjects (AD-100) had
a clinical dementia rating (CDR) Scale Global Score of 0.5
or 1 [16].

Because the intention of this cohort was to define the
average PiB retention of a “typical” AD cohort, we excluded
outlier subjects that were suspected to be clinically misdiag-
nosed. A “mild” outlier was defined as PiB retention that ex-
ceeded the third quartile by .1.5 times the interquartile
range (Q3 1 1.5 ! IQR) or was beneath the first quartile
by an amount ,1.5 times the IQR (Q1 2 1.5 ! IQR),
that is, any observation outside the “inner fences” of the
box-and-whisker plot [17]. This approach has previously
been used in the “Iterative Outlier” method of defining
PiB-positive cutoffs [13,18]. As described later, this
resulted in the exclusion of two AD subjects with low PiB
retention (no AD subjects were outliers due to high PiB
retention) leaving 45 AD-100 subjects for further analysis.
The average age of these 45 subjects was
67.5 6 10.5 years (range 50 to 89 years). Of these 45, 44
AD subjects were tested for APOE genotype (1 AD subject
refused testing) and 28 (64%) were APOE ε4 carriers.
2.1.1.3. The global cortical target (CTX) region subject set
To avoid using the same subjects for definition of the

CTX volume-of-interest (VOI) (see later in the next section)
as were used to define the 0-anchor and 100-anchor points, a
separate set of 19 “AD-CTX” subjects (CDR 5 0.5–1;
72.1 6 11.8 years; range 53–94 years) and 25 older control
(OC-CTX) subjects (71.4 6 9.8 years; range 45–88 years)
were used. The OC-CTX subjects were clearly amyloid-
negative by previously published quantitative criteria and
by visual assessment [13,18]. All were adjudicated as AD
or cognitively normal according to previously published
criteria [12,13]. The AD-100, AD-CTX, and OC-CTX
groups were not significantly different from each other in
age. Thirteen of the 19 AD-CTX subjects had an [F-18]
fluorodeoxyglucose (FDG) scan on the same day as their
PiB scan. These 13 subjects were used to generate the cere-
bellar gray (CG) VOI as described later.

Both of the AD-CTX and OC-CTX groups were evalu-
ated and scanned at the University of Pittsburgh using the
same methods described previously [13,19]. All subjects
were injected with 10–15 mCi of PiB at the start of the
experiment and imaged according to previously published
methods [20]. Reconstruction algorithms varied by site
and scanner-type and included filtered back-projection,
FORE and OSEM (Fourier rebinding, ordered-subsets
expectation maximization; BioGraph PET/CT) and 3D-
Ramla (row-action maximum likelihood algorithm; Philips
Allegro). In addition, FDG data were acquired for the AD-
CTX subjects using w7 mCi FDG. FDG PET data were ac-
quired over 25 minutes (five 5 minute frames) after a 35-
minute uptake period as the subjects rested quietly in a dimly
lit room with their eyes open. The FDG-PET data were
analyzed as previously described in detail [19]. MRI was
performed at either 1.5T or 3T using previously published
methods [7,14,15,20].
2.1.2. The standard VOIs

2.1.2.1. The normalization process
The normalization process proved to be a potential source

of error and strict adherence to the process described here ap-
pears to be important for exact replication of the standard
method. For example, the Statistical Parametric Mapping,
version 8 (SPM8; revision 4290) unified method proved su-
perior to the SPM5 segmentationmethod [21], or Diffeomor-
phic Anatomical Registration using Exponentiated Lie
algebra (DARTEL) [22]. An area of particular concern was
the brainstem, that was handled less well than cortical areas
by all methods. The PiB and FDG-PET data were averaged
over frames corresponding to the 50 to 70 minutes and 40
to 60 minutes postinjection intervals, respectively. SPM8
was used for all subsequent registration and normalization
processes. The MRI and PET scans were first manually reor-
iented to match the orientation of the Montreal Neurological
Institute (MNI)-152 T1-weighted template providedwith the
SPM8 software (2-mm resolution). The subject MRIs were



W.E. Klunk et al. / Alzheimer’s & Dementia 11 (2015) 1-154
then individually registered to the MNI-152 template using
the “Coregister: Estimate” module (Reference Image:
MNI-152 template; Source Image:MRI) with default param-
eters. In turn, each averaged PET image was registered to its
MRI (and, thus, coregistered to MNI-152) also using the
“Coregister: Estimate” module (reference image: MRI;
source image: PET)with default parameters. The unified seg-
mentation method [23] was subsequently applied to all core-
gistered MRI scans. This method combines segmentation,
bias correction, and spatial normalization into a single uni-
fied model. Within SPM8, this was performed using the
“Segment”modulewith default parameters, utilizing the pro-
vided tissue probabilitymaps at 1-mm resolution (note that 2-
mm resolution used throughout this process produced equiv-
alent results). The “Segment” module produces two MAT-
LAB formatted binary files containing the forward
(*_seg_sn.mat) and inverse (*_seg_inv_sn.mat) normaliza-
tion parameters. The forward parameters were applied to
the coregistered MRI and PET scans for each individual us-
ing the “Normalise: Write” module in SPM8 (parameter
file: forward parameters; Images to Write: coregistered MR
and PET). Default parameters were used in this process,
with the exception of the Bounding Box, which wasmodified
to [290 2126 272; 91 91 109] to reflect MNI-152 space.

2.1.2.2. Reference VOIs
Four reference VOIs were assessed in the development of

the “standardmethod.” These included: (1) CG; (2) whole cer-
ebellum (WC); (3) whole cerebellum plus brainstem
(WC1 B); and (4) pons (Fig. 1). The CG VOI was designed
in a data-driven fashion to maximize the contribution of gray
matterwhileminimizing the contributionofwhitematter areas
that non-specifically accumulate PiB [24]. To do this, we iden-
tified cerebellar graymatter voxels byfirst applying aWCVOI
mask inMNI-152 space to the average of the normalized AD-
CTXFDGPETscans.This averageFDGimagewas computed
using the image calculator within SPM8. To minimize inclu-
sion of cerebellar white matter nonspecific PiB retention, we
first averaged the normalized PiB PET scans of these same
AD-CTX subjects, and then masked this average with the
WC 1 B VOI in MNI-152 space. The average masked FDG
image was then normalized to its maximum value, and the
average masked PiB image was normalized to its maximum
whitematter value,whichwas assessed in the pons. The result-
ing PiB image (i.e., mainly white matter) was subtracted from
the resulting FDG image (i.e., mainly gray matter). Negative
voxels in this difference image were thresholded to zero, and
the resultwas binarized, providing aCGVOI that hadminimal
white matter contamination.

The WC and Pons VOIs were modified from those previ-
ously defined in the International Consortium for BrainMap-
ping (ICBM) Single Subject MRI Anatomical Template [25]
(last revisedAugust 22, 2012). TheWC1BVOIwas defined
using a threshold on the ICBM 152 MR atlas. All four refer-
ence VOIs were then edited by manually “cleaning up” the
regions both by removing spurious voxels was well as filling
in any small “holes” in the region.After this cleaning process,
theCGwas a subset ofWC (missing the cerebellarwhitemat-
ter) andWCwas a subset ofWC1B (missing the brainstem).
The PonsVOI is a subset of the brainstemportion ofWC1B.
To apply these ICBM VOIs in MNI-152 space, the ICBM
Single Subject MRI template was normalized to MNI-152
space using the registration and normalization procedures
described previously. The forward normalization parameters
were then applied to the WC, Pons, and WC 1 B VOIs.

The superior limit of the CG,WC, andWC1BVOIs was
set at z5215 mm of the SPM8MNI-152 template to avoid
spillover from specific signal in the occipital cortex of
amyloid-positive cases. The superior limit of the Pons VOI
was set at z5220 mm of the SPM8 MNI-152 template ac-
cording to the ICBM template anatomical boundaries. The
inferior limit of all four reference VOIs was truncated at
z5252 mm to compensate for two common potential sour-
ces of error: (1) the most inferior portions of the cerebellum
may be outside the field-of-view as a result of poor posi-
tioning, particularly in older PET-only scanners having a
smaller axial field-of-view and (2) the spatial normalization
procedure is less optimized for and may not provide a good
match with voxels in the lower brainstem region. This allows
the Centiloid processing method to be applied to the vast ma-
jority of amyloid imaging scans.

2.1.2.3. The CTX VOI
The CTX VOI (Fig. 2) was data-driven and determined by

averaging thePiBPET50–70-minute standardizeduptakevol-
ume ratio (SUVr; equivalent to tissue ratio) parametric images
(using the WC reference VOI) from a set of subjects unique
from those used below for the Centiloid analysis. These
included 19 typical AD subjects (AD-CTX) and 25 age-
matched controls (OC-CTX). Each image was normalized
intoMNI-152 space using the parameters obtained for the cor-
responding MRIs obtained as described previously. An
average AD-CTX and average OC-CTX imagewas generated
in MNI-152 space using SPM8 and the OC-CTX image was
subtracted from the AD-CTX image and smoothed with a
3D-Gaussian filter with full width at half maximum of
5.0 mm. After exploring several thresholds, the resultant
difference-image was thresholded at 1.05 SUVr units. This
threshold produced a largeVOI representing areas of the brain
with the greatest amyloid load while avoiding areas that are
primarily white matter and minimizing discontinuity in the
VOI (Fig. 2). This mask was then edited manually both to re-
move spurious voxels in the mask and filling in small holes in
the mask. The resultant data-driven CTX VOI included the
typical brain regions with high amyloid load in AD including
the frontal, temporal and parietal cortices and precuneus. It
also included the anterior striatum and insular cortex.

2.1.3. The standard analysis method

2.1.3.1. Choice of the standard reference region
After normalization into MNI-152 space, a 50- to

70-minute postinjection CTX SUVr was calculated using



Fig. 1. Reference VOIs. Two sets of orthogonal views (top and bottom) of the cerebellar gray (CG) VOI (blue); the whole cerebellar (WC) VOI (blue1yellow);

and the Pons VOI (green). The whole cerebellum plus brainstem (WC1B) VOI would be represented by all colors combined where the red area represents that

part of theWC1B that does not overlap either theWC or the Pons. These voxels were included in theWC1BVOI so that: 1) it was a contiguous VOI and 2) the

superior limit ofWC1Bmatched that of theWC and CGVOIs. All VOIs are superimposed on theMNI-152MRI template (gray). Note that the CG is a subset of

the WC that, in turn, is a subset of the WC1B. The Pons is a subset of the brainstem portion of the WC1B.
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each of the four reference VOIs for the 34 YC-0 and the
45 AD-100 subjects. Choice of the standard reference
was based on the variance observed in the data and on
the effect size of the difference between the AD-100 and
YC-0 groups (Table 1). The Pons gave the largest (worst)
variance and smallest effect size, the CG performed better,
but was consistently outperformed by the WC and
Fig. 2. CTX VOI. Multiple axial slices showing the CTX VOI (red) superimposed

space. The separation of the CTX VOI from non-specific white matter signal is app

plus anterior striatum (black arrows) and insular cortex (white arrows). Note that t

and parieto-temporal areas and smaller, unilateral insular and striatal areas.
WC 1 B which produced predictably similar results.
While the WC and WC 1 B were nearly equivalent,
greater weight was given to the lower variance obtained
using the WC reference VOI in the YC-0 group as this
group represents noise in the method and minimization
of this noise was considered a critical parameter. Other
considerations included: (1) the variability inherent in
on the average of the YC-0 PiB PET scans normalized into MNI-152 atlas

arent. Note that this data-driven approach included the typical cortical areas

he CTX VOI is not completely contiguous. There are large, bilateral frontal



Table 1

Summary statistics of SUVr and scaled data

SUVr Scaled units

CG WC WC 1 B Pons CG WC WC 1 B Pons

AD 100

Mean 2.428 2.076* 1.962 1.535 100.0 100.0 100.0 100.0

SD 0.246 0.191 0.180 0.175 19.6 17.9* 18.0 22.6

COV 10.1% 9.2% 9.2% 11.4% – – – –

YC 0

Mean 1.170 1.009* 0.959 0.761 0.0 0.0 0.0 0.0

SD 0.057 0.046 0.046 0.058 4.52 4.34* 4.56 7.44

COV 4.9% 4.6% 4.8% 7.6% – – – –

effect size 6.55 7.14 7.11 5.57 6.55 7.14* 7.11 5.57

Abbreviations: SUVr, standardized uptake volume ratio; standardized uptake volume; CG, cerebellar gray; WC, whole cerebellum; WC 1 B, whole cere-

bellum plus brainstem; AD, Alzheimer’s disease; SD, standard deviation; COV, coefficient of variance.

*The variability in the YC-0 cohort is an important variable as it reflects mainly the noise in each method. Bold type highlights the key measures used to

choose the reference region that produced the least variability and the greatest effect size (i.e., the mean SUVr of the AD 100 and YC 0 and the SD for AD

100 and YC 0 in scaled units).
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accurately normalizing (and thus fixing the VOI) using the
CG due to the proximity of the nonspecific signal from the
cerebellar peduncles and (2) the poorer performance of
many normalization routines (including those used here)
in brainstem regions such as the pons. Use of the WC
without pons minimizes both of these difficulties. There-
fore, the WC was chosen as the reference VOI for the
“standard PiB method.”

In this report, we refer to “scaled units” to generally refer
to the outcomes from all reference regions. By definition,
Centiloid units have a very specific meaning and should be
reserved only for data derived in one of four ways: (1)
from the level-1 analysis presented here specifically using
PiB 50 to 70 SUVr data and the CTX and WC VOIs (i.e.,
the “standard PiB Method”); (2) from a level-2 analysis
(see later) after calibrating to the standard PiB method; (3)
from a level-2 analysis after calibrating to a “surrogate” F-
18 method, previously, directly calibrated to the standard
PiB method; and (4) from a level-3 analysis (see later).

2.1.3.2. Calculation of Centiloid values
After coregistration of each subject’s PiB PET to their

MRI, the MRI images of all 34 YC-0 and the 48 original
AD-100 subjects were normalized into MNI-152 space us-
ing the SPM8 unified segmentation method. Coordinate
transformation of the PiB PET into MNI-152 space was
via subject’s MRI transformation parameters. The CTX
VOI and all four reference VOIs were sampled in each sub-
ject and the tissue ratio of the CTX:reference VOI yielded
the SUVr value (Supplementary Table 1, available online).
The mean and SD values and effect sizes for each reference
VOI are shown in Table 1 and presented graphically in
Fig. 3.

Because one goal was to define the mean value of
“typical” AD patients as 100 CL, the AD data was screened
for outliers as defined previously and two subjects were
excluded for being low outliers, leaving 45 AD-100 subjects
for further analysis (Fig. 3). These subjects were low outliers
with all four reference VOIs. There were no high AD outliers
and no outliers were identified in the YC-0 data. AD-100 and
YC-0 data is shown in Fig. 3 according to the site acquiring
the data and it is apparent that there is no significant differ-
ence in the range of either the AD-100 or YC-0 data. Also
noticeable in the YC-0 data in Fig. 3, is that the 34 carriers
from UCSF/UCB had PiB retention that was equivalent to
the non-carriers (Wash U APOE data was available only as
aggregate data, not identifiable with individual subjects).
Finally, Fig. 3 shows graphically the wide difference in
average values of AD-100 and YC-0 SUVr data depending
on the reference VOI (Fig. 3A) and how these data can be
scaled to the same 0 to 100 scale facilitating direct numeric
comparisons across different measures (Fig. 3B).

After calculation of the SUVr values (referenced to WC)
for all 34 YC-0 and the 45 AD-100 subjects (Supplementary
Table 1), the mean value of the YC-0 subjects (1.009 SUVr;
Table 1) was set to 0 CL and the mean of the AD-100 sub-
jects (2.076 SUVr; Table 1) was set to 100 CL.

The standard Centiloid value (CL) for each individual
subject was then defined as:

CL5100!ðPiBSUVrIND2PiBSUVrYC-0Þ=
ðPiBSUVrAD-1002PiBSUVrYC-0Þ (Eq. 1.3a)

where:
PiBSUVrIND is an individual’s SUVr value.
PiBSUVrAD-100 is the mean SUVr of the 45 AD-100

subjects.
PiBSUVrYC-0 is the mean SUVr of the 34 YC-0 subjects.
All determined using PiB 50–70 min data and the stan-

dard CTX target and WC reference VOIs.
Substituting the values in Table 1, Eq. 1.3a simplifies to:

CL5100!ðPiBSUVrIND21:009Þ=1:067 (Eq. 1.3b)

CL values were then calculated for each subject

(Supplementary Table 1). For completeness, Supplementary
Table 1 also includes the scaled values that were derived using
themeanSUVr values for alternate reference regions as shown
in Table 1.



Fig. 3. Box and whisker plots of SUVr data (A) and scaled data (B) for each reference VOI. The boxes and symbols in the upper half of each graph depict the

AD-100 data and the lower boxes and symbols depict the YC-0 data. Each box depicts the interquartile range with the means shown as red “1” symbols con-

nected by a red line. The AD-100 data from each site are shown separately (AIBL - filled triangles; UCSF/LBNL - open squares; Pittsburgh - open circles). The

two AD-100 outliers also are shown (a red square and red circle for each reference region).YC-0 data also is separated by sites (UCB/LBNL - smaller squares;

Wash U - diamonds). The UCB/LBNL E4 carriers are shown as filled squares. The WC scaled units are equivalent to standard Centiloid units.
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2.1.4. Level-1 data made available for unrestricted use
All the deidentified PETandMRI scans used in the deriva-

tization of the Centiloid scaling and all the reference and CTX
VOIs have been made available at http://www.gaain.org.
2.2. Level-2: Calibrating a new method to the Centiloid
scale

Level-2 is the process independent groups should use to
calibrate their specific method to CL units. This process is
described in detail beginning in section 2.2 later and in
Supplementary Flowchart 2, available online, but we first
discuss some general principles. Level-2 calibration is a pro-
cess thatwill need tobeperformedwhenever a procedure other
than the “Standard PiB Method” (i.e., PiB 50- to 70-minute
SUVr data using the standard CTX and WC VOIs described
previously) is to be calibrated to the CL scale. For example,
nonstandardmethodswould include the use of: (1) anymethod
of PiB analysis other than 50- to 70-minute SUVr using the
standard CTX and WC VOIs (including atrophy-corrected
methods, use of different CTX or reference regions and direct
PiB-to-MNI normalization without the use of MRIs) and (2)
any other tracer by any method. A diagram of the general
level-2 process is given in Supplementary Flowchart 2 and ex-
plained later in section 2.2.

Because some sites may wish to use the Centiloid scale,
but do not have local access to [C-11]PiB, an F-18 amyloid
tracer that has previously been calibrated directly to the stan-
dard PiBmethod by this level-2 process can be substituted for
PiB as a “surrogate reference” tracer. A surrogate reference
tracer should not be more than one step removed from a
PiB reference. That is, if tracer-A is calibrated directly to
PiB by the process later (standard VOIs, etc.) it can be a sur-
rogate reference tracer. If tracer-B is then calibrated to tracer-
A (because [C-11]PiB is not available), tracer-B results can
be expressed inCL units, but tracer-B cannot be used as a sur-
rogate reference tracer for the calibration of tracer-C. Either
PiB or tracer-A should be used to calibrate tracer-C.
2.2.1. New data necessary for level-2 Centiloid calibration

2.2.1.1. Standard-method PiB data as a scaling reference
A calibrating site should acquire PiB PET 50 to 70 SUVr

and structural MRI data (for normalization/co-registration)
on at least 25 subjects. PiB is preferable but another F-18
tracer/method would be an acceptable surrogate if it has
been previously and directly calibrated against the standard
PiB method. Of these 25 (or more) subjects, at least 10
should be cognitively normal subjects �45 years of age
(and thus extremely likely to be amyloid-negative). In addi-
tion, at least 15 subjects should have a high likelihood of be-
ing amyloid-positive—with w5 typical AD patients and
w10 subjects likely to have intermediate values of PiB
retention. Although there is no absolute way to ensure acqui-
sition of this intermediate group, we recommend inclusion
of at least some cognitively normal APOE 34 carriers above
age 80 and/or MCI subjects. The rationale is to spread the
points along the range of the correlation in as continuous a
manner as possible to increase the validity of the correlation
outcome measures (i.e., slope, intercept, and correlation co-
efficient) in contrast to the result that might be obtained from
a group of YC subjects at one extreme and a group of high-
amyloid AD subjects at the other. Note that the spread of the
data is the important factor, not the clinical diagnosis.

2.2.1.2. Avoidance of preinformed selection of data
To avoid any appearance of preinformed selection of

data, we recommend that: (1) all subjects be studied prospec-
tively and no subject be excluded except for carefully justi-
fied technical reasons made explicit in the first manuscript
that is published using these results; (2) previously collected
data (with or without supplementation with new, prospective
data) is acceptable only if the entire data set with both PiB
and the new tracer is used (i.e., no selection of a subset of
subjects for the analyses later). This can be insured by inclu-
sion of the entire cohort of a previously published study. If
the study has not been published (i.e., a clinical trial), a
description of the original study should be given that

http://www.gaain.org/


Fig. 4. Correlation of the Michigan and Pittsburgh analysis of the 34 YC-

0 and 45 AD-100 subject data using the WC VOI. Data for other reference

VOIs is shown in Table 2.

Table 2

Agreement of independent analyses by Michigan and Pittsburgh

Reference

VOI

Slope

(0.98 to 1.02)

Intercept

(22 to 2 CL)

R2

(.0.98)

% Difference

YC (22 to 2%)

with SD 6 2%

CG 0.9973 0.15 0.9992 0.0 6 0.30

WC* 0.9982 0.10 0.9994 0.0 6 0.26

WC 1 B 0.9985 0.08 0.9995 0.0 6 0.25

Pons 0.9987 0.07 0.9998 0.0 6 0.50

Abbreviations: VOI, volume-of-interest; CL, Centiloid; SD, standard de-

viation.

*See Fig. 4.
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includes the total number of subjects in that study cross-
referenced to public documents (e.g., FDA submissions or
clinicaltrials.gov registries).

2.2.1.3. Nonstandard method data

2.2.1.3.1. Tracers other than PiB
If a new tracer is being used, it will be necessary to ac-

quire the appropriate tracer retention data from the same
25 (or more) subjects described previously within 3 months
of the PiB scan used for scaling.

2.2.1.3.2. Nonstandard PiB methods
If a non-standard method of PiB acquisition or analysis is

being calibrated, appropriate non-standard data must be
collected on the same 25 (or more) subjects studied with
the standard PiB method. This should be simultaneous with
the PiB 50–70 min data collection, if possible. However,
because 40 of the 45 AD-100 data sets and all 34 YC-
0 data sets available for downloading as described in section
1.4 contains dynamic data collected from 0 to 70 min post-
injection of PiB, it may not be necessary to collect any new
data and the calibration can be done completely with the
downloaded data by performing the standard analysis, fol-
lowed by the non-standard analysis to be calibrated. This sec-
tion would also apply if an F-18 tracer that had previously
been calibrated to PiB using one method was being used by
a method different than the one originally calibrated to PiB.

2.2.2. Level-2 analysis (see Supplementary Flowchart 2)

2.2.2.1. Replication of the level-1 analysis
Because there are potential errors that can be introduced

into a new analysis pipeline—particularly in the MRI
normalization step—the calibrating site should first demon-
strate that it can accurately express the level-1 PiB data on
the Centiloid scale as follows. The site should download all
34 YC-0 and all 45 AD-100 scans from the Level-1 study,
normalize into MNI-152 space and calculate standard
SUVr values for each scan (i.e., using the standard CTX
and WC VOIs). The mean level-2 PiBSUVr of the 34 YC-
0 subjects and 45 AD-100 subjects should fall within 2% of
the mean PiBSUVr determined in the level-1 analysis and re-
ported previously in Table 1 using the WC as the reference
VOI (i.e., 2.05–2.13 SUVr for AD-100 and 1.05–1.09
SUVr for YC-100).

The mean of the 34 YC-0 PiB SUVr values determined in
a Level-2 analysis (SUVrYC-0*) will be defined as 0 CL and
the 100 CL point will be defined as the mean of the 45
AD-100 SUVr values (SUVrAD-100*). The following general
equation will be used to convert the downloaded PiB data
into Centiloids:

CL5100ðPiBSUVrIND �2PiBSUVrYC-0 � Þ=
ðPiBSUVrAD-100 �2PiBSUVrYC-0 � Þ

(Eq. 2.2.1)

where PiBSUVrS-IND* is the 50 to 70 minutes SUVr value
determined for an individual subject of the 34 YC-0 or 45
AD-100 subjects by downloading and recalculating data at
the calibrating site. Eq. 2.2.1 differs from Eq. 1.3a only by
the fact that the values for all variables are calculated by the
calibrating site using the downloaded data for a level-2 anal-
ysis. This is indicated by a single asterisk here only to clarify
the source of the data (i.e., downloaded) for the purpose of this
description. These asterisks are not intended to be used by the
independent sites when expressing their CL data.

The calibrating site will then perform a linear correlation
of their downloaded/recalculated PiB Centiloid values vs.
the PiB Centiloid values reported here. This should be
included as supplemental data in the first publication with
the slope, intercept and R2 reported in the manuscript. The
expectation is that the slope will be between 0.98 and
1.02, the intercept will be between 22 and 2 CL and the
R2 will be .0.98.

2.2.2.2. Example of a replication analysis
Because a key component of the Centiloid process is

initial verification of the independent sites analysis pipeline,
after the initial analysis method was developed and per-
formed at the University of Michigan, the data and VOIs

http://clinicaltrials.gov
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were used in an independent, but identical analysis per-
formed at the University of Pittsburgh (except the normal-
ized subject MRI scan data were resliced to
2 ! 2 ! 2 mm voxel size, rather than to 1 ! 1 ! 1 mm
as done at Michigan site). Fig. 4 shows the correlation of
the two independent analyses.

The agreement was well within the limits set above for all
reference VOIs (Table 2).

If the calibrating site is using a previously calibrated F-18
tracer in place of the standard PiB method, they should
follow the steps described previously, except substituting
the downloaded F-18 tracer data (calculated using the stan-
dard CTX and WC VOIs) for the downloaded PiB data. The
same is true of the steps described previously for analysis of
site-acquired F-18 tracer data.

2.2.2.3. Level-2 calibration of other tracers or methods
After the site’s analysis pipeline has been validated by the

replication of the Level-1 analysis, the site should next
calculate 50 to 70 minutes PiBSUVrIND** values for the
site-acquired PiB scans using the standard CTX and WC
VOIs (i.e., the w10 YC and w15 subjects likely to be
amyloid-positive). The double asterisk refers to data both ac-
quired and analyzed in a level-2 analysis. This data will be
used to scale the new tracer or method to the CL scale as
described below (see Supplementary Flowchart 2).

If desired, a site may then convert these values to Centi-
loids with the following equation:

CL��5100ðPiBSUVrIND� �2PiBSUVrYC-0�Þ
=ðPiBSUVrAD-100 �2PiBSUVrYC-0 � Þ

(Eq. 2.2.3)

2.2.2.3.1. Calibration of another tracer for future use as a
surrogate reference

As mentioned previously, it may be important to have one
or more F-18 tracers available as a surrogate for PiB for cali-
bration of site-specific methods into Centiloid units (e.g.,
when C-11 is not accessible). In this case, the calibration
of the surrogate tracer to the standard PiB method should
be done using the standard CTX and WC VOIs and calcula-
tion of a SUVr. This would not necessarily include the 50- to
70-minute time window used for PiB in the standard method
because this may not be optimal for the surrogate tracer.
Section 2.2.3.2 describes a more general calibration of a
tracer/method not intended for use as a surrogate reference
and allows for unrestricted variation in cortical target and
reference VOIs and method of analysis.

Using the standard CTX and WC VOIs, the site should
calculate PiB 50- to 70-minute SUVr values for the site-
acquired 25 (or more) PiB scans (designated as PiBSUV-
rIND**, where the two asterisks refer to data both collected
at and calculated at the calibrating site). Likewise, the cali-
brating site should use the CTX and WC VOIs to calculate
the appropriate surrogate tracer SUVr value. After plotting
the PiBSUVrIND** values on the x-axis and the

TracerSUVrIND
values on the y-axis a slope (TracermStd) and intercept
(TracerbStd) is calculated, where the “Std” subscript desig-
nates that the standard CTX and WC VOIs were used:

TracerSUVrIND5
TracermStd!ðPiBSUVrIND � �Þ1TracerbStd

(Eq. 2.2.3.1a)

A TracermStd of 1.0 means the surrogate has the same spe-
cific signal (or dynamic range) as PiB. A slope of 0.5, half
the signal of PiB, a slope of 2, twice the signal of PiB.
Thus, the numerical value of this slope is informative
regarding the relative signals of PiB and the surrogate tracer.
The conversion to Centiloid units would then be accom-
plished by first converting the TracerSUVrIND values into
“PiB calculated” SUVr values (PiB2CalcSUVrIND):

PiB�CalcSUVrIND5ðTracerSUVrIND2TracerbStdÞ=TracermStd

(Eq. 2.2.3.1b)

The PiB2CalcSUVrIND is then converted to TracerCLStd,
respectively, using Eq. 2.2.3.1c.

TracerCLStd5100ðPiB�CalcSUVrIND� �2PiBSUVrYC-0�Þ=
ðPiBSUVrAD-100�2PiBSUVrYC-0�Þ

(Eq. 2.2.3.1c)

The slope (TracermStd) and intercept (TracerbStd) by any
other site in a level-2 or level-3 (see later) analysis to
generate PiB2CalcSUVrIND values that, in turn, can then be
converted to CL units with equation 2.2.3.1c.

2.2.2.3.2. Calibration of another tracer or method for
general use

As stated previously, this section allows for calibration of
tracers and methods without restriction on the cortical target
and reference VOIs and method of analysis. However, it
should be recognized that there is likely a degree of depar-
ture from the standard CTX and WC VOIs at which the cali-
bration is no longer valid as considered later in the
discussion.

Similar to the process in section 2.2.3.1, using the standard
CTX and WC VOIs, the site should calculate PiBSUVrIND**
values for the site-acquired 25 (or more) PiB scans. Next, the
calibrating site should use their preferred, nonstandard target
and/or reference VOIs to calculate the appropriate surrogate
tracer value (in any preferred unit depending on the preferred
analysis method). After plotting the PiBSUVrIND** values on
the x-axis and the TracerUNITIND values on the y-axis a slope
(TracermNS) and intercept (TracerbNS) is calculated, where the
“NS” subscript designates that non-standard target and/or
reference VOIs were used:

TracerUNITIND5
TracermNS!ðPiBSUVrIND� � Þ1TracerbNS

(Eq. 2.2.3.2a)
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As stated previously, the TracermS value informs on relative
differences in tracer signalwith the “method” being held con-
stant. In this case, a comparison of the TracermNS and

TracermS

values informs on the additional differences in signal due to
the difference between the standard PiBmethod and the non-
standardmethod (with the tracer held constant). As in section
2.2.3.1, the conversion to Centiloid units would then be
accomplished by first converting the TracerUNITIND values
into “PiB calculated” SUVr values (PiB2CalcSUVrIND):

PiB�CalcSUVrIND5ðTracerUNITIND2
TracerbNSÞ=TracermNS

(Eq. 2.2.3.2b)

Both the PiBSUVrIND** and the
PiB2CalcSUVrIND are then

converted to PiBCLStd** and TracerCLNS, respectively, using
Eq. 2.2.3. The slope (TracermNS) and intercept (TracerbNS)
can then be used by any other site in a level-2 or level-3 anal-
ysis.

2.2.2.3.3. Use of small VOIs
Direct calibration of small regional VOIs (e.g., precuneus)

to the standard (i.e., global) PiB method—if done individu-
ally—would force the mean CL value of AD patients for
each region to be 100. This is likely to lead to a given tracer
retentionmeasure (e.g., 1.70 SUVr units) equating to different
CL values in different brain regions. To avoid this undesirable
situation, we suggest that if an independent site is working
with multiple small VOIs, they first generate the conversion
equation in section 2.2.3.1 or 2.2.3.2 based on the standard
CTX and WC VOIs and then apply the conversion factors to
the regional data either by: (1) converting the entire data set
to Centiloids on a voxel basis (i.e., create a Centiloid para-
metric image) using Eq. 2.2.3.1b or 2.2.3.2b and then sample
the Centiloid parametric image with the nonstandard VOIs or
(2) calculate the regional tracer retention value in the same
units (andby the samemethod) used for TracerUNITN in section
2.2.3.2 and then directly convert to Centiloids using Eq.
2.2.3.2b. Small-region Centiloid values such as these should
be distinguished by a superscript. For example, Centiloid
values from only a precuneus VOI could be noted as CLPRC.

2.2.3. Quality control
The final aspect of implementing the level-2 Centiloid

process is evaluating the quality of the values produced by
the new tracer method and the transformation process.
Two basic aspects of quality can be evaluated: reliability
across subjects and relative variance.

2.2.3.1. Reliability
The reliability of a new-method relative to the standard PiB

method should be evaluated by calculating a correlation coef-
ficient (R2) for the linear regression between the site-acquired
standard PiB SUVr data and the nonstandard method data
(e.g., the scattergraph of 2.2.3.1a or 2.2.3.2a). This correlation
coefficient (R2), should be reported in the first publication us-
ing the non-standard method. The expectation is that the R2

will be.0.7 for a well-correlated tracer/method.
2.2.3.2. Relative variance
Because the Centiloid process will collapse/expand all

methods and all tracers to approximately the same dynamic
range after conversion to Centiloid units, it is important that
information not be lost about the true precision of the various
tracers and methods. While TracermStd and TracermNS give
some indication of dynamic range, information on precision
is best found in the relative variance of the different methods.
Because each tracer/method will have been scaled to PiB in
the same set of subjects, the variance of each nonstandard
tracer/method relative to PiB should be calculated as fol-
lows. For the 10 cognitively normal subjects �45 years of
age, the variance of the PiBCLStd** data and the nonstandard
data (i.e., either PiBCLNS,

TracerCLStd or
TracerCLNS) should

be calculated and the “relative variance” be reported as a ra-
tio. For example, if the mean 6 SD of the PiBCLStd** data
from the 10 cognitively normal subjects �45 years of age
was 0.0 6 5.0 and the mean 6 SD of the TracerCLNS data
in these same subjects was 0.06 7.0 this would be reported
and it would be concluded that the new tracer had a relative
variance of 1.4 compared with PiB (SD of 7 divided by SD of
5). Both the SD (in CL) and the relative variance should be
reported in the first publication calibrating a tracer to the
Centiloid scale. However, it should be kept in mind that
the relative variance of the different tracers or methods con-
tains information from both the dynamic range and the noise
in the tracer method. For example, if PiB and another tracer
have the same relative variance, it is not necessarily because
the dynamic range is the same. The dynamic range for of the
non-standard tracer could be lower, but if the absolute vari-
ance of the non-standard tracer also is lower by an equivalent
factor, then the relative variance will be approximately the
same.

2.2.3.3. Test/retest variation
Although it is beyond the scope of this article, it is recom-

mended that if a completely new tracer is being character-
ized, test-retest data should be acquired in some manner
and published for this new tracer in Centiloid units. Calcula-
tion of test-retest parameters by comparing the mean 6 SD
of the difference in test-retest values expressed in Centiloid
units may prove very useful in cross-tracer comparisons.
2.2.4. Level-2 data made available for unrestricted use
The validating site will deposit (into a freely accessible

database such as http://www.gaain.org) deidentified PET
and MRI data from all 25 (or more) scans for both the
non-standard tracer/method and PiB. Also, the calculated
values of TracermStd,

TracermNS,
TracerbStd, and

TracerbNS should
be given along with a table of all individual subject values of
TracerUNITIND,

PiBSUVrIND**,
PiB2CalcSUVrIND,

PiBCLStd**, and
TracerCLNS. Finally, a statement should be

included in the first publication as to whether these
data were collected according to the recommendations in
section 2.1.2 about preselection of data.

http://www.gaain.org/


Fig. 5. Correlation of PiB BPND 11 units determined by the sRTM

method using 0–70 min of dynamic data with the standard PiB

50–70 min SUVr values in the 40 AD-100 and 34 YC-0 subjects who

had dynamic data.
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2.2.5. Examples of level-2 analyses
As an example of a level-2 analysis we performed a Cen-

tiloid calibration of nondisplaceable binding potential
(BPND) data determined using the simplified reference tis-
sue method (sRTM) from the 40 of 45 AD-100 and 34 of
34 YC-0 subjects who had 0–70 min of dynamic data avail-
able. In this case, we used the standard CTX and WC VOIs.
The standard 50- to 70-minute PiBSUVrStd and

PiBBPND 1 1
values calculated using the same 40 AD-100 and 34 YC-
0 subjects are shown in Supplementary Table 2. Fig. 5
shows the correlation between PiBBPND 1 1 values ob-
tained from the sRTM method and the PiBSUVrStd values.
The slope (PiBmNS) for this correlation is 0.805 suggesting
that the dynamic range of the sRTM method is less than that
of the PiBSUVr method, although this difference is caused
mostly by the fact that the PiBSUVr method overestimates
specific binding as tissue curves are continuing to clear
and equilibrium is never reached [26,27]. The intercept
(PiBbNS) is 0.166. The conversion to Centiloid units was
then accomplished by first converting the PiBBPND 1 1
values into PiB2CalcSUVr values using Eq. 2.2.3.2b as
follows:

PiB�CalcSUVr5ðPiBBPND20:166Þ=0:805

These values also are shown in Supplementary Table 2,
available online. The PiBSUVr and the PiB2CalcSUVr were
then converted to PiBCLStd and

PiBCLNS, respectively, using
Eq. 1.3b and these are shown in Supplementary Table 2 as
well.

By way of evaluating the quality of the PiBCLNS values
derived through this sRTM analysis method, we assessed
the reliability by calculating a R2 value for the correlation
in Fig. 5, finding it to be 0.991. This is well above the
suggested threshold of 0.7. However, given the fact that
this was simply a recalculation of a single data set and
thus would not have the variability induced by the use
of a second tracer or movement of the subject to perform
a second scan, it is not surprising that this sRTM method
of analysis correlated very well with the standard PiB
SUVr analysis. The relative variance of the sRTM
method—determined by the ratio of the SD of the YC-
0 PIBCLNS values (4.24 CL) to the SD of the YC-
0 PIBCLStd values (4.34 CL)—was 0.98. As was the case
with the R2, this is not surprising and suggests the two
methods have very similar variance.

As another example, the Pons VOI was used as the refer-
ence region in a nonstandard analysis (along with the stan-
dard CTX VOI). The slope (PiBmNS) for this correlation
was 0.724 and the intercept (PiBbNS) was 0.0315. The
R2 value for the correlation between the PiBSUVr and PiB-

SUVrPons values was 0.955; less than that for the correlation
between PiBSUVr and PiBBPND 1 1 values, but still well
above the suggested threshold of 0.7. The relative variance
of the Pons reference method was 1.65, reflecting the greater
variance of the Pons method as shown in Table 1.
2.3. Level-3: Exact reproduction of a previously
calibrated method

This section would apply if a site simply wants to express
their data in Centiloid units obtained using the standard PiB
method or another previously calibrated method without
modification.

2.3.1. New data necssary for level-3 Centiloid calibration
No new data need be acquired. The independent site

downloads the previously calibrated dataset for the tracer
and method they wish to reproduce. For example, to simply
use the standard PiB SUVr 50- to 70-minute method, they
would download the 34 YC-0 and the 45 AD-100 subjects.
To reproduce another previously validated tracer method,
they would download the 25 (or more) scans available for
that tracer/method.

2.3.2. Level-3 analysis
In the same manner as done with the standard PiB data in

section 2.2.1, the independent site should show that their
analysis pipeline does not introduce errors into the data.
The site should calculate the outcome data for the method
to be reproduced for each downloaded scan (e.g., standard
PiB 50- to 70-minute SUVr values for the 34 YC-0 and
the 45 AD-100 subjects). They will then convert that data
into Centiloids using the equation provided for that tracer
method (i.e., Eq. 2.2.1 for PiB data and a combination of
Eq. 2.2.3.1b and or Eq. 2.2.3.2b). For the standard PiB
method, Eq. 1.3b should be used along with the AD100 and
YC0 mean SUVr value listed previously.

The site will then produce a scattergraph and calculate a
trendline and R2 value from their calculated Centiloid values
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and the published Centiloid values for the method of interest.
This should be included as supplemental data in the first pub-
lication from that site using this validated method. The
expectation is that the slope will be between 0.98 and 1.02,
the intercept will be between 22 and 2 CL and the R2 will
be.0.98.

2.3.3. Level-3 data made available for unrestricted use
No new data is acquired and thus there is no need for new

publically available data.
3. Discussion

In the sections previously we outline a process to scale
global cortical 50- to 70-minute PiB PET SUVr data to a
scale anchored at 0 to represent relatively young “high cer-
tainty” amyloid negative subjects and at 100 to represent
typical AD patients. The data used to complete this process
has been deposited on the publically accessible GAAIN
website. This data can be downloaded so an interested site
can verify that their data-analysis pipeline gives results
essentially identical to those reported here. This pipeline
can then be used to generate a site-acquired PiB 50- to
70-minute data set from w25 subjects who have also been
scanned with another tracer or had data analyzed by a
method different from the “standard” PiB method described
here. This “non-standard” data can then be scaled to the Cen-
tiloid scale to facilitate comparison to other appropriate data.
We strongly encourage sites that perform what we term a
“level-2” analysis of this nature to deposit the scan data
they used to do that analysis on the GAAIN website. This
data could serve two purposes. First, if performed in the
appropriate manner, data from an F-18 tracer could allow
sites who do not have C-11 tracers available, to use this
F-18 data to scale other non-standard methods to the Centi-
loid scale. Second, it could serve as data to verify the pipe-
line of a site that simply wants to reproduce that exact
method using the Centiloid scale (i.e., a “level-3” analysis).

It is important to stress that the Centiloid process is not
intended to replace any method that a site has determined
is optimal for its specific purposes. It is intended to be a sim-
ple means to translate those outcomes into units that are
more easily compared across sites. In practice, this could
take the form of presenting results only in Centiloid units,
presenting results in both original and Centiloid units (or
providing an equation for that purpose), making a Centiloid
“translation” available as supplemental online data, or sim-
ply being prepared to provide results in Centiloid units if re-
quested. It should be noted that while this process was
developed with amyloid imaging data in mind, an analogous
approach could be used for most any class of tracers,
including emerging tau tracers [28–30].

Several aspects of the Centiloid process deserve further
discussion. First, this approach is based on PiB because
this tracer has been the most widely employed and thor-
oughly studied tracer to-date. The choice of the SUVr
50–70 min method of analysis was based on this being a
widely accessible measure. While some may argue that
this approach is inferior to a variety of dynamic analysis
methods for PiB data, our example above shows that the
50 to 70 SUVr method correlates well with an sRTM dy-
namic method in the same subjects. The requirement for
sites to acquire 0–90 min dynamic data for a level-2 analysis
was felt to be an unnecessary burden. Partial volume correc-
tion (PVC) was not included in this “standard” approach
because both the practice of applying PVC at all and the pro-
cess by which PVC is accomplished is highly variable across
centers. PVC has value in certain situations and can be
applied as a non-standard approach and calibrated to the
Centiloid scale.

Second, we chose the MNI-152 template and the speci-
fied SPM8 normalization approach on the basis that these
were widely available approaches that have been validated
in a large variety of studies. While these were found to func-
tion well for the purpose of this study, and out-performed
several other methods tested, we do not claim that these
are the only, or even the best, approaches for this purpose.

Third, the four reference regions tested encompass the
vast majority of those used in published studies. While there
is an appeal to using a purely gray matter reference region
like the data-driven CG VOI, the WC and WC 1 B VOIs
clearly outperformed the CG (and Pons) region. The larger
size of WC and WC 1 B is likely to be the major factor,
but the variability present in the exclusion of white matter
from the cerebellar peduncles when normalizing the CG
VOI is likely another important factor. The poor perfor-
mance of the Pons VOI was surprising, but also likely relates
to the smaller size of this VOI and the fact that the SPM8
normalization algorithm seems to handle brainstem struc-
tures less well than cortical structures. Normalization of
brainstem structures was even worse for other algorithms
tested (i.e., SPM5 and DARTEL). While the WC and
WC 1 B VOIs produced essentially equivalent results, we
believed it was important to define a single “standard” refer-
ence VOI. Based on the variance in the YC-0 group, we
judged the WC VOI to be slightly better. We acknowledge
that the choice of reference region was guided solely by
between-group comparisons using cross-sectional data.
The performance of various reference regions across time
in longitudinal studies could be different and is an area for
further investigation. Nothing in the Centiloid process would
prohibit the use of a reference region other than WC for lon-
gitudinal (or cross-sectional) studies after calibrating the
non-standard method to the standard PiB method or another
previously calibrated method.

Fourth, the standard Centiloid process is designed to pro-
duce a measure of “global” cortical amyloid deposition
(including signal from the striatum). Early in the Centiloid
development process, the decision was made that it would
be preferential to have the CTX VOI completely defined by
the amyloid imaging data itself. This was based on the fact
that amyloid beta deposition does not follow any atlas-
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basedVOI in an exactmanner and the deposition is blurred by
PET resolution at gray-white borders makingMR-based seg-
mentation imperfect for this purpose. We reasoned that this
process would include most of the amyloid signal without
the loss that segmentation or restrictive atlas VOIs might
causewhile avoiding additional nonamyloid areas that overly
inclusive atlas areas might add. A similar approach has been
used by others, most frequently in the use of “signature re-
gions” for FDG data in AD [31–33]. The use of smaller
regional measures, while acceptable, will produce CL
values that may not carry the same connotation as the
global measures. For example, a group of AD subjects with
a mean of 100 PiBCLStd may have a PiBCLNS of
significantly greater than 100 in precuneus and
significantly less than 100 in occipital cortex. This is true
even if the regional measures are generated from
parametric Centiloid images as suggested. Also, care must
be taken to understand that cutoff values will be tied to the
region from which they were generated. For example, if a
cutoff of 25 PiBCLStd—determined using the CTX and WC
VOIs—was found to effectively define early amyloid
positivity, then a regional PiBCLNS value of 25 from a small
brain region does not necessarily represent an amyloid
positive subject. In addition, much more care must be taken
if a small target VOI is employed in a non-standard analysis
in place of the standard CTX target VOI. While this may be
acceptable, we expect that, at some point, a target VOI may
be too small to use in a valid manner. Precise definition of
the limits of valid target VOIs will have to await future explo-
rations of the nuances of the Centiloid process.

Fifth, there are two separate scaling processes for tracers
other than PiB. The first is to be used if that F-18 tracer is to
be used as a surrogate for PiB in future scaling procedures
when a site does not have access to [C-11]PiB. This use
comes with the restrictions of using the standard CTX and
WC VOIs. The second process is not limited in this way
and is meant solely to scale the new tracer to PiB without
the intention of using that tracer method as a PiB-
surrogate. Of course, the two processes can often be per-
formed on a single data set.

The ultimate purpose, of course, is for this Centiloid
scaling process to enhance the comparison of data obtained
at different sites and even with different tracers. An indica-
tion that this could occur can be seen by consideration of
the SUVr data in Fig. 3. If expressed in SUVr units deter-
mined using CG as a reference, the typical range AD values
would be about 1.90–3.00 SUVr units. If pons was used as a
reference region, as has been done in several published
studies [34,35], the typical AD range would be about 1.20–
1.90. The confusion about the interpretation of a value of
1.80 SUVr units becomes clear here–and this is without
other sources of confusion such as the use of atrophy-
correction and different target VOIs. Furthermore, this does
not even consider differences caused by the use of different
tracers. In contrast, when the typical AD range using CG as
reference is expressed on the Centiloid scale it is about
55 to 150 CL and when pons is used as reference, the typical
AD range is about 60 to 155 CL. The same phenomenon oc-
curs in the YC range. One possible benefit of this consistency
is that we may be able to consistently define three ranges of
amyloid deposition: (1) the amyloid-negative range [36];
(2) the “just-positive” range [37]; and (3) the “AD-like” range
[38]. The lack of a clearly defined AD-like range, separate
from that of amyloid-positive controls, may have contributed
to limitations regarding the value of a positive scan in the
FDA-approved labels for the two currently approved amyloid
imaging PET tracers (Amyvid� andVizamyl�). Indeed, the
labels state that a positive scan indicatesmoderate to frequent
amyloid neuritic plaques such as is typically present in pa-
tients with AD, but may also be present in patients with other
types of neurologic conditions and older people with normal
cognition. If further study makes it possible to subdivide the
amyloid-positive range into two ranges: (1) a range rarely
seen in AD patients and (2) a range typical of clinical AD,
then expression of this AD range in a quantitative and consis-
tent manner using the Centiloid scale may increase the value
of amyloid imaging for a positive diagnosis of AD, rather
than just excluding this diagnosis.

There are several limitations that became apparent in the
development of the Centiloid process. One critical assumption
when translating the online level-1data into site-acquiredCen-
tiloid data is that, when analyzed by the standard method pre-
sentedhere, any given subjectwouldyield essentially the same
PiB SUVr 50- to 70-minute value if scanned at two different
sites several days apart. It is not currently clear howdifferences
in scanners, reconstruction algorithms, instrument resolution
ormethods of attenuation correctionmight affect this assump-
tion, but we are aware that this assumption is incorrect at least
to some degree. Subjects in this study were scanned on similar
instruments with comparable resolution, however we have not
investigated effects of substantial differences in scanner
design and software nor can we account for future develop-
ments in instrumentation that might render our assumptions
about the similarities invalid. We have attempted to minimize
site-specific nuances in the level-1 data by including data from
three separate sites—although two of these sites used the same
scanner. It was reassuring to see that the range of AD-100 and
YC-0 values was very similar across the three sites.

We emphasize that when scaling other tracers to the stan-
dard method PiB data reported here, the R2 and SD values
determined are solely to test the overall validity of the scaling
process and are not valid comparisons of the performance of
different tracers.This is evenmore trueof slopes and intercepts
derived from these correlations. This is because different
groups of subjects will be used to scale different tracers to
PiB data and thus, uncontrollable subject variableswill impact
these R2 and SD values. Therefore, it is not valid, for example,
to make inferences about the relative similarities of two
different F-18-labeled tracers to PiB by simply comparing
the R2 and SDvalues.Direct comparison between F-18 tracers
will require studies performed in the same group of subjects.
However, because it is desirable to not lose measures of the
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relative dynamic range (or signal-to-noise ratio) of different
tracers or methods as they are all expanded or compressed to
the same Centiloid scale, the “relative SD” compared with
PiB in the same set of subjects is an important tracer-specific
parameter. The higher this relative SD, the less likely that
method or tracerwill be able to reliably distinguish the earliest
evidence of amyloid deposition or small changes in amyloid
load over time or in response to anti-amyloid therapy.

In summary, it is hoped thatwidespread use of theCentiloid
standardization method will facilitate: (1) direct comparison
of results across labs even when different analysis methods
or tracers are employed; (2) clear definition of cutoffs for the
earliest signs of amyloid-positivity in cognitively normal con-
trols; (3) further definition of the range of amyloid positivity
characteristic of AD (AD-like levels vs. earliest evidence of
positivity in controls); (4) more consistent representation of
longitudinal change in standard units (rather than as percent
change); (5) direct comparison of the characteristics of
different tracers. Facile combination of results across studies
(including studies that use more than one tracer) would
make the combination of difficult-to-perform studies possible.
Thus, conversion to Centiloid units may allow combination of
results across the Alzheimer’s Disease Neuroimaging Initia-
tive (ADNI) (PiB and AV-45), Japan-ADNI (PiB and BF-
227), and AIBL (PiB, flutemetamol, AV-45). These cross-
center analyses could include combination of results across
difficult-to-perform studies such as postmortem pathology to
in vivo data correlations and data pooling in therapeutic trials.
If these goals are realized, the Centiloid standardization pro-
cess will be a valuable addition to the field.
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RESEARCH IN CONTEXT

1. Systematic review: We used PubMed to search all ar-
ticles under the search terms “amyloid imaging,
Pittsburgh Compound B, PiB, AV45, florbetapir,
Amyvid, flutemetamol, Vizamyl, florbetaben,
AZ4694, and NAV4694.” We found no articles
dealing with standardization of quantitative outcome
measures of tracer retention.

2. Interpretation: The current report presents a starting
point for the field to standardize the expression of
quantitative amyloid imaging results. This could
lead to: (1) facilitation of cross-center comparison
of results; (2) clear definition of cutoffs; (3) facili-
tation of longitudinal studies; (4) direct comparison
of the different tracers; and (5) combination of results
from multicenter studies.

3. Future directions: The value of this proposed “Centi-
loid” method will rely on whether it is widely
accepted and used by the field. With widespread
use, the limitations and capabilities of this initial pro-
posed standardization method will become clearer
and refinements to overcome the limitations will
then need to be developed.
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Appendix: Quality control procedures

A general step-wise quality control (QC) procedure was
applied to each scan to evaluate image quality including
anatomic truncation from poor positioning (e.g., top and
base of brain for positron emission tomography [PET], pos-
terior skull for magnetic resonance [MR] imaging) and mo-
tion. Each PET image was evaluated for motion by
generating an isocontour about the cortical perimeter of
the brain on one or more central cortical axial planes that
included the outline of the lateral ventricles. This contour
was applied across time frames to assess rotation and trans-
lation. If motion was detected, an extensive frame-by-frame
registration procedure was applied to the PET image. Each
MR imagewas also evaluated for motion, but no motion arti-
fact was severe enough to cause any subject to be excluded
for this reason alone. All normalizations were performed us-
ing the Statistical Parametric Mapping, version 8 (SPM8),
unified method; this method performed superiorly
throughout brain, relative to the SPM5 normalize method
[1], although both methods handled brainstem structures
less well than cortical structures. Normalization QC evalu-
ated the quality of alignment between the warped MR image
and the MNI-152 template, with particular attention to ven-
tricular edges, brainstem misalignment, and/or cortical atro-
phy effects. Three AD image sets were rejected for
truncation, and four additional AD image sets were rejected
for poor normalization. These seven scans were not included
in the 45 AD-100 or the 19 AD-CTX scans used in this anal-
ysis. No YC-0 scan was rejected.

Reference

[1] Ashburner J, Friston KJ. Nonlinear spatial normalization using basis

functions. Hum Brain Mapp 1999;7:254–66.
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Supplementary Table 1

SUVr and centiloid values for each reference VOI.

SUVr Scaled units

CG WC WC 1 B Pons CG WC WC 1 B Pons

AD-100

AD01 2.524 2.100 2.000 1.590 107.6 102.3 103.8 107.1

AD02 2.500 2.102 1.979 1.530 105.8 102.5 101.7 99.3

AD03 2.887 2.416 2.310 1.896 136.6 131.9 134.7 146.7

AD04 2.450 2.288 2.181 1.793 101.8 119.9 121.9 133.4

AD05 2.540 2.138 1.985 1.453 109.0 105.8 102.3 89.5

AD06 2.472 2.143 2.039 1.613 103.6 106.3 107.6 110.1

AD07 2.635 2.195 2.067 1.594 116.5 111.2 110.5 107.6

AD08 2.325 2.022 1.898 1.430 91.9 94.9 93.7 86.5

AD09 2.336 2.000 1.871 1.408 92.7 92.8 90.9 83.5

AD10 2.599 2.266 2.152 1.726 113.6 117.8 119.0 124.7

AD11 2.376 2.121 2.008 1.519 95.9 104.2 104.6 97.9

AD12 2.432 2.050 1.961 1.614 100.3 97.5 99.8 110.2

AD13 2.509 2.112 1.980 1.490 106.5 103.4 101.8 94.2

AD14 2.315 2.023 1.906 1.475 91.1 95.0 94.4 92.3

AD15 1.955 1.653 1.565 1.217 62.4 60.3 60.4 59.0

AD16 1.898 1.626 1.539 1.211 57.9 57.8 57.8 58.1

AD17 2.029 1.813 1.713 1.317 68.3 75.3 75.2 71.8

AD18 2.348 2.072 1.916 1.361 93.7 99.6 95.4 77.6

AD19 2.586 2.179 2.119 1.847 112.6 109.6 115.6 140.3

AD20 2.446 2.155 2.088 1.786 101.5 107.4 112.6 132.4

AD21 2.851 2.390 2.246 1.710 133.7 129.5 128.3 122.7

AD22 2.730 2.347 2.240 1.839 124.0 125.4 127.7 139.3

AD23 2.521 2.105 1.950 1.411 107.4 102.7 98.8 84.0

AD24 2.508 2.175 2.079 1.720 106.4 109.3 111.7 124.0

AD25 1.933 1.668 1.589 1.284 60.7 61.7 62.9 67.6

AD26 2.386 2.113 2.010 1.600 96.7 103.4 104.7 108.5

AD27 2.864 2.315 2.117 1.460 134.7 122.4 115.4 90.3

AD28 2.667 2.200 2.108 1.759 119.0 111.6 114.6 129.0

AD29 2.201 1.984 1.901 1.602 82.0 91.4 94.0 108.6

AD30 2.572 2.270 2.165 1.778 111.4 118.2 120.3 131.4

AD31 2.257 1.826 1.717 1.320 86.4 76.6 75.6 72.2

AD32 2.364 1.938 1.797 1.294 95.0 87.1 83.5 68.9

AD33 2.174 1.896 1.809 1.470 79.8 83.1 84.7 91.7

AD34 2.373 2.040 1.908 1.430 95.7 96.6 94.6 86.5

AD35 2.246 1.874 1.733 1.238 85.5 81.0 77.2 61.6

AD36 2.606 2.183 2.005 1.421 114.2 110.0 104.3 85.3

AD37 2.320 2.007 1.903 1.488 91.4 93.5 94.1 94.0

AD38 2.578 2.233 2.112 1.651 112.0 114.7 115.0 115.0

AD39 2.182 1.888 1.825 1.547 80.4 82.4 86.3 101.6

AD40 2.618 2.183 2.051 1.553 115.1 110.0 108.8 102.3

AD41 1.876 1.635 1.571 1.317 56.2 58.7 61.0 71.8

AD42 2.981 2.405 2.230 1.597 144.0 130.9 126.7 108.1

AD43 2.693 2.259 2.143 1.695 121.1 117.1 118.0 120.8

AD44 2.169 1.907 1.832 1.531 79.4 84.1 87.0 99.6

AD45 2.410 2.110 1.975 1.480 98.6 103.2 101.3 93.0

YC-0

YC101 1.131 0.964 0.899 0.659 23.1 24.3 25.9 213.3

YC102 1.176 1.008 0.955 0.748 0.5 20.1 20.4 21.7

YC103 1.105 0.947 0.904 0.730 25.2 25.8 25.4 24.1

YC104 1.119 1.048 1.014 0.859 24.1 3.6 5.5 12.6

YC105 1.134 1.057 1.027 0.903 22.9 4.4 6.8 18.3

YC106 1.206 1.080 1.044 0.895 2.9 6.6 8.5 17.3

YC107 1.309 1.116 1.056 0.827 11.1 10.0 9.7 8.5

YC108 1.257 1.048 1.004 0.821 6.9 3.6 4.5 7.7

YC109 1.174 0.997 0.949 0.758 0.3 21.1 21.0 20.5

YC110 1.226 1.023 0.969 0.758 4.4 1.3 1.0 20.4

YC111 1.196 1.026 0.961 0.722 2.0 1.6 0.2 25.0

YC112 1.246 1.093 1.038 0.843 6.0 7.9 7.9 10.5

YC113 1.162 0.977 0.923 0.717 20.6 23.1 23.6 25.7

(Continued )

Supplementary Table 1

SUVr and centiloid values for each reference VOI. (Continued )

SUVr Scaled units

CG WC WC 1 B Pons CG WC WC 1 B Pons

YC114 1.182 1.026 0.977 0.784 0.9 1.6 1.8 2.9

YC115 1.125 0.964 0.918 0.735 23.6 24.3 24.1 23.4

YC116 1.110 0.974 0.931 0.763 24.8 23.4 22.7 0.2

YC117 1.124 0.963 0.910 0.706 23.6 24.3 24.9 27.2

YC118 1.060 0.975 0.944 0.800 28.8 23.2 21.5 5.1

YC119 1.223 1.024 0.956 0.706 4.2 1.4 20.2 27.1

YC120 1.183 1.013 0.962 0.766 1.0 0.3 0.3 0.6

YC121 1.141 0.984 0.939 0.752 22.3 22.4 22.0 21.2

YC122 1.119 0.973 0.919 0.707 24.1 23.4 24.0 27.1

YC123 1.103 0.951 0.901 0.710 25.3 25.5 25.8 26.7

YC124 1.137 0.974 0.932 0.760 22.6 23.3 22.7 20.1

YC125 1.149 1.047 0.983 0.740 21.7 3.5 2.4 22.7

YC126 1.143 0.959 0.907 0.709 22.2 24.7 25.2 26.8

YC127 1.212 1.032 0.977 0.769 3.3 2.1 1.9 1.0

YC128 1.074 0.937 0.898 0.741 27.6 26.8 26.1 22.7

YC129 1.166 1.002 0.945 0.735 20.4 20.7 21.4 23.4

YC130 1.184 0.976 0.929 0.745 1.1 23.1 23.0 22.1

YC131 1.254 1.039 0.963 0.692 6.7 2.7 0.4 28.9

YC132 1.238 1.093 1.044 0.844 5.4 7.9 8.5 10.7

YC133 1.199 0.988 0.937 0.729 2.3 22.1 22.2 24.1

YC134 1.219 1.045 0.984 0.751 3.9 3.3 2.5 21.3

Abbreviations: SUVr, standardized uptake volume ratio; VOI, volume of

interest; CG, cerebellar gray; WC, whole cerebellum; WC 1 B, whole cer-

ebellum plus brainstem.
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Supplementary Table 2

Scaling sRTM BPND 1 1 data to centiloid units

PiBSUVrStd
PiBCLStd

PiBBPND 1 1 PiB2CalcSUVr PiBCLNS

AD-100

AD02 2.102 102.5 1.861 2.106 102.8

AD03 2.416 131.9 2.065 2.360 126.6

AD04 2.288 119.9 2.038 2.327 123.5

AD05 2.138 105.8 1.937 2.201 111.7

AD06 2.143 106.3 1.887 2.138 105.8

AD07 2.195 111.2 1.917 2.176 109.4

AD08 2.022 94.9 1.760 1.980 91.0

AD09 2.000 92.8 1.776 2.001 93.0

AD10 2.266 117.8 2.073 2.369 127.5

AD11 2.121 104.2 1.846 2.087 101.1

AD12 2.050 97.5 1.795 2.025 95.2

AD13 2.112 103.4 1.801 2.032 95.9

AD14 2.023 95.0 1.792 2.020 94.7

AD16 1.626 57.8 1.480 1.633 58.5

AD17 1.813 75.3 1.727 1.939 87.2

AD18 2.072 99.6 1.911 2.169 108.7

AD19 2.179 109.6 1.925 2.186 110.3

AD21 2.390 129.5 2.073 2.370 127.6

AD22 2.347 125.4 2.074 2.372 127.7

AD23 2.105 102.7 1.902 2.157 107.6

AD24 2.175 109.3 1.981 2.256 116.8

AD25 1.668 61.7 1.497 1.654 60.4

AD26 2.113 103.4 1.890 2.142 106.2

AD27 2.315 122.4 1.926 2.188 110.5

AD28 2.200 111.6 1.846 2.088 101.1

AD29 1.984 91.4 1.747 1.965 89.6

AD30 2.270 118.2 2.144 2.458 135.8

AD32 1.938 87.1 1.658 1.854 79.1

AD33 1.896 83.1 1.694 1.899 83.4

AD34 2.040 96.6 1.770 1.993 92.2

AD35 1.874 81.0 1.534 1.700 64.7

AD36 2.183 110.0 1.884 2.134 105.5

AD37 2.007 93.5 1.793 2.022 94.9

AD38 2.233 114.7 2.009 2.291 120.1

AD40 2.183 110.0 1.928 2.189 110.6

AD41 1.635 58.7 1.453 1.600 55.3

AD42 2.405 130.9 2.054 2.346 125.3

AD43 2.259 117.1 1.940 2.205 112.1

AD44 1.907 84.1 1.771 1.994 92.3

AD45 2.110 103.2 1.918 2.177 109.4

YC-0

YC101 0.964 24.3 0.980 1.012 0.2

YC102 1.008 20.1 0.996 1.032 2.1

YC103 0.947 25.8 0.929 0.948 25.8

YC104 1.048 3.6 1.015 1.055 4.2

YC105 1.057 4.4 1.011 1.051 3.9

YC106 1.080 6.6 1.028 1.072 5.8

YC107 1.116 10.0 1.073 1.127 11.1

YC108 1.048 3.6 0.976 1.007 20.3

YC109 0.997 21.1 0.963 0.991 21.7

YC110 1.023 1.3 0.961 0.988 22.0

YC111 1.026 1.6 1.013 1.052 4.0

YC112 1.093 7.9 1.043 1.090 7.6

YC113 0.977 23.1 0.949 0.973 23.4

YC114 1.026 1.6 0.991 1.025 1.5

YC115 0.964 24.3 0.958 0.984 22.4

YC116 0.974 23.3 0.934 0.954 25.2

YC117 0.963 24.3 0.971 1.001 20.8

YC118 0.975 23.2 0.951 0.976 23.2

(Continued )
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Supplementary Table 2

Scaling sRTM BPND 1 1 data to centiloid units (Continued )

PiBSUVrStd
PiBCLStd

PiBBPND 1 1 PiB2CalcSUVr PiBCLNS

YC119 1.024 1.4 0.971 1.000 20.9

YC120 1.013 0.3 0.967 0.995 21.3

YC121 0.984 22.4 0.954 0.979 22.8

YC122 0.973 23.4 0.973 1.003 20.6

YC123 0.951 25.5 0.947 0.970 23.7

YC124 0.974 23.4 0.931 0.950 25.5

YC125 1.047 3.5 0.976 1.007 20.3

YC126 0.959 24.7 0.941 0.963 24.4

YC127 1.032 2.1 1.010 1.049 3.7

YC128 0.937 26.8 0.925 0.943 26.2

YC129 1.002 20.7 0.973 1.002 20.7

YC130 0.976 23.1 0.936 0.957 24.9

YC131 1.039 2.7 0.997 1.032 2.1

YC132 1.093 7.9 1.046 1.094 7.9

YC133 0.988 22.1 0.969 0.998 21.1

YC134 1.045 3.3 1.005 1.043 3.2

AD-100 Mean 2.095* 101.8y 1.852 2.095 101.8

AD-100 SD 0.195* 18.3* 0.168 0.209 19.6

AD-100 COV, % 9.3 * 9.1 10.0

YC-0 Mean 1.009 0.0 0.978 1.009 0.0

YC-0 SD 0.046 4.3 0.036 0.045 4.2

YC-0 COV, % 4.6 3.7 4.5

t Test 1.26 ! 10233 1.26 ! 10233 4.39 ! 10232 4.39 ! 10232 4.39 ! 10232

Effect size 7.387 7.387 6.934 6.934 6.934

Pooled SD 0.147 13.778 0.126 0.157 14.678

Slope 0.805 1.000 1.000

Intercept 0.166 0.000 0.000

Correl 0.995 0.995 0.995

R2 0.991 0.991 0.991

Relative AD-100 106.9%

SDs YC-0 97.9%

Pooled 106.5%

Abbreviations: sRTM, simplified reference tissue method; SD, standard deviation.

*Differs from Table 1 WC values because only 40 of 45 AD-100 subjects had 70 minutes of dynamic data available for this analysis.
yDoes not equal 100.0 because the calculation of PiBCLStd is based on data from all 45 AD-100 subjects not just these 40.
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