
Alzheimer’s & Dementia: Translational Research & Clinical Interventions 3 (2017) 542-552
Featured Article

Biomathematical screening of amyloid radiotracers with clinical
usefulness index
Ying-Hwey Naia,b, Miho Shidaharac, Chie Sekid, Hiroshi Watabea,b,*
aDivision of Radiation Informatics for Medical Imaging, Graduate School of Biomedical Engineering, Tohoku University, Sendai, Japan

bDivision of Radiation Protection and Safety Control, Cyclotron and Radioisotope Center, Tohoku University, Sendai, Japan
cDepartment of Medical Physics, Graduate School of Medicine, Tohoku University, Sendai, Japan

dDepartment of Functional Brain Imaging Research, National Institute of Radiological Sciences, National Institutes for Quantum and Radiological Science and

Technology, Chiba, Japan
Abstract Introduction: To facilitate radiotracers’ development, a screening methodology using a biomathe-
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matical model and clinical usefulness index (CUI) was proposed to evaluate radiotracers’ diagnostic
capabilities.
Methods: A total of 31 amyloid positron emission tomography radiotracers were evaluated. A pre-
viously developed biomathematical model was used to simulate 1000 standardized uptake value
ratios with population and noise simulations, which were used to determine the integrated receiver
operating characteristics curve (Az), effect size (Es), and standardized uptake value ratio (Sr) of
conditions-pairs of healthy control–mild cognitive impaired and mild cognitive impaired–
Alzheimer’s disease. CUI was obtained from the product of averaged AzðAzÞ, EsðEsÞ, and SrðSrÞ.
Results: The relationships of Az, Es, and Sr with CUI were different, suggesting that they assessed
different radiotracer properties. The combination of Az, Es, and Sr complemented each other and re-
sulted in CUI of 0.10 to 5.72, with clinically applied amyloid positron emission tomography radio-
tracers having CUI greater than 3.0.
Discussion: The CUI rankings of clinically applied radiotracers were close to their reported clinical
results, attesting to the applicability of the screening methodology.
� 2017 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Amyloid imaging, using positron emission tomography
(PET), provides in vivo imaging of the cerebral amyloid
load in an individual. As amyloid load shows greater changes
in the early stages of Alzheimer’s disease (AD) [1], amyloid
imaging allows for early diagnosis of possibleAD conversion
and differential diagnosis of various neurodegenerative dis-
eases. To quantify the amyloid load, standardized uptake
value ratio (SUVR) is commonly used with thresholds estab-
lished to classify the subjects into amyloid b (Ab) positive or
negative [2–5]. An individual classified as Ab-positive has
high SUVR in cortical areas. This indicates a high amount
of amyloid fibrils, and hence a high probability of cognitive
imer’s Association. This is an open access article under the CC BY-NC-ND
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impairment. In contrast, an individual classified as Ab-
negative has sparse to nondetectable amount of amyloid
fibrils and a low possibility of cognitive impairment [2].
The greater the SUVR differences between two conditions,
the easier it is to set thresholds for diagnosing the subjects
with higher accuracy.However, this is dependent on the radio-
tracers whereby good radiotracers show clear differences be-
tween the subject conditions and vice versa for poorer tracers.

The development of a successful diagnostic radiotracer is
hampered by the limitations of conventional radiotracers’
development process [6]. It is a long, tedious, and iterative
process of identifying the right chemical compounds, fol-
lowed by lead optimization via iterative processes of con-
ducting multiple in vitro experiments and preclinical
testing before clinical testing [6]. Moreover, it focuses on
a few physicochemical or pharmacologic properties (e.g.,
lipophilicity, selectivity to target sites) to evaluate radio-
tracers [6,7]. In vitro and preclinical results may not
translate well to clinical performance because of the lack
of consideration to the possible in vivo kinetics of the
radiotracers during development [6,7].

Previously, we had developed a biomathematical model
to predict the in vivo binding capability of amyloid PET ra-
diotracers in terms of cortical SUVR, under healthy control
(HC) and AD conditions, representing Ab-negative and Ab-
positive diagnosis [8]. In this study, we proposed a screening
methodology using amyloid PET radiotracers by extending
the previous model to include the noise level of the imaging
modality, population variation, and clinical usefulness eval-
uation [8]. As SUVR was used to measure amyloid load in
clinical studies, it was chosen as the outcome parameter of
interest [8].

Clinical usefulness reflects the diagnostic capability of a
radiotracer to differentiate the subject conditions. Conven-
tionally, it is evaluated using methods such as receiver oper-
ating characteristics (ROCs) and effect size. ROC evaluates
the sensitivity and specificity of a radiotracer in diagnosing
the subjects’ conditions correctly [9]. Effect size is used to
determine the strength of the differences in measured values
between two subject groups [10]. In amyloid imaging, dif-
ferences in SUVRs between HC and AD are often used [2,4].

To support decision-making in moving candidate radio-
tracers for clinical evaluation, the use of a common index
can help in comparing candidate radiotracers from within
and across institutions, and with clinically applied radio-
tracers. In this study, a clinical usefulness index (CUI) was
proposed for objective evaluation of the diagnostic power
of the radiotracer in differentiating subjects, based on its
cortical binding capability, in terms of SUVR. The range
of amyloid loads between representative subject conditions
of HC and mild cognitive impaired (MCI) and between
MCI and AD was used to represent the conditions of low
and high amyloid loads, respectively. CUI was defined as
the product of the averaged of the area under the ROC curve
(Az), effect size (Es), and SUVR ratios (Sr) of conditions-
pairs of HC-MCI and MCI-AD. The relationships among
Az, Es, Sr, and CUI were investigated. The feasibility of
the screening methodology with CUI was investigated by
comparing the ranking of CUI values with clinical results
of clinically applied amyloid PET radiotracers.

2. Materials and methods

The proposed screening methodology (Fig. 1) consisted
of the previously developed amyloid biomathematical model
[8] (Fig. 1A), with population and noise simulations, and
tracer evaluation based on CUI (Fig. 1B). A total of 31 (12
clinically applied and 19 candidates) amyloid PET radio-
tracers were evaluated (Table 1).

2.1. Amyloid biomathematical model

Details of the biomathematical model used in this study
are found elsewhere [8]. We briefly summarize the model
in predicting SUVR in the following sections.

2.1.1. Generation of physicochemical and pharmacologic
parameters

Molecular volume and lipophilicity of each radiotracer
were represented by McGowan volume (Vx, cm

3/mol/100)
and Moriguchi log P (M log P, unitless), which were gener-
ated based on the chemical structure of the radiotracer using
commercial software, dproperties (Talete, Italy). In silico
free fractions of the radiotracer in tissues (fND, unitless)
and in plasma (fp, unitless) were calculated using M log P,
from the following relationships [8]:

fND 5 7:717e21:634 ,MlogP (1)

fp 5 0:936 $ fND
0:600 (2)

Dissociation constant, KD, the only in vitro parameter,
was extracted from the literature (Table 1). Fixed available
target binding sites (Bavail) of 4, 20, and 50 nM were used
to represent the amyloid loads under HC, MCI, and AD con-
ditions, respectively [40].

2.1.2. Derivation of 1-tissue-compartment model kinetic
parameters

The biomathematical model (Fig. 1A) was based on a
simplified 1-tissue-compartment model, assuming that the
radiotracers cross the blood-brain barrier by passive diffu-
sion [7,8]. The influx rate constant (K1, mL/cm3/minutes)
was derived using the modified Renkin and Crone
equation, with compound-specific permeability (P, cm/mi-
nutes) and fixed values of capillary surface area
(S 5 150 cm2/cm3 of brain) and perfusion (f 5 0.6 mL/
cm3/minutes) as follows [7]:

K15 f
�
12e

2PS
f
�

(3)



Fig. 1. Overview of the proposed screening methodology for amyloid positron emission tomography radiotracers. (A) Amyloid biomathematical model; (B)

amyloid radiotracers’ screening methodology. Abbreviations: AD, Alzheimer’s disease; AUROC, area under the receiver operating characteristic curve; CUI,

clinical usefulness index; HC, healthy control; IF, input function; MCI, mild cognitive impaired; SUVR, standardized uptake value ratio; TACs, time activity

curves; 1TCM, 1-tissue-compartment model.
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The compound-specific permeability was derived from the
simplified Lanevskij’s permeability model [7], using M log
P and Vx [8]:

P5 1020:121ðMlogP 22:298Þ2 22:544 logðV1=3
x Þ22:525 (4)
At equilibrium, the efflux rate constant (k2, minutes21) can
be derived using K1, fp, and fND [7]:

k2 5
fND
fp

$K1 (5)



Table 1

In silico M log P, Vx, fp, and fND, and in vitro KD of 31 amyloid PET radiotracers

Radiotracers

In silico In vitro KD

M log P Vx fp fND

Synthetic

Ab1–40

Synthetic

Ab1–42

AD brain

homogenates

KD for

simulations References

[11C]PIB 2.40 1.88 0.303 0.152 2.48* 0.930* 1.40y [11–14]

[18F]FDDNP 2.89 2.31 0.187 0.068 0.120 5.52 3.90y [15,16]

[11C]SB13 3.23 1.86 0.135 0.040 2.43 2.43 [17]

[18F]florbetaben 3.11 2.84 0.152 0.048 2.22z 2.22 [18]

[11C]BF227 2.40 2.33 0.304 0.153 1.80x 4.30x 3.55y [19]

[18F]AV138 3.11 2.80 0.152 0.048 1.90{ 1.90 [20]

[18F]flutemetamol 2.80 1.89 0.205 0.080 1.60 1.60 [21]

[18F]florbetapir 2.52 2.80 0.270 0.126 3.72 3.72 [18]

[11C]AZD2184 1.75 1.84 0.573 0.441 8.40 8.40 [14]

[18F]flutafuranol 2.41 1.79 0.300 0.150 2.30 2.30 [21]

[18F]FACT 1.87 2.53 0.511 0.365 9.40 9.40 [22]

[18F]FIBT 3.04 2.41 0.162 0.054 0.700 0.700 [23]

[11C]6-Me-BTA-1 3.23 1.96 0.135 0.040 20.2{ 20.2 [24]

[11C]BTA-1 2.97 1.82 0.173 0.060 11.0{ 11.0 [25]

[18F]FMAPO 3.47 2.50 0.107 0.027 5.00{ 5.00 [26]

[18F]FPEG-stilbenes-12a# 3.47 2.50 0.107 0.027 2.90{ 2.90 [27]

[11C]Benzofuran-8# 2.66 1.81 0.236 0.100 0.700{ 0.700 [28]

[18F]FPEGN3-styrylpyridine-2# 3.74 2.94 0.082 0.017 2.50{ 2.50 [29]

[11C]MeS-IMPY 3.33 2.20 0.122 0.034 8.95{ 8.95 [30]

[18F]Indole-14# 2.98 2.79 0.172 0.060 1.50{ 1.50 [31]

[18F]Indoline-8# 2.93 2.83 0.180 0.064 4.00{ 4.00 [31]

[11C]Benzothiazole-6a# 2.40 1.88 0.303 0.152 18.8{ 18.8 [32]

[11C]Benzothiazole-6b# 2.40 1.88 0.303 0.152 11.5{ 11.5 [32]

[11C]Benzothiazole-6c# 2.40 1.88 0.303 0.152 11.2{ 11.2 [32]

[18F]Benzothiazole-2# 3.72 1.59 0.083 0.018 9.00{ 9.00 [33]

[18F]Benzothiazole-5# 3.98 1.74 0.064 0.012 5.70{ 5.70 [34]

[18F]MK3328 2.63 1.78 0.241 0.104 9.60 9.60 [35]

[18F]FIAR 3.66 2.29 0.088 0.020 6.81{ 6.81 [36]

[18F]Benzoxazole-24# 2.41 2.75 0.302 0.152 9.30{ 9.30 [37]

[18F]Pyridinylbenzoxazole-32# 2.42 2.03 0.297 0.148 8.00{ 8.00 [38]

[18F]Phenylindole-1a# 3.84 2.09 0.074 0.015 28.4{ 28.4 [39]

Abbreviations: AD, Alzheimer’s disease; Ab, amyloid beta; PET, positron emission tomography.

NOTE. The final values used for simulations are italicized. The amyloid PET radiotracers listed from [11C]PIB to [18F]FIBTare applied clinically, whereas the

rest are candidate radiotracers. M log P (unitless) and Vx (cm
3/mol/100) were determined using dproperties (Talete, Italy). fp (unitless) and fND (unitless)

were extrapolated from relationships of fp and fND of CNS tracers.KD (nM) was obtained from the literature, measured via in vitro binding studies with synthetic

Ab1–40, Ab1–42, or AD brain homogenates.

*KD(Ab1–40) was averaged from four literature values (1.02 [12], 0.90 [13], 3.30 [14], and 4.70 [11]) and KD(Ab1–42) was averaged from two literature values

(0.91 [12] and 0.95 [13]).
yKD is derived using KD measured with synthetic Ab1–40 and Ab1–42 using: KD(Ab1–40) ! 0.3 1 KD(Ab1–42) ! 0.7.
zKi measured with florbetapir as the competitor.
xKi measured with BF180 as the competitor; BF180 exhibits similar binding to IMPY [19].
{Ki measured with itself or IMPY as the competitor.
#Simplified name with a number or alphabet, as reported in the literature, used when generic name or institute code name was not available.
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The in vivo nondisplaceable binding potential (BPND, unit-
less) was derived from Mintun’s equation using Bavail, fND,
and KD [7]:

BPND5 fND $
Bavail

KD

(6)

Three scaling factors of 1.23, 1.15, and 0.38 were
introduced to account for the difference between in silico
and in vivo K1, k2, and BPND in equations (3), (5), and (6),
respectively. These scaling factors were derived
by minimizing the differences between the predicted and
clinically observed K1, k2, and BPND of 8, 8, and 9
clinically applied radiotracers in AD [8] (Fig. 2).
2.1.3. Simulations of time activity curves and SUVRs
The predicted K1, k2, and BPND were used to simulate the

time activity curves (TACs) in the target regions of HC,
MCI, and AD and a reference region, with a fixed arterial
input function (IF) [8]:

CTargetðtÞ5K1 $ e
ð2kz=ð11BPNDÞÞt 5 IF ðtÞ (7)
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CReferenceðtÞ5K1$ e
2kzt 5 IF ðtÞ (8)

IF was derived by averaging the metabolite-corrected, arte-
rial plasma IFs of six HC subjects injected with [11C]BF227
[8,41].

SUVRs of subject conditions of HC, MCI, and AD were
determined from the ratio of integrated TACs of the target re-
gions in HC, MCI, and AD and that of the reference region
within the selected time window. The time window was
determined from the literature for clinically applied amyloid
PET radiotracers [8], 70 to 90 minutes for [18F]FIBT [42] or
otherwise by default of 40 to 60 minutes. The same IF was
applied assuming a reference region without any specific
binding in our simulations, hence eliminating any complica-
CUI5
1

2
ðAzHC2MCI1AzMCI2ADÞ! 1

2
ðEsHC2MCI1EsMCI2ADÞ! 1

2

�
SrMCI=HC1SrAD=MCI

�
5Az !Es! Sr (10)
tions in evaluating the binding capability of the radiotracer
due to changes in subject physiology.
2.2. Amyloid PET radiotracers’ screening methodology
2.2.1. SUVR population data set realizations
To simulate clinical situations, K1 and k2 predicted

from equations (3) and (5) were varied by 10% and
20%, respectively [43]. Bavail was varied by 80%, 35%,
and 20% under HC, MCI, and AD conditions, respectively
[40]. One thousand noisy TACs in both target and refer-
ence regions were generated by computer simulations.
The noise was simulated such that the averaged noise
level from 8 to 150 minutes was 3% [44,45], which
reflects the noise level of typical PET data. The 1000
TACs simulated for both target and reference regions
were used to obtain 1000 SUVRs for each subject
condition of HC, MCI, and AD. Simulations were
carried out using in-house software written in Matlab
(Ver. R2014b, The MathWorks Inc, USA).

2.2.2. Determination of Az, Es, and Sr
Az, Es, and Sr were determined for each conditions-pair

of HC-MCI and MCI-AD using the 1000 SUVRs of subject
conditions of HC, MCI, and AD. Az was derived using an
ROC program written in Matlab. For each conditions-pair,
thresholds were generated for the differences between all
SUVR values. Az was then determined from the area under
the ROC curve generated using the sensitivity and specificity
determined for each threshold. Es was determined using the
means (M) and standard deviations (SDs) of 1000 SUVRs of
subject conditions of HC, MCI, and AD in pairs of HC-MCI
and MCI-AD:
Es122 5
ðM22M1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
SD2

21SD2
1

��
2

q (9)

where 15 HC and 25MCI for conditions-pair of HC-MCI,
and 15MCI and 25 AD for conditions-pair of MCI-AD. Sr
was determinedbydividingM of 1000SUVRs for subject con-
ditions of HC, MCI, and AD accordingly to obtain SrMCI/HC

and SrAD/MCI for conditions-pairs of HC-MCI and MCI-AD.

2.2.3. Determination of CUI
CUI was obtained from the product of the averaged

AzðAzÞ, EsðEsÞ, and SrðSrÞ of conditions-pairs of HC-
MCI and MCI-AD as follows:
Equal weightage was applied, indicating that the binding
capabilities to low and high amyloid loads were equally
important in evaluating the performance of the amyloid
PET radiotracer.

2.3. Comparison of amyloid PET radiotracers based on
CUI

The CUIs of 31 amyloid PET radiotracers (Table 1) were
ranked from highest to lowest. The relationships among Az,
Es, Sr, and the resulting CUI for the listed radiotracers were
investigated.
3. Results

CUI ranged from 0.10 to 5.72 for the 31 amyloid PET ra-
diotracers evaluated (Table 2). Az ranged from 0.55 to 0.99,
Es ranged from 0.17 to 3.64, and Sr ranged from 1.00 to 1.89,
for conditions-pairs of HC-MCI and MCI-AD (Table 2).
Smaller Az, Es, and Sr were generally observed for
conditions-pair of HC-MCI compared with that of MCI-
AD (Table 2). Among the clinically applied amyloid PET ra-
diotracers, [11C]PIBwas ranked first, followed by [18F]FIBT,
[18F]flutafuranol (also known as [18F]AZD4694), [11C]
BF227, [11C]AZD2184, [18F]flutemetamol, [18F]florbetapir,
[18F]FACT, [11C]SB13, [18F]florbetaben, [18F]AV138, and
[18F]FDDNP (Table 2). All clinically applied amyloid PET
radiotracers had CUI of greater than 3.0 (Table 2).

Fig. 3 shows the simulated SUVR distributions for (A)
[11C]PIB, (B) [11C]MeS-IMPY, and (C) [18F]phenylindole-
1a in HC, MCI, and AD conditions. [11C]PIB, with the
highest CUI of 5.72 (Table 2), showed a small amount of
overlapping of SUVR distributions across HC, MCI, and
AD conditions. [11C]MeS-IMPY, with a CUI of 1.93
(Table 2), showed greater amount of overlapping and smaller



Fig. 2. Correlations of predicted versus clinically observed (A) K1, (B) k2, and (C) BPND, and (D) SUVR. Abbreviations: AD, Alzheimer’s disease; HC, healthy

control; BPND, nondisplaceable binding potential; SUVR, standardized uptake value ratio.
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differences in the spread of SUVR distributions. The simu-
lated SUVR of [11C]MeS-IMPY was also smaller than that
of [11C]PIB. [18F]Phenylindole-1a, with the lowest CUI of
0.10 (Table 2), showed complete overlapping of SUVR dis-
tributions across HC, MCI, and AD conditions, and near
identical spread of the SUVR distributions in the three con-
ditions. The mean SUVR of [18F]phenylindole-1a was about
1.0 for all three conditions.

The relationships of Az, Es, and Sr of the 31 amyloid PET
radiotracerswith the resulting CUIwere different (Fig. 4). Az
and Es increased drastically with CUI but plateaued when
CUI became greater than 3.0 (Fig. 4A and B). Sr increased
gradually when CUI was less than 3.0, but increased greatly
when CUI became greater than 3.0 (Fig. 4C). Az and Es
showed nonlinear relationship with each other (Fig. 4D). Sr
was relatively flat when Es and Az were less than 2.5 and
0.95 but increased steeply after that (Fig. 4E and F).

4. Discussion

In this article, a screening methodology based on the am-
yloid biomathematical model [8] with CUI was developed to
evaluate the clinical usefulness of amyloid PET radiotracers
objectively.
4.1. Derivation of CUI

CUI was derived from the product of Az, Es, and Sr of
conditions-pairs of HC-MCI and MCI-AD using equation
(10). The relationships of Az, Es, and Sr with CUI were
different (Fig. 4), suggesting that the three evaluation
methods assessed different key properties of the radio-
tracers. This was also observed from the differences in the
ranking of the radiotracers based on Az, Es, and Sr
(Table 2). For example, [18F]flutafuranol was ranked the
highest based on Az, whereas [11C]PIB was ranked the high-
est based on Es and [11C]benzofuran-8 was ranked the high-
est based on Sr.

The rankings of Az, Es, and Sr were also different be-
tween conditions-pairs of HC-MCI and MCI-AD
(Table 2). For instance, comparing [11C]PIB and [11C]
benzofuran-8, [11C]PIB had higher Az, Es, and Sr for
conditions-pair of MCI-AD, whereas [11C]benzofuran-8
had higher Az, Es, and Sr for conditions-pair of HC-MCI
(Table 2). This showed that there were differences in diag-
nostic capability of amyloid PET radiotracers at high and
low amyloid loads. Therefore, CUI was derived using
conditions-pairs of HC-MCI and MCI-AD. The
conditions-pair of HC-AD was excluded because of



Table 2

Az, Es, and Sr of conditions-pairs of HC-MCI and MCI-AD and CUI of 31 amyloid PET radiotracers

Radiotracers

AUROC (Az) Effect size (Es) SUVR ratio (Sr) Averaged

CUIHC-MCI MCI-AD HC-MCI MCI-AD MCI/HC AD/MCI Az Es Sr

[11C]PIB 0.979 0.995 2.96 3.64 1.68 1.83 0.987 3.30 1.76 5.72

[18F]FDDNP 0.956 0.989 2.44 3.17 1.12 1.21 0.972 2.80 1.17 3.19

[11C]SB13 0.977 0.992 2.79 3.40 1.11 1.19 0.985 3.10 1.15 3.50

[18F]florbetaben 0.968 0.987 2.57 3.13 1.14 1.23 0.977 2.85 1.19 3.30

[11C]BF227 0.981 0.992 2.95 3.46 1.30 1.46 0.987 3.20 1.38 4.35

[18F]AV138 0.964 0.983 2.63 2.95 1.15 1.23 0.974 2.79 1.19 3.22

[18F]flutemetamol 0.977 0.989 2.87 3.28 1.29 1.44 0.983 3.08 1.37 4.13

[18F]florbetapir 0.977 0.993 2.78 3.44 1.23 1.38 0.985 3.11 1.31 4.01

[11C]AZD2184 0.978 0.991 2.94 3.26 1.33 1.50 0.984 3.10 1.41 4.32

[18F]flutafuranol 0.985 0.993 2.94 3.39 1.42 1.61 0.989 3.16 1.52 4.74

[18F]FACT 0.973 0.992 2.66 3.40 1.25 1.42 0.983 3.03 1.34 3.97

[18F]FIBT 0.981 0.991 2.97 3.37 1.49 1.62 0.986 3.17 1.56 4.87

[11C]6-Me-BTA-1 0.774 0.885 1.03 1.74 1.01 1.03 0.830 1.38 1.02 1.17

[11C]BTA-1 0.945 0.981 2.20 3.07 1.04 1.07 0.963 2.64 1.06 2.68

[18F]FMAPO 0.840 0.927 1.39 2.07 1.03 1.06 0.884 1.73 1.04 1.59

[18F]FPEG-stilbenes-12a* 0.910 0.958 1.85 2.50 1.05 1.10 0.934 2.18 1.07 2.18

[11C]Benzofuran-8* 0.978 0.991 2.91 3.21 1.89 1.78 0.984 3.06 1.83 5.52

[18F]FPEGN3-styrylpyridine-2* 0.808 0.907 1.30 1.85 1.03 1.05 0.857 1.57 1.04 1.40

[11C]MeS-IMPY 0.866 0.963 1.62 2.45 1.02 1.05 0.915 2.03 1.04 1.93

[18F]Indole-14* 0.977 0.984 2.89 3.00 1.27 1.35 0.981 2.95 1.31 3.77

[18F]Indoline-8* 0.958 0.985 2.45 3.03 1.11 1.19 0.971 2.74 1.15 3.06

[11C]Benzothiazole-6a* 0.943 0.984 2.29 3.05 1.05 1.10 0.963 2.67 1.08 2.77

[11C]Benzothiazole-6b* 0.967 0.988 2.67 3.23 1.09 1.16 0.978 2.95 1.12 3.24

[11C]Benzothiazole-6c* 0.970 0.991 2.74 3.33 1.09 1.17 0.980 3.03 1.13 3.36

[18F]Benzothiazole-2* 0.635 0.768 0.498 0.988 1.01 1.02 0.701 0.743 1.02 0.530

[18F]Benzothiazole-5* 0.631 0.737 0.450 0.865 1.01 1.02 0.684 0.658 1.01 0.456

[18F]MK3328 0.913 0.974 1.99 2.78 1.07 1.12 0.944 2.39 1.10 2.47

[18F]FIAR 0.683 0.803 0.682 1.22 1.01 1.03 0.743 0.953 1.02 0.723

[18F]Benzoxazole-24* 0.960 0.988 2.54 3.22 1.12 1.20 0.974 2.88 1.16 3.25

[18F]Pyridinylbenzoxazole-32* 0.966 0.987 2.53 3.16 1.13 1.22 0.977 2.84 1.18 3.26

[18F]Phenylindole-1a* 0.554 0.548 0.168 0.200 1.00 1.00 0.551 0.184 1.00 0.102

Abbreviations: AD, Alzheimer’s disease; AUROC, area under the receiver operating characteristic curve; CUI, clinical usefulness index; HC, healthy control;

MCI, mild cognitive impaired; PET, positron emission tomography; SUVR, standardized uptake value ratio.

NOTE. The radiotracers listed from [11C]PIB to [18F]FIBTare clinically applied radiotracers and the rest are candidate radiotracers. Az, Es, Sr, and CUI are

unitless.

*Simplified name with compound number or alphabet, as reported in the literature, used when generic name or institute code name (supplied by the author)

was not available.
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replication of results, and if used individually, it would not
be able to differentiate the performance of the radiotracers
at low and high amyloid loads.

The range of individual Az, Es, and Sr was smaller than
CUI (Table 2). Az had a small range of values from 0.548
to 0.995 (Table 2), which resulted in many radiotracers hav-
ing the same values of Az. Although the range of values of Es
of 0.168 to 3.64 was reasonably broad (Table 2), it only
considered the strength of the differences between the
measured outcomes of two conditions with variations. Like-
wise, Sr, which ranged from 1.00 to 1.89, only showed the
magnitude of the differences in mean SUVR between two
conditions (Table 2).

The combination of Az, Es, and Sr integrated their
strengths, including statistical significance (mainly Es),
sample variability (mainly Az and Es), and measurement
precision (mainly Az and Sr). Greater spread in Az and Es
was observed when CUI was smaller than 3.0, whereas
greater spread in Sr was observed when CUI was greater
than 3.0. The combination of Az, Es, and Sr thus comple-
mented each other and resulted in a broader range of CUI
of 0.10 to 5.72 (Table 2). This allowed for clear differentia-
tion of the clinical usefulness of the amyloid PET
radiotracers.
4.2. Validation of CUI

The SUVR distributions simulated across the three sub-
ject conditions will affect the CUI of the amyloid PET radio-
tracers. Variations in Bavail by 80%, 35%, and 20% in HC,
MCI, and AD conditions, respectively, were chosen to reflect
the variations in amyloid load under HC, MCI, and AD con-
ditions [40], and to simulate SUVR distributions similar to
that observed clinically [2,3]. The position of the median,
box length, and whisker length of simulated boxplot were
evenly distributed due to the use of 1000 SUVRs, which
differed from clinical data as the sample size reported was
generally smaller. However, the overall spread of



Fig. 3. Simulated SUVR distributions across HC, MCI, and AD conditions for three amyloid PET radiotracers. (A) [11C]PIB; (B) [11C]MeS-IMPY; and (C)

[18F]phenylindole-1a. Abbreviations: AD, Alzheimer’s disease; HC, healthy control; MCI, mild cognitive impaired; PET, positron emission tomography;

SUVR, standardized uptake value ratio.
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simulated SUVR distributions of [11C]PIB was close to that
observed clinically (Fig. 3A) [2,4], thus showing that the
variations in Bavail were suitable. Poor radiotracers such as
[18F]phenylindole-1a and [18F]FMAPO displayed huge
overlapping of SUVR distributions across all subject
conditions as observed in Fig. 3B and C.

Different scaling factors were applied in equations (3),
(5), and (6) in the current model compared with previously
developed model [7,8] to scale the differences between
predicted and clinically observed data. The scaling factor
for K1 in Guo’s central nervous system model was 3.43
[7], whereas a scaling factor of 1.23 was applied in the cur-
rent model. The difference was probably because of the type
of in vivo data used. Guo et al. used in vivo data measured
from pig [7], whereas in vivo data measured from human
were used for our evaluation. In Guo’s model, apparent
aqueous volumes in plasma and tissue (Vaq_P/Vaq_T 5 1.09)
Fig. 4. Relationships among Az, Es, Sr, and CUI of 31 amyloid PET radiotrace

tomography.
were used to derive k2 [7]. A scaling factor of 1.15 was
used in our model. The difference was small and might be
because of slight differences between HC and AD condi-
tions. The correlations between predicted and clinically
observed K1, k2, BPND, and SUVR were relatively similar
to previously evaluated results [8] (Fig. 2). This indicated
that the results can be replicated using SUVR.
4.3. Limitations of CUI

Themodel under CUI does not consider nonspecific bind-
ing in white matter. In amyloid PET imaging, white matter
retention may lead to inaccuracies in cortical SUVR mea-
surements [3,22]. However, some studies have shown that
the amount of white matter retention was independent of
the amount of amyloid load present in the subjects as
supported by the lack of differences in white matter
rs. Abbreviations: CUI, clinical usefulness index; PET, positron emission
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retention between HC and AD [4,22,46,47]. Studies have
also reported that white matter retention did not limit the
quantification of cortical uptake of some amyloid PET
radiotracer [4,5,22,48]. The SUVR measurements in the
white matter do not correlate with cortical SUVR
measurements, and white matter modifications may be
because of normal aging or other diseases. As such, the
screening methodology with CUI was developed to judge
the clinical usefulness of a radiotracer based on its cortical
amyloid binding capability.

The current list of CUI was determined using KD or Ki

obtained from the literature (Table 1). KD is the only
in vitro input, whereas the others were in silico parameters
(Fig 1A). For consistent outcome comparison, KD was
selected over Ki, as reported Ki differed depending on the
competitor. Ki was selected if it was measured with itself
or IMPY as a competitor. IMPY was chosen because of
the availability of a large number of Ki measured with
IMPY as a competitor, which allowed for the comparison
of many radiotracers. Reliable comparison of radiotracers
can be achieved by using KD measured using the same
experimental protocol within an institution. The use of
CUI enables cross-institution comparison with the use of
a reference or clinically applied radiotracer (e.g., [11C]
PIB).

Amyloid PET radiotracers such as [11C]PIB, [11C]
BF227, and [18F]FDDNP had been reported to bind to
neurofibrillary tangles [48]. As [18F]FDDNP had a lower
binding affinity for amyloid fibrils, it showed lower cortical
uptake in AD [15]. The current amyloid biomathematical
model did not include the effect of tau binding because
the target was amyloid protein [8]. Despite the use of
only KD of Ab fibrils, the CUI rankings of clinically
applied amyloid PET radiotracers (Table 2) reflected close
to reported clinical results. Therefore, the model showed
applicability in evaluating the clinical usefulness of amy-
loid PET radiotracers. For proper application of the
screening methodology and comparable CUI, in vitro bind-
ing studies to both Ab fibrils and tau protein and compar-
ison of CUI with one clinically applied amyloid PET
radiotracer (e.g., [11C]PIB) are recommended.

4.4. Applications of CUI

To determine the feasibility of CUI, we compared CUI
with data of clinically applied radiotracers from the litera-
ture. [18F]flutafuranol versus [11C]AZD2184: [11C]
AZD2184 (distribution volume ratio, 1.7) showed relatively
similar cortical binding to [18F]flutafuranol (distribution vol-
ume ratio, 1.6) in AD subjects [49]. In our simulations, [18F]
flutafuranol (CUI5 4.74, ranked fourth) and [11C]AZD2184
(CUI5 4.32, ranked sixth) showed relatively similar clinical
usefulness. [11C]BF227 versus [18F]FACT: [11C]BF227
showed greater significant differences in cortical SUVR be-
tween HC and AD subjects than [18F]FACT [41], which
allowed for clearer differentiation of subject groups. [11C]
BF227 (CUI 5 4.35, ranked fifth) had higher CUI than
[18F]FACT (CUI 5 3.97, ranked ninth) in our simulations.
[18F]florbetapir versus [18F]AV138: [18F]florbetapir and
[18F]AV138 showed similar SUVR in precuneus, but [18F]
florbetapir was reported to have better pharmacokinetics
and pharmacodynamics compared with [18F]AV138 in clin-
ical trial [50]. [18F]florbetapir (CUI 5 4.01, ranked eighth)
also had higher CUI than [18F]AV138 (CUI 5 3.22, ranked
17th) in our simulations. [11C]PIB versus [18F]flutemetamol
versus [18F]florbetapir: In terms of clinical cortical uptakes
in MCI and AD subjects, [11C]PIB was the highest, followed
by [18F]flutemetamol then [18F]florbetapir, without partial
volume correction [3]. Likewise, our simulation results
showed that [11C]PIB had the highest CUI of 5.72, followed
by [18F]flutemetamol (CUI 5 4.13, ranked seventh) then
[18F]florbetapir (CUI 5 4.01, ranked eighth). The ranking
of CUI was close to clinical results, thus showing that the
screening methodology with CUI attests to its potential in
evaluating the clinical usefulness of amyloid candidate ra-
diotracers.

All clinically applied radiotracers had CUI of greater than
3.0 (Table 2). Thus, a minimum CUI of 3.0 is recommended
to move candidate radiotracers for further evaluation. We
recommend comparing candidate radiotracers with a clini-
cally applied radiotracer (e.g., [11C]PIB) to evaluate their
possible clinical performancewith respect to the clinical per-
formance of clinically applied radiotracers. The screening
methodology can also be used to predict other parameters
of interest, such as BPND, which can be applied as the
outcome parameter of interest in CUI. We believed that
the screening methodology with CUI can be extended to
other similar types of radiotracers (e.g., tau radiotracers).
However, the binding affinities to both Ab fibrils and tau pro-
tein must be measured to ensure that the tau radiotracer has
higher selectivity to tau protein than Ab fibrils. We are
currently evaluating the use of the screening methodology
for tau radiotracers. Despite the greater challenges faced in
tau imaging compared with amyloid imaging (e.g., off-
target binding), we believe the results from the screening
methodology can shed some insights into the binding
behavior of tau radiotracers. On the whole, the screening
methodology with CUI, allows for simultaneous and objec-
tive comparison of candidate radiotracers during radiotracer
development.
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RESEARCH IN CONTEXT

1. Systematic review: The authors proposed a
screening methodology using a biomathematical
model and clinical usefulness index (CUI) to facil-
itate the development of amyloid radiotracers. 31
(12 clinically-applied, 19 candidates) amyloid
PET radiotracers were gathered from the literature.
The predicted 1-tissue compartment kinetic
parameters and standardized uptake values
ratio (SUVR) were compared with the available
clinically-observed values. The outcome CUI
were compared to their reported clinical compari-
son results.

2. Interpretation: The CUI ranking of clinically-applied
radiotracers were close to their reported clinical re-
sults, thus attesting to the applicability of the screening
methodology for screening amyloid radiotracers.
Future directions: The manuscript forms the backbone
for developing a screening methodology to support the
development of not only amyloid but tau radiotracers.

3. Future directions: (1) evaluating the feasibility of ex-
tending the screening methodology to screen tau ra-
diotracers, (2) if not, determining the underlying
issues to develop an improved screening methodol-
ogy for tau radiotracers.
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