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11C-Pittsburgh compound B (PiB) marks Ab amyloidosis, a key
pathogenetic process in Alzheimer disease (AD). The use of
11C-PiB is limited to centers with a cyclotron. Development of
the 18F-labeled thioflavin derivative of PiB, 18F-flutemetamol,
could hugely increase the availability of this new technology.
The aims of this phase 1 study were to perform brain kinetic mod-
eling of 18F-flutemetamol, optimize the image acquisition proce-
dure, and compare methods of analysis (step 1) and to compare
18F-flutemetamol brain retention in AD patients versus healthy
controls in a proof-of-concept study (steps 1 and 2). Methods:
In step 1, 3 AD patients (Mini-Mental State Examination, 22–24)
and 3 elderly healthy controls were scanned dynamically during
windows of 0–90, 150–180, and 220–250 min after injection of
approximately 180 MBq of 18F-flutemetamol, with arterial sam-
pling. We compared different analysis methods (compartmental
modeling, Logan graphical analysis, and standardized uptake
value ratios) and determined the optimal acquisition window for
step 2. In step 2, 5 AD patients (Mini-Mental State Examination,
20–26) and 5 elderly healthy controls were scanned from 80 to
170 min after injection. To determine overall efficacy, steps
1 and 2 were pooled and standardized uptake value ratios
were calculated using cerebellar cortex as a reference region.
Results: No adverse events were reported. There was a strong
correlation between uptake values obtained with the different
analysis methods. From 80 min after injection onward, the ratio
of neocortical to cerebellar uptake was maximal and only mar-
ginally affected by scan start time or duration. AD patients
showed significantly increased standardized uptake value ratios
in neocortical association zones and striatum, compared with
healthy controls, whereas uptake in white matter, cerebellum,
and pons did not differ between groups. Two AD patients were

18F-flutemetamol–negative and 1 healthy control was 18F-flute-
metamol–positive. Conclusion: 18F-flutemetamol uptake can
be readily quantified. This phase 1 study warrants further studies
to validate this 18F-labeled derivative of PiB as a biomarker for Ab

amyloidosis.
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Alzheimer disease (AD) is neuropathologically charac-
terized by synapse loss, neuritic Ab amyloid plaques, and
neurofibrillary tangles. Making an accurate and reliable
diagnosis of AD at the earliest disease stages is challenging
and becomes increasingly important as disease-modifying
therapies, such as those aimed at lowering Ab amyloid,
appear on the horizon.

In 2004, Klunk et al. presented a novel method for the in
vivo detection of Ab amyloid plaques in the brain using the
thioflavin-T analog PET tracer 11C-Pittsburgh compound B
(PiB) (1). In vitro binding of this ligand to brain homog-
enates correlates tightly with total insoluble Ab and Ab1–42

levels (2,3). In vivo 11C-PiB uptake in AD or Lewy body
disease correlates with the topography and intensity of Ab

amyloid aggregates measured neuropathologically in the
same brains (4–7). 11C-PiB PET marks not only parenchy-
mal Ab but also Ab deposits in vessel walls (4,8–11). At
the low or subnanomolar administered concentrations of
PET ligands in vivo, PiB does not bind to neurofibrillary
tangles (2,10) or a-synuclein fibrils (12).

Having a good 18F Ab tracer would increase the avail-
ability of this new technology by more than 10-fold (13).
18F-flutemetamol (previously known as 18F-GE067) (14) is
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a PiB derivative radiolabeled with 18F. Extensive validation
of the PiB parent molecule is an important advantage on the
way toward validation of 18F-flutemetamol (13). Other 18F-
labeled amyloid imaging agents for clinical use in humans
include the naphthol 2-(1-{6-[(2-[18F]fluoroethyl)(methyl)-
amino]-2-naphthyl}ethylidene)malononitrile (18F-FDDNP),
which labels both Ab amyloid plaques and neurofibrillary
tangles (15,16), and, more recently, the stilbenes 18F-
BAY94-9172 (18F-AV1) and 18F-AV45 (17).

The biodistribution and internal radiation dosimetry of an
intravenous injection of 18F-flutemetamol have been reported
before (14). The primary aims of the current phase 1 study
were to perform brain kinetic modeling of 18F-flutemetamol,
select the optimal image acquisition window, and com-
pare different methods of analysis (step 1) and to contrast
18F-flutemetamol brain retention in AD patients versus
healthy controls in a proof-of-concept study (steps 1 and 2).

MATERIALS AND METHODS

Subjects
Eight patients with early-stage clinically probable AD were

recruited via the academic memory clinic of the University
Hospitals Leuven. Three participated in step 1, and 5 in step 2.
Subjects had to fulfill the criteria of the National Institute of
Neurological and Communicative Disorders and Stroke and of the
Alzheimer’s Disease and Related Disorders Association for clin-
ically probable AD (18) and the DSM-IV criteria for dementia of
Alzheimer type (19). Mini-Mental State Examination scores had
to lie between 18 and 26 of 30, and the Clinical Dementia Rating
(20) between 0.5 and 2, with a score lower than 4 on the Modified
Hachinski Ischemic scale. Patient demographics and neuropsy-
chologic test results are listed in Table 1. All patients were

receiving stable treatment with a cholinesterase inhibitor, 5 were
taking a selective serotonin-reuptake inhibitor, and 1 was receiv-
ing quetiapine, 100 mg once a day.

Eight healthy controls, 5 men and 3 women, were recruited
through an advertisement in a local newspaper asking for volun-
teers to participate in a scientific study with brain imaging. Three
participated in step 1, and 5 in step 2. The subjects had to be older
than 50 y, with a Mini-Mental State Examination score above 27
and a Clinical Dementia Rating of 0. Abnormalities on detailed
neuropsychologic testing and 2 or more first-degree relatives with
a diagnosis of AD were among the exclusion criteria for partic-
ipation as a healthy control.

All participants gave written informed consent in accordance
with the Declaration of Helsinki. The protocol was approved by
the Ethical Committee of the University Hospitals Leuven.

Radiochemical Production of 18F-Flutemetamol
The investigational medicinal product 18F-flutemetamol (Fig.

1A) (containing the drug substance AH110690) was batch-
manufactured according to good manufacturing guidelines (Eu-
draLex, volume 4, annex 3) at the Cyclotron Research Centre,
University of Liège, using a TracerLab-FXF-N chemistry platform
(GE Healthcare). The chemical and radiochemical purity of the
test item were assessed by an analytic high-performance liquid
chromatograph equipped with an ultraviolet and radioactivity
detector. The total AH110690 chemical content was 0.7 6 0.3
mg/mL, and the radiochemical purity was 98.1% 6 1.2%. The
identity of the radiolabeled product was confirmed by coelution on
high-performance liquid chromatography of a cold analytic stan-
dard of AH110690.

18F-flutemetamol was supplied as a ready-to-inject solution
with an upper limit fixed at 10 mg of cold AH110690 per dose, in
line with good manufacturing guidelines, and the solution for

TABLE 1. Demographics and Neuropsychologic Results

AD patient no.

Demographic 1 2 3 4 5 6 7 8 Mean controls SD controls

Sex M M M M F M M F
Age (y) 63 55 68 77 73 73 68 72 62.5 7.1

MMSE (/30) 24* 23* 22* 22* 20* 26* 23* 25* 28.9 0.99

Clinical dementia rating 0.5 0.5 0.5 0.5 1 0.5 0.5 0.5 0 0

Digit span
Forward 6 3* 5 6 5 4 4 5 6.6 1.8

Backward 6 2* 2* 6 4 5 3 6 6.6 1.8

ADAS, cognitive
List learning (/10) 7* 6* 6* 7* 9* 6* 6* 6* 3.0 0.9

Delayed recall (/10) 10* 10* 10* 10* 10* 10* 10* 10* 3.0 1.3

Recognition (/12) 2 3 5 3 11* 4 2 3 1.6 2.3

Animal verbal fluency 15 8* 9* 12 6* 10* 11 9* 19.8 4.6
Letter verbal fluency 40 21 31 16 19 29 22 25 27.9 7.0

Boston naming test (/60) 56 51 39* 50 33* 48 38* 43* 54.0 5.3

TMT B/A 2.2 3.3 2.7 5.7* — 3.0 4.0* 6.5* 2.7 0.7

Stroop interference 43.6 50.6 24.2 50.4 — 29.2 7.2 18.2 11.6 24.6

*More than 2 SDs below average score of healthy controls.

MMSE 5 Mini-Mental State Examination; ADAS, cognitive 5 Alzheimer disease assessment scale, cognitive subscale; list learning 5

missed items averaged over 3 learning trials; delayed recall 5 missed items; recognition 5 sum of false-positive and false-negative

responses (if sum exceeds 12, score is 12); TMT B/A 5 trail-making test; Stroop interference 5 time spent on interference card minus

(time on color card · 1.8–11).
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injection contained 7% ethanol (v/v) and 0.5% polysorbate 80 (w/
v) in phosphate buffer (0.015 M).

PET Acquisition
18F-flutemetamol was injected intravenously as a slow bolus in an

antecubital vein (AD patients: 180.9 6 5.4 MBq (mean 6 SD), with
a range of 171.5–187.6 MBq; healthy controls: 179.6 6 3.8 MBq,
with a range of 172.5–184.7 MBq). Dynamic brain scanning was
performed using a 16-slice Biograph PET/CT scanner (Siemens) in
3-dimensional list mode.

In step 1 of the study, PET data acquisition was started at the
time of tracer injection and lasted for 90 min; a second period of
data acquisition ran from 150 to 180 min, and a third ran from 220
to 250 min. Before the start of each PET epoch, subjects were
repositioned in the scanner and a low-dose CT scan was obtained
(Fig. 1B).

In step 2, the acquisition procedure was simplified on the basis
of time–activity curves obtained in step 1: data acquisition was
limited to 80–170 min after injection, with the option of aborting
the scan at 140 min, which was requested by 2 healthy controls. A
low-dose CT scan was acquired before the PET scan (Fig. 1B).

PET data were corrected for attenuation (based on the CT scan),
randoms, and scatter using the manufacturer’s software. Data were
reconstructed using Fourier rebinning and 2-dimensional ordered-
subsets expectation maximization (81 axial slices, 5 iterations and
8 subsets, 128 · 128 matrix, 2.5· zoom, 2.13-mm pixels, 2-mm
slice thickness, 2-mm slice separation, gaussian postsmoothing with
a full width at half maximum of 5 mm, and no smoothing in the
axial direction). Full dynamic data acquired in step 1 were
reconstructed as 4 · 30, 6 · 60, 4 · 180, 8 · 300, 3 · 600,
3 · 600, and 3 · 600 s time frames. Step 2 data were reconstructed
as 18 · 300 s frames.

MRI Acquisition
MRI scans were acquired with an Intera 1.5-T scanner (Philips)

within 30 d before the subject’s PET scan. The scanning protocol
included a high-resolution structural T1-weighted image (3-di-
mensional magnetization-prepared rapid gradient echo, 10-s rep-
etition time, 4-ms echo time, 20-ms inversion time, 500-ms delay
time, 10� flip angle, 256 · 256 matrix, and 1-mm3 voxels) and a
fluid attenuation inversion recovery scan (coronal 5-mm slices, 5-s
repetition time, 110-ms echo time, 1,850-ms inversion time, 256 ·
256 matrix, 200-mm field of view, and 2 acquisitions). For

technical reasons, the T1-weighted image was not available for
2 subjects.

Discrete Blood Sampling and Parent Analysis
In step 1, arterial blood samples (3 mL) were collected at 10-s

intervals during the first minute, at 15-s intervals during minutes
2 and 3, and at 4, 8, 15, 30, 45, 60, 90, 120, 180, and 240 min after
injection. Red blood cells were removed by centrifugation. The
counts/s were measured with a well counter and translated into
activity concentration data in Bq/mL, decay-corrected to the time
of tracer administration.

In addition, arterial blood samples (2 mL) were collected at 2,
5, 20, 60, and 180 min after injection to determine the percentage
of radioactive parent compound and metabolites. Blood samples
were centrifuged, and the separated plasma supernatant was
collected. The plasma was mixed with a solution of reference
flutemetamol in acetonitrile and then injected onto the high-
performance liquid chromatography system (LaChrom Elite;
Hitachi) equipped with a Chromolith Performance RP-18e (100 ·
3 mm) column (Merck). Separation was performed with a gradi-
ent elution protocol. With guidance by the ultraviolet signal, 3
fractions were collected (before, during, and after the 18F-
flutemetamol peak), and the radioactivity was measured in the
g-sample changer.

Image Preprocessing
The 3 dynamic PET scans of step 1 were concatenated. For

steps 1 and 2, the voxel values of all frames were decay-corrected
to the time of 18F-flutemetamol administration. All PET frames
were realigned using an automated method (21), and a PET sum
image was created. The MRI scan was coregistered to the PET
summed image using a mutual information–based method (22).
The MRI scans were spatially normalized into Montreal Neuro-
logic Institute space using a second-order polynomial transforma-
tion and normalized mutual information as the cost function (23).
The normalization matrix was then applied to the coregistered
PET scans.

Volume-of-Interest (VOI) Analysis
Twelve VOIs were drawn on an MRI template in Montreal

Neurologic Institute space. VOIs included the lateral frontal
cortex, medial temporal cortex, lateral temporal cortex, lateral
parietal cortex, occipital cortex, striatum, sensorimotor cortex,
anterior cingulate, posterior cingulate, pons, subcortical white
matter, and cerebellar cortex. In addition, a composite cortical
VOI was defined by taking the volume-weighted average of lateral
frontal, lateral temporal, lateral parietal, anterior, and posterior
cingulate regions. For each subject, the VOIs were checked against
the subject’s spatially normalized MR image, and adjustments
were made if necessary. Time–activity curves were generated from
bilateral homologous VOIs. As in previous Ab amyloid-imaging
PET studies (1,17,24), the cerebellar cortex was selected as the
primary reference region because it is notably free of fibrillary
plaques. Because Ab amyloid plaques are absent in the pons
(25), and 11C-PiB uptake in this area is similar in AD patients and
controls (1), we also evaluated whether similar results could be
obtained with the current compound if the pons was used as a
reference region.

Compartmental Modeling of Step 1 Data
A 2-tissue-compartment model, arterial input function (2TC-

4k) (26), was applied to the step 1 data to characterize the influx
(K1, mL�cm23�min21) and efflux (k2, min21) across the blood–

FIGURE 1. (A) Chemical structure of 18F-flutemetamol and
11C-PiB parent molecule. (B) Acquisition scheme in steps
1 and 2.
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brain barrier (first compartment), and binding (k3, min21) and
release (k4, min21) (second compartment) of 18F-flutemetamol
within the defined VOIs. The general assumption was that free and
nonspecific tracer compartments were indistinguishable. Constant
cerebral blood volumes were assumed (0.02 in pons and subcor-
tical white matter, 0.035 in striatum, 0.05 in cerebellar and
occipital cortex, and 0.04 in the remaining cortical regions
(27)). Using the arterial input function (corrected for the presence
of metabolites) and regional time–activity curves as model inputs,
we established the kinetic rate constants by iterative curve fitting.
The most important parameters derived from the 2TC-4k model,
reflecting specific tracer binding, were the total distribution
volume, VT, which equals K1/k2(1 1 k3/k4), and the distribution
volume ratio, DVR, which is a normalization of the regional VT by
the nonspecific retention in the reference region. For comparison,
the special cases in which k4 5 0 or k3 5 k4 5 0 were also studied.
The performance of different model configurations was assessed
using the Akaike information criterion (AIC) expressed as per-
centages, that is, how much lower (better) a model’s AIC was than
the AIC of the comparison model.

Graphical Analysis of Step 1 Data
An alternative quantification approach is the Logan graphical

analysis method (28), which is appropriate for reversible in vivo
kinetics. This method linearizes the kinetics of brain uptake of the
tracer in tissue after it has equilibrated with the tracer in plasma.
Logan analysis was applied over the 60- (or 70-) to 250-min PET
scan interval of the step 1 data. Constant cerebral blood volumes
were assumed (as above), and the equation of the linear function
was estimated by least-squares linear regression.

The slope of the linearization is equivalent to either the tracer
VT or the DVR, depending on whether the input function is the
arterial input function (‘‘input-Logan’’ approach) or the time–
activity curve of a reference region acting as an indirect input
function (‘‘reference-Logan’’ approach), respectively.

Standardized Uptake Value (SUV) Ratio Analysis of
Pooled Step 1 and Step 2 Data

The SUV ratio is a semiquantitative measure of tracer uptake,
normalized for the mean uptake in a reference region, and does not
require arterial blood sampling or dynamic imaging. SUV ratio is
defined as the ratio of SUV in the VOI to SUV in a reference
region, with SUV being the integrated activity over a given period
per unit of injected dose and body weight.

To maximize the data available for analysis, a common time
epoch (85–170 min) was interrogated from the combined step
1 and step 2 data. Because step 1 data were acquired from 0 to 90,
150 to 180, and 220 to 250 min after injection, an exponential
function was fitted to the time–activity curves and used to
interpolate regional brain uptake over the 90- to 150-min interval.

We also evaluated the impact of scanning start time after
injection and scanning length on discrimination between the
healthy control and AD groups: for each combination of start
times (85–165 min) and window lengths (5–40 min), SUV ratios
were calculated for each VOI and subject, and the discrimination
between the groups was analyzed. For start times toward the end
of the interval, the maximum window length was constrained to
never overflow the end of the interval (170 min).

Statistical Analysis
Least-squares linear regression was used to evaluate the rela-

tionships between DVR and SUV ratios in the step 1 data, and the

strength of the correlation was assessed by means of the coeffi-
cient of determination (r2). A 1-sided Wilcoxon/Mann–Whitney
nonparametric test was used to assess whether AD scans showed
higher uptake in the VOIs relative to the control scans (steps 1 and
2 combined). Statistical tests used a 0.05 significance level, and
analyses were performed using the software ‘‘R,’’ version 2.8.0
(http://www.R-project.org).

Voxel-Based Analysis
Voxel-based analysis was used to determine the topography of

tracer binding in an unbiased manner. SUV ratio images were
calculated by summing normalized PET data over 80–90 min and
dividing every voxel value by the mean value in the cerebellar
cortex. Before statistical analysis, SUV ratio images were
smoothed with an isotropic gaussian kernel of 12 mm in full
width at half maximum. Voxelwise 2-sample t tests (SPM2,
Statistical Parametric Mapping, Wellcome Department of Cogni-
tive Neurology) were used to determine differences between AD
patients and the control group, thresholded at a voxel-level P ,

0.05 corrected for the whole brain volume.

RESULTS

Step 1: Optimization of Acquisition and Comparison of
Analysis Procedures

Plots of the 18F-flutemetamol arterial plasma activity
concentration as a function of time were similar across
groups, and a reasonable representation of the bolus peak
was obtained for all step 1 subjects. The parent analysis
showed polar metabolites and similar metabolism in AD
patients and healthy controls. The amount of intact 18F-
flutemetamol decreased rapidly over time and was 84.7% 6

4.8% (control) and 77.5% 6 2.7% (AD) after 2 min, 23.8% 6

1.0% (control) and 27.0% 6 2.4% (AD) after 20 min, and
12.2% 6 1.9% (control) and 15.3% 6 3.4% (AD) after 60
min. After about 180 min, the amount was 7.3% 6 1.9%
(control) and 13.4% 6 0.6% (AD), but counting statistics
were poor. The arterial input function was obtained by
correcting the arterial plasma activity for the amount of intact
18F-flutemetamol.

Time–activity curves (Fig. 2) indicated that at 80 min after
injection the ratio of cortical versus cerebellar SUV was
maximal in AD patients and healthy controls and remained
approximately constant over the following 90 min.

Compartmental Modeling of Step 1 Data

The cortical and striatal regional time–activity curves were
well described by the 2TC-4k compartment model. Setting k4

to 0 (assuming irreversible tracer binding) clearly did not fit
the data as well (AIC 5 16% 6 4% when all cortical regions
and subjects were considered), indicating that the specific
binding of 18F-flutemetamol to these tissues was reversible.
In cerebellum, the 2TC-4k modeling of the time–activity
curve showed only a marginal improvement in quality of fit
over the simpler 1-tissue-compartment model (1TC-2k)
modeling result in 3 subjects (AIC 5 3.1% 6 3.7%). For
the remaining 3 subjects, the 2TC-4k modeling result was
better (AIC 5 11% 6 2%) and the k3/k4 . 0 component was
assigned as nonspecific retention since uptake levels in
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cerebellum were similar in controls and AD patients and
specific binding was negligible. The same assignment could
be made for the second compartment (k3, k4) for pons and
subcortical white matter.

Graphical Analysis of Step 1 Data

Table 2 lists DVR values obtained by the 2TC-4k model
and by the input-Logan and reference-Logan approaches,
using cerebellum as the reference region. Logan graphical
analysis produced adequate linearization over the studied
time window for all regions across subjects.

The correlation between DVRs obtained with 2TC-4k
and input-Logan (Fig. 3A), as well as with input-Logan and
reference-Logan (Fig. 3B), was determined for all VOIs

across all 6 subjects. The 3 methods were highly correlated
overall, with a regression slope of 0.88 (2TC-4k vs. input-
Logan) and 1.01 (input-Logan vs. reference-Logan) for all
regions and subjects taken together.

SUV Ratio Analysis of Step 1 Data

There was a tight linear relation between SUV ratio (scan
window, 85–105 min) and DVR values from the reference-
Logan analysis for all VOIs, with SUV ratio being slightly
higher and more responsive than DVR to an increasing 18F-
flutemetamol concentration in cortical regions (Fig. 3C).

A similar linear relation was found between SUV ratio
and DVR from a reference-Logan analysis when the pons
was used as the reference region (slope 5 1.15, r2 5 0.99),

FIGURE 2. Representative examples
of time–activity curves for cerebellum
(CER), frontal cortex (FRO), and subcor-
tical white matter (SWM) in AD patient 2
(A) and healthy control 2 (B). SUV is
activity concentration in VOI/(injected
dose/subject weight).

TABLE 2. Regional DVRs of 18F-Flutemetamol in AD Patients and Healthy Controls Using 3 Modeling Approaches

Regional DVR

Subject ANC FRO LTC MTC OCC PAR POC SMC STR PON SWM VT (CER)

2T-4k

HC 1 1.72 1.57 1.46 1.19 1.47 1.66 1.80 1.41 1.59 2.03 2.35 4.40

HC 2 1.36 1.23 1.05 1.04 1.10 1.21 1.33 0.98 1.44 2.02 2.11 5.60

HC 3 1.27 1.10 1.21 1.14 1.50 1.41 1.43 1.34 1.51 2.19 2.42 4.29
AD 1 1.76 1.63 1.73 1.24 1.18 1.81 1.98 1.52 1.80 2.08 2.18 4.45

AD 2 1.62 1.59 1.67 1.09 1.28 1.62 1.94 1.51 1.67 1.66 1.68 3.49

AD 3 1.55 1.48 1.45 1.10 1.26 1.67 1.87 1.34 1.67 1.75 1.93 3.47
Input-Logan

HC 1 1.71 1.56 1.45 1.19 1.43 1.66 1.80 1.39 1.60 2.00 2.30 4.40

HC 2 1.35 1.22 1.05 1.04 1.09 1.20 1.32 0.98 1.44 2.01 2.08 5.62

HC 3 1.26 1.10 1.21 1.15 1.49 1.40 1.42 1.33 1.50 2.18 2.36 4.31
AD 1 1.80 1.66 1.75 1.27 1.20 1.83 2.02 1.54 1.86 2.15 2.19 4.35

AD 2 1.76 1.72 1.80 1.19 1.38 1.74 2.09 1.63 1.80 1.78 1.80 3.22

AD 3 1.61 1.55 1.51 1.15 1.31 1.74 1.95 1.40 1.74 1.83 1.98 3.34

Reference-Logan
HC 1 1.63 1.49 1.39 1.16 1.37 1.58 1.71 1.32 1.55 1.93 2.12 —

HC 2 1.30 1.19 1.03 1.02 1.06 1.17 1.28 0.97 1.42 1.99 1.94 —

HC 3 1.22 1.08 1.19 1.14 1.44 1.37 1.38 1.30 1.48 2.14 2.19 —

AD 1 1.77 1.64 1.72 1.26 1.19 1.80 1.98 1.51 1.84 2.14 2.15 —

AD 2 1.73 1.70 1.78 1.19 1.38 1.72 2.05 1.62 1.77 1.75 1.79 —

AD 3 1.60 1.53 1.50 1.15 1.31 1.72 1.92 1.39 1.72 1.82 1.96 —

ANC 5 anterior cingulate; FRO 5 frontal cortex; LTC 5 lateral temporal cortex; MTC 5 medial temporal cortex; OCC 5 occipital

cortex; PAR 5 parietal cortex; POC 5 posterior cingulate; SMC 5 sensorimotor cortex; STR 5 striatum; PON 5 pons; SWM 5

subcortical white matter; CER = cerebellum; HC 5 healthy control.
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but here SUV ratios were slightly lower (8.5% 6 6.2%)
than DVR (data not shown).

The comparison of step 1 results for the various analysis
methods clearly revealed similar trends and discrimination
capabilities between AD patients and healthy control sub-
jects, despite the different models (compartmental and
Logan DVRs) and inputs (arterial and reference region).
This finding both motivated and justified the use of the
simple SUV ratio method in the pooled analysis to compare
AD patients and healthy controls. On the basis of the time–
activity curves obtained in step 1 (Fig. 2), we selected 80
min as the starting time of the acquisition for step 2.

SUV Ratio Group Comparison of AD Patients Versus
Healthy Controls (Steps 1 and 2 Pooled)

For the pooled step 1 and step 2 data, the SUV ratio
analysis found good discrimination between healthy controls
and AD patients (Fig. 4). Nearly all cortical brain areas
(Fig. 5A) showed a significant difference in SUV ratio (85-
to 105-min window) between AD patients and healthy
controls, except medial temporal cortex (P 5 0.36) and
occipital cortex (P 5 0.22). Striatal SUV ratio analysis also
showed significant discrimination between the AD and
control groups (P 5 0.005). SUV ratio in pons (P 5 0.90)
and subcortical white matter (P 5 0.75) did not differ
between groups.

In AD patients 6 and 7, SUV ratios in the cortical VOIs
overlapped with the SUV ratio range seen in healthy controls
(Fig. 5). Conversely, healthy control 1 demonstrated in the
cortical VOIs high SUV ratios that were at the lower end of
the SUV ratio range seen in subjects with probable AD.

Figure 5B compares the discriminating ability of SUV
ratios (85–105 min) for the composite cortical VOI using
either cerebellum or pons as the reference region. The
discrimination between the 8 AD patients and 8 healthy
controls was found to be more significant when cerebellum
was used as the reference region (P 5 0.007) than when pons
was used (P 5 0.019). The subject rank order also differed
for the 2 parameters (Fig. 5B).

Analysis of SUV ratio versus start time showed a slight
increase with later scanning times in the 85- to 170-min
window (Fig. 6A), especially for the cortical regions with
elevated uptake in AD patients, but the rank order was nearly
constant. Later scan start times resulted in only a minor
improvement in discrimination between AD patients and

FIGURE 3. Data for step 1. Correlation plots for cortical
regions showing highest 18F-flutemetamol uptake in AD
patients: DVR from 2TC-4k model vs. DVR from input-Logan
approach (A), DVR from input-Logan approach vs. DVR from
reference-Logan approach (B), and SUV ratio averaged over
85–105 min vs. DVR from reference-Logan approach (C).
r2 5 coefficient of determination. ANC 5 anterior cingulate;
FRO 5 frontal cortex; LTC 5 lateral temporal cortex; PAR 5

parietal cortex; POC 5 posterior cingulate; SMC 5 senso-
rimotor cortex; SUVR 5 SUV ratio.
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healthy controls. Discrimination between patients and con-
trols was only marginally affected by different scanning
lengths (5–40 min), and scanning times as short as 5–10 min
were adequate (Fig. 6B).

To elucidate the topography of 18F-flutemetamol uptake,
we compared the six 18F-flutemetamol–positive AD patients

with the seven 18F-flutemetamol–negative healthy controls
using voxel-based statistics. Highly significant differences
were found in neocortical association zones (Fig. 7).

DISCUSSION

We have shown that, when applied after 80 min, compu-
tationally simple methods using a reference region uptake
ratio discriminate well between 18F-flutemetamol–positive
AD patients and 18F-flutemetamol–negative healthy controls
(Table 2; Figs. 4, 5, and 7), even for scanning times as short
as 5–10 min (Fig. 6B). This discrimination was only mar-
ginally affected by the scanning start time (Fig. 6A) or

FIGURE 4. Axial and sagittal SUV ratio images in step
1 (70–90 min) (A) and step 2 (85–105 min) (B) in AD patients
and healthy controls. Cerebellar cortex was used as refer-
ence region. SUV ratio upper limit was set at higher value in
B than in A to compensate for increasing SUV ratio at later
scan times (Fig. 6). SUVR 5 SUV ratio.

FIGURE 5. Pooled data for steps 1 and 2. (A) SUV ratios
integrated over 85- to 105-min time window using cerebel-
lum as reference region. (B) Composite cortical region:
distribution of SUV ratios using cerebellum and pons as
reference region for 85- to 105-min time window. Subject
rank order within AD and control groups is given in left and
right margins of respective dataset. Mean and SD for each
group (excluding outliers) are represented with error bars.
SUV ratios of pons and subcortical white matter are referred
to a separate y-axis. P values (1-sided) denote significance
of Wilcoxon/Mann–Whitney test to discriminate between
entire AD group (n 5 8) and healthy control group (n 5 8).
Circles 5 AD patients; triangles 5 healthy controls; filled
symbols 5 outliers; ANC 5 anterior cingulate; CER 5

cerebellum; FRO 5 frontal cortex; LTC 5 lateral temporal
cortex; MTC 5 medial temporal cortex; OOC 5 occipital
cortex; PAR 5 parietal cortex; POC 5 posterior cingulate;
PON 5 pons; SMC 5 sensorimotor cortex; STR 5 striatum;
SUVR 5 SUV ratio; SWM 5 subcortical white matter.
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scanning length (Fig. 6B) for time windows beyond 80 min.
A recent analysis of different scanning windows for 11C-PiB
provides evidence that a 50- to 70-min scanning window is
the overall best compromise for SUV ratio calculations (29).
For the current 18F agent, an acquisition window starting
from 80 min onward appears to be most suitable.

The retention of 18F-flutemetamol was similar in AD
patients and healthy controls in brain regions known to be
relatively unaffected by amyloid deposition, such as pons,
cerebellum, and subcortical white matter (Table 2; Figs.
5 and 7). The exact quantification method used, DVR or
SUV ratio, had little impact on the discriminatory power of
18F-flutemetamol, in accordance with previous 11C-PiB
studies (30,31). Moreover, the choice of reference region,
cerebellar cortex or pons, did not make much difference
(Fig. 5B).

AD patients 6 and 7 showed an uptake pattern that was
indistinguishable from the binding typical in healthy con-
trols (Fig. 4, 5). Clinically and on neuropsychologic testing,
these patients were comparable to the 18F-flutemetamol–
positive AD patients (Table 1). A small percentage
(10%220%) of patients with a diagnosis of clinically

probable AD who had received a 11C-PiB PET scan in
previous research studies also did not show elevated cortical
tracer uptake (1,32,33). These negative scans may reflect
limited sensitivity of the tracer (6,34) or, more likely, a lack
of Ab amyloid disease in these patients.

Conversely, healthy control 1 had increased 18F-fluteme-
tamol uptake. His values were at the lower end of those
observed in AD. We cannot strictly rule out that increased
cortical values partially resulted from spillover of white
matter signal. However, the proportion of 18F-flutemeta-
mol–positive healthy controls in the current sample was
comparable to the 10%230% of cognitively intact elderly
controls who show elevated 11C-PiB brain uptake indistin-
guishable from AD (32,33,35–37).

The spatial distribution of 18F-flutemetamol uptake in
AD closely resembles that typically seen with 11C-PiB
binding (Fig. 7) (1,16,33,37–39). As in 11C-PiB, striatal
uptake of 18F-flutemetamol was high and uptake in medial
temporal cortex, one of the areas of predilection for
neurofibrillary tangles in AD, relatively low. White matter
uptake of 18F-flutemetamol was conspicuous in a subset of
healthy controls (e.g., healthy controls 3, 5, and 7 in Fig. 4).
Statistically, this uptake did not differ between AD patients
and healthy controls at the group level. White matter uptake
probably reflects the slower clearance of the tracer from
white matter than from the cortex (7).

Although reference region–based analysis methods
(DVR and SUV ratio) performed well in discriminating
AD patients from controls, the VT values and kinetic rate
constants from the input function–based kinetic modeling
gave less consistent results. Similar to 11C-PiB, the periph-
eral metabolism of 18F-flutemetamol is rapid, and as a
result the determination of intact tracer fractions at late
time points suffers from high statistical variability (24).
This can introduce a bias in the fitted intact fraction curve,
which will in turn propagate into the results from input-
based compartmental modeling. Use of the ratio of the
distribution volumes in target and reference tissue, obtained
from input function–based modeling, therefore appears a
more robust approach, and the time–activity curve of an
appropriate reference region can be used as an indirect
input function to obtain ratios instead of absolute values. In

FIGURE 7. Surface rendering (CARET 5.51 (40)) of areas of
significantly increased amyloid deposition in six 18F-flute-
metamol–positive AD patients compared with seven 18F-
flutemetamol–negative healthy controls, based on SUV ratio
images integrated over 80–90 min (using cerebellum as
reference region). Voxel-level uncorrected P , 0.001. Areas
outlined in blue: voxel-level P , 0.05 corrected for whole
brain volume.

FIGURE 6. (A) Average SUV ratio
curves (6SD) in frontal cortex over 85- to
170-min time window (5-min length) in AD
patients (d, n 5 6) and healthy controls
(:, n 5 7). SUV ratios of outlier (Fig. 5) AD
patients6and7andhealthycontrol1were
not included in this averaging. (B) Com-
parison of axial PET sum images of
different scan lengths (5, 10, and 20 min)
at constant scan end time (105 min) for
1 representative AD patient (AD patient 4)
and 1 healthy control (healthy control 6).
HC 5 healthy control; SUVR 5 SUV ratio.
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our study, SUV ratio and DVR showed little variability and
allowed good discrimination between AD patients and
controls without the need for invasive and technically
demanding blood sampling and analysis.

CONCLUSION

18F-flutemetamol uptake can readily be quantified using
reference region uptake ratios after 80 min and provides
good discrimination between AD patients and healthy
controls. These phase 1 results justify further pursuit of
18F-flutemetamol as a biomarker for AD-related amyloido-
sis with wider availability for clinical and research pur-
poses than its ‘‘parent molecule,’’ 11C-PiB.

ACKNOWLEDGMENTS

We thank Carine Schildermans, Stijn Dirix, Hendrikje
Jeandarme, Mieke Soons, and the Cyclotron Research
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