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Abstract: This study evaluated performance of a commercially available standardized software program for calcu-
lation of florbetapir PET standard uptake value ratios (SUVr) in comparison with an established research method. 
Florbetapir PET images for 183 subjects clinically diagnosed as cognitively normal (CN), mild cognitive impairment 
(MCI) or probable Alzheimer’s disease (AD) (45 AD, 60 MCI, and 78 CN) were evaluated using two software pro-
cessing algorithms. The research method uses a single florbetapir PET template generated by averaging both amy-
loid positive and amyloid negative registered brains together. The commercial software simultaneously optimizes 
the registration between the florbetapir PET images and three templates: amyloid negative, amyloid positive, and 
an average. Cortical average SUVr values were calculated across six predefined anatomic regions with respect to 
the whole cerebellum reference region. SUVr values were well correlated between the two methods (r2 = 0.98). 
The relationship between the methods computed from the regression analysis is: Commercial method SUVr = 
(0.9757*Research SUVr) + 0.0299. A previously defined cutoff SUVr of 1.1 for distinguishing amyloid positivity by 
the research method corresponded to 1.1 (95% CI = 1.098, 1.11) for the commercial method. This study suggests 
that the commercial method is comparable to the published research method of SUVr analysis for florbetapir PET 
images, thus facilitating the potential use of standardized quantitative approaches to PET amyloid imaging. 
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Introduction

Imaging biomarkers that bind to aggregated Aβ 
peptides in amyloid plaques have the potential 
as a diagnostic aid in the evaluation of patients 
with cognitive impairment by providing informa-
tion regarding presence or absence of relevant 
neuropathology [1]. The introduction of the PET 
ligand Pittsburgh compound B (11C-PiB) in 2004 
[2], has helped pave the way for the develop-
ment of several 18F labeled compounds includ-
ing florbetaben 18F [3], flutemetamol 18F [4], 
and florbetapir 18F [5].

In a research setting, the quantification of 
these various amyloid tracers has involved the 
use of non-standardized tools or software. For 
example, Avid Radiopharmaceuticals devel-
oped a method that has been widely used in 

clinical trials [5, 6, 9-12], is highly correlated 
with freesurfer/MRI based methods [13], and 
has been validated by comparison to autopsy 
results [14, 15]. As previously described [8] the 
research method consists of a semi-automated 
analysis utilizing SPM2 [16] to align florbetapir 
PET images to standard Montreal Neurological 
Institute (MNI) [17] space using a florbetapir-
specific template. Once aligned in standard 
space, pre-defined cortical regions of interest 
are applied to the image and used to calculate 
a Standard Uptake Value ratio, or SUVr value, 
using the whole cerebellum as a reference 
region. 

The use of software that was intended for re- 
search requires some image-processing exper-
tise and can require manual intervention, which 
limits its applicability for broader clinical use. 
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Conversely MIMneuro, commercially available 
software, provides an alternative semi-auto-
mated florbetapir analysis method. MIM has 
developed a multi-template registration tech-
nique to align florbetapir PET images in stan-
dard space and apply regions of interest uti-
lized in the research method [8, 15] to estimate 
SUVr.  

Although the approved method for clinical inter-
pretation of florbetapir PET scans consists of 
conducting a binary visual read for the detec-
tion of amyloid deposits, quantitation has prov-
en useful as an adjunct to visual read for a 
number of other tracers in different applica-
tions [18-21]. The purpose of this paper is to 
validate the commercially available tool, MIM- 
neuro, against a research method for SUVr cal-
culation that was previously used in a large 
cross-sectional/longitudinal study [9, 10] and 
validated against autopsy evaluation [14, 15].  

Materials and methods

This study employed a retrospective sample of 
all subjects with a valid florbetapir PET image 
(183 total) from a previously reported study [9] 
consisting of 78 images from subjects clinically 
diagnosed as cognitively normal (CN), 60 as 
mild cognitive impairment (MCI), and 45 as 

probable Alzheimer’s disease (AD). The parent 
study was approved by appropriate institutional 
review boards and all subjects gave informed 
consent prior to performance of study proce- 
dures. 

As described previously, all participants receiv- 
ed a single administration of approximately 370 
MBq (10 mCi) Florbetapir 18F, followed approxi-
mately 50 minutes later by a 10-minute PET 
acquisition (2 × 5 minute frames). Images were 
reconstructed using an ordered subset estima-
tion algorithm (4 iterations, 16 subsets, with a 
post-reconstruction Gaussian filter of 5 mm), 
and corrected for scatter and attenuation using 
commercial software packages for the respec-
tive scanners (Siemens: ECAT HR+PET and 
16-slice Biograph PET/CT, GE: Discovery LS 
PET/CT and Advance PET/CT). No partial vol-
ume correction was performed. Each image 
was analyzed twice, once using the research 
method and once using the commercial meth-
od without intervention, to register florbetapir 
PET images into a template space where the 
regions of interest were applied to compute 
mean regional tracer uptake. For each method 
a cortical average SUVr was calculated as the 
average of six target regions relative to the 
cerebellum.

Figure 1. Diagrammatic representations of image processing steps using the research method and commercially 
available software.
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Research method for registration and SUVr 
calculation

For the research method [8], images were spa-
tially normalized to a florbetapir PET template 
using a semi-automated algorithm in SPM 2. 
This method makes use of a non-linear regis-
tration algorithm [16] to register florbetapir PET 
images to a florbetapir PET template in MNI 
atlas space. The research method utilized a 
single florbetapir PET template generated by 
averaging both amyloid positive and amyloid 
negative registered brains, developed using the 
data acquired in a previous study [5]. An initial 
registration was applied to all the data and was 
referred to as fit 1. The non-linear registration 
results were visually checked for alignment of 
the patient brain to the template brain. Addi- 
tional fitting steps involving the application of a 
brain mask and application of skull stripping, fit 
2 and fit 3 respectively, could be applied in 
order to optimize image registration to the tem-
plate (Figure 1), but were not employed for the 
primary analysis reported below.  

A MATLAB script applied predefined anatomi-
cally relevant standard atlas space volumes of 
interest (VOIs) to calculate SUVr. The un-weight-
ed cortical average SUVr values were calculat-
ed for relevant cortical regions: medial orbital 
frontal, lateral temporal, parietal, anterior cin-
gulate, posterior cingulate, and precuneus, with 
the whole cerebellum used as a reference 
region. Derivation of the regions, rationale for 
choice of the reference region and agreement 
with histopathology has been described else-
where [8, 15].

Commercial method for registration and SUVr 
calculation 

MIMneuro 6.0.5 simultaneously optimizes the 
registration between the florbetapir PET image 
and three templates: amyloid negative, amyloid 
positive, and an average of the two. Each flor-
betapir-PET image from the analysis cohort was 
registered to template space using the multi-
template registration to perform region-based 
SUVr calculation using atlas VOIs (Figure 1).  

Eleven AD and 15 CN subjects with florbetapir-
PET images [5] were used to create the flor-
betapir registration templates in MIM with a 
technique reported previously [22]. Each of the 
26 subjects was registered to the same FDG-

PET registration template included in the soft-
ware. The images visually read as amyloid posi-
tive were count normalized to the whole cere-
bellum and averaged together to create an 
amyloid “positive” template. The images visu-
ally read as amyloid “negative” were similarly 
processed and averaged to create an amyloid 
negative template. The two average images 
were then averaged together to create a third, 
“average”, template.

The simultaneous multi-template registration 
of florbetapir PET images occurred in a two-
step process similar to the method reported 
previously [22] but modified to accommodate 
simultaneous multiple template optimization. 
First, a 9-parameter affine registration was 
used to determine an alignment into template 
space by maximizing the average normalized 
mutual information of the affine-transformed 
image to each of the three (“positive”, “nega-
tive”, “average”) florbetapir-PET templates. This 
affine registration was then used to initialize an 
iterative process of landmark matching and 
thin-plate spline landmark-based deformation. 
Several hundred landmarks, located through-
out the brain, particularly at tissue interfaces 
such as gray matter/CSF, were searched during 
each iteration. Similar to the affine registration, 
corresponding landmarks are chosen by opti-
mizing image similarity metrics local to each 
landmark against all three templates simulta-
neously. The method of using all three tem-
plates simultaneously for registration optimiza-
tion was developed to ensure that a variety of 
local florbetapir-PET uptake patterns are repre-
sented while minimizing systematic registration 
bias to the quantitative analysis. This registra-
tion bias is likely to occur if registering images 
to different templates based on similarity to 
each template individually.

The research VOIs used for SUVr calculation 
(medial orbital frontal, lateral temporal, pari-
etal, anterior cingulate, posterior cingulate, pre-
cuneus, whole cerebellum) were transferred 
into MIMneuro florbetapir template space using 
the multi-template registration process descri- 
bed above for the research method’s template 
image. Each voxel in template space (2 × 2 × 2 
mm) was determined to be either included or 
excluded from the region based on determining 
the mapping from the center of that voxel in 
MIM florbetapir-PET template space to the cor-
responding position in MNI template space as 
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defined by the deformable transformation. 
Average SUVr was then computed as the mean 
of the mean voxel values within each atlas VOI 
in template space normalized to the mean voxel 
value of the cerebellum (Figure 2).

Statistical methods

Correlations between MIMneuro and the re- 
search method of florbetapir SUVr measure-
ments were assessed using Pearson product-
moment correlation analysis. With MIMneuro 
SUVr as a dependent variable and research 
SUVr as an independent variable, a linear re- 
gression function was fit and the regression 
parameters (intercept and slope) were estimat-
ed using a least squares method. The derived 
regression equation (MIMneuro SUVr = slope* 
research SUVr + intercept) was used to predict 

differences in SUVr within any of the individual 
diagnostic categories; AD-1.40 (0.27) versus 
1.40 (0.25), MCI-1.05 (0.16) versus 1.05 (0.16), 
and CN-1.20 (0.28) versus 1.20 (0.27). The 
overall correlation between the two methods 
was 0.99, accounting for 98% of the variance. 
In addition to being well-correlated overall, the 
two methods were also well correlated on a 
regional basis (Table 2). The regional correla-
tions ranged between 0.92 and 0.98 with the 
lowest correlations being obtained in the pari-
etal region.  

The slope of the regression line comparing  
the two quantitation methods approached 1.0 
and the intercept approached 0 (Figure 3: 
MIMneuro_SUVr = 0.9757*research SUVr + 
0.0299). Using the research method, the thres- 
hold for amyloid positivity has been previously 

Figure 2. The global SUVr used for evaluation of amyloid uptake is composed 
of the average of six regions: medial orbital frontal (yellow), lateral temporal 
(red), posterior cingulate (blue), anterior cingulate (pink), lateral parietal (gold), 
and precuneus (green) relative to whole cerebellum (light blue) as shown here. 
The SUVr for this subject was 1.36 using the research semi-automated (SPM2) 
method and 1.35 using MIMneuro.

corresponding MIMneuro 
SUVr value for the resear- 
ch SUVr cutoff thresholds 
(SUVr = 1.1). The 95% confi-
dence interval for this pre-
dicted value was calculat-
ed. Cook’s Distance [23] 
was used to examine po- 
tential outliers. Observati- 
ons with calculated Cook’s 
D greater than 4/n (where n 
is the number observations 
in total) were considered as 
outliers [24].  

Results

In this sample, individual 
scans were fit into template 
space without user inter-
vention. The calculated 
SUVr using the research 
method ranged between 
0.86 and 1.94, and bet- 
ween 0.83 and 1.84 using 
MIMneuro. A typical result 
demonstrating the overlays 
of the six cortical VOIs and 
cerebellar reference region 
is shown in Figure 2. The 
mean (SD) cortical SUVr for 
all 183 subjects with the 
research method was 1.19 
(0.27) and 1.19 (0.26) for 
MIMneuro (Table 1). There 
were no between-method 
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reported as 1.10 [8, 15]. When research SUVr 
= 1.10, the MIMneuro SUVr (95% CI) = 1.10 
(1.098, 1.11). Using the threshold of 1.10, 182 
of 183 subjects were classified the same 
across the two software systems. One MCI sub-
ject’s mean cortical SUVr was 1.08 with the 
research method and 1.11 using MIMneuro.  

three subject diagnostic groups with a correla-
tion of 0.99 overall.  

This research method had previously been vali-
dated against an autopsy cohort, 46 of whom 
had autopsy within one year of their florbetapir 
scan [8, 15]. Within this cohort, all 28 subjects 

Table 1. Mean (Standard Deviation) SUVr for individual and composite cortical regions across diag-
nostic groups and for All subjects

AD (n = 45) MCI (n = 60) CN (n = 78) All Subjects (n = 183)
Region of Interest MIMa Researchb MIM Research MIM Research MIM Research
Anterior Cingulate 1.51 (0.32) 1.54 (0.37) 1.27 (0.31) 1.28 (0.32) 1.10 (0.19) 1.12 (0.24) 1.25 (0.31) 1.28 (0.34)
Frontal 1.30 (0.27) 1.28 (0.30) 1.10 (0.26) 1.11 (0.28) 0.97 (0.16) 0.96 (0.18) 1.09 (0.26) 1.09 (0.28)
Temporal 1.42 (0.28) 1.43 (0.29) 1.22 (0.28) 1.24 (0.29) 1.09 (0.17) 1.11 (0.22) 1.21 (0.27) 1.23 (0.29)
Posterior Cingulate 1.39 (0.24) 1.47 (0.31) 1.20 (0.26) 1.22 (0.28) 1.04 (0.16) 1.07 (0.17) 1.18 (0.26) 1.22 (0.29)
Precuneus 1.53 (0.29) 1.56 (0.33) 1.30 (0.32) 1.31 (0.32) 1.12 (0.20) 1.14 (0.22) 1.28 (0.31) 1.30 (0.33)
Parietal 1.28 (0.23) 1.24 (0.25) 1.14 (0.25) 1.11 (0.29) 1.00 (0.15) 0.95 (0.17) 1.11 (0.23) 1.07 (0.26)
Mean Cortical 1.40 (0.25) 1.40 (0.27) 1.20 (0.27) 1.20 (0.28) 1.05 (0.16) 1.05 (0.16) 1.19 (0.26) 1.19 (0.27)
Abbreviations: AD = Alzheimer’s disease, CN = cognitively normal controls, MCI = mild cognitive impairment, SUVr = Standard Uptake Value Ra-
tios. aMIMneuro, commercially available software; bAvid Radiopharmaceuticals research method, current standard in clinical trials and validated 
by comparison to autopsy results.

Table 2. Pearson product-moment correlation (r) across regions
Anterior Cingulate Frontal Temporal Posterior Cingulate Precuneus Parietal Mean Cortical

All Subjectsa 0.93 0.95 0.93 0.93 0.95 0.89 0.99
aAll subjects (N = 183): Alzheimer’s disease (n = 45), mild cognitive impairment (n = 60), cognitively normal (n = 68).

Figure 3. Scatter plot for the six region composite cortical SUVr for 183 sub-
jects demonstrating the relationship between the research and commercially 
available methods. Abbreviations AD = probable Alzheimer’s disease, CN = 
cognitively normal controls, MCI = mild cognitive impairment, SUVr = standard 
uptake value ratios.

Of the 183 cases exam-
ined, 8 subjects were iden-
tified as outliers by calcu- 
lation of Cook’s distance. 
Each of these cases was 
reviewed to assess their 
overall fit to the template 
and in 7/8 cases benefited 
from the application of 
additional fitting steps (fit 2 
and fit 3) using the research 
method. Overall correlation 
between the two methods 
improved from 0.9899 to 
0.9920.  

Discussion

In this study, we have sho- 
wn that the two methods of 
SUVr analysis are well cor-
related across a range of 
subjects. Two different ap- 
proaches of template re- 
gistration methods provid-
ed consistent results in all 
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that had a neuropathological classification of 
moderate or frequent plaques by CERAD crite-
ria had an SUVr > 1.10 whereas all 18 subjects 
with no or sparse plaques had an SUVr ≤ 1.10. 
The present study shows a slope of 1.0, corre-
lation coefficient of 0.99 and a regression 
derived threshold of the MIMneuro SUVr equiv-
alent of 1.10. This strategy of using a regres-
sion slope and derived threshold to compare 
analytic methods is similar to that employed in 
other studies with amyloid tracers [13, 25].

Although the present work focused on a single 
standard fit to template, additional image pro-
cessing, including brain mask application and 
skull stripping, has been required in some pre-
vious instances using the research method 
[15]. In the present study, seven of the eight 
cases that were furthest from the line of iden-
tity benefitted from additional intervention and 
image processing, using the research method. 
Deformable registration applied within the MIM- 
neuro software may increase the robustness of 
registration and reduce the need for further 
manual intervention. The MIMneuro software 
does include an option for manual adjustment 
of either the image registration or ROI place-
ment. However these were not tested in the 
present study. Adjustment of the template reg-
istration has the ability to either improve or 
worsen the performance of the registration and 
thus requires additional training and expertise 
to recognize when the adjustment has opti-
mized the fit to the template space. Thus, addi-
tional studies will be required to determine the 
performance of the MIMneuro software in diffi-
cult cases, including those with advanced dis-
ease, atrophy, significant comorbid degenera-
tive conditions, or poor placement in scanner 
that may require manual intervention to opti-
mize registration.

A limitation of this work is that the test scans 
were collected in a research setting. However, 
the population reflects a clinically relevant sam-
ple of subjects. The MCI subjects in particular 
were either seeking diagnosis at the time of 
enrollment or had been diagnosed within the 
previous year.

Although quantitative analyses cannot substi-
tute for expert image interpretation, it has been 
suggested that image quantitation could be 
helpful in assisting visual interpretation of amy-
loid PET [26-29]. Quantitative approaches are 

commonly used to aid in interpretation of other 
nuclear medicine imaging studies including PET 
[18-21], and quantitative analyses have been 
used to characterize the relationships between 
amyloid tracer binding and cognitive perfor-
mance other biomarkers [6, 7, 30, 31]. The pre- 
sent demonstration that commercially avail-
able software packages can achieve similar 
results as the established research methods 
for quantitation of amyloid PET raise the possi-
bility that quantitative estimates of tracer 
uptake/amyloid binding could be integrated 
into an algorithm for interpretation of scans in a 
clinical setting.  

In summary, the two methods are well correlat-
ed across the entire SUVr range. The slope of 
the regression line converting the research 
method results to the commercial method re- 
sults approaches 1 and the intercept approach-
es 0. The SUVr level defining an amyloid posi-
tive PET scan using both methods is 1.10 by 
both methods. Using the previously validated 
research method as a benchmark, these re- 
sults suggest it is possible to achieve compa-
rable quantitative information with software 
requiring less technical expertise and that the 
commercial method is comparable to the pub-
lished research method of SUVr analysis for flo-
rbetapir PET images.
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