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Accurate amyloid PET quantification is necessary for monitoring
amyloid-3 accumulation and response to therapy. Currently, most
of the studies are analyzed using the static SUV ratio (SUVR) ap-
proach because of its simplicity. However, this approach may be
influenced by changes in cerebral blood flow (CBF) or radiotracer
clearance. Full tracer kinetic models require arterial blood sam-
pling and dynamic image acquisition. The objectives of this work
were, first, to validate a noninvasive kinetic modeling approach for
18F-florbetaben PET using an acquisition protocol with the best
compromise between quantification accuracy and simplicity and,
second, to assess the impact of CBF changes and radiotracer
clearance on SUVRs and noninvasive kinetic modeling data in
18Fflorbetaben PET. Methods: Using data from 20 subjects (10
patients with probable Alzheimer dementia and 10 healthy volun-
teers), the nondisplaceable binding potential (BPyp) obtained from
the full kinetic analysis was compared with the SUVR and with non-
invasive tracer kinetic methods (simplified reference tissue model
and multilinear reference tissue model 2). Various approaches using
shortened or interrupted acquisitions were compared with the re-
sults of the full acquisition (0—140 min). Simulations were performed
to assess the effect of CBF and radiotracer clearance changes on
SUVRs and noninvasive kinetic modeling outputs. Results: An ac-
quisition protocol using time windows of 0-30 and 120-140 min with
appropriate interpolation of the missing time points provided the
best compromise between patient comfort and quantification accu-
racy. Excellent agreement was found between BPyp obtained using
the full protocol and BPyp obtained using the dual-window protocol
(for multilinear reference tissue model 2, BPyp [dual-window] = 0.01 +
1.00-BPyp [full], R? = 0.97; for simplified reference tissue model, BPnp
[dual-window] = 0.05 + 0.92-BPyp [full], R2 = 0.93). Simulations
showed a limited impact of CBF and radiotracer clearance
changes on multilinear reference tissue model parameters and
SUVR. Conclusion: This study demonstrated accurate noninvasive
kinetic modeling of '8F-florbetaben PET data using a dual-window
acquisition, thus providing a good compromise between quantifica-
tion accuracy, scan duration, and patient burden. The influence of
CBF and radiotracer clearance changes on amyloid- load esti-
mates was small. For most clinical research applications, the SUVR
approach is appropriate. However, for longitudinal studies in which
maximum quantification accuracy is desired, this noninvasive dual-
window acquisition with kinetic analysis is recommended.
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Visual assessment is the approved and established method to
classify '8F-florbetaben PET scans as negative or positive for the
presence of amyloid-f in clinical practice (/). However, accurate
quantitation is essential for monitoring amyloid-3 accumulation in
longitudinal studies and response to therapy in interventional trials
of amyloid-B-modifying treatments for Alzheimer disease (AD).

The amount of brain amyloid-3 load is widely assessed in PET
imaging by means of the SUV ratio (SUVR) because of its sim-
plicity. Measurement of the SUVR requires only a single scan at
pseudoequilibrium and normalization of activity in the target re-
gion to that in a reference region to account for nondisplaceable
radiotracer binding (2). Previous work has demonstrated that '8F-
florbetaben SUVR correlates strongly with the presence of amy-
loid-P as confirmed by histopathology (3) and with the outcomes
from tracer kinetic modeling using arterial blood sampling (4).
Additionally, '8F-florbetaben SUVR has been shown to be sensi-
tive in detecting subtle amyloid-3 accumulation over time in a
sample of subjects with mild cognitive impairment (5,6).

In many clinical research settings, an SUVR-based approach
was found to be suitable to estimate amyloid deposition. SUVR,
however, may be biased as a surrogate marker of amyloid-f3 load
by changes in cerebral blood flow (CBF) or radiotracer clearance
(7). A CBF influence on SUVR has been reported for !'C-Pittsburgh
compound B and '8F-florbetapir (8,9). However, little is known
about the impact of changes in CBF and radiotracer clearance on
I8F-florbetaben PET scans. These effects may be relevant in
interventional trials in which an amyloid-B-modifying drug is
administered and drug effects on CBF and radiotracer clearance
are unknown.

Full tracer kinetic modeling using arterial blood sampling relies
on fewer assumptions than SUVR and is not affected by the bias
caused by changes in CBF and radiotracer clearance. Full tracer
kinetics, however, are complex and invasive (i.e., arterial blood
sampling and metabolite analysis are needed), and dynamic PET
acquisitions are required to measure the time course of the tracer
in the brain. Reference tissue tracer kinetic models avoid arterial
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blood sampling and are therefore a noninvasive alternative to full
tracer kinetics (10,11). '8F-florbetaben distribution volume ratios
measured using a multilinear reference tissue model (MRTM)
correlate well with those obtained from full tracer kinetic model-
ing (4). Reference tissue tracer kinetic models, however, still re-
quire dynamic scans and may not be applicable in clinical trials.

Recent work has shown that '8F-florbetaben PET in the early
phase (0—10 min) after injection correlates visually and quantita-
tively with '8F-FDG PET scans, irrespective of the amyloid plaque
density assessed in late-phase !3F-florbetaben imaging (12,13).
Thus, early-phase !8F-florbetaben uptake provides information
similar to that from conventional metabolism studies, suggesting
potential use as a biomarker of neuronal injury in place of an
additional '8F-FDG PET investigation (/2,13). In this context, a
dual-time-window acquisition protocol in which 2 short dynamic
acquisitions are performed at early and late phases has been pro-
posed as a possible alternative to long dynamic acquisitions (/4).
Such an approach may be more patient-friendly and may allow the
clinical site to use the tomograph time-slot for other patients.
Additionally, in a single session, information can be obtained on
amyloid-f load using the late frames and on synaptic dysfunction
using the early frames. However, to our knowledge, no one has
studied the application of noninvasive kinetic models to dual-window
I8F_florbetaben time—activity curves to correct for changes in CBF
and radiotracer clearance. In dual-window protocols, the central por-
tion of the time—activity curve is not acquired, and it is unknown
what the impact of this missing information may be on kinetic
model accuracy and capacity to correct for changes in CBF and
radiotracer clearance.

Thus, the objectives of this work were, first, to validate a nonin-
vasive kinetic modeling approach using an acquisition protocol
with the best compromise between quantification accuracy and
simplicity and, second, to use simulations to assess the impact of
changes in CBF and radiotracer clearance on SUVR and noninvasive
kinetic models in '8F-florbetaben PET.

MATERIALS AND METHODS

Subjects

The population consisted of 10 patients with mild to moderate
probable AD dementia based on clinical diagnosis (mean age = SD,
69 = 7y) and 10 age-matched healthy controls (67 * 8 y), previously
described in detail (4). The local Institutional Review Board, the
National Radiation Safety Committee, and the German Federal In-
stitute for Drugs and Medical Devices approved the protocol, and
written informed consent was obtained from all subjects.

Image Acquisition, Reconstruction, and Analysis

Details on the PET image acquisition, reconstruction, and analysis
were described elsewhere (4). In short, 4 dynamic scans (29 frames)
were acquired over the 260 min after injection of 300 * 60 MBq of '8F-
florbetaben (scan 1, lasting 90 min [four 0.25-min frames, four 1-min
frames, five 2-min frames, five 5-min frames, and five 10-min frames]
and scans 2, 3, and 4, starting at 2, 3, and 4 h, respectively [two 10-min
frames per scan]). For this study, only the data acquired at 0-90 min and
120-140 min were analyzed. Volumes of interest were defined on indi-
vidual coregistered structural MR images in 7 brain regions (cerebellar
gray matter, frontal cortex, occipital cortex, parietal cortex, lateral tem-
poral cortex, posterior cingulate cortex, and anterior cingulate cortex).

Full Tracer Kinetic Modeling
Arterial samples were collected from each subject over the 240 min
after tracer injection and corrected for metabolites (4). Time—activity
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curves acquired at 0-90 min and 120-140 min after injection were
analyzed using a 2-tissue-compartment model with arterial plasma
input fitted to the cerebral cortical areas and the reference region as
previously described (4).

Reference Tissue Models

Two noninvasive reference tissue models were fitted to the time—
activity curves: a simplified reference tissue model (SRTM) and
MRTM2 (10,11). Cerebellar gray matter was used as the reference
region (/5). MRTM2 used a t* of 70 min and an average k," from all
regions of each subject derived from MRTM.

Multiple-Time-Window Analyses

Different acquisition protocols were simulated by fitting the non-
invasive tracer kinetic models to '®F-florbetaben time—activity curves
from which some time points were removed. Three types of proto-
cols were tested: a shortened acquisition (0—90 min and 0-60 min), a
triple—time-window acquisition (0-30/60-90/120—140 min), and a dual—
time-window acquisition (0-30/120-140 min and 0-20/120-140 min).
When a dual-window acquisition was used, the missing points of the
time—activity curve between the early and late windows were interpo-
lated using 2 methods: linear interpolation and interpolation based on
the average time—activity curve. In the second method, the average
time—activity curve was scaled to fit the acquired points of the time—
activity curve as follows:

TACimcrp(t) = TACavcr(Z) ’f(t)7

where TAC;,erp(?) is the interpolated time—activity curve, TAC,ye.(?) is
the average time—activity curve based on data of all subjects except
the subject being interpolated, and f{7) is the escalation function. Two
escalation functions were tested in each subject:

f(t)=a+b-t,

fly=a-e P+,

where a, b, and ¢ were determined by minimizing the least-squares
between the interpolated and acquired time—activity curves. The es-
calation function that provided the lower least-squares was chosen
(Fig. 1).

SUVR

Mean radioactivity concentration was obtained from each volume
of interest. SUVR was calculated as the ratio of the activity in the
cerebral cortical regions to the activity in the cerebellar gray matter.
SUVR was determined at 70-90 and 120-140 min. A composite
SUVR was calculated per subject by averaging the SUVRs of 6 cor-
tical regions (frontal, occipital, parietal, lateral temporal, posterior
cingulate, and anterior cingulate cortices) (/6).

Simulations

Average arterial input function and time-activity curves from the 8
AD patients whose PET scans had positive '8F-florbetaben results on
visual evaluation were used to derive rate constants (K, k», k3, and k4)
for the simulation study. Parameters for a typical AD patient in the
reference region were as follows: blood volume (proportion of tissue
volume occupied by intravascular blood) = 0.04, K;' = 0.25
mL-cm 3 min~!, k' = 0.09 min~', k3’ = 0.02 min~!, k,/ =
0.01 min~!, and distribution volume = 6.57 mL-cm~3. Parameters
for a typical AD patient in the cortical region (composite) were as
follows: blood volume = 0.04, K; = 0.20 mL-cm 3min~!, k, =
0.08 min~!, k5 = 0.04 min~!, k, = 0.01 min~', and distribution
volume = 11.17 mL-cm™3. The nondisplaceable binding potential
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generated using the noise model described by

Gunn et al. (/0). Average results from noisy
simulations showed almost identical results to
those obtained without noise. Therefore, only
the results of simulations without noise are
reported.

Amyloid-f load was quantified using SRTM
(10) and MRTM2 (t* = 70 min) (/7). Three
different acquisition protocols were compared:
- 2o a full acquisition (0-140 min) and 2 dual-
window acquisitions (0-30/120-140 min
and 0-30/90-110 min). SUVR was deter-
mined at 70-90, 90-110, and 120-140 min.
The maximum bias associated in the amyloid-
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FIGURE 1. Example of dual-window acquisition interpolation using average time-activity curve.

Left plot shows ratio between acquired time-activity curve being interpolated to average time—
activity curve (circles) and fitted escalation function (f(f) =-e®t + ¢; = 0.23, b = 0.05, ¢ = 0.91)
(continuous line). Right plot shows interpolated time—activity curve. Circles and gray area show
acquired time-activity points, and crosses are points omitted from interpolation because they would
not be acquired in dual-window acquisition. Dashed line shows interpolated time-activity curve
obtained by multiplying average time-activity curve and escalation function determined previously.

(BPyp) in all simulations was 0.70. The parameters specified above were
used to generate simulated time—activity curves by means of a 2-tissue-
compartment model from O to 140 min after injection.

Three simulations were conducted. The first was a regional CBF
change affecting only cortical regions: average K; from the AD patients
(K7 = 0.2) was varied between 0.15 and 0.25 (£25%) while keeping
K//k constant, and the ratio of the delivery in the tissue region of interest
compared with that in the reference region (R; = K;/K;') was varied
between 0.6 and 1.0. The second simulation was a global CBF change
affecting cortical and reference regions: average K; was varied be-
tween 0.15 and 0.25 while keeping R; = K /K’ constant. The third
simulation was a radiotracer clearance change: a biexponential func-
tion was fitted to the arterial input function 10 min after injection
(F(r) = A ""2/T + Aye=t2/T>  where A; = 2.03 kBg/mL, T, =
5.73 min, A, = 042 kBg/mL, and 7, = 78.50 min). A radiotracer
clearance change was simulated by varying the washout rate (75) between
50 and 110 min. Simulations were performed with and without adding
noise to the time-activity curve. One hundred noisy simulations were

B load estimates (BPxp) for the simulations
with CBF and radiotracer clearance changes
was quantified as the maximum percentage
change with respect to the amyloid-f3 load es-
timates from the average time-activity curves
(BPxD,average) (bias [%] = max[100(BPnp —
BPND,avcragc)/BPND,avcmgc])-

Statistical Analysis

Linear regression fitting and the determination coefficient (R?) were
used to compare BPyp obtained from noninvasive tracer kinetic anal-
ysis and SUVR with BPyp obtained from full tracer kinetic modeling
using a 2-tissue-compartment model. The linear regression model was
also used to compare BPyp obtained from the full acquisition (0—
140 min) with BPyp obtained from the shortened or multiple-window
acquisition. Statistical analysis was performed using R, version 3.3.2
(http://www.r-project.org/).

RESULTS

Subject Imaging Data

The triple-window acquisition (0-30/60-90/120-140 min)
provided an excellent correlation with the full acquisition
(0-140 min) (R? = 0.99 for MRTM2 and 0.99 for SRTM)
(Table 1; Figs. 2A and 2D). The dual-window acquisition (0-30/
120-140 min) was analyzed using linear interpolation and

Linear Regression Fitting and Correlation Between BPyp Obtained Using Multiple-Window Acquisition and

TABLE 1

BPnp Obtained Using Full Acquisition

Noninvasive kinetic model Acquisition protocol (min) Interpolation Intercept Slope R?

MRTM2 0-30/60-90/120-140 None 0.00 0.99 0.99
0-30/120-140 Average time-activity curve 0.01 1.00 0.97
0-30/120-140 Linear -0.04 0.69 0.96
0-20/120-140 Average time-activity curve 0.01 0.98 0.98
0-20/120-140 Linear -0.06 0.51 0.86

SRTM 0-30/60-90/120-140 None 0.00 0.92 0.99
0-30/120-140 Average time-activity curve 0.05 0.92 0.93
0-30/120-140 Linear -0.02 0.58 0.85
0-20/120-140 Average time-activity curve 0.07 0.87 0.87
0-20/120-140 Linear -0.03 0.37 0.56

For full acquisition, BP\p = slope + intercept - BPnp 0-140 min-
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increased for both models when using re-
duced early-window data (020 min) and
applying a linear interpolation to the dual-
window acquisition (R? = 0.86 for MRTM2
and 0.56 for SRTM) (Table 1).

The BPnp obtained from the acquisi-
tion shortened to 0-90 min provided
results similar to the full acquisition (0—
140 min) (R?> = 0.90 for MRTM2 and

R%=0.96
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0.81 for SRTM) (Table 2). Further reduc-
tion of the acquisition time to 0—60 min,
however, progressively increased the var-
iability with respect to the full acquisi-
tion, and some outlier values appeared
(R? = 0.74 for MRTM2 and 0.57 for
SRTM) (Table 2).

The SUVR — 1 (R? = 0.87), as well as
the data of noninvasive kinetic models ei-
ther for a full acquisition (R?> = 0.86 for
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MRTM2 and 0.72 for SRTM) or for a dual-
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FIGURE 2. Comparison between BPyp obtained using full acquisition (0-140 min) and BPyp
obtained using triple-window acquisition with MRTM2 (A), dual-window acquisition with MRTM2
and interpolation based on average time-activity curve (B), dual-window acquisition with MRTM2
and linear interpolation (C), triple-window acquisition with SRTM (D), dual-window acquisition with
SRTM and interpolation based on average time-activity curve (E), and dual-window acquisition

with SRTM and linear interpolation (F).

interpolation based on the average time—activity curves. Using aver-
aged time—activity curves for interpolation provided an excellent
correlation with the full acquisition (0-140 min), with a slightly
lower correlation coefficient than for the triple-window acqui-
sition (R? = 0.97 for MRTM2 and 0.93 for SRTM) (Table 1;
Figs. 2B and 2E). Individual time-activity curves for AD
patients and healthy controls can be found in Supplemental
Figures 1 and 2, respectively (supplemental materials are
available at http:/jnm.snmjournals.org). However, the BPyp esti-
mated from the dual-window acquisition analyzed using linear in-
terpolation was biased, with larger variability than for the full
acquisition (R?> = 0.96 for MRTM2 and 0.85 for SRTM) (Table
1; Figs. 2C and 2F). Reduction of the early-window '8F-florbetaben
scan in the dual-window acquisition to 0-20 min using the average
time—activity curve interpolation provided comparable results for
MRTM2 but slightly increased variability for SRTM (R?> = 0.98
for MRTM2 and 0.87 for SRTM) (Table 1). Variability further

well with the full tracer kinetic analysis
with arterial blood sampling as the gold
standard (Table 3; Fig. 3). The average
BPnp obtained from healthy controls and
AD patients using full tracer kinetic anal-
ysis with arterial blood sampling (control
and AD: 0.37 £ 0.10 and 0.78 = 0.18,
respectively) was slightly larger than that using either a full ac-
quisition (control and AD, respectively, 0.27 = 0.10 and 0.61 *
0.10 for MRTM2 and 0.25 £ 0.15 and 0.58 = 0.08 for SRTM) or
a dual-window acquisition (0.28 = 0.12 and 0.63 = 0.09 for
MRTM2 and 0.28 = 0.14 and 0.59 = 0.09 for SRTM).

Simulation Results

When simulating regional CBF changes, MRTM provided
accurate amyloid-p load estimates independent of CBF (bias
of 1.4% for MRTM2). SUVR — 1 also provided estimates of the
amyloid-B load with a limited CBF effect, which was reduced at
late time points (bias of 5% at 70-90 min, 2.9% at 90-110 min,
and 0.1% at 120-140 min). BPyp estimates obtained from SRTM
showed a CBF-dependent bias (14.1%) (Fig. 4). For global CBF
change affecting both reference and target regions, none of the
noninvasive methods substantially biased the amyloid- load es-
timates (bias of 1.6% for MRTM2, 1.4% for SRTM, 1.3% for

TABLE 2
Linear Regression Fitting and Correlation Between BPyp Obtained Using Shortened Acquisition and BPyp
Obtained USing Full ACqUiSiﬁOn (BPND,O—14O min)

Noninvasive kinetic model Acquisition protocol (min) Interpolation Intercept Slope R?
MRTM2 0-90 None -0.01 0.95 0.90
0-60 None -0.08 0.91 0.74
SRTM 0-90 None -0.02 1.06 0.81
0-60 None -0.14 1.39 0.57

For shortened acquisition, BPyp = slope + intercept - BPnp,0-140 min-
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TABLE 3
Linear Regression Fitting and Correlation Between BPyp Obtained Using Full Tracer Kinetics (BPnp 21c) and BPyp
Obtained Using Noninvasive Models or SUVR - 1

Noninvasive kinetic model Acquisition protocol (min) Interpolation Intercept Slope R?
MRTM2 0-140 None -0.01 0.77 0.86
0-30/120-140 Average time-activity curve 0.00 0.80 0.82
SRTM 0-140 None -0.01 0.77 0.72
0-30/120-140 Average time-activity curve 0.02 0.72 0.74
SUVR - 1 120-140 None 0.04 0.99 0.87

Full tracer kinetics use arterial blood sampling (2-tissue-compartment model [2TC]). For noninvasive models, BPyp = slope + intercept -

BPND,ZTC- SUVR -1 = slope + intercept - BPND,ZTC-

SUVR — 1 at 70-90 min, 1.5% for SUVR — 1 at 90-110 min, and 1.8%
for SUVR — 1 at 120-140 min) (Fig. 4). For the radiotracer clearance
change simulations, both MRTM2 and SRTM showed stable BPxp
estimates across different washout rates (bias of 0.3% for MRTM2
and 0.2% for SRTM). SUVR estimates showed a larger bias, espe-
cially at late time points and fast washout rates (SUVR — 1: 3.8% at
70-90 min, 4.4% at 90-110 min, and 7.3% at 120-140 min) (Fig. 4).
SUVR estimates showed larger variability at late time points for
global CBF and radiotracer clearance changes and larger variability
at early time points for regional CBF changes (Fig. 5).

Excellent agreement in the BPyp estimated by MRTM2 was
found between the dual-window and full acquisitions, showing
average percentage differences that were lower than 1% (regional,
global, and clearance changes of —0.13% = 4.02%, 0.28% =*
0.04%, and 0.28% = 0.97%, respectively, at 0-30/120-140 min
and 0.65% * 6.86%, —0.45% * 0.06%, and —0.20% * 1.22%,
respectively, at 0-30/90-120 min).

DISCUSSION

Amyloid-B load is widely assessed in PET imaging using
SUVR at pseudoequilibrium and has been shown sufficient for
many research applications. The current analyses demonstrate
the feasibility of using dual-time-window dynamic acquisitions
to perform noninvasive tracer kinetic modeling. The results were
comparable to those obtained using a full dynamic acquisition.
This study also demonstrated that MRTM2 using a dual-window
protocol can provide BPyp estimates that are nonbiased by
changes in CBF and radiotracer clearance. This simple protocol
allows accurate estimation of BPyp using noninvasive tracer
kinetics while reducing patient burden.

Although a triple-window acquisition (0-30/60-90/120-140
min) provided the most accurate determination of BPyp in compar-
ison with the full acquisition, such a protocol may increase the dose
to the patient because 3 low-dose brain CT scans or attenuation

scans are required. Additionally, a longer
period on the tomograph is required, mak-
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ing it more difficult to use the camera for
other patients during breaks within the scan
period. For this reason, a dual-window (0—
30/120-140 min) acquisition with an overall
scanning time of 50 min provided a good
compromise between patient comfort and
quantification accuracy, compared with a
140-min acquisition. Both acquisition proto-
cols showed an excellent correlation with

full tracer kinetic modeling and allowed
correction for changes in CBF and radio-
tracer clearance when MRTM?2 was used.
A potential limitation of this work was that
the widely used scanning time of 90—
110 min was not available and therefore
a protocol of 0-30/90-110 min could not
be tested. However, the simulations sug-
gested that 0-30/90-110 min or 0-20/90—
110 min may provide results comparable to
or better than 0-30/120-140 min because of
the smaller gap between the early and late
windows.

00 05 10 16
BPyp (2TC)

FIGURE 3. Comparison between BPyp obtained using 2-tissue-compartment model (2TC)
(0-140 min) and BPyp obtained using MRTM2 and full acquisition (0-140 min) (A), SRTM and
full acquisition (0-140 min) (B), SUVR - 1 at 120-140 min (C), MRTM2 and dual-window acquisition
(0-30/120-140 min) (D), and SRTM and dual-window acquisition (0-30/120-140 min) (E).
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In comparison to SUVR and SRTM,
MRTM?2 is the noninvasive kinetic model
that provided more stable estimates of
amyloid-$ load independent of changes in
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change (C). Dashed line corresponds to simulated BPyp.

CBF and radiotracer clearance. A disadvantage, however, is that
variability in the respective parameters slightly increased when the
dual-window acquisition was used. This small increase could
be partially corrected by fixing a k' per subject in the MRTM2.
Noticeably, late—time-point SUVR also provided accurate results,
with a limited impact of CBF and excellent correlation with full
tracer kinetics. In practice, MRTM2 was similar to the SUVR
approach when the simulated changes were similar to those re-
ported in the literature. Rate constants (K;, K;') for the simula-
tions were varied by 25% around the average to cover a broader
range than previously published results. Ry values in patients with
AD scanned with 'C-Pittsburgh compound B have been found to
vary by up to 5% between baseline (R; = 0.87 = 0.05) and
follow-up at 30 = 5 mo (R; = 0.83 = 0.06) (8), whereas K;
values decreased in AD patients by up to 20% compared with
healthy controls and by up to 11% compared with amnesic
mild-cognitive-impairment subjects scanned using '8F-florbetapir
(9). A dual-window acquisition has some drawbacks to consider. It
takes longer than a single window used for SUVR determination
and can be challenging for some patients. Furthermore, in com-
parison to a single-window acquisition, the subject’s dosimetry is
increased (i.e., 2 CT scans or attenuation scans are required) and

image processing is more demanding (i.e., coregistration between
early and late time frames, time—activity curve determination, and
modeling). All these considerations should be taken into account
when trying to conduct a dual-window protocol, and it should be
limited to those studies in which maximum quantification accu-
racy is desired (e.g., longitudinal studies or therapy-monitoring
studies in which treatment can affect CBF).

Noticeably, BPyp estimates obtained using the SRTM were
found to be dependent on regional CBF change affecting only
cortical regions. This bias is probably caused by the violations
of model assumptions. SRTM is based on 4 key assumptions: that
the reference region is devoid of specific/displaceable binding,
that the blood volume contribution to both the reference and the
target tissues is negligible, that reference and target tissue have the
same nondisplaceable volume of distribution, and that the kinetic
behavior of the tracer in both the reference and the target tissue
can be represented by a 1-tissue-compartment model (/7). The
first 3 requirements are fulfilled by cerebellar gray matter in the
intended clinical population (/5) but can be violated in patients
with advanced-stage AD (/8) and in some types of familial AD
(19) in which amyloid-f may be present in the cerebellar gray
matter. However, requirement 4 is violated for '8F-florbetaben
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since all brain regions, including the reference region, require a 2-
tissue-compartment model to describe the time-activity curves
adequately and poor fitting is obtained with a 1-tissue-compart-
ment model (4). This finding is consistent with previous results
showing that SRTM is associated with a bias in the determination
of BPxp in ''C-WAY-100635 PET (20). Thus, appropriate selec-
tion of the noninvasive tracer kinetic model is crucial to obtain
amyloid-f load estimates independent of the CBF changes.

CONCLUSION

This study demonstrated accurate noninvasive kinetic modeling
of 18F-florbetaben PET data using a dual-window acquisition, thus
providing a good compromise between quantification accuracy,
scan duration, and patient burden. The influence of changes in
CBF and radiotracer clearance on estimates of amyloid-f3 load
was small. Thus, for most clinical research applications, the
SUVR approach is sufficient. However, for longitudinal studies
in which maximum quantification accuracy is desired, this dual-
window acquisition with kinetic analysis is recommended.

DISCLOSURE

The trial was funded by Bayer Pharma AG, Berlin (Germany),
and Piramal Imaging GmbH, Berlin (Germany). Santiago Bullich,
Norman Koglin, Aleksandar Jovalekic, and Andrew W. Stephens
are Piramal Imaging GmbH employees. Susan De Santi is an
employee of Piramal Pharma Inc. Henryk Barthel and Osama
Sabri received research support, consultant honoraria, and travel
expenses from Piramal Imaging GmbH. No other potential conflict
of interest relevant to this article was reported.

ACKNOWLEDGMENTS

We thank all patients, their caregivers, and the healthy volun-
teers who participated in this trial. We are also grateful to the
cyclotron, radiochemistry, and PET imaging staff of the Department
of Nuclear Medicine, University of Leipzig (Germany), for their
excellent technical assistance in data acquisition.

REFERENCES

1. Seibyl J, Catafau AM, Barthel H, et al. Impact of training method on the robust-
ness of the visual assessment of '8F-florbetaben PET scans: results from a phase-
3 study. J Nucl Med. 2016;57:900-906.

1110

20.

. Bullich S, Seibyl J, Catafau AM, et al. Optimized classification of '3F-florbetaben

PET scans as positive and negative using an SUVR quantitative approach and
comparison to visual assessment. Neuroimage Clin. 2017;15:325-332.

. Sabri O, Sabbagh MN, Seibyl J, et al. Florbetaben PET imaging to detect am-

yloid beta plaques in Alzheimer’s disease: phase 3 study. Alzheimers Dement.
2015;11:964-974.

. Becker GA, Ichise M, Barthel H, et al. PET quantification of 'SF-florbetaben

binding to beta-amyloid deposits in human brains. J Nucl Med. 2013;54:723-731.

. Ong KT, Villemagne VL, Bahar-Fuchs A, et al. Abeta imaging with '8F-florbetaben

in prodromal Alzheimer’s disease: a prospective outcome study. J Neurol
Neurosurg Psychiatry. 2015;86:431-436.

. Bullich S, Villemagne VL, Catafau AM, et al. Optimal reference region to mea-

sure longitudinal amyloid-beta change with '8F-florbetaben PET. J Nucl Med.
2017;58:1300-1306.

. Lammertsma AA. Forward to the past: the case for quantitative PET imaging.

J Nucl Med. 2017;58:1019-1024.

. van Berckel BN, Ossenkoppele R, Tolboom N, et al. Longitudinal amyloid imag-

ing using ''C-PiB: methodologic considerations. J Nucl Med. 2013;54:1570-1576.

. Ottoy J, Verhaeghe J, Niemantsverdriet E, et al. Validation of the semi-quanti-

tative static SUVR method for ['8F]-AV45 PET by pharmacokinetic modeling
with an arterial input function. J Nucl Med. 2017;58:1483-1489.

. Gunn RN, Lammertsma AA, Hume SP, Cunningham VJ. Parametric imaging of

ligand-receptor binding in PET using a simplified reference region model. Neuro-
image. 1997;6:279-287.

. Ichise M, Liow JS, Lu JQ, et al. Linearized reference tissue parametric imaging

methods: application to [''C]DASB positron emission tomography studies of the
serotonin transporter in human brain. J Cereb Blood Flow Metab. 2003;23:
1096-1112.

. Daerr S, Brendel M, Zach C, et al. Evaluation of early-phase ['8F]-florbetaben

PET acquisition in clinical routine cases. Neuroimage Clin. 2016;14:77-86.

. Tiepolt S, Hesse S, Patt M, et al. Early ['®F]florbetaben and [''C]PiB PET im-

ages are a surrogate biomarker of neuronal injury in Alzheimer’s disease. Eur J
Nucl Med Mol Imaging. 2016;43:1700-1709.

. Cecchin D, Barthel H, Poggiali D, et al. A new integrated dual time-point amyloid

PET/MRI data analysis method. Eur J Nucl Med Mol Imaging. 2017;44:2060—
2072.

. Catafau AM, Bullich S, Seibyl JP, et al. Cerebellar amyloid-beta plaques: how

frequent are they, and do they influence '8F-florbetaben SUV ratios? J Nucl Med.
2016;57:1740-1745.

. Barthel H, Gertz HJ, Dresel S, et al. Cerebral amyloid-beta PET with florbetaben

('8F) in patients with Alzheimer’s disease and healthy controls: a multicentre
phase 2 diagnostic study. Lancet Neurol. 2011;10:424-435.

. Salinas CA, Searle GE, Gunn RN. The simplified reference tissue model: model

assumption violations and their impact on binding potential. J Cereb Blood Flow
Metab. 2015;35:304-311.

. Thal DR, Rub U, Orantes M, Braak H. Phases of A beta-deposition in the human

brain and its relevance for the development of AD. Neurology. 2002;58:1791—
1800.

. Knight WD, Kim LG, Douiri A, Frost C, Rossor MN, Fox NC. Acceleration of

cortical thinning in familial Alzheimer’s disease. Neurobiol Aging. 2011;32:
1765-1773.

Slifstein M, Parsey RV, Laruelle M. Derivation of [''C]JWAY-100635 binding
parameters with reference tissue models: effect of violations of model assump-
tions. Nucl Med Biol. 2000;27:487-492.

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 59 ¢ No. 7 < July 2018



