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PET studies have been performed using the amyloid binding
radiotracer Pittsburgh Compound B (PIB). Previous quantitative
analyses using arterial blood showed that the Logan graphical
analysis using 90 min of emission data (ART90) provided a
reliable measure of PIB retention. This work reports on simpli-
fied methods of analysis for human PIB imaging. Methods: PIB
PET scans were conducted in 24 subjects (6 Alzheimer’s dis-
ease [AD], 10 mild cognitive impairment [MCI], 8 controls) with
arterial blood sampling. Retest scans were performed on 8
subjects (3 AD, 1 MCI, 4 controls) within 28 d. Data were
analyzed over 60 and 90 min using the Logan analysis and (a)
metabolite-corrected input functions based on arterial plasma
(ART60, ART90), (b) carotid artery time–activity data with a
population average metabolite correction (CAR60, CAR90); and
(c) cerebellar reference tissue (CER60, CER90). Data also were
analyzed using the simplified reference tissue method
(SRTM60, SRTM90) and a single-scan method based on late-
scan ratios of standardized uptake values (SUVR60, SUVR90).
Results: All methods of analysis examined effectively discerned
regional differences between AD and control subjects in amy-
loid-laden cortical regions, although the performance of the
simplified methods varied in terms of bias, test�retest variabil-
ity, intersubject variability, and effect size. CAR90 best agreed
with ART90 distribution volume ratio (DVR) measures across
brain regions and subject groups and demonstrated satisfac-
tory test�retest variability (�7.1% across regions). CER90 and
CER60 showed negative biases relative to ART90 in high-DVR
subjects but had the lowest test�retest variability. The single-
scan SUV-based methods showed the largest effect sizes for
AD and control group differences and performed well in terms of
intersubject and test�retest variability. Conclusion: Of the sim-
plified methods for PIB analysis examined, CAR90 provided
DVR measures that were most comparable to ART90; CER90
was the most reproducible and SUVR90 produced the largest
effect size. All simplified methods were effective at distinguish-
ing AD and control differences and may be effectively used in

the analysis of PIB. SUVR60 data can be obtained with as little
as 20 min of PET emission data collection. The relative
strengths and limitations of each method must be considered
for each experimental design.
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Recent advances in antiamyloid therapeutics have mo-
tivated the development of PET and SPECT agents for
noninvasive imaging of amyloid deposits (1–4). Recently,
our group reported the preclinical development of such
an agent, [N-methyl-11C-2-(4�-methylaminophenyl)-6-hy-
droxybenzothiazole, or more simply named Pittsburgh
Compound B (PIB) (5). We and others have extended
preclinical studies to include proof-of-concept trials in hu-
man Alzheimer disease (AD) subjects (6–8). Proof-of-con-
cept PIB PET studies of mild AD (n � 16) and healthy
control subjects (n � 9) showed greater standardized uptake
values (SUVs) in brain areas of AD patients, relative to
controls (e.g., frontal cortex, �2-fold; P � 0.002), known to
contain significant amyloid deposits in AD (6). Fully quan-
titative PIB PET studies that included MRI, arterial input
function determination, and 90 min of PET data acquisition
have recently been performed (9). These studies (5 AD, 5
mild cognitive impairment [MCI], and 5 control subjects)
verified that the level and pattern of the SUV measures were
consistent with those observed for the quantitative PIB
retention measures (e.g., distribution volume [DV]) and
showed marked differences in the magnitude and distribu-
tion of PIB binding measures in AD subjects as compared
with controls, whereas MCI subjects were found to have
either “control-like” or “AD-like” patterns of PIB retention.
Both compartmental and graphical analyses showed the
most significant differences in PIB retention between AD
and controls in posterior cingulate gyrus, parietal cortex,
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and frontal cortex, whereas nonspecific PIB retention was
similar for both groups (9). Variability and difficulty in the
estimation of small compartmental parameters (e.g., k4 in
areas of low signal) favored the use of Logan graphical
analysis and the distribution volume ratio (DVR) outcome
measure for the assessment of PIB retention. These studies
demonstrated that it is feasible to obtain the fully quantita-
tive PIB PET data that are needed for the validation of
simplified methods of analysis. The application of simpli-
fied methods would be advantageous in studies with larger
subject populations or with populations that are difficult to
study (e.g., severe AD subjects).

This paper describes our efforts to extend the quantitative
PIB studies of Price et al. (9) to include an evaluation of
simplified methods of analysis with 9 additional subjects
(n � 24). The simplifications included a shorter scan dura-
tion, the use of image-derived cerebellar or carotid time–
activity data in lieu of an arterial input function, and a single
late-scan SUV-based method.

MATERIALS AND METHODS

Human Subjects
AD subjects (n � 6), controls (n � 8), and MCI subjects (n �

10) were recruited and evaluated through the University of Pitts-
burgh Alzheimer Disease Research Center (ADRC) as previously
reported (9). Table 1 describes the subject characteristics including
age, Mini-Mental State Examination (MMSE) score, and sex. All
subjects or their caregiver provided informed consent for both the
ADRC examination and the PET protocol. This study was ap-
proved by the Institutional Review Board of the University of
Pittsburgh.

Radiosynthesis
The radiosynthetic method used to produce PIB underwent

considerable refinement during the course of these studies. In a
subset of the initial studies (n � 7), PIB was synthesized using
methods previously described by our group (2,5). Later studies
(n � 17) were conducted using the refined method of Wilson et al.
(10) as described in Price et al. (9). The average injected doses and
specific activities (SAs) were similar between the 8 healthy con-
trols (dose, 488.4 � 107.3 MBq; SA, 47.8 � 21.7 GBq/�mol), 10
MCI patients (dose, 510.6 � 77.7 MBq; SA, 45.9 � 24.9 GBq/
�mol), and 6 AD patients (dose, 514.3 � 96.2 MBq; SA, 31.3 �
18.1 GBq/�mol).

Imaging
MRI and PET was performed as previously described (9).

Briefly, PET data were acquired using a Siemens/CTI ECAT HR�

scanner (3-dimensional [3D] mode, 63 image planes, 15.2-cm
axial field of view [FOV]) after the injection of 370–555 MBq of
high-SA (�21.4 GBq/�mol) PIB. PET data were acquired over 90
min (34 frames: 4 	 15 s, 8 	 30 s, 9 	 60 s, 2 	 180 s, 8 	 300 s,
3 	 600 s). Emission data were corrected for attenuation, scatter
(11), and radioactive decay and reconstructed using filtered back-
projection. The reconstructed image resolution was 
6-mm full
width at half maximum in the transverse and axial planes.
Test�retest variability was assessed for 8 subjects (Table 1) who
completed a second PIB imaging session within 8–28 d of the
baseline study. Before the PET session, a spoiled gradient recalled

(SPGR) MR scan was obtained for each subject for MRI/PET
image coregistration and anatomic region-of-interest (ROI) defi-
nition. A 2-component MRI-based partial-volume correction was
used to correct the PET data for the dilutional effect of expanded
cerebrospinal fluid (CSF) spaces associated with normal aging and
disease-related atrophy (12,13).

Image Coregistration and ROI Definition
MRI/PET image registration was performed using the auto-

mated methods of Minoshima et al. (14) and Woods et al. (15), as
previously described (9). Volumes of interest (VOIs) were defined
on the coregistered MR image and included sensory motor cortex
(SMC), subcortical white matter (SWM), frontal cortex (FRC),
anterior cingulate gyrus (ACG), posterior cingulate gyrus/precu-
neus (PCG), lateral-temporal cortex (LTC), mesial-temporal cor-
tex (MTC), parietal cortex (PAR), pons (PON), caudate (CAU),
and cerebellum (CER). The MTC region included the amygdala,
hippocampus, entorhinal cortex, and other portions of the parahip-

TABLE 1
Subject Demographics

Group MMSE Sex Study*

Control subjects
C-1 30 F Test
C-2 30 M Test–retest (18)
C-3 30 F Test–retest (8)
C-4 28 M Test
C-5 29 F Test
C-6 29 F Test
C-7 30 M Test–retest (21)
C-8 30 F Test–retest (19)

Mean age (y): 65 � 16 (72, 83, 70, 45, 39, 69, 76, 65)†

MCI patients
M-1 24 M Test–retest (20)
M-2 29 M Test
M-3 23 M Test
M-4 27 M Test
M-5 28 M Test
M-6 29 M Test
M-7 29 M Test
M-8 27 M Test
M-9 29 F Test
M-10 29 F Test

Mean age (y): 72 � 9 (74, 62, 80, 79, 65, 55, 74, 82, 77, 67)†

AD patients
A-1 18 M Test–retest (18)
A-2 26 M Test–retest (19)
A-3 26 M Test
A-4 25 M Test
A-5 26 M Test
A-6 25 M Test–retest (28)

Mean age (y): 67 � 10 (63, 73, 57, 77, 75, 58)†

MMSE � Mini-Mental State Examination.
*Eight subjects underwent a retest PIB PET study within 28 d of

test or baseline study. Time interval (d) between scans is in paren-
theses.

†Individual ages are in parentheses. Ages are not listed in order of
subject identification to preserve anonymity.
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pocampal gyrus (Fig. 1). VOIs defined on coregistered MR images
were used to sample the dynamic PET data to obtain regional
time–activity radioactivity concentrations based on a calibrated
phantom standard.

Input Function Determination
Plasma-Based Arterial Input Function. Before PET, a catheter

was inserted into the radial artery for arterial blood sampling.
Approximately 35 hand-drawn samples (0.5 mL) were collected
over 90 min (20 collected during first 2 min). Additional blood
samples (3.0 mL) were collected at 5 or 6 time points over 90 min
to determine the unmetabolized fraction of PIB in plasma. Details
associated with PIB input function determination have been pre-
viously described in detail (9).

Image-Based (Carotid) Arterial Input Function. PET images
were summed over the first 45 s after injection when radioactivity
concentration in the vasculature is greatest and best visualized.
ROIs were traced on the summed images around the left and right
internal carotid arteries, across 3 contiguous planes. The resulting
VOIs were used to sample the dynamic PET data and to generate
carotid time–activity curves. For this study, metabolite correction
of the carotid time–activity data was performed in a manner
analogous to that described for the analysis of the dopamine D2
receptor radioligand 18F-fallypride (16) by applying a population
average (n � 24) of the unchanged fraction of PIB that was
determined from arterial sampling.

Data Analysis
Simplified methods of analysis were applied to the time–activity

data and compared with Logan graphical analysis (17) with arterial
input function data and 90 min of data acquisition (ART90). This
method was selected as the benchmark as it was found to provide

robust and reproducible measures of PIB retention in a prior
comparative analysis of arterial-based methods (9). This previous
study also indicated that the CER region was an appropriate
reference region for the PIB data analyses, as no group differences
in CER DV values were observed. Furthermore, the CER has been
shown to contain negligible levels of fibrillar amyloid (18) and
similarly low levels of PIB binding in postmortem binding studies
of control, severe AD, and non-AD demented subjects (2,6). The
regional results were normalized to the results obtained in the
reference region to minimize the influence of nonspecific effects.

The simplified methods included analyses over a shorter PET
scan duration and use of image-derived estimates of radioactivity
concentration in CER tissue and carotid arteries as input to anal-
yses that are appropriate for reversible ligand-binding kinetics (9).

Outcome Measures. The data were analyzed by summing PET
data, graphical analyses, or the simplified reference tissue method
(SRTM) to respectively yield outcome measures of the SUV
(unitless), DV (mL/mL), (DVR, unitless), and binding potential
(BP, unitless). The DV and BP measures can be directly related to
the free binding-site pool (Bmax) and the ligand dissociation con-
stant (Kd) (19). The DVR is closely related to the BP and can be
computed from DV estimates for a region (DVROI) and reference
tissue (DVREF), where DVR � DVROI/DVREF � BP � 1. To
facilitate the direct comparison of simplified methods the DVR
was selected as a common outcome measure, as it provides a
reliable nonnegative measure across AD, MCI, and control sub-
jects. To express all results (with the exception of the SUV ratio
[SUVR]) in terms of DVR required the derivation of this param-
eter by 1 of 3 methods: (a) as the ratio of regional and CER DV
values (arterial and carotid input); (b) from the slope of the linear
regression of graphical variables that included CER time–activity
data as an implicit representation of the input function (Logan
graphical analysis, CER input); and (c) by adding 1 to the direct
estimation of the BP parameter (SRTM, CER input).

SUV. The SUVR was determined using the summed regional
radioactivity concentration (ROIsum) determined over 40–60 min
(SUVR60) or 40–90 min (SUVR90) after injection, injected dose
(ID), and participant mass normalized to the CER SUV value:
SUV � ROIsum (kBq/g)/[(ID (kBq)/mass (g)] (20). This calculation
assumed an average brain tissue density of 1 g/mL. The SUVR
measures are equivalent to simple late-scan tissue ratios, as the
common factors of ID and body mass cancel.

Logan Graphical Analyses. To assess specific PIB retention,
linear graphical regression analyses were applied. Linear regres-
sion of the Logan graphical variables yields slope values that are
equivalent to the total radiotracer DV (17). A variation of the
Logan graphical analysis allows for the substitution of image-
derived reference tissue data in place of the plasma radioactivity
input function, yielding slope values equivalent to the radiotracer
DVR (21).

The graphical analyses were performed for both the 35- to
60-min (5 points) and 35- to 90-min (8 points) intervals using input
functions derived from arterial sampling (ART60, ART90), carotid
VOI placement (CAR60, CAR90), and CER tissue radioactivity
(CER60, CER90). The performance of the graphical analyses was
assessed on the basis of the value of the regression correlation
coefficient (r2), which reflects the extent to which the data agreed
with the basic method assumptions. The CER90 method was also
implemented using a constraint for the tissue efflux constant, k2,
that was fixed to an average CER value of k2 determined from

FIGURE 1. Representative VOIs defined on an SPGR MR
image of an AD subject (A-3). Shown in white are enhanced
examples of cortical ROIs examined in this study: ANC � an-
terior cingulate; FRT � frontal; LTC � lateral temporal; MTC �
mesial temporal; OCC occipital; PAR � parietal; PCG � poste-
rior cingulate. Also shown is CER (cerebellum reference region)
and a carotid ROI (CAR) defined bilaterally over internal carotid
artery on an early summed PIB PET scan (initial 45 s of acqui-
sition).
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2-tissue compartment, 4-parameter (2T-4k) compartmental analy-
ses (k�2 � 0.149 min�1; data not shown) (9).

Parametric images were generated by applying the Logan anal-
ysis on a voxel-by-voxel basis (35- to 90-min interval) to PET
images that were coregistered to the MR data. No CSF correction
was applied to the parametric images.

SRTM. SRTM is an image-based analysis method that uses
reference ligand kinetics in a reformulation of the compartmental
model equations that does not require an arterial input function
(22). Application of SRTM to dynamic PET data results in the
estimation of 3 parameters: the BP ([Bmax/Kd]f2), the local rate of
radiotracer delivery relative to the reference tissue (RI), and the
effective tissue efflux rate constant (k2). A basis function method
was used to estimate these parameters from regional and CER
time–activity data (23). Boundary values for the nonlinear term �3

were set by determining the maximum BP value and the minimum
and maximum observed rates of tissue clearance (k2) across all
regions and subjects from prior compartmental analyses of a subset
of the subject group (n � 15; data not shown) (9). Constraining �3

to the range 0.0007/s � �3 � 0.004/s was found to be a suitable
choice for the analysis of PIB data using the basis-function imple-
mentation of SRTM.

Statistical Methods. Descriptive statistics included the arith-
metic mean, coefficient of variation (CV [%] � (SD/mean).100),
and the coefficient of determination (r2). Least-squares linear re-
gression was used to determine the correlation between simplified
outcome measures and those obtained using ART90. The strength
of the correlation is expressed in terms of r2, and in each case the
same number of points (n � 24) were included in the regression.
The statistical significance of group differences was tested for each
ROI using the Wilcoxon signed rank test (� � 0.05, 1-sided, exact
inference), which was used (rather than ANOVA) because of the
small sample sizes and violation of the assumption of normality
(24). The P values for group differences were corrected for mul-
tiple comparisons using a false-discovery-rate (FDR) correction
(25). The nonparametric Wilcoxon test minimizes the influence of
outliers as it is based on the rank order of the subjects in the
comparison groups rather than the magnitude of differences in
group mean values. As a result, this method imposes a minimum
possible P value for the dataset and yields conservative P values
that might be considerably more significant using parametric meth-
ods, such as the Student t test. In the present study, the smallest
attainable P value was P � 0.001.

The intrasubject variability measures used herein are described
in detail by Price et al. (9). Briefly, the test�retest variation was
assessed using a percentage difference measure corresponding to
the absolute value of the percentage difference between retest (R)
and test (T) DVR values: Test/retest (%) � absolute{[(R � T)/
T].100}.

Cohen’s effect size (d), which is a statistical index of the
difference between 2 groups, was calculated as the difference
between the group mean values normalized to the pooled SD of the
2 groups (26). An effect size of zero indicates complete overlap of
the 2 groups, whereas increasingly larger effect sizes indicate
differences that are of greater statistical significance. Although the
assumption of normality may not be adequately met for these small
sample sizes, the effect size measure allowed us to examine the
potential capability of a given method to discern differences be-
tween AD and control subjects for future larger studies. The effect
size computed herein was determined using the pooled SD and
corrected for artifacts that can arise in small sample sizes (27). The

pooled SD was deemed valid on the basis of similarity of the
control and AD relative SDs (P � 0.2).

Evaluation Criteria
The simplified methods were evaluated with respect to the

following criteria:
Rank Order. Rank order of the DVR or SUVR values was

examined with respect to region and subject. For each region and
subject group, the average outcomes were ranked in descending
order (1 � highest, 11 � lowest). The regional rank order was
examined for its consistency with the expected deposition of
amyloid in AD and for its consistency across methods. The subject
rank order was also compared across methods to verify consis-
tency in the ordering and classification of subjects across the
methods.

Test–Retest Variability. The intrasubject variability in the
test�retest data was evaluated using the test–retest percentage
difference.

Bias and Correlation. The ART90 DVR was used as the stan-
dard benchmark measure of PIB retention for this work. A per-
centage bias measure was determined for all methods as the
difference between the simplified DVR (or SUVR) and the ART90
DVR, normalized to the ART90 value: % bias � [(Method
–ART90)/ART90] 	 100%. To examine whether the percentage
bias was uniform across the dynamic range of a method, the mean
percentage bias � SD was calculated for both low-DVR subjects
(ART90 PCG DVR � 1.8; n � 13) and high-DVR subjects
(ART90 PCG DVR � 1.8; n � 11). The low-binding subjects
were all controls and M-2, -5, -6, -9, and -10. The high-binding
subjects were all AD and M-1, -3, -4, -7, and -8. Correlations
between the ART90 method and the simplified methods were
calculated using linear regression analysis (r2 and slope).

Effect Size. The impact of intersubject variability on the deter-
mination of significant group differences was examined for PCG,
FRC, PON, and MTC regions, using the Cohen’s effect size metric
(26).

RESULTS

Imaging
Average regional CSF correction factors are shown in

Table 2. The regional CSF correction factors that were
determined from each individual subject’s SPGR MR data
showed no significant differences for any group comparison
using the 1-sided nonparametric Wilcoxon rank test after
FDR correction.

Input Function Comparisons
The input functions determined via hand-drawn arterial

samples were compared with those derived by carotid VOI
placement. Metabolite-corrected input functions determined
by arterial sampling and carotid VOI placement were cor-
rected for ID and body mass (%ID 	 kg/g) to allow pop-
ulation-average input functions (n � 24) to be generated for
the purpose of comparison (Fig. 2). The average arterial
input function was found to peak at a value of 1.66 � 0.92
%ID 	 kg/g, whereas the average carotid input function
peaked at a value of 0.49 � 0.11 %ID 	 kg/g. The peak
value in both cases occurred in the third frame of acquisition
(midpoint, 36 s after injection). At early times (�5 min), the
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carotid input function underestimated the arterial input
function by as much as a factor of 
4 on average. At later
times (�5 min), the carotid input function reflected the
shape of the arterial input function more closely, converging
somewhat with the latter to maintain a constant ratio be-
tween the methods of 
2.

Data Analysis
Comparisons of the mean PIB retention measures focused

on differences between the AD and control subject groups
because PIB retention for the 10 MCI subjects was found to
range across control and AD levels—that is, MCI subjects
do not represent a homogeneous group distinct from either
controls or AD subjects.

Tissue Data. Tissue-to-CER radioactivity concentration
ratios were computed for each brain region. In PCG, which
showed the highest degree of PIB retention in AD subjects,
the VOI-to-CER ratios reached a plateau at a value of
approximately 2.5:1 after 45 min. Control subjects main-
tained ratios of approximately 1:1 for all primary amyloid-
binding areas (Fig. 3). On average, the tissue-to-CER ratios
began to plateau at about 35 min in controls and 45–50 min
in AD subjects.

Overall Results. Table 3 lists the mean values measured
in AD and control subjects, for each method, across the 11
regions. All methods yielded significantly higher DVR or
SUVR values for AD subjects compared with controls in
regions known to contain amyloid in AD. The most signif-
icant differences (P � 0.001) were generally observed in
PCG, ACG, FRC, PAR, LTC, and CAU (Table 3). Lesser
differences (0.001 � P � 0.05) were observed for OCC,
SMC, and MTC. There were no significant differences in
PIB retention between AD and control subjects in regions
that are known to be virtually free of amyloid pathology in
mild-to-moderate AD subjects, such as SWM and PON
(P � 0.20). No method yielded significant group differences
in the CER DV or SUV value for AD patients relative to
controls (P � 0.25). Figure 4 shows scatter plots of the
individual subject DVR and SUVR values, for the PCG and
FRC, for the various analysis methods and subject groups.

Three of the MCI subjects (M-2, -5, and -9) showed
patterns of PIB retention that were indistinguishable from
those of the control group, whereas 5 (M-1, -3, -4, -7, and
-8) demonstrated patterns of retention that were character-
istic of the AD subject group. Two MCI subjects (M-6 and

TABLE 2
Average Regional CSF Correction Factors

Group ACG CAU CER FRC LTC MTC OCC PAR PCG PON SMC SWM

Controls Mean 0.91 0.86 0.96 0.86 0.91 0.94 0.91 0.85 0.90 0.98 0.79 0.99
SD 0.05 0.05 0.03 0.06 0.04 0.03 0.06 0.10 0.09 0.01 0.09 0.00

MCI Mean 0.80 0.84 0.95 0.82 0.85 0.84 0.87 0.81 0.88 0.97 0.74 0.99
SD 0.09 0.03 0.03 0.04 0.07 0.08 0.05 0.10 0.06 0.01 0.06 0.01

AD Mean 0.82 0.84 0.96 0.83 0.85 0.89 0.91 0.80 0.86 0.98 0.74 0.99
SD 0.08 0.05 0.03 0.06 0.07 0.05 0.05 0.12 0.09 0.01 0.07 0.01

FIGURE 2. (A) Population average PIB unchanged fraction in plasma determined in 16 subjects with complete metabolite data.
(B) Average (n � 24) PIB input functions normalized for ID and body mass (%ID 	 kg/g) derived from both external arterial sampling
and a carotid VOI. Population average PIB unchanged fraction was used to correct the carotid time–activity curve for metabolism,
whereas individual data were applied to total plasma radioactivity measurements to perform metabolite correction of arterial input
function.
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-10) tended to be intermediate between controls and AD
subjects in PCG or FRC (Fig. 4).

SUV. The single (summed) late-scan tissue ratios that
were computed over either 40–60 min (SUVR60) or 40–90
min (SUVR90) were found to be in agreement for both the
AD and the control subject groups. In controls, regional
SUVR60 ratios ranged from 1.11 � 0.13 (CAU) to 1.80 �

0.13 (PON), whereas SUVR90 tissue ratios ranged from
1.14 � 0.13 (CAU) to 1.76 � 0.14 (PON). In AD subjects,
the regional SUVR60 values ranged from 1.38 � 0.19
(MTC) to 2.80 � 0.28 (PCG) and the SUVR90 values
ranged from 1.40 � 0.20 (MTC) to 2.88 � 0.30 (PCG).

Logan Graphical Analyses. The Logan graphical analysis
generally provided estimates of DV (arterial or carotid
input) and DVR (CER input) values with high regression
correlations (r2) in 10 of 11 regions that generally exceeded
0.99. For the SWM, correlations were generally lower
(0.7 � r2 � 0.99) than for other regions, particularly when
the dataset was truncated to 60 min.

Parametric images of DVR measures obtained using the
ART90 and CER90 analyses show similar patterns and
levels of PIB retention (Fig. 5) in a healthy control (C-4), a
control with evidence of FRC amyloid deposition (C-2), an
MCI subject with no significant amyloid deposition (M-2),
an MCI subject with intermediate levels of PIB retention
(M-10), an MCI-subject with a characteristic AD pattern of
PIB retention (M-4), and a representative AD subject (A-2).

SRTM. The use of SRTM with only 60 min of data
occasionally resulted in spuriously overestimated values
and deviations in regional rank order (relative to other
methods), yielding highly variable outcome measures. For
this reason, only SRTM results obtained using 90 min of
data (SRTM90) are reported. SRTM90 detected significant
differences (P � 0.001) in DVR values between control and
AD subjects in several cortical and subcortical regions
(Table 3). For the 90-min dataset, average RI values in
control subjects ranged from 0.40 � 0.20 (SWM) to 0.99 �
0.15 (OCC). RI values in AD subjects were comparable to
controls in most regions, ranging from 0.35 � 0.08 (SWM)
to 0.97 � 0.09 (OCC). In both AD and control subjects,
only MTC and SWM showed RI values consistently lower
than 0.75. The most notable group difference in average RI

values was evident for PAR (controls, 0.86 � 0.06 versus
AD, 0.74 � 0.08), whereas PCG was more similar (controls,
0.91 � 0.06 versus AD, 0.85 � 0.10). These RI values were
not corrected for partial-volume effects.

Evaluation Criteria
Rank Order. The regional rank order of outcome mea-

sures averaged for the 6 AD subjects was well conserved
across all 9 simplified methods, as each identified PCG as
the region with the greatest PIB retention, followed by ACG
and other cortical regions, including PAR, FRC, and LTC
(Table 4). PIB binding in CAU exceeded that of SMC,
OCC, and MTC. White matter–containing regions, such as
PON and SWM, were among the lowest in terms of regional
rank order in AD subjects. In control subjects, white matter–
containing regions such as PON and SWM occupied the
highest ranks.

The individual subject rank order was also maintained
across methods and regions. In general, CAR90 showed the
best agreement with ART90 in terms of individual subject
rank order (Figs. 4A and 4B), although all simplified meth-

FIGURE 3. Average (�1 SD) brain radioactivity concentra-
tions normalized for ID and body mass (%ID 	 kg/g) after
injection of PIB. Shown are PCG (A) and CER (B) regions for AD
(n � 6) and control (n � 8) subjects as well as PCG-to-CER
radioactivity concentration ratio (C).
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ods completely separated AD and control subjects by their
respective outcome measures (DVR or SUVR) and no
method resulted in subject misclassification. Also, all sim-
plified methods distinguished the “AD-like” MCI subjects
(M-1, -3, -4, -7, and -8) from the “control-like” MCI sub-
jects (M-2, -5, and -9) consistently in both FRC and PCG
(Figs. 4A and 4B). However, differences in the subject rank
order were observed between ART90 and some simplified
methods. For instance, ART90 and CAR90 identified sub-
ject A-1 as the AD subject with the greatest degree of PIB
retention in PCG, which was far in excess of that observed
for all other AD subjects (Fig. 4A). The CER90, SRTM, and
SUVR90 methods also showed A-1 as having the highest
degree of PIB retention in PCG, although by a smaller
margin. Methods that involved the truncation of the dataset
to 60 min (ART60, CER60, CAR60, SUVR60) identified
other subjects, A-4 or A-2, as the AD subject with the
greatest PIB retention rather than A-1.

Among the control subjects, the ART90 DVR values
indicate subjects C-1 and C-6 as having elevated levels of

PIB retention relative to other controls in PCG, whereas
subjects C-1 and C-2 appear to have elevated PIB retention
in FRC (Figs. 4A and 4B). All simplified methods examined
distinguished C-1 from other controls in both PCG and FRC
and C-2 in FRC. However, only ART60 agreed with ART90
with regard to the elevated status of C-6. Interestingly,
inspection of the late summed PET images showed only
subjects C-1 and C-2, among controls, to have a visually
discernible pattern of cortical PIB retention indicating FRC
amyloid deposition (Fig. 5).

Test–Retest Variability. Table 5 summarizes the variabil-
ity measures and shows that favorable margins of test–retest
variability were observed that were generally within �10%
across methods and regions, except for SWM (6.0%–
23.8%). For most regions, the CER60 and CER90 methods
showed the lowest test�retest variability with averages
within �4.4% and �4.6%, respectively. Interestingly, the
CER-based SRTM90 method showed somewhat greater
variation than either CER60 or CER90, averaging �6.2%
across all regions. The SUV-based methods were reproduc-

TABLE 3
Outcome Measures

Region

Controls

ART90
DVR

ART60
DVR

CER90
DVR

CER60
DVR

CAR90
DVR

CAR60
DVR

SRTM90
BP � 1 SUVR90 SUVR60

PCG 1.24 (13.6) 1.22 (16.9) 1.18 (9.1) 1.15 (8.9) 1.25 (15.6) 1.21 (18.2) 1.32 (17.1) 1.27 (10.4) 1.25 (11.2)
ACG 1.26 (18.4) 1.23 (22.6) 1.19 (14.8) 1.15 (13.9) 1.26 (21.0) 1.24 (24.9) 1.24 (18.2) 1.32 (19.8) 1.3 (18.7)
PAR 1.31 (11.5) 1.30 (13.2) 1.24 (9.7) 1.21 (9.6) 1.31 (14.5) 1.30 (16.3) 1.32 (13.7) 1.35 (9.7) 1.33 (9.2)
FRC 1.26 (18.9) 1.24 (22.2) 1.19 (16.6) 1.16 (16.0) 1.26 (21.3) 1.24 (24.5) 1.25 (17.6) 1.30 (21.0) 1.28 (20.5)
LTC 1.21 (10.0) 1.20 (11.7) 1.17 (7.0) 1.14 (6.6) 1.22 (11.5) 1.20 (13.4) 1.16 (9.5) 1.27 (9.4) 1.26 (8.8)
CAU 1.05 (9.2) 0.98 (12.4) 1.07 (7.3) 1.04 (6.1) 1.07 (11.0) 1.01 (15.6) 1.13 (12.5) 1.14 (11.7) 1.11 (11.4)
SMC 1.25 (9.9) 1.25 (13.6) 1.23 (8.6) 1.21 (7.6) 1.27 (12.8) 1.27 (14.9) 1.35 (22.8) 1.32 (9.8) 1.30 (9.3)
OCC 1.28 (12.3) 1.25 (14.8) 1.17 (6.6) 1.14 (6.1) 1.28 (13.1) 1.24 (14.1) 1.20 (11.2) 1.25 (7.5) 1.22 (7.5)
MTC 0.99 (5.9) 0.98 (7.5) 1.02 (6.2) 1.00 (5.9) 1.01 (8.8) 0.99 (9.6) 1.04 (11.7) 1.11 (7.8) 1.12 (8.1)
SWM 1.42 (12.0) 1.36 (16.7) 1.33 (4.6) 1.25 (7.9) 1.43 (11.0) 1.35 (20.4) 1.35 (7.3) 1.69 (7.1) 1.66 (7.4)
PON 1.40 (8.1) 1.42 (8.8) 1.47 (5.6) 1.47 (6.1) 1.42 (6.6) 1.46 (7.6) 1.41 (12.9) 1.76 (8.2) 1.80 (7.3)
CER DV 3.75 (15.2) 3.55 (19.7) — — 7.26 (9.0) 6.72 (11.0) — — —

Region

AD

ART90
DVR

ART60
DVR

CER90
DVR

CER60
DVR

CAR90
DVR

CAR60
DVR

SRTM90
BP � 1 SUVR90 SUVR60

PCG 2.63 (12.9)† 2.66 (10.2)† 2.41 (10.0)† 2.29 (9.6)† 2.65 (11.5)† 2.67 (7.8)† 2.47 (9.6)† 2.88 (10.4)† 2.80 (9.9)†

ACG 2.52 (15.9)† 2.57 (19.2)† 2.33 (14.2)† 2.23 (15.5)† 2.53 (15.2)† 2.58 (17.0)† 2.45 (14.3)† 2.82 (15.4)† 2.75 (14.9)†

PAR 2.50 (16.8)† 2.48 (18.1)† 2.29 (16.2)† 2.17 (17.1)† 2.50 (15.8)† 2.50 (15.8)† 2.33 (16.2)† 2.72 (15.9)† 2.65 (15.6)†

FRC 2.47 (10.5)† 2.44 (9.5)† 2.26 (8.0)† 2.14 (7.9)† 2.48 (9.8)† 2.47 (7.7)† 2.32 (8.3)† 2.66 (8.8)† 2.58 (7.7)†

LTC 2.35 (16.6)† 2.34 (14.9)† 2.16 (13.0)† 2.06 (12.5)† 2.35 (16.1)† 2.36 (12.6)† 2.16 (13.1)† 2.55 (14.6)† 2.49 (12.8)†

CAU 2.02 (18.3)† 2.00 (19.0)† 1.96 (15.3)† 1.89 (15.8)† 2.02 (17.5)† 2.01 (18.1)† 2.08 (19.0)† 2.34 (17.6)† 2.31 (16.5)†

SMC 1.84 (20.7)† 1.77 (23.0)* 1.73 (18.5)* 1.65 (19.0)* 1.83 (20.0)* 1.78 (22.2)* 1.93 (18.9)* 1.99 (21.8)* 1.93 (20.9)*
OCC 1.75 (17.7)† 1.66 (14.9)* 1.62 (14.8)† 1.53 (13.5)† 1.75 (17.6)† 1.66 (14.3)* 1.81 (17.4)† 1.83 (18.6)† 1.78 (16.4)†

MTC 1.23 (13.8)† 1.20 (16.8)* 1.20 (10.8)* 1.16 (12.4)* 1.23 (13.4)* 1.21 (16.1)* 1.22 (10.8)* 1.40 (14.5)* 1.38 (13.5)*
SWM 1.52 (13.2) 1.44 (36.0) 1.34 (13.4) 1.26 (18.5) 1.51 (14.0) 1.39 (44.1) 1.36 (10.0) 1.61 (11.5) 1.56 (13.0)
PON 1.40 (7.7) 1.47 (4.2) 1.44 (6.4) 1.44 (6.0) 1.40 (7.7) 1.47 (3.3) 1.44 (6.8) 1.69 (7.2) 1.73 (6.7)
CER DV 3.70 (15.4) 3.38 (13.9) — — 8.53 (12.6) 7.86 (10.7) — — —

Values are expressed as mean (CV [%]).
*P � 0.05, AD � controls, 1-sided.
†P � 0.001, AD � controls, 1-sided.
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ible as well, averaging �5.3% and �5.0% across regions
for SUVR60 and SUVR90, respectively. The greatest test–
retest variability was observed for the arterial- based meth-
ods. Greater variability was observed with a shorter scan
duration, as is the case for CAR60 (�12.9%) and ART60
(�9.2%), whereas that for the 90-min measures was less
(ART90, �6.9%; CAR90, �7.1%).

Bias and Correlation. Bias in the PIB retention measures
in relation to the ART90 benchmark method was examined
over low-DVR (ART90 PCG DVR � 1.8; n � 13) and

high-DVR (ART90 PCG DVR � 1.8; n � 11) groups (Fig.
4A). Box plots of the individual and mean percentage bias
measures are shown for PCG in Figure 6A, which were
similar to those observed for other cortical regions (data not
shown). The lowest and most uniform percentage bias
across the low- and high-DVR data was observed for the
arterial-based methods. Greater percentage biases were ob-
served for the SUVR and CER results. The CAR90 PCG
DVR measures most closely agreed with ART90 PCG DVR
measures in low-DVR (% bias � 0.11% � 3.44%) and
high-DVR (% bias � 0.19% � 1.86%) subjects. Slightly
greater percentage bias and variation in this percentage bias
was observed for the shorter scan duration methods of
ART60 and CAR60. The CER methods showed the greatest
negative percentage bias, and greater negative percentage
bias was observed for the high-DVR group relative to the
low-DVR group. The SUVR methods showed the greatest
positive percentage bias, but the percentage bias was fairly
similar between low- and high-DVR subjects. For a given
method, the largest difference in percentage bias between
low-DVR and high-DVR groups was found for SRTM90
(low, 6.03% � 14.47%; high, �2.65% � 6.37%).

Across all subjects (n � 24), the PCG and FRC DVR
values determined using each simplified method were
highly correlated (r2 � 0.913–0.995) with the ART90 DVR
values (Fig. 6C). Regression slopes ranged from 0.80 to
1.13 (Fig. 6B). The regression slopes tracked closely with
percentage bias with the exception of the SRTM90 method
(Figs. 6A and 6B). CAR90 produced near perfect correla-
tions with ART90 (r2 � 0.995; slope � 0.995; Fig. 7A). Of
the methods examined, the SUVR60 results correlated most
poorly with ART90 (r2 � 0.913; slope � 1.083; Figs. 6B
and 6C), the CER60 method had the lowest slope (r2 �
0.938; slope � 0.800; Fig. 7B), and the SUVR90 method
had the highest slope (r2 � 0.962; slope � 1.116; Fig. 7B).
In an effort to determine if shared “noise” could explain the
good correlation between arterial methods and poorer cor-
relation with other methods, 2 nonarterial methods were
compared: CER90 and SUVR90. A correlation as strong as
that between the arterial methods (r2 � 0.995; Fig. 7A) was
found, although the slope of this correlation was relatively
low (slope � 0.773), suggesting a large bias between these
methods.

Effect Size. The effect size measure reflects the level of
variation of a given measure across subjects (intersubject
variability) and separation of the group mean PIB retention
values. It was often noted that arterial-based methods tended
to be more variable than CER-based methods and the 60-
min data tended to be more variable than the 90-min data.
For the controls, CER60 was generally associated with the
least variation in DVR across subjects that was �10% for
all regions except ACG (14%) and FRC (16%). ART60,
CAR60, and SRTM90 yielded CV (%) values that were
greater than 10% for 9 of 11 regions (excluding CER)
(Table 3). For the AD group, greater DVR CVs were most

FIGURE 4. Shown are outcome measures for individual AD
(n � 6; red), MCI (n � 10; green), and control (n � 8; blue)
subjects across all methods of analysis for PCG (A) and FRC (B).
Outcome measure represented for all methods is the DVR, with
the exception of SUVR90 and SUVR60 methods, for which
tissue-to-CER ratio over 40–60 min or 40–90 min is shown.
Numbered circles represent individual subjects (Table 1),
whereas colored bars denote range of values within the group.
Subjects with overlapping values are placed adjacent to one
another.
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often observed for ART90 and ART60, ranging from about
10% to 20% in primary areas of interest.

All methods consistently separated control and AD
groups and resulted in large Cohen’s effect sizes for regions
with high PIB retention. The greatest Cohen’s effect sizes
(d) were observed in the PCG and ranged from about 6.9
(SUV methods) to 4.6 (SRTM90). The magnitude of the
effect sizes reflects that clear separation of mean PIB reten-
tion values is achieved between control and AD subjects.

Table 6 lists the range of effect sizes in PCG, FRC, MTC,
and PON. The PON region is not expected to differ between
AD and control subjects and, thus, has an effect size that
varies about zero.

DISCUSSION

This work compares simplified methods and analyses for
novel in vivo assessments of brain amyloid deposition using

FIGURE 5. Parametric images of Logan
DVR using 90 min of emission data and
either arterial data (ART90; top) or CER
tissue (CER90; bottom) as input. Shown
are a young control (C-4), a control with
detectable amyloid deposition in FRC (C-
2), an amyloid-negative MCI subject (M-2),
an MCI subject with intermediate levels of
PIB retention (M-10), an amyloid-positive
MCI subject with levels of PIB retention
characteristic of AD (M-4), and a typical AD
subject (A-2).

TABLE 4
Average Rank Order of Regional Outcome Measures by Method of Analysis

Group Method ACG CAU FRC LTC MTC OCC PAR PCG PON SMC SWM

Controls ART90 6 10 7 9 11 4 3 8 1T 5 1T
ART60 9 11 7T 7T 10 4 3 6 1 5 2
CER90 5T 10 9 5T 11 5T 3 8 1 4 2
CER60 8 10 9 6T 11 6T 2 5 1 4 3
CAR90 6 10 7T 9 11 4 3 7T 1 5 2
CAR60 8 10T 7 9 10T 5 2T 6 1 4 2T
SRTM90 6T 10 8 9 11 6T 3 5 1 4 2
SUVR90 5 10T 8 6T 10T 9 3 6T 1 4 2
SUVR60 5 11 8 6 10 9 3 7 1 4 2

AD ART90 2 6 3 5 11 8 4 1 10 7 9
ART60 2 6 4 5 11 8 3 1 10 7 9
CER90 2 6 3 5 11 7T 4 1 9 7T 10
CER60 2 6 3 5 11 8 4 1 9 7 10
CAR90 2T 6 2T 5 11 8 4 1 10 7 9
CAR60 2T 6 4 5 11 8 2T 1 10 7 9
SRTM90 2 6 3T 5 11 8 3T 1 9 7 10
SUVR90 2 6 3 5 11 8 4 1 9 7 10
SUVR60 2 6 3T 5 11 9 3T 1 8 7 10

“T” designates a tie in average ranking.
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PIB PET. Four levels of simplification were examined: (a)
shortening the scan period from 90 to 60 min; (b) substi-
tuting an arterial input function derived from a VOI defined
over the carotid artery for an arterial plasma�based input
function (CAR60/90); (c) replacing arterial input analyses
completely with an image-driven analysis method, such as
the noninvasive Logan analysis (CER60/90) and SRTM90;
and (d) use of a late single-scan measure of the radioactivity
distribution (SUVR60/90). Within each level of simplifica-
tion, performance was compared with the benchmark quan-
titative method, ART90. It is acknowledged that the ART90
method is a “relative” benchmark, as there are currently no
postmortem measures of the true amyloid deposition in
these subjects against which different measures of PIB
retention can be independently compared.

Shortened Scan Interval
In general, analysis methods that used 90 min of emission

data performed better than when 60 min was used, although
60 min of emission data yielded useful data, as judged by
the evaluation criteria. The most notable exception was the
application of SRTM using 60 min of data, which resulted
in spurious values, high intersubject variability, and aber-
rations of regional rank order. A shorter scan duration was
associated with substantially higher test–retest variability in
the case of ART60 and CAR60 (Table 5), although for
ART60 this measure was still within the �10% margin
generally considered acceptable for most PET radiotracers
(28,29). This may be of greatest concern for longitudinal
studies that require reliable repeated measures of PIB reten-
tion. Truncation to 60 min did not result in a significant
change in the level of methodologic bias for CAR60 or
SUVR60, but CER60 showed a larger negative percentage
bias compared with CER90 (Fig. 6A). Intersubject variabil-
ity was only substantially higher in the ART60 and CAR60
datasets in SWM, which is likely a result of the failure to
reach tissue-to-plasma equilibrium in this brain region. In
general, effect size (with respect to the separation of AD and
control subjects) was not adversely affected by truncation of
the dataset to 60 min (Table 6).

Carotid VOI-Derived Arterial Input Function
Important limitations of the carotid VOI methods include

the inability to assess the unchanged fraction of PIB in
plasma and the inherent underestimation of the arterial input
function as a result of partial-volume averaging effects. The
latter resulted in a systematic overestimation of regional and
CER DV values by approximately a factor of 2 (e.g.,
CAR90 CER DV in Table 3). Other studies have applied
corrections to address the underestimation of peak plasma
radioactivity in a carotid VOI that results from partial-
volume averaging and coarse temporal sampling (30,31).
No corrections were made to recover the peak radioactivity
concentration in the present study. Nevertheless, the carotid
VOI methods provided regional DVR estimates that most
closely reflected ART90 DVR values and were the least
biased relative to ART90 for both low- and high-DVR
subjects (Figs. 6A and 7A). This suggests that the use of a
population average metabolite correction may be an appro-
priate substitute for individual data and that CER normal-
ization effectively reduces the impact of the carotid VOI
bias on the regional DVR measures. Studies are underway
to assess whether radiometabolite correction factors deter-
mined from venous blood can effectively replace arterial-
based correction factors on an individual basis.

The CAR90 results were very comparable to ART90 in
terms of test�retest variability (
7%; Table 5) and effect
size (
5; Table 6). Despite the fact that the ART90 and
CAR90 effect sizes were among the smallest of the 9
methods studied in this work (mostly due to higher SDs of
the group means), these methods yielded very robust group
differences that effectively distinguished AD and control
subject groups. To put this in perspective, the use of a
parametric test of significance (2-tailed t test) showed that
even the lowest PCG effect size of 4.6 corresponded to a
highly significant difference between the AD and control
group means with a P value of �0.0000001. It is important
to note that these 2 methods (ART90 and CAR90) may
share inaccuracies generated by the use of arterial-based
metabolite corrections, although the influence of individual

TABLE 5
Test–Retest Variability of Simplified Methods of Analysis

Method ACG CAU FRC LTC MTC OCC PAR PCG PON SMC SWM Average SD

ART90 7.5 8.6 4.9 3.6 7.1 7.7 4.6 5.2 7.8 7.2 11.5 6.9 2.2
ART60 8.8 13.8 5.9 5.9 6.8 9.1 5.0 7.9 8.3 6.1 23.8 9.2 5.4
CER90 4.0 5.6 5.6 2.9 3.9 4.8 3.0 2.7 5.6 4.9 7.8 4.6 1.5
CER60 3.5 4.7 5.9 2.4 3.6 4.0 3.0 4.4 4.7 4.5 7.7 4.4 1.4
CAR90 8.2 7.9 5.9 4.0 6.0 8.7 5.5 5.5 7.8 7.9 10.8 7.1 1.9
CAR60 12.3 19.2 11.0 7.9 10.3 12.5 8.2 12.8 14.0 10.1 23.4 12.9 4.6
SRTM90 4.4 6.3 5.9 4.0 6.5 6.9 4.2 5.8 9.9 7.7 7.0 6.2 1.7
SUVR90 4.0 6.3 6.9 3.6 4.5 6.1 4.2 3.3 4.8 4.9 6.0 5.0 1.2
SUVR60 4.3 5.0 8.0 4.1 4.6 5.4 4.3 4.9 4.5 5.1 7.7 5.3 1.3

Test–retest variability was computed as � �(retest � test)/test 	 100�. Primary areas of interest are in boldface type.
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inaccuracies should be minimized by the use of the popu-
lation average metabolite correction in the CAR90 method.
It is acknowledged that full realization of this simplification
in future studies will require further validation of the pop-
ulation approach, as the present sample size lacks sufficient
statistical power to evaluate potential group differences in
the metabolism of PIB.

Reference Tissue-Based Input Function
The CER60 and CER90 methods resulted in DVR esti-

mates that were negatively biased with respect to ART90

FIGURE 6. Bias and correlation measures of various simplified
methods with ART90. (A) Box plot shows percentage bias in sim-
plified outcome measures relative to ART90 in PCG. Subjects were
divided into high-binding (ART90 PCG DVR � 1.8) and low-binding
(ART90 PCG DVR � 1.8) groups to determine whether method-
ologic bias was consistent across the spectrum of PIB retention for
all simplified analysis methods. Boxes denote the interquartile
range (50% of subjects) and median value (solid line), whereas box
whiskers indicate 10th and 90th percentile. E, Individual subject
values. (B) Slopes of linear correlations between ART90 and sim-
plified methods. (C) Coefficient of determination (r2) for correlations
between ART90 and simplified methods.

FIGURE 7. (A) Graph shows correlation of ART90 and CAR90
(E, solid line) and SUVR90 and CER90 (F, solid line) outcome
measures. (B) Graph shows correlation between ART90 and
CER60 (f, solid line) and ART90 and CER60 (�, solid line)
outcome measures. The equation describing the linear regres-
sion is shown for each comparison in the form y � mx � b as
well as the coefficient of determination (r2). The thin dashed line
in both graphs represents the line of unity.
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DVR measures (Fig. 6), particularly in high-DVR subjects.
This bias appeared to be unrelated to the tissue efflux
constant k2, as it remained whether or not a constraint was
imposed based on the population average k2 value. As
suggested by Logan et al. (21), the k�2 constraint in the
noninvasive Logan analysis may be omitted without result-
ing in a significant bias in the DVR measure when the ratio
of the target to the reference tissue radioactivity concentra-
tion (C(t)/Cr(t)) remains constant for a protracted period.
For PIB, this condition appears to be satisfied, as evidenced
by stable tissue-to-CER ratios after 45 min in high-DVR
regions (Fig. 3). The negative bias observed in high-DVR
subjects using CER input methods likely reflects relative
differences in CER and plasma clearance rates (32). This
effect appears to be less important in subjects with lower
levels of amyloid deposition. Previous fully quantitative
PIB studies showed that the CER data were inadequately
described by a 1-tissue (2 parameter) compartment model
and required 2 tissue compartments. Although this fact
raises concern regarding the application of SRTM for the
analysis of PIB data, SRTM90 DVR values were slightly
less biased in high-binding subjects compared with CER90
and considerably less biased relative to CER60.

The noninvasive Logan methods (CER60 and CER90)
showed the lowest test–retest variability of any method
examined (
5%) across all regions. SRTM90 showed
slightly higher test–retest variability (
6% across regions),
though this level of variability would be considered to
represent a satisfactory level of performance for a PET
agent. Intersubject variability in the control group was sub-
stantially higher for SRTM90 than for either CER60 or
CER90, although in the AD group the methods were more
comparable. This fact largely explains the larger effect sizes
observed for CER60 and CER90 compared with that for
SRTM90.

Late Single Scan Measure
Because of its simplicity, the SUV measure is frequently

used in clinical studies where it can be impractical to use
quantitative analysis methods that require dynamic imaging

or input function determination. To eliminate a major
source of variability in the determination of SUV, the time
interval for the evaluation of the SUV parameter must be
chosen such that the change in the SUV value over the
interval is relatively small in comparison to the SUV value
itself (33).

In the case of in vivo PET studies, the SUVR reflects the
relative contributions of specific and nonspecific binding to
the measured signal and, therefore, is more comparable to
the DVR value. For the PIB data, the ratio of tissue (amy-
loid containing) to CER radioactivity was relatively con-
stant beyond 40 min after injection in both AD and control
subjects (Fig. 3) and, therefore, consistent with the deter-
mination of the SUV ratios after this time. The ratio also
eliminates other sources of variability, such as body com-
position and inaccuracies in determining the ID (e.g., partial
extravasation), which may adversely impact the calculation
of SUV (20). Both SUVR60 and SUVR90 showed strong
positive biases in PCG relative to ART90 that were similar
in the low- and high-DVR subjects (Fig. 6A). Test–retest
variability for the SUVR methods was among the lowest of
the methods examined, likely a result of the cancellation of
mutual sources of variability in the ratio (32). The SUV-
based methods showed the greatest dynamic range and
mean difference between control and AD subjects of all
methods examined, which, coupled with reasonably low
intersubject variability, produced the largest effect sizes of
any method as well (Table 6).

Reference Region Considerations
It must be acknowledged that all of the reported methods

share a common potential shortcoming in their reliance on
CER measures of PIB retention, whether it be in the implicit
representation of the input function (CER90, CER60,
SRTM90) or in the computation of the DVR outcome
measure. As advanced AD subjects were not included in this
investigation, the degree to which CER fibrillar amyloid
deposits in these advanced subjects will contribute to the
DVR or SUVR outcome measure is not known. Of the
methods that do not require arterial sampling, the carotid-
based methods are advantageous in that it is possible to
assess CER PIB retention on an individual basis. In the
event that CER amyloid emerges as a concern in more
advanced AD subjects, it may be necessary to consider
alternative methods of assessing PIB retention across the
AD disease spectrum. Such alternatives may include statis-
tical methods that account for differences in nonspecific
binding through covariate adjustment and consideration of
other potential sources for the reference kinetics. In addi-
tion, the assessment of CER PIB retention requires careful
consideration of subject placement in the PET scanner given
the nonuniform axial sensitivity of PET tomographs oper-
ating in 3D mode. A further consideration is the placement
of the CER VOI, as any artifacts generated by erroneous
CER VOI placement (e.g., contamination of PIB CER mea-

TABLE 6
Effect Size Measurement for Selected Regions*

Method PON MTC FRC PCG

ART90 0.0 1.9 4.5 5.1
ART60 0.4 1.5 4.3 5.7
CER90 �0.3 1.8 5.2 6.5
CER60 �0.3 1.5 5.1 6.6
CAR90 �0.2 1.6 4.4 5.3
CAR60 0.1 1.4 4.4 6.3
SRTM90 0.2 1.3 4.8 4.6
SUVR90 �0.5 1.7 5.1 6.9
SUVR60 �0.5 1.8 4.9 6.9

*AD vs. control.
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sure by adjacent white matter signal) could contribute bias
to regional DVR and SUVR outcome measures.

Evaluation of Putative Emerging Cases
Several individual cases afford a special opportunity to

cross-check the consistency of methods with respect to
subjects whose PIB retention measures suggest subtle amy-
loid deposition. Figure 4 indicates that patients C-1, C-2,
M-6, and M-10 invariably fall at or above the upper limits
of the control range in the PCG or the FRC. C-6 often falls
near this upper end as well and will be discussed separately
below. Visual inspection of the parametric and late-summed
images in these cases reveals mild, often focal, but convinc-
ing patterns of cortical PIB retention that are consistent with
those seen in AD subjects. C-2 and M-10 show predomi-
nantly frontal retention, although M-10 has more wide-
spread retention. The retention in C-2 is mostly seen in the
left FRC. C-1 and M-6 show a mild, generalized pattern that
is most apparent in the PCG, with the retention in M-6 being
more apparent than that in C-1. No method stands out as
being obviously superior in segregating these cases from the
remaining controls, although the SUVR methods may per-
form somewhat better in this regard. C-6 is unusual because
the elevation above the other controls is observed only with
the arterial-based methods (ART60/90 more so than
CAR60/90) and not with the CER- or SUV-based methods,
suggesting that this difference was related to the arterial
input function of C-6. This case demonstrates that discrep-
ancies in subject rank between arterial and CER methods
can arise that might be explained by either an erroneous
estimate of the arterial input function or true physiologic
variability to which the CER-based methods are less sensi-
tive. Review of the C-6 input function showed unusually
rapid plasma clearance of PIB that did not appear to be
attributable to a technical error.

Selecting a Method of Choice
Each method has certain advantages and disadvantages

for specific purposes. Selection of a method of choice will
depend on the nature of the particular application. All meth-
ods proved very capable of distinguishing AD and control
subjects, but the SUVR90 method showed a small advan-
tage in effect size. When a short scan time is most desirable
(e.g., severe AD patients), the SUVR methods are advanta-
geous because PIB retention measures can be obtained with
the subject in the scanner for a period as short as 20 min
(SUVR60). Other advantages of the SUVR method include
simplicity of application (making it more applicable to
routine clinical studies), superior PCG effect size (6.9), very
good test–retest reproducibility (5.0%), and a large dynamic
range. In studies that correlate amyloid load with other
variables (e.g., neuropsychologic measures), the method
with the most uniform bias across the full range of amyloid
deposition (i.e., CAR90) is likely to perform best—although
at the expense of higher test�retest variability. Test–retest
reliability is most important when longitudinal examina-
tions of PIB retention are made in the same subject to study

the natural history of disease progression or the response to
antiamyloid therapies. Although the CER methods (CER60/
90) have the best test–retest reliability, one must again
consider whether this advantage is offset by the inherent
bias in these methods. If the bias that accompanies the use
of CER as input is unacceptable, it may be necessary to use
the CAR90 method. However, the superior test�retest vari-
ability of CER90 makes it an attractive method for detecting
small treatment effects, particularly in cases with low levels
of amyloid deposition that must ultimately be the principal
target of these therapies.

CONCLUSION

When it is not possible or desirable to obtain arterial-
based input data, several simplified methods can be shown
to be valid alternatives to quantitative arterial-based analy-
ses of PIB data. The SUVR90 method may be the method of
choice when simplicity of calculations and in-scanner time
are the overriding concerns. The CAR90 method may be the
method of choice when comparisons involve a large range
of PIB retention values. The CER90 method may be the
method of choice for natural history studies and treatment
trials, particularly when the detection of small interval
changes is paramount. In practice, if PIB data are acquired
over the full 90-min interval, the decision regarding method
of choice does not necessarily have to be made beforehand.
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