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Pioneered with the invention of 11C-Pittsburgh compound B,
amyloid-b imaging using PET has facilitated research in Alzheimer
disease (AD). This imaging approach has promise for diagnostic
purposes and evaluation of disease-modifying therapies. Broad
clinical use requires an 18F-labeled amyloid-b radioligand with
high specific and low nonspecific binding. The aim of the present
PET study was to examine the radioligand 18F-AZD4694 in human
subjects. Methods: Six control subjects and 10 clinically di-
agnosed AD patients underwent PET examination with 18F-
AZD4694 and a structural MRI scan. Of these, 4 controls and 4
patients underwent a second PET examination for test–retest anal-
ysis. Arterial sampling was done to derive a metabolite-corrected
plasma input function for traditional compartment modeling. Be-
sides, several simplified quantitative approaches were applied,
including the reference Logan approach and simple ratio meth-
ods. Results: After intravenous injection of 18F-AZD4694, radio-
activity appeared rapidly in brain. In patients, radioactivity was
high in regions expected to contain amyloid-b, whereas in con-
trols, radioactivity was low and homogenously distributed. Bind-
ing in cerebellum, a reference region, was low and similar
between the groups. Specific binding was reversible and peaked
at about 27 min after injection in regions with high radioactivity.
The time–activity curves could be described using the 2-tissue-
compartment model. Distribution volume ratio estimates obtained
using compartment models and simplified methods were highly
correlated. Standardized uptake value ratios calculated at late
times and distribution volume ratios estimated with the reference
Logan approach were, in gray matter, significantly lower in con-
trol subjects (1.08 [11%] and 1.01 [6%], respectively) than in AD
patients (2.15 [24%] and 1.62 [18%], respectively). Among non-
invasive methods, the lowest test–retest variability was found with
reference Logan, varying between 4% and 6% across brain
regions. Conclusion: Noninvasive quantitative approaches pro-
vide valid estimates of amyloid-b binding. Because of the radio-
isotope (18F) used for labeling, the radioligand has potential for
wide clinical application. 18F-AZD4694 satisfies the requirements
for a promising amyloid-b radioligand both for diagnostic use and
for evaluation of disease-modifying therapies in AD.
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Alzheimer disease (AD) was identified more than a cen-
tury ago on the basis of histopathologic observations. The
diagnosis of AD, however, is a clinical challenge, and a defi-
nite diagnosis can still only be made after death. In clinical
research on AD, the search for sensitive and specific in vivo
biomarkers has thus been given high priority. A promising
recent approach is the use of PET and radiolabeled ligands
targeting amyloid-b deposits in the brain. The first and so-far
most successful radioligand is 11C-labeled 2-[49-(methylamino)
phenyl]-6-hydroxybenzothiazole (11C-PIB), which binds pre-
dominantly to amyloid-b plaques in the human brain (1). Initial
studies have shown that control subjects (CSs) and AD patients
can be separated on the basis of their amyloid-b load (2).
Subsequently, in vivo amyloid-b imaging has been applied
in research on early AD diagnosis (3), evaluation of longi-
tudinal progression of disease (4), and evaluation of new
disease-modifying therapies (5).

This first generation of amyloid-b radioligands has
thereby opened a new field of neuroimaging research.
Radioligands such as 11C-PIB have affinity for amyloid-b
in the low-nanomolar range, and a favorable near-stable
signal-to-background ratio is obtained during the later
phase of data acquisition (6). By consequence, a late-time-
ratio approach often referred to as a quasi–steady-state
approach has routinely been applied to obtain quantitative
measures (7).

Traditional development of radioligands used for neuro-
receptor imaging has followed a different path. Radioligands
such as 11C-raclopride (8) have routinely been examined
using compartment analysis with a metabolite-corrected ar-
terial input function (8). The compartment analysis has then
been used to validate simplified reference region approaches
for calculation of binding potential.
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Whereas 11C-labeled radioligands have a half-life of
20 min, 18F-labeled radioligands have the advantage of
a longer half-life (110 min), making it possible to ship to
PET centers without a cyclotron. In recent years, several
18F-labeled compounds have been developed and examined
in vivo (9–11), but only 18F-flutemetamol has so far been
described in detail in the literature using a compartment
analysis with arterial input function (12).
A new benzofuran radioligand, 18F-AZD4694, has been

developed in a collaboration between Karolinska Institutet
and AstraZeneca and characterized in preclinical assays
(13). 18F-AZD4694 has high affinity to amyloid-b fibrils
in vitro (Kd, 2.3 6 0.3 nM) and shows selective labeling
of amyloid-b in cortical sections from postmortem human
AD brains.
The aim of the present PET study was to examine in

detail the binding of 18F-AZD4694 to amyloid-b in 6 CSs
and 10 patients with AD. 18F-AZD4694 binding was exam-
ined using compartment analysis with a metabolite-cor-
rected arterial input function and reference region–based
quantitative approaches. In addition, 8 of the enrolled sub-
jects (4 CSs and 4 AD patients) were reexamined to obtain
a preliminary estimate of test–retest reproducibility.

MATERIALS AND METHODS

Subjects and Study Design
The study was approved by the Regional Ethics Committee in

Stockholm and was performed in accordance with the Declaration
of Helsinki and the guidelines of the International Conference on
Harmonization/Good Clinical Practice. All subjects and caregivers
gave written informed consent before enrollment in the study.

Six CSs and 10 patients with AD were included. The patients
were recruited from the Memory Clinic at Karolinska University
Hospital Huddinge, Sweden. AD was diagnosed according to the
DSM-IV criteria of dementia (14). The patient characterization
included patient and informant interview, neurologic examination,
Mini-Mental State Examination, psychometric testing of cogni-
tion, and brain imaging (MRI or CT). On the basis of this infor-
mation, a team conference established the clinical diagnosis. The
inclusion criteria included age between 50 and 80 y, Mini-Mental
State Examination scores of 16–26, and weight between 55 and
100 kg. The main exclusion criterion was significant cerebrovas-
cular or other somatic disease apart from AD.

CSs were considered healthy after undergoing a thorough clinical
examination including blood and urine analysis and on exhibiting
a Mini-Mental State Examination score of greater than 28.

All subjects participated in 1 PETexamination with 18F-AZD4694.
To examine the test–retest variability of 18F-AZD4694, 4 CSs and 4
AD patients underwent a second PET examination after 7–20 d.

MRI and PET Experimental Procedure
All subjects underwent MRI on a 1.5-T Avanto scanner

(Siemens) at Karolinska University Hospital. T1-weighted MR
images were obtained for each individual and used for gray and
white matter segmentation and delineation of regions of interest
(ROIs). The 3-dimensional MRI dataset was reoriented so that the
line between the anterior and posterior commissures was on the
horizontal plane and the interhemispheric fissure was on the sagittal

plane. The MR image was segmented into gray matter, white matter,
and cerebrospinal fluid segments using the SPM5 segmentation
algorithm (Wellcome Trust Centre for Neuroimaging) in MATLAB
(The MathWorks Inc.).

18F-AZD4694 was prepared by radiofluorination of its corre-
sponding N-Boc–protected nitro precursor followed by acidic depro-
tection (as described in patent WO20100056796). 18F-AZD4694
was obtained in a 6% overall radiochemical yield (corrected for
decay) with a specific radioactivity between 16 and 290 GBq/mmol
at the time of intravenous bolus administration. 18F-AZD4694 was
injected as a bolus with a mean radioactivity of 2036 6 MBq
(range, 194–218 MBq). There were no significant differences in
injected radioactivity and specific radioactivity between CSs and
AD patients (P . 0.05).

PET data were obtained with a high-resolution research tomo-
graph (HRRT; Siemens/CTI) operating in list mode (15). Data were
acquired for 93 min after intravenous injection. The list-mode data
were binned and reconstructed using iterative reconstruction with
point-spread function modeling into a 4-dimensional PET image
containing 38 consecutive time frames (9 · 10 s, 2 · 15 s, 3 ·
20 s, 4 · 30 s, 4 · 60 s, 4 · 180 s and 12 · 360 s) with a 3-
dimensional array of 256 · 256 · 207 voxels having a size of 1.22 ·
1.22 · 1.22 mm (15).

Arterial Input Function
Continuous arterial sampling was performed during the initial

10 min using an automated blood sampling system to derive
a metabolite-corrected plasma input function, as described before
(8). Discrete manual arterial samples were drawn at scheduled time
points during the PET examination (4, 10, 20, 30, 40, 50, 60, 70, 80,
and 90 min) for measurement of whole-blood and plasma radioac-
tivity concentration. The analysis of radioligand metabolites was
performed using standard methodology as described previously (16).

ROIs
Anatomic ROIs were manually delineated on the reoriented, 1 ·

1 · 1 mm resolution MR image using the human brain atlas (17).
ROIs were delineated as regions previously described (18) for the
anterior cingulate cortex, lateral temporal cortex, parietal cortex,
posterior cingulate cortex, prefrontal cortex, and cerebellum. Seg-
mented images of total gray matter, white matter, and whole brain
(defined as gray matter plus white matter) were created during
image processing and used to generate the respective ROIs. When
the manually delineated cortical ROIs were applied to the PET
image, the gray matter segment was used to include only gray
matter voxels.

Quantitative Analyses
Detailed descriptions of the quantitative approaches are given

in the supplemental data (supplemental materials are available
online only at http://jnm.snmjournals.org). Initially, the binding of
18F-AZD4694 was interpreted using the 1-tissue-compartment
model and the 2-tissue-compartment model with a metabolite-cor-
rected arterial input function (8). Subsequently, simplified meth-
ods with or without the use of a reference region were examined
for cross-validation purposes (19).

Two linear graphical methods proposed by Logan et al. were
applied (20). First, using the metabolite-corrected arterial blood
curve as input function, the last 10 points of the Logan plot were
fitted to obtain the total distribution volume (33–93 min after in-
jection). Second, using the cerebellum as reference region (refer-
ence Logan), the last 11 points of the linear plot were fitted to
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obtain distribution volume ratio (DVR) (27–93 min after injection)
(21). The reference Logan approach was further examined with
regard to the measurement time, with alternate start time or end
time used to fit the regression line on the plot (supplemental data).
DVR parametric images based on reference Logan were obtained
for visualization using wavelet-aided parametric imaging (22).
Using cerebellum as reference region, the simplified reference
tissue model (SRTM) was also applied (23).

Late Time (Quasi–Steady-State) Ratio
The time–activity curves for previously developed amyloid-b

radioligands such as 11C-PIB have been expressed using standard-
ized uptake values where the target ROIs are corrected for amount
of injected activity and body weight. The standard way to quantify
amyloid-b ligands has then been to calculate standardized uptake
value ratios (SUVRs) by dividing the target region by the reference
region (cerebellum). SUVR can be viewed as a simplified way to

estimate DVR as has been described elsewhere (24), and the use of
a late ratio has often been referred to as the quasi–steady-state
approach. We applied this method to calculate SUVRs for 18F-
AZD4694 using data from 51 to 63 min after injection (late ratio).

Peak Equilibrium Ratio
For neuroreceptor ligands with rapid kinetics, DVR is usually

defined using reference Logan or SRTM as described above. In a
preliminary attempt to examine another simplified ratio method we
calculated SUVRs for 18F-AZD4694 using an early time interval.
Taking advantage of the rapid kinetics of 18F-AZD4694, the interval
was between 21 and 33 min, thereby including the time of the so-
called peak equilibrium (peak ratio) (25).

Test–Retest Reproducibility
For subjects with repeated PET measurements, the test–retest

variability was calculated as shown in Equation 1.

FIGURE 1. (A) Mean of radioactivity concentration of 18F-AZD4694 in arterial whole blood and metabolite-corrected plasma for AD patients

(n5 10) and CSs (n5 6). (B) Two-tissue-compartment model fit to time–activity curves for selected regions of AD patient (AD4). Measured time–

activity curves are shown using unconnected markers for posterior cingulate cortex, total gray matter, and cerebellum. Continuous lines
represent fitted model curves. (C) Linear graphical analysis using reference Logan: mean plot for AD patients. (D) Demonstration of stability

of reference Logan with start time fixed at 27 min after injection and alternating end time. Stability is characterized by showing groupwise

interindividual mean of DVR estimates in posterior cingulate cortex, DVR effect size between AD patients (n 5 10) and CSs (n 5 6) in posterior
cingulate cortex, and test–retest variability in gray matter. CER 5 cerebellum; ES 5 effect size; GM 5 gray matter; PCC 5 posterior cingulate

cortex.
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Test–retest variability is reported for selected ROIs as mean 6
SD across all evaluable subjects.

Statistical Analysis
Group differences in demographic parameters were assessed

using a 2-tailed t test with unequal variance. The Akaike informa-
tion criterion was used as an outcome measure to compare the
goodness of fit for each compartment and nonlinear model (26).
Models were further compared using F statistics.

The intraclass correlation coefficient was calculated to assess
test–retest reliability (27). Group differences in binding parame-
ters were assessed by calculating the standardized difference in
group mean estimates between AD patients and CSs. Standard-
ization was based either on the pooled SD producing effect size or
on the SD of the control group producing z scores.

RESULTS

Subjects

Six CSs (all men) and 10 AD patients (7 men and 3
women) underwent PET examination according to the pro-
tocol. The mean age was 516 2 y in the CSs and 626 7 y in
the AD patients (P , 0.001). The mean Mini-Mental State
Examination score was 30 6 1 in CSs and 22 6 4 in AD
patients (P , 0.001). There was no significant difference
in body weight between CSs (85 6 6 kg) and AD patients
(80 6 9 kg) (P . 0.05).

Arterial Input Function and Radioligand Metabolism

The time curves for radioactivity in whole blood and
metabolite-corrected plasma were comparable between CSs
and AD patients (Fig. 1A). The metabolism of 18F-
AZD4694 was rapid both in CSs and in AD patients. All
radioactive metabolites were more polar than the parent
compound (Fig. 2A). Approximately 50% of 18F-AZD4694

was metabolized within 8–9 min after intravenous injec-
tion, and about 10% remained unchanged at the end of
measurement (Fig. 2B). In both groups, the mean of
the ratios between whole brain and metabolite-corrected
plasma radioactivity reached an essentially horizontal level
during the second half of the measurement (Supplemental
Fig. 2).

Visual Inspection of 18F-AZD4694 Binding

PET images for the peak ratio and late ratio methods and
DVR parametric images showed a difference between AD
patients and CSs, with higher binding in AD patients
throughout most of the cerebral cortex as well as the
striatum (Fig. 3). White matter binding was visually low in
subcortical regions, especially in the peak ratio SUVR and
DVR images.

Time–Activity Curves

The time–activity curve in whole brain increased rapidly,
reaching a peak after about 90 s, when approximately 4% of
radioactivity was in the brain (Supplemental Fig. 1). Regional
time–activity curves from a representative CS and AD patient
are shown in Figure 4. After the initial peak, cortical time–
activity curves declined rapidly (Fig. 4). For CSs, the time–
activity curves did not differ between target regions and
cerebellum (Fig. 4A). In AD patients, the time–activity curves
for target ROIs were higher than for cerebellum (Fig. 4B). The
time–activity curves for white matter were similar between
the subject groups. Compared with cerebellum, the initial
peak was lower and then the decline of radioactivity was
slower in white matter. White matter values surpassed those
for cerebellum from approximately 20 min after injection.

Compartment Modeling

The regional time–activity curves could be described
by the 2-tissue-compartment model (Fig. 1B) but not by

FIGURE 2. (A) Chromatogram showing radioactive parent and metabolites of 18F-AZD4694. (B) Parent fraction of 18F-AZD4694 vs. time in
arterial plasma. Single s and · symbols with whiskers indicate groupwise interindividual mean of measured parent fraction data for AD

patients (n 5 10) and CSs (n 5 6), respectively. Solid line indicates mean of individually fitted parent fraction functions for all subjects.
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the 1-tissue-compartment model (Supplemental Fig. 3). The
rate constants and derived parameters for the 2-tissue-compart-
ment model are given in Table 1. The supplemental data con-
tain more details.

Linear Graphical Methods

The Logan and reference Logan plots became linear
at a point corresponding to approximately 30 min after
injection of 18F-AZD4694 (Fig. 1C) and produced reliable
estimates independent of varying end time or start time
(Fig. 1D and Supplemental Fig. 5). Individual reference
Logan DVRs are shown in Figure 5. For SRTM, the re-
gional time–activity curves could be described by SRTM
(Supplemental Fig. 4). All regional mean DVRs are given
in Tables 2 and 3.

Late Time Ratio Analysis

The ratio between radioactivity in target ROI and reference
region in AD patients became stable after approximately 50 min
(Fig. 6B). The ratio for gray matter in CSs was close to 1 (Fig.
6B). The calculated SUVRs in AD patients varied between 2.10
and 2.88 across regions (Table 3).

Peak Equilibrium Analysis

The time–activity curve for specific binding was calcu-
lated as the difference between the time–activity curves for
a target region and cerebellum. The curve was at peak level
between 24 and 30 min after injection and decreased there-
after (Fig. 6A). In CSs, specific binding was negligible (Fig.
6A). Peak ratio SUVRs for AD patients ranged between
1.40 and 2.10 (Table 3).

Comparisons Between Different Models

Using 2-tissue-compartment model values as the gold
standard, the DVRs obtained using reference input (SRTM,
reference Logan) were consistent, shown as strong corre-
lations in Table 4. The late ratio approach provided higher
SUVRs than any other method, whereas the peak ratio
method produced values similar to reference Logan
(Tables 2–4).

Test–Retest Variability

The retest data for AD6 contained severe head-movement
artifacts and were thus not suitable for further analysis, leaving
3 AD patients and 4 CSs for test–retest variability assessment.

FIGURE 3. Sample horizontal and sagittal
slices of 18F-AZD4694 peak ratio (21–

33 min), late ratio (51–63 min) SUVR, and

reference Logan DVR images overlaid on
MR images for AD patient and CS. SUVR

images were smoothed for visualization with

gaussian filter with full width at half maxi-

mum of 5 mm. Color scale windows were
set in such a way that cortical binding in

AD patient appears comparable between

methods.
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The test–retest variability for DVR estimates was in the range of
3%–8% in gray matter (Table 5). Intraclass correlation coeffi-
cients were generally large, ranging from 0.88 to 0.99 (Table 5).

Group Differences in Specific Binding

DVR estimates in CSs were close to 1 for all quantification
methods and target regions (Table 2). In contrast, in AD
patients most methods provided DVR estimates of around
1.7 for gray matter and close to or greater than 2 in posterior
cingulate cortex (Table 3). Individual DVR values with ref-
erence Logan even approached 3 (Fig. 5). For all methods,
the effect size and z scores indicated a separation between the
2 groups (Supplemental Table 1). The highest effect sizes
and z scores among methods were obtained using peak ratio
for most regions.

DISCUSSION

In the present PET study, the kinetic behavior of the
novel amyloid-b radioligand 18F-AZD4694 was examined
in CSs and probable AD patients.

Regional Brain Radioactivity

After intravenous injection of 18F-AZD4694 in CSs, there
were no evident differences in radioactivity between cortical
regions and cerebellum. By contrast, in AD patients there
was conspicuously higher radioactivity in cortical regions
than in cerebellum, a region known to be devoid of substan-
tial amounts of fibrillar Ab (28). The regional distribution in
AD patients had a pattern similar to that shown for other
amyloid-b PET radioligands (Fig. 3) (2,11,12). Taken to-
gether with the previously published detailed autoradiogra-

TABLE 1
Rate Constants and Outcome Estimates Obtained Using 2-Tissue-Compartment Model in Selected Regions

Parameter

CSs (n 5 6) AD patients (n 5 10)

PCC GM CER PCC GM CER

K1 (mL/cm3/min) 0.34 (50%) 0.29 (53%) 0.30 (53%) 0.23 (20%) 0.22 (15%) 0.25 (17%)

k2 (1/min) 0.30 (45%) 0.24 (44%) 0.25 (57%) 0.14 (29%) 0.15 (13%) 0.18 (15%)
k3 (1/min) 0.05 (101%) 0.03 (58%) 0.04 (100%) 0.06 (45%) 0.04 (34%) 0.02 (17%)

k4 (1/min) 0.04 (64%) 0.04 (40%) 0.05 (50%) 0.03 (33%) 0.02 (13%) 0.04 (25%)

K1/k2 1.20 (27%) 1.19 (16%) 1.21 (11%) 1.75 (26%) 1.51 (20%) 1.42 (23%)

k3/k4 0.98 (41%) 0.73 (28%) 0.67 (40%) 1.97 (30%) 1.72 (29%) 0.62 (25%)
VT (mL/cm3) 2.28 (17%) 2.04 (15%) 1.99 (13%) 5.05 (22%) 4.05 (22%) 2.28 (21%)

DVR 1.14 (14%) 1.02 (7%) 1.00 (0%) 2.26 (23%) 1.81 (21%) 1.00 (0%)

AIC 251 (11%) 156 (28%) 188 (16%) 279 (6%) 161 (14%) 211 (9%)

PCC 5 posterior cingulate cortex; GM 5 gray matter; CER 5 cerebellum; VT 5 total distribution volume; AIC 5 Akaike information

criterion.
Data shown are mean and coefficient of variation.

FIGURE 4. (A) Regional time–activity curves of CS (A) and AD patient (B). Subject whose time–activity curves were closest to mean time–

activity curves in respective group was selected. Selected ROIs are used for illustration. GM 5 gray matter; CER 5 cerebellum; PCC 5
posterior cingulate cortex; WM 5 white matter.
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phy study of 3H-AZD4694 binding in vitro (13), the present
observations in vivo support the evidence that 18F-AZD4694
binds specifically to amyloid-b depositions.

Radioligand Metabolism and Brain Exposure

The metabolism of 18F-AZD4694 was rapid, similar to
what has been shown for other amyloid-b radioligands
(12,29–31). The metabolites were more polar than the par-
ent compound (Fig. 2A). The observation that the ratio of
radioactivity in brain to metabolite-corrected plasma was
nonincreasing, essentially stable in the latter part of the
measurement (Supplemental Fig. 2), indirectly supports
the interpretation that there is no formation of radioactive
metabolites that would gradually enter the brain.

Quantitative Analyses

The 2-tissue-compartment model could be used to de-
scribe the time–activity curves in CSs and AD patients and
was used as the gold standard in the present cross-validation
approach.

The rate constants were in general similar to those
reported for 11C-PIB (29), except that the dissociation con-
stant k4 was relatively high, indicating more rapid dissoci-
ation of 18F-AZD4694 binding. Assuming that radioactivity
in the cerebellum serves as an estimate for nonspecific bind-
ing, time curves for specific binding were calculated by
subtracting the activity of the cerebellum from that of the
target region. Specific binding peaked at about 27 min after
injection and declined thereafter. Such observations have in

FIGURE 5. Scatterplot of individual DVRs

in 5 selected regions obtained using refer-
ence Logan in AD patients (d) and CSs (h).

ACC 5 anterior cingulate cortex; GM 5 total

gray matter; LTC 5 lateral temporal cortex;
PCC 5 posterior cingulate cortex; PFC 5
prefrontal cortex.

TABLE 2
DVR and SUVR Obtained in All Quantification Methods and Regions in CSs

ROI

DVR SUVR

1T-CM 2T-CM Logan SRTM Reference Logan

Peak ratio

(21–33)

Late ratio

(51–63)

Anterior cingulate cortex 1.02 (13%) 1.05 (16%) 1.02 (17%) 1.02 (18%) 1.02 (13%) 1.06 (10%) 1.12 (29%)

Lateral temporal cortex 1.04 (9%) 1.06 (11%) 1.05 (11%) 1.05 (11%) 1.04 (9%) 1.04 (8%) 1.12 (15%)

Parietal cortex 1.06 (6%) 1.11 (9%) 1.10 (9%) 1.14 (14%) 1.08 (7%) 1.05 (5%) 1.16 (13%)

Posterior cingulate cortex 1.08 (11%) 1.14 (14%) 1.15 (14%) 1.21 (23%) 1.11 (10%) 1.08 (12%) 1.23 (16%)
Prefrontal cortex 1.06 (10%) 1.10 (13%) 1.09 (14%) 1.10 (17%) 1.07 (10%) 1.06 (8%) 1.15 (19%)

White matter 1.45 (22%) 1.51 (23%) 1.42 (24%) 1.38 (20%) 1.31 (19%) 1.30 (14%) 1.94 (29%)

Gray matter 1.00 (5%) 1.02 (7%) 1.02 (8%) 1.05 (10%) 1.01 (6%) 1.01 (5%) 1.08 (11%)

Cerebellum (VT) 1.89 (14%) 1.99 (13%) 2.05 (14%) — — — —

1T-CM 5 1-tissue-compartment model; 2T-CM 5 2-tissue-compartment model; VT 5 total distribution volume.
Data are mean and coefficient of variation (n 5 6).
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the literature been referred to as peak equilibrium (8). Be-
sides providing additional support for the reversible nature
of 18F-AZD4694 binding, the rapidly peaking kinetics allow
for application of simplified quantitative approaches previ-
ously developed for reversible neuroreceptor radioligands
(8,20,23,32).
Furthermore, the time–activity curves for white matter

differed from other regions and showed a lower initial peak
and a slower decline rendering a relatively high level during
the latter part of the PET acquisition. Such presence of
relatively high nonspecific binding in white matter has been
observed also for other amyloid-b radioligands (11,12,31).
The potential for quantification at a time when binding in
white matter is still relatively low was a further reason for
implementing a preliminary peak ratio approach.

Quantitative Methods of Choice

The estimates obtained with the simplified methods cor-
related with the 2-tissue-compartment model (Table 4). Ref-
erence tissue approaches such as reference Logan and SRTM
underestimated the DVR, as has been observed also for 11C-
PIB (33) and some receptor radioligands (34), whereas the late
ratio approach overestimated amyloid-b binding as compared
with the 2-tissue-compartment model. This overestimation is
a common observation for receptor radioligands such as 18F-
cyclofoxy (35), and the theoretic underpinnings have been
further examined in detail in a PET study using the D2-
dopamine receptor radioligand 11C-FLB 457 ((S)-N-((1-ethyl-
2-pyrrolidinyl)methyl)-5-bromo-2,3-dimethoxybenzamide)
(36). Importantly, the peak ratio and reference Logan meth-
ods provided similar estimates that correlated well with

TABLE 3
DVR and SUVR Obtained in All Quantification Methods and Regions in AD Patients

ROI

DVR SUVR

1T-CM 2T-CM Logan SRTM Reference Logan

Peak ratio

(21–33)

Late ratio

(51–63)

Anterior cingulate cortex 2.20 (23%) 2.31 (23%) 2.20 (23%) 2.05 (19%) 1.98 (19%) 1.97 (20%) 2.75 (24%)
Lateral temporal cortex 2.09 (26%) 2.22 (26%) 2.12 (26%) 1.92 (22%) 1.89 (22%) 1.90 (19%) 2.59 (28%)

Parietal cortex 2.17 (26%) 2.29 (25%) 2.20 (26%) 2.01 (23%) 1.96 (22%) 1.99 (23%) 2.71 (27%)

Posterior cingulate cortex 2.19 (23%) 2.26 (23%) 2.16 (24%) 2.05 (21%) 1.98 (19%) 2.05 (18%) 2.73 (25%)
Prefrontal cortex 2.30 (26%) 2.40 (26%) 2.33 (27%) 2.15 (24%) 2.08 (23%) 2.10 (21%) 2.88 (30%)

White matter 1.67 (19%) 1.61 (21%) 1.50 (22%) 1.44 (17%) 1.39 (18%) 1.40 (18%) 2.10 (21%)

Gray matter 1.73 (21%) 1.81 (21%) 1.78 (21%) 1.68 (18%) 1.62 (18%) 1.65 (17%) 2.15 (24%)

Cerebellum (VT) 2.02 (23%) 2.28 (21%) 2.34 (21%) — — — —

1T-CM 5 1-tissue-compartment model; 2T-CM 5 2-tissue-compartment model; VT 5 total distribution volume.

Data shown are mean and coefficient of variation (n 5 10).

FIGURE 6. (A) Groupwise interindividual mean of specific binding vs. time for selected regions in AD patients (n 5 10) and CSs (n 5 6). (B)

Groupwise interindividual mean of ratio of time–activity curves of selected target regions and cerebellum vs. time in AD patients and CSs.
GM 5 gray matter; PCC 5 posterior cingulate cortex.
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those from the 2-tissue-compartment model, and the meth-
ods may thus be viewed as validated for quantification.

18F-AZD4694 has several favorable properties for use in
a clinical setting. Arterial blood sampling is not required for
quantitation, since methods using a reference input pro-
vided valid estimates of amyloid-b load. The reference
Logan analyses also showed that using 45 min of acquisi-
tion data provides reliable DVRs (Fig. 1D), supporting the
possibility that a short acquisition might be sufficient to
quantify amyloid-b load. The advantages of the peak ratio
method include short data acquisition and simple practical
use. However, this method requires further examination re-
garding sensitivity to the timing of acquisition and optimal
time interval for reliable analysis. The fact that 18F-
AZD4694 has potential to be shipped to hospitals without
an in-house cyclotron and radiochemistry further increases
the potential for wide use in clinical settings.

Test–Retest Analysis

Good reliability is important when studying longitudinal
changes of amyloid-b load in the course of the disease or
during disease-modifying therapy. The preliminary test–
retest analysis provided mean differences ranging between

3% and 11% depending on region and quantitative ap-
proach (Table 5). The lowest variability among noninvasive
methods was obtained for the reference Logan approach.
However, the test–retest reproducibility needs to be further
examined in a larger sample before a clear judgment of
reliability can be made.

Limitations

The analysis did not include correction for partial-volume
effect. However, the images were obtained with a high-
resolution research tomograph having an effective resolution
of 1.5 mm (full width at half maximum) and thus less need to
correct for partial-volume effect. In addition, omitting this
correction is the more conservative approach when evaluat-
ing a new radioligand for amyloid-b imaging (37,38).

Comparison with Other Amyloid-b Radioligands

The rapid binding kinetics of 18F-AZD4694 may differen-
tiate it from other amyloid-b radioligands, such as 11C-PIB,
which show slower kinetics with a blunt peak of specific
binding followed by a slower decline (based on time–activity
curves (7,29)). However, detailed comparison between
18F-AZD4694 and published data for other 18F-radioligands
targeting amyloid-b is hampered by differences in PET reso-
lution, evaluation methods such as delineation of ROIs, and
means of quantification. Future head-to-head comparisons be-
tween 18F-AZD4694 and other amyloid-b radioligands are
thus strongly required.

CONCLUSION

The binding of the novel radioligand 18F-AZD4694 to
amyloid-b deposits in AD brains has a regional distribution
in concordance with previous preclinical analyses and other
amyloid-b radioligands. The time–activity curves could be
adequately described using traditional arterial input–based
compartment modeling, which also was applied to validate
the use of simplified methods. The rapid specific binding
kinetics allow for quantification using data based on short
acquisitions. Valid estimates of amyloid-b binding could be
obtained using the cerebellum as a reference region in

TABLE 4
Correlation and Regression Between 2T-CM and Other

Means of Quantification

2T-CM vs.: R P Line equation*

1T-CM 0.98 2.7 · 102118 0.93x 1 0.05

Logan 1.00 2.2 · 102195 0.95x 1 0.04
SRTM 0.98 6.2 · 102109 0.80x 1 0.22

Reference Logan 1.00 3.0 · 102161 0.76x 1 0.24

Peak ratio (21–33) 0.97 3.9 · 10295 0.75x 1 0.29

Late ratio (51–63) 0.99 6.3 · 102125 1.30x 2 0.26

*Slope and intercept of regression line.

1T-CM 5 1-tissue-compartment model; 2T-CM 5 2-tissue-
compartment model.

Correlation is based on all individual regional estimates,

excluding cerebellum, in all subjects (n 5 16).

TABLE 5
Data Based on Results in All Evaluable Test–Retest Subjects (n 5 7)

Model Parameter

Total gray matter Posterior cingulate cortex

TRV (%) ICC TRV (%) ICC

1 tissue compartment DVR 3.8 6 1.5 0.99 6.4 6 3.7 0.98

2 tissue compartments DVR 3.1 6 2.4 0.99 6.9 6 5.5 0.96
Logan DVR 4.1 6 2.8 0.98 7.6 6 4.9 0.95

SRTM DVR 4.7 6 4.5 0.97 11.2 6 7.9 0.88

Reference Logan DVR 3.7 6 1.9 0.98 5.8 6 4.3 0.96
Peak ratio (21–33) SUVR 6.0 6 3.4 0.96 10.2 6 5.9 0.97

Late ratio (51–63) SUVR 7.5 6 6.5 0.95 7.8 6 5.3 0.97

Data are mean 6 SD for test–retest variability (TRV) and intraclass correlation coefficient (ICC).
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approaches such as reference Logan. Simple quantification
together with the fact that 18F-AZD4694 is labeled with 18F
constitutes 2 cornerstones for wider use in clinical settings.
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