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A common quantitative output value for PET measures of β-amyloid
(Aβ) binding across tracers and methods would allow better com-

parison of data across sites and application of universal diagnostic

and prognostic values. A method has recently been developed

that generates a unit of measurement called the centiloid. We ap-
plied this method to 2-[2-18F-fluoro-6-(methylamino)-3-pyridinyl]-1-

benzofuran-5-ol (18F-NAV4694) and 11C-Pittsburgh compound B

(11C-PiB) Aβ images to derive the scaling factor required to express
tracer binding in centiloids. Methods: Fifty-five participants, includ-

ing 10 young controls (33 ± 7 y old), underwent both 11C-PiB and
18F-NAV4694 imaging no more than 3 mo apart, with the images

acquired 50–70 min after tracer injection. The images were spatially
normalized and analyzed using the standard centiloid method and

regions (cortex and whole-cerebellum reference) downloaded from

the Global Alzheimer Association Interactive Network website.

Results: SUV ratios (SUVRs) showed a strong correlation in tracer
binding (18F-NAV4694 SUVR 5 1.09 · 11C-PiB SUVR – 0.08, R2 5
0.99). The equation to convert 18F-NAV4694 to centiloids [100 ·
(18F-NAV4694 SUVR – 1.028)/1.174] was similar to a published
equation for 11C-PiB [100 · (11C-PiB SUVR – 1.009)/1.067]. In the

young controls, the variance ratio (18F-NAV4694 centiloid SD di-

vided by 11C-PiB centiloid SD) was 0.85. Conclusion: The results

for both 11C-PiB and 18F-NAV4694 can now be expressed in cen-
tiloids, an important step that should allow better clinical and re-

search use of Aβ imaging. The standard centiloid method also

showed that 18F-NAV4694 has slightly higher Aβ binding and lower

variance than 11C-PiB, important properties for detecting early Aβ
deposition and change over time.
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There is wide variability in the numbers and methods used to
report quantitative PET measures of b-amyloid (Ab) tracer bind-
ing in the brain (1). Results vary for each of the available tracers

because of differences in their specific and nonspecific binding
properties and in their recommended reference regions (2–5). Re-
sults are also influenced by the timing of the acquisition after
tracer administration, the duration of the acquisition, the image
reconstruction algorithm used, whether partial-volume correction
is applied, the choice and extent of cortical regions, and the type
of quantitative method used, such as SUV ratio (SUVR), distribu-
tion volume ratio, or binding potential (6–16). Consequently, most
imaging labs have had to derive a reference range for their method
and tracers or rely on subjective visual interpretation.
This lack of consistency in image analysis methods and highly

variable expression of the results impedes the pooling of data
across sites and comparison of studies (17). Lack of standardiza-
tion prevents the application of universal cut points for diagnostic
and prognostic purposes (18) and limits comparison of the relative
effectiveness of therapies that claim to reduce Ab burden (17).
An international working party of Ab imaging researchers has

developed a method to standardize quantitative PET measures of
Ab binding by scaling the outcome to the centiloid scale (18).
This scale has a zero-centiloid point that corresponds to the mean
result from scans of young adults who, based on age, are reason-
ably assumed to be free of Ab plaques. The 100-centiloid point
corresponds to the mean result from scans of patients with typical
Alzheimer disease (AD) of mild severity, the AD stage at which
Ab burden peaks (19,20). Consequently, the measurement unit has
been named to reflect the 100-point scale and the application to
amyloid, hence the term “centi-loid.”
The data to convert 11C-PiB Ab PET results to centiloids are

available on the Global Alzheimer Association Interactive Net-
work website (GAAIN) (http://www.gaain.org). This website pro-
vides free access to a standard cortical volume of interest (VOI)
that covers the areas of significant 11C-PiB Ab binding in AD
(Fig. 1A) and a whole-cerebellum VOI (Fig. 1B) for use as the
reference region. The standard cortical template was derived by
subtracting a mean 11C-PiB image of older healthy subjects (nor-
malized in Montreal Neurological Institute (MNI)–152 space with
SPM8 [Wellcome Trust Centre for Neuroimaging]) from a mean
11C-PiB image of AD patients. The resultant subtraction VOI was
smoothed and then subjected to a threshold that included only
voxels with a difference of more than 1.05 SUVR units. This
data-driven VOI includes frontal, temporal, parietal (including
precuneus), cingulate, insular, and anterior striatal gray matter
(Fig. 1A). The website supplies the linear equation that converts
to centiloids the SUVR (obtained by the standard centiloid
method) for any 11C-PiB scan acquired from 50 to 70 min after
injection. A validation set of 11C-PiB scans and MR scans is also
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supplied. Users can confirm that they are applying the method
correctly by comparing their own results for the validation scans
to the results supplied with the validation scans before analyzing
their own scans. It is then possible to derive an additional linear
equation to convert the results from any in-house analysis method to
centiloids by analyzing 11C-PiB images that have been converted to
parametric centiloid images by the standard centiloid method (18).
To convert SUVR to centiloids for a tracer other than 11C-PiB, a

site must first obtain matching scans from the same individual
using both 11C-PiB and the other tracer, according to the standard
centiloid method described by Klunk et al. (18). The matching
scans must cover the spectrum of Ab tracer binding ranging from
young controls to patients with mild AD. A linear conversion
equation (scaling factor) is then derived from VOIs on these scans
to express the results in centiloids. By uploading the matched
scans to GAAIN, the site can make them available to other sites
wishing to convert their own PET results to centiloids. Further-
more, the other sites can then display a range of their scans as
parametric images in centiloids, apply their own in-house analysis
method, and derive a second scaling factor that allows their own
analysis method to convert the results directly into centiloids (18).
2-[2-18F-fluoro-6-(methylamino)-3-pyridinyl]-1-benzofuran-5-ol

(18F-NAV4694, formerly known as AZ4694) is an Ab imaging
radiopharmaceutical that has imaging characteristics nearly iden-
tical to those of 11C-PiB but with the convenience of 18F labeling
(21,22). The steric structure is similar to that of 11C-PiB (Fig. 2),
as are the time–activity curves and blood clearance rates (23). A
head-to-head study on a range of healthy older individuals and
patients with mild cognitive impairment and AD demonstrated that
the images and neocortical SUVRs for 18F-NAV4694 are nearly iden-
tical to those for 11C-PiB (24). Like 11C-PiB, 18F-NAV4694 has
higher specific cortical binding and lower nonspecific white matter
binding than has been reported for other 18F-labeled Ab radio-
pharmaceuticals (3,23,25,26).
In this article, we describe the data acquisition and derived scaling

factor required to convert 18F-NAV4694 SUVRs to centiloids.

MATERIALS AND METHODS

The study was approved by the institutional review board of Austin

Health, and all subjects signed an informed consent form.

Subjects

Matching 11C-PiB and 18F-NAV4694 PET scans were obtained for

55 subjects. The cohort comprised 10 young controls recruited spe-
cifically for this study and a previously published cohort of 25 elderly

controls, 10 patients with mild cognitive impairment, 7 patients with
mild AD, and 3 patients with frontotemporal dementia (24). All sub-

jects from the previously published cohort were included in this anal-
ysis. The demographics of the cohort are shown in Table 1.

Scanning

The matching 11C-PiB and 18F-NAV4694 PET scans for each individ-

ual were obtained within 3 mo of each other and with a minimum of 2 h
between scans if 11C-PiB PET was done first or 24 h if 18F-NAV4694

PET was done first. All scans were acquired on an Allegro PET camera
(Philips) in 3-dimensional mode and were processed using a rotating
137Cs point source for attenuation correction. Images were reconstructed
using a 3-dimensional row-action maximum likelihood algorithm.

The participants were injected with 370 MBq of 11C-PiB and 250 MBq
of 18F-NAV4694. As per the centiloid standard protocol, the 11C-PiB

acquisition was from 50 to 70 min after injection. Because this is
also the optimal and recommended time for deriving SUVR with
18F-NAV4694 PET (23,24), the same imaging window was used for
both tracers. Examples of matching images with both tracers in a young

control subject and a patient with mild AD are shown in Figure 3.
All subjects underwent MRI on a 3-T Trio camera (Siemens). A

T1-weighted magnetization-prepared rapid gradient-echo sequence
with 1 · 1 · 1.2 mm voxels was used for image registration. Partial-

volume correction was not performed.

Image Analysis

Each subject’s MR images were coregistered to the MNI-152 tem-
plate using SPM8, and then each subject’s PET images were coregis-

tered via the derived MRI transformation parameters using the SPM8
unified segmentation method, as described in detail in the centiloid

FIGURE 1. Standard centiloid method. (A) Cortical VOI normalized to MNI-152 space. (B) Whole-cerebellum reference region superimposed on

MNI-152 MRI template. (Adapted with permission of (18).)

FIGURE 2. Chemical structures of 11C-PiB and 18F-NAV4694.
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methodology paper (18). The standard centiloid cortex and whole-

cerebellum reference VOIs were downloaded from GAAIN (Fig. 1)
and applied to each scan.

The local processing pipeline was first validated on the standard
set of 11C-PiB images obtained from GAAIN. Then, the matching
11C-PiB and 18F-NAV4694 images were analyzed using the standard
method and the centiloid templates from GAAIN to derive SUVR

measures, which were plotted against each other. The resulting lin-
ear equation was used to convert the standard 18F-NAV4694 SUVR

to the equivalent, or “calculated,” 11C-PiB SUVR that is, 18F-NAV4694
SUVR 5 m · (11C-PiB SUVR) 1 b; so that, by rearrangement of the

equation, calculated 11C-PiB SUVR 5 (18F-NAV4694 SUVR 2 b)/m.
As per the standard method, 18F-NAV4694 SUVR was first converted

to calculated 11C-PiB SUVR, and then calculated 11C-PiB SUVR was
converted to centiloids.

Finally, the equation to directly convert 18F-NAV4694 SUVR to
centiloids was derived by plotting 18F-NAV4694 SUVR against the

centiloids derived via conversion to calculated 11C-PiB SUVR.
The mean and variance of the 11C-PiB and 18F-NAV4694 centiloids

were compared in the young controls, and the variance ratio was expressed
as the 18F-NAV4694 centiloid SD divided by the 11C-PiB centiloid SD.

RESULTS

Validation of our local Austin Health implementation of the
standard centiloid method using 11C-PiB scans from GAAIN gave
a linear fit of Austin centiloids 5 1.00 · GAAIN centiloids – 0.07,
with R2 5 0.9999. The fit exceeded the minimum specified accep-
tance criteria (i.e., R2 . 0.98; slope, 0.98–1.02; intercept, between
22 and 12) (18), confirming that our implementation of the method
was accurate.
The locally acquired matching 11C-PiB and 18F-NAV4694 im-

ages were then analyzed with the standard centiloid templates and
method and demonstrated a close linear correlation: 18F-NAV4694
SUVR 5 1.09 · 11C-PiB SUVR – 0.08, R2 5 0.99 (Fig. 4). This
satisfied the criterion that the correlation between tracers be greater
than 0.70 to be valid for the centiloid process.

18F-NAV4694 SUVR was converted to the equivalent 11C-PiB
SUVR using the above equation, and those results were then trans-
formed to centiloids (Fig. 5). From these data, the linear equation
required to directly convert 18F-NAV4694 binding to centiloids
was 100 · (18F-NAV4694 SUVR – 1.028)/1.174.
The mean and variance in the young controls were 23.8 6 3.7

centiloids for 18F-NAV4694 and23.46 4.34 centiloids for 11C-PiB,
yielding a variance ratio of 0.85.

DISCUSSION

The study demonstrated that the Ab imaging tracer 18F-NAV4694
has binding properties that allow conversion of SUVR output to
centiloids by linear transformation. The linear equation we derived
enables the results of 18F-NAV4694 scans acquired 50–70 min after
tracer injection and analyzed by the standard centiloid method to be
converted to centiloids without the need to collect matching 11C-PiB
scans. Other sites may now apply this equation and method to
their own 18F-NAV4694 scans. The standard centiloid method uses
widely available, public domain programs to facilitate the conver-
sion. The 18F-NAV4694 and matched 11C-PiB scans used in this
analysis have been uploaded to the centiloid site on GAAIN to serve
as a validation dataset for other users.

FIGURE 3. 11C-PiB and 18F-NAV4694 images of mild-AD patient and

young control. Color scale is set to SUVR units (calculated using stan-

dard centiloid method with whole-cerebellum [WCb] reference region)

and to matching centiloid (CL) units.

TABLE 1
Demographics

Group n Age (y) MMSE

Young controls 10 33 ± 7* .28

Elderly controls 25 74 ± 8 29 ± 1

Patients with mild cognitive

impairment

10 75 ± 9 27 ± 3*

Patients with AD 7 73 ± 11 24 ± 2*

Patients with frontotemporal

dementia

3 68 ± 5* 27 ± 1*

*Significantly different from elderly controls (P , 0.05).

MMSE 5 mini–mental state examination score.
Data are mean ± SD.

FIGURE 4. Plot of matching 11C-PiB SUVR and 18F-NAV4694 SUVR

for each subject. SUVR was calculated using standard centiloid method

with whole-cerebellum (WCb) reference region.
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An additional benefit of the standard centiloid method is that
it provides a standardized mechanism for comparing Ab tracers
against 11C-PiB. The tight correlation between 18F-NAV4694
and 11C-PiB binding (R2 5 0.99) and the slope of their plot
(18F-NAV4694 SUVR 5 1.09 · 11C-PiB SUVR – 0.08) reveal that
binding of 18F-NAV4694 to Ab is similar to—even slightly higher
than—binding of 11C-PiB to Ab. In the young controls, the varia-
tion in binding was also lower for 18F-NAV4694 than for 11C-PiB,
possibly because the 18F radiolabel on NAV4694 has a longer
half-life (109 min) than the 11C radiolabel on PiB (20 min), result-
ing in a higher counting rate during the scanning window and better
images. These findings suggest that the longer-half-life 18F-labeled
NAV4694 not only may have the advantage of efficient production
and use but also may be better able to detect early Ab accumulation
and small changes over time.
This study has not addressed the issue of regional tracer binding.

However, it is expected that regional centiloid values can be derived
by creating centiloid parametric images using the global centiloid
transformation before applying VOIs. The value obtained from the
voxels in a VOI would then be in centiloids.
Ideally, a site will reprocess its 18F-NAV4694 images using the

standard centiloid method and apply the conversion equation pro-
vided here to quantify the results in centiloids. However, it may be
possible to globally convert a local-method SUVR directly to
centiloids by analyzing the standard 18F-NAV4694 dataset we
placed on GAAIN. Provided there is a good correlation with the
standard centiloid templates for these images (R2 . 0.7) (18), cen-
tiloid parametric images generated by the standard centiloid method
and regions can be used to derive a further linear transformation
permitting the locally preferred analysis method to express the re-
sults directly in centiloids.
In this study population, the mean 11C-PiB value in young

controls was –3.4 centiloids, slightly below the anticipated mean
of zero. This result may be due to random variations in the study
population or to variations in our imaging equipment or image
reconstruction methods. In either case, because the effect was

common to both the 11C-PiB images and the 18F-NAV4694 im-
ages, it should have had no impact on calculation of the con-
version equation. However, differences in PET systems and
reconstruction methods between our site and other sites might
have a slight effect on use of the conversion equation at other
sites. Further work is needed to identify whether equipment-
specific equations may be needed.

CONCLUSION

The standard centiloid method for quantification of Ab PET
results should support better clinical and research use of Ab im-
aging. By providing cut-points that are applicable to all Ab scans,
the method will allow the use of multiple Ab tracers in multicen-
ter, anti-Ab therapeutic trials and provide better diagnostic and
prognostic data to clinicians. Both 11C-PiB and 18F-NAV4694
measures of Ab burden can now be expressed in centiloids, and
the conversion equations for other tracers are expected to become
available soon.
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