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Abstract

Purpose We developed a new method to directly calculate Centiloid (CL) units of 8E_florbetaben (FBB) and '®F-flutemetamol
(FMM) without conversion to the PiB standardized uptake value ratio (SUVR).

Methods Paired FBB and FMM PET scans were obtained from 20 Alzheimer’s disease—related cognitive impairment patients,
16 old controls, and 20 young controls. We investigated the correlations between the FBB and FMM CL units using the direct
comparison of FBB-FMM CL (dcCL) method and the standard CL method and compare differences in FBB and FMM CL units
between dcCL method and the standard method.

Results Following the conversion of FBB or FMM SUVRs into CL units, a direct relationship was formed between the FBB or
FMM SUVRs and the CL units using dcCL method (FBB dcCL = 151.42 x FBB dcSUVR — 142.24 and FMM dcCL = 148.52 x
FMM dcSUVR — 137.09). The FBB and FMM CL units were highly correlated in both our method (R* = 0.97, FMM dcCL =
0.97 x FBB dcCL + 1.64) and the standard method (R = 0.97, FMM CLstandard = 0.79 x FBB CLstandard + 1.36). However,
the CL variations between FBB and FMM were smaller when calculated by dcCL method (6.15) than when calculated by the
previous method (10.22; P = 0.01).

Conclusions Our findings suggest that our direct comparison of FBB-FMM method, rather than the standard method, is a reason-
able way to convert FBB or FMM SUVRs into CL units, at least in environments where FBB or FMM ligands are used frequently.
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Introduction

The use of amyloid beta (A3) PET imaging technology to
detect diagnostic and predictive biomarkers of Alzheimer’s
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disease (AD) has increased greatly in recent years. The first
publication of an Ap-selective imaging agent, ''C-labeled
Pittsburgh compound B (*'C-PiB) [1], opened the door to
in vivo detection of a fundamental aspect of AD pathology.
The limitation of the short half-life (20 min) of ''C-PiB
prompted the development and commercialization of '*F-la-
beled AB imaging agents, such as '*F-florbetapir [2], '°F-
florbetaben (FBB) [3], and '®F-flutemetamol (FMM) [4],
which has allowed greater distribution and use of A3 PET
imaging in many hospitals with PET centers. To the best of
our knowledge, no head-to-head comparison of the '*F li-
gands has yet been conducted. However, previous studies
showed that PiB uptake correlates highly with the uptakes of
those three '*F ligands [5-7].
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Each tracer has its own unique dynamics and kinetics.
Previous studies that have quantitatively evaluated and
compared multiple tracers in the same participants have
used different cortical targets [8], reference regions [5],
methods for evaluation [9, 10], and positive PET cut-off
points [5]. Consequently, there is a need to standardize the
methods for data collection and analysis to improve cross-
center, multi-tracer utility. In this regard, an international
working party of A3 imaging researchers developed a
method to standardize quantitative A3 imaging measures
by scaling the outcome to the Centiloid (CL) unit using
the PiB ligand [11]. This unit has a zero CL point that
corresponds to the mean result from scans in young adults
who are estimated to be free of A3 plaques. The 100 CL
point corresponds to the mean result of scans performed
in a group of participants with typical AD of mild sever-
ity, the time of the highest A3 burden in the course of AD
[11, 12].

CL methods and scaling factors for '*F-labeled A tracers
have recently been published [6, 7, 13], allowing the compar-
ison of tracer characteristics relative to PiB under strictly con-
trolled head-to-head conditions. These methods enable '*F-
labeled Af3 tracers to be converted into CL units without the
need for paired PiB scans. Because '°F ligands are increasing-
ly replacing PiB in both clinical and research settings, the need
is growing for appropriate standardization of the '*F ligands
themselves for common use and comparison. However, given
that the CL units calculated for any '®F tracers have one more
degree of separation than those for PiB, the comparison of two
or more '8F AP tracers in CL units would suffer from the
limitations of a second degree of separation. That is,
converting '®F A tracer uptake to CL via PiB could introduce
differences into the process because the unique characteristics
of PiB might influence the CL scale.

Therefore, in the present study, we conducted head-to-
head comparisons of A3 PET imaging using the FBB and
FMM ligands in younger control (YC), older control (OC),
and AD-related cognitive impairment (ADCI) participants.
We also converted the standardized uptake volume ratio
(SUVR) of FMM and FBB into CL units using both our
new direct comparison of FBB-FMM CL (dcCL) method,
which directly calculates the CL units from the SUVRs of
FBB and FMM without conversion through the PiB SUVR,
and the standard method, which requires translation into the
PiB SUVR. First, we investigated the correlation of CL
units between FBB and FMM using the two CL derivation
methods. Second, we compared the differences in CL units
of FBB and FMM calculated by our dcCL method and the
standard CL method. We hypothesized that the CL units
between FBB and FMM would be highly correlated. We
also hypothesized that the differences in CL units of FBB
and FMM would be smaller when calculated with our dcCL
method than with the standard CL method.

Materials and methods
Participants

We recruited 20 YC, 16 OC, and 20 ADCI participants. All
participants underwent magnetic resonance imaging (MRI)
and AP PET with both FBB and FMM. In this study, we
combined 16 AD dementia and 4 amnestic mild cognitive
impairment (aMCI) patients who were all A3 PET positive
(+) into the ADCI group [14]. AD dementia was diagnosed
based on the National Institute on Aging-Alzheimer’s
Association research criteria for probable AD [15]. To be di-
agnosed with aMCI, participants had to meet Petersen’s
criteria [16] and show objective memory impairment one stan-
dard deviation below the norm in at least one memory test.
OCs, defined as those older than 65 years (age [mean + stan-
dard deviation], 74.0 + 3.6 years), were all characterized by
the following: (1) no history of neurologic or psychiatric dis-
orders, (2) normal cognitive function determined using neu-
ropsychological tests, and (3) a negative (—) A3 PET image.
Healthy YCs, defined as those younger than 40 years (32.0
3.9 years), had (1) no history of neurologic or psychiatric
disorders, (2) normal cognitive function (Mini-Mental State
Examination [MMSE] score, 29.9 + 0.4), and (3) AP (-)
PET results.

All participants were evaluated by clinical interview and
neurological and neuropsychological examinations and
underwent laboratory tests (complete blood count, blood
chemistry, vitamin B12/folate, syphilis serology, and thyroid
function). Brain MRI confirmed the absence of structural le-
sions, including territorial cerebral infarctions, brain tumors,
hippocampal sclerosis, and vascular malformations.

This study protocol was approved by the Institutional
Review Board of Samsung Medical Center. We obtained writ-
ten consent from each participant, and all methods were car-
ried out in accordance with the approved guidelines.

MRI data acquisition

We acquired standardized three-dimensional T1 turbo field
echo images from all participants at Samsung Medical
Center, using the same 3.0-T MRI scanner (Philips Achieva;
Philips Healthcare, Andover, MA, USA), with the following
parameters: sagittal slice thickness, 1.0 mm over contiguous
slices with 50% overlap; no gap; repetition time of 9.9 ms;
echo time of 4.6 ms; flip angle of 8°; and matrix size of 240 x
240 pixels reconstructed to 480 x 480 over a field of view of
240 mm [17].

AB PET data acquisition

Participants underwent FBB PET and FMM PET at Samsung
Medical Center using a Discovery STe PET/CT scanner (GE
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Medical Systems, Milwaukee, WI, USA) in three-
dimensional scanning mode that examined 47 slices of 3.3-
mm thickness spanning the entire brain [18, 19]. Paired FBB
and FMM PET images were acquired on two separate days;
there were no differences in mean interval times (4.0 + 2.5
months across all groups) among the three groups (P = 0.89).
We performed FBB PET first in half of the participants (total
29: 8 ADCI, 12 OC, and 9 YC) and FMM PET first in the
other half (total 27: 12 ADCI, 4 OC, and 11 YC). CT images
were acquired using a 16-slice helical CT (140 KeV, 80 mA;
3.75-mm section width) for attenuation correction. According
to the protocols proposed by the ligands’ manufacturers, a 20-
min emission PET scan with dynamic mode (consisting of 4 x
5 min frames) was performed 90 min after injection of a mean
dose of 311.5 MBq of FBB or 185 MBq of FMM. Three-
dimensional (3D) PET images were reconstructed in a 128 x
128 x 48 matrix with a voxel size of 2 mm % 2 mm % 3.27 mm
using the ordered-subsets expectation maximization algorithm
(FBB iterations = 4 and subset = 20; FMM iterations = 4 and
subset = 20).

All PET images were reviewed by nuclear medicine phy-
sicians who were blinded to patient information and diag-
nosed classification, and they were dichotomized as A3 pos-
itive or negative using visual reads on the standardized scoring
systems [20, 21].

Imaging analysis

We replicated the image processing steps described in the
previously published Centiloid Project [11]. Each participant’s
MRI image was co-registered to the MNI-152 template, and
then each participant’s PET image was co-registered via the
derived MRI transformation parameters using the SPM8 uni-
fied segmentation method, as described in detail in the CL
methodology paper [11]. We used T1-weighted MR-image
correction with the N3 algorithm only for intensity non-
uniformities [22]. No corrections were applied to the PET
images for brain atrophy or partial volume effects. We
downloaded the whole cerebellum (WC) mask and standard
CL global cortical target volume of interest (CTX VOI) from
the Global Alzheimer’s Association Interactive Network
(GAAIN) website (http://www.gaain.org).

Standard and FBB-FMM Global CTX VOI

The FBB-FMM CTX VOI was generated by using
SUVR parametric images (with the WC reference
VOI) from the 20 typical ADCI patients (AD-CTX),
who were also used in the CL scaling described below,
as well as the 16 OCs (OC-CTX). To generate the FBB-
FMM CTX VOI, the average OC-CTX image was
subtracted from the average AD-CTX image, and then
we defined the FBB-FMM CTX VOI as areas of AD-
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related brain A accumulation common to both FBB
and FMM PET. To extract the FBB-FMM CTX VOI,
we first obtained the FBB CTX VOI and the FMM
CTX VOI and then found the intersection of those im-
ages. After that, only the upper 20% of the intersecting
images was used as the FBB-FMM CTX VOI [23]. We
smoothed those regions with a 3D-Gaussian filter with a
full width at half maximum of 8.0 mm to retain regions
similar to the published CTX ROI [11]. Individual
SUVR values in the FBB-FMM CTX VOI were calcu-
lated using the WC as a reference region. The standard
CTX VOI was also calculated as the ratio of cortical to
WC SUVR using the standard CTX and WC VOlIs
downloaded from GAAIN.

Centiloid units

As part of our direct comparison of FBB-FMM conversion
method, we directly converted the SUVR values of the FBB-
FMM CTX VOI into dcCL units using the CL conversion
equation [11]:

CL = 100 x (SUVR;u—SUVRyc o) /(SUVRApcr-100-SUVRyc )

where SUVR;,4 represents the individual SUVR values of all
YC-0 and ADCI-100 participants, and SUVRyc.q and
SUVRApcr.100 Tepresent each group’s mean SUVR values.
The CL equation was derived separately for FBB and FMM
PET and applied to the FBB and FMM SUVR, respectively,
from the FBB-FMM CTX VOI. We named SUVR from the
FBB-FMM CTX VOI used to make dcCL as dcSUVR.

To acquire standard CL units using the standard CTX VOI,
we first calculated the SUVRstandard using the WC as a ref-
erence and then calculated the FBB and FMM CLstandard
values using the CL transformation equation derived from
previous studies of FBB (FBB CLstandard = 153.4 x FBB
SUVRstandard — 154.9) [6] and FMM (FMM CLstandard =
121.42 x FMM SUVRstandard — 121.16) [7].

Statistical analysis

To compare demographic characteristics, we used the analysis
of variance for continuous variables and chi-square testing for
categorical variables. We also performed a linear regression to
assess correlations between the cortical retention values for
each pair of tracers. Because the sample size is larger than
30, we can assume that the CL unit and SUVR represent a
normal distribution using the central limit theorem in the re-
gression analysis.

The effect size was calculated with the following equation:

Effect Size = <;1,p—un>/\/(Npgp2 + Nna,,Z)/(Np + Nn—Z)
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where pi,, and i, are the average SUVR in the ADCI and
YC groups.

Up2 and o, are the variance of the ADCI and YC groups.

N, and N, are the number of participants in the ADCI and
YC groups.

The variability in the YC cohort mainly reflects the noise
from each method, so low variability within the YC cohort
indicates low noise in pathology-free scans. To find the
within-group variability for each ligand, we performed
Levene’s test for equal variance. We demonstrated a CL unit
difference between FBB and FMM using Bland-Altman plots
[24] of both our direct comparison method and the standard
method. The FBB and FMM CL values in the ADCI and YC
groups follow the normal distribution, as shown by the
Shapiro-Wilk test for each group, in the direct comparison of
FBB-FMM method (ADCI: W = 0.97 (P = 0.68), YC: W =
0.98 (P =0.87)) and the standard method (ADCI: W= 0.96 (P
=0.64), YC: W=0.98 (P = 0.89)). However, the combined
ADCI and YC groups did not follow the normal distribution
with either method (direct comparison of FBB-FMM method:
W=0.84 (P <0.001), standard method: W=0.85 (P < 0.001).
We compared the absolute value differences in CL units: (1)
between FBB CL and FMM CL derived by our direct com-
parison of FBB-FMM method and the standard method and
(2) between our direct comparison method and the standard
method for calculating FBB CL and for FMM CL. To find the
smaller absolute value differences in the CL units, we used a
generalized estimating equation (GEE). We used SPSS ver-
sion 24.0 (SPSS Inc., Chicago, IL, USA) for the chi-square
tests, linear regression, Levene’s test, and GEE, and we used
MedCalc Statistical Software version 17.9.2 (Ostend,
Belgium; 2017) for the Bland-Altman plots.

Results

Replicate analysis using GAAIN PiB data in standard
CTX vol

To validate our local standard CL process pipeline using
GAAIN PiB data, we calculated SUVR values using the stan-
dard CTX VOI. We found excellent correlation (CLour = 1.00
x CLGAAIN — 0.08; R = 0.99 , slope 1.00, intercept — 0.08),
well within the range considered to replicate previous findings
(R2 > (.98, slope 0.98-1.02, intercept between — 2 and + 2);
thus, our image registration and measurement processes were
valid within the acceptance criteria defined by Klunk et al. [11].

Participant demographics

Table 1 shows the demographic information of the par-
ticipants. The OC participants (age mean + SD: 74.0 +
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Table 1.  Participant demographics and clinical findings

AB (1) ADCI AR (-)OC AR (-) YC
Number of participants 20 16 20
Sex (M/F) 9/11 6/10 11/9
Age, years (mean = SD)  67.2+ 8.2 74.0 £3.6%°  32.0+3.9%°
MMSE (mean + SD) 192+7.0 269+2.1"  29.9+04"
APOE¢e4, no. (%) 16 (80) 3(18.8)° 3(15)°

A, amyloid beta; ADCI, Alzheimer’s discase—related cognitive impair-
ment; OC, old control; YC, young control; MMSE, Mini-Mental State
Examination; APOE<=4, apolipoprotein E €4 allele; SD, standard devia-
tion; M/F, male/female

Statistical analyses used chi-square tests for sex and APOEe4. Analysis of
variance was used for age and MMSE

2P < 0.05 between AB (+) ADCI and AB (=) OC or AR () YC
® P < 0.05 between AR (=) OC and AP (-) YC

3.6 years) were older than the ADCI participants (67.2
+ 8.2 years). There were no differences in sex propor-
tions among the groups. The MMSE score (mean + SD)
of the AB (—) OCs was 26.9 + 2.1 and that of the AP
(=) YCs was 29.9 + 0.4. There were significant differ-
ences in the MMSE scores between the ADCI partici-
pants and both the OCs and YCs, but there was no
significant difference between the OCs and YCs. The
frequency of APOEe4 carriers was 80% in the A3 (+)
ADCI participants, 18.8% in the A3 (—) OCs, and 15%
in the Af (-) YCs.

Correlation of SUVRs between FMM and FBB

Figure 1 shows the group-averaged differences between
the ADCI participants and OCs using FBB (Fig. 1a) and
FMM (Fig. 1b), indicating the areas of AD-related Af
deposition. The spatial distribution of A3 deposition in
the FBB-FMM CTX VOI did not seem to differ be-
tween FBB and FMM. The FBB-FMM CTX VOI re-
gions (Fig. 1c) were located mostly in the lateral fron-
tal, lateral temporal, lateral and medial parietal, insular,
and anterior striatal regions. The FBB-FMM CTX VOI
regions also generally overlapped with the standard
CTX VOI regions derived from PiB by Klunk et al.
(Supplementary eFig. 1) [11].

We generated FBB and FMM dcSUVR using the
FBB-FMM CTX VOI template. The paired FBB and
FMM dcSUVR values demonstrated excellent linear cor-
relation (Fig. 2a; R = 0.97, FMM dcSUVR = 0.99 x
FBB dcSUVR + 0.01), with a slope of 0.99. The paired
FBB and FMM SUVRstandard values also correlated
highly when using the standard CTX VOI (Fig. 2b; R*
= 0.97, FMM SUVRstandard = 1.00 x FBB
SUVRstandard + 0.004), with a slope of 1.00.
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Fig. 1 Increased amyloid uptake region in ADCI participants compared
to OCs in a FBB, b FMM, and ¢ CTX VOI. a and b show regions in
which ADCI participants had higher SUVR differences than OCs for
FBB and FMM, respectively. The scale bar indicates SUVR differences
between ADCI participants and OCs. ¢ Our FBB-FMM CTX VOI (red
areas), defined as AD-specific cortical target regions in FBB and FMM,
contains voxels in the upper 20% intensity in the intersecting images,
common to both FBB and FMM. The regions are mapped on an MNI
152 template. ADCI, Alzheimer’s disease—related cognitive impairment;
OCs, old controls; FBB, '®F-florbetaben; FMM, '®F-flutemetamol; CTX
VOI, global cortical target volume of interest

a
251 Y =0.99X +0.01
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0.5 1.0 15 20 25
FBB dc SUVR

Fig. 2 Plots of paired FBB and FMM SUVR values calculated using our
method and the standard method. SUVR correlations for YC and ADCI
participants with a our direct comparison (dc) method using the FBB-
FMM CTX VOI and b the standard method using the standard CTX VOI
(both with reference to the whole cerebellum) are shown as scatterplots.
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Conversion of FMM SUVR and FBB SUVR into CL units

We used our direct comparison of FBB-FMM method to de-
rive equations to convert the FBB dcSUVR into FBB dcCL
(Fig. 3a) and the FMM dcSUVR into FMM dcCL (Fig. 3b).
By setting the mean YC SUVR as 0 CL and the mean ADCI
SUVR as 100 CL for each tracer, we calculated the regression
equations presented in Fig. 3a (FBB dcCL = 151.42 x FBB
dcSUVR — 142.24) and Fig. 3b (FMM dcCL = 148.52 x
FMM dcSUVR - 137.09).

The correlation between the SUVR and CL values from the
standard method using the standard CTX VOI was obtained by
applying the existing published equations to FBB (FBB
CLstandard = 153.4 x FBB SUVRstandard — 154.9) [6] and
FMM (FMM CLstandard = 121.42 x FMM SUVRstandard —
121.16) [7].

Reliability and precision in the new and standard CL
methods

For reliability, we investigated the correlation between the
FBB and FMM CL values calculated using the two CL
methods. With our direct comparison of FBB-FMM method,
the dcCL units between FBB and FMM were highly correlat-
ed (R* =0.97, FMM dcCL = 0.97 x FBB dcCL + 1.64) (Fig.
4a). The CLstandard units between FBB and FMM were also
highly correlated using the standard method (R* = 0.97, FMM
CLstandard = 0.79 x FBB CLstandard + 1.36) (Fig. 4b).

For precision, we investigated the CL unit difference
between FBB and FMM calculated using the direct
comparison (Fig. 5a) and standard methods (Fig. 5b).
The GEE showed that the absolute CL value differences

251 Y =1.00X +0.004
R2=097
- 20
(0]
°
S
17
<
3 15
(/7]
s
=
Lo
« ADCI
*YC
0.5
0.5 1.0 15 20 25

FBB SUVR standard

ADCI, Alzheimer’s disease—related cognitive impairment ; YC, young
control; FBB, '®F-florbetaben; FMM, '®F-flutemetamol; SUVR,
standardized uptake value ratio; CTX VOI, global cortical target
volume of interest
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Fig. 3 Plots of SUVR values and
direct comparison of FBB-FMM
CL (dcCL) units for FBB and
FMM using the FBB-FMM CTX
VOI. SUVR values, dcCL units,
and the SUVR translation
equation to dcCL for both a FBB
and b FMM using the FBB-FMM
CTX VOI are shown as
scatterplots. ADCI, Alzheimer’s
disease—related cognitive
impairment ; YC, young control;;
FBB, '8F-florbetaben; FMM, '8F-
flutemetamol; SUVR,
standardized uptake value ratio;
CL, Centiloid; CTX VOI, global

a
200

Y =151.42X-142.24

FBB dc CL

200

Y =148.52X - 137.09

150

100

FMM dc CL

cortical target volume of interest

0.5 10 15

FBB dc SUVR

between FBB and FMM were smaller with our dcCL
method (6.16 = 1.01, mean =+ standard error) than with
the standard CL method (10.22 + 1.53) (P = 0.01). We
also investigated the CL unit difference between our
dcCL method and the standard method for FBB (Fig.
5¢) and FMM (Fig. 5d). The GEE showed that the
absolute CL value differences between the our dcCL
and the standard method were smaller for FBB CL
(5.65 = 0.74) than for FMM CL (13.69 £+ 0.99) (P <
0.001). In particular, FMM showed increased differences
to 30 CL between the dcCL method and the standard
method, according to the increased mean CL of the
dcCL and standard methods (Fig. 5d). To improve un-
derstanding of the reliability and precision of the CL
methods, we have summarized all the measured
SUVRs and associated CL values in Supplementary
eTable 1.
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Fig.4 Plots of paired FBB and FMM CL units calculated using our direct
comparison of FBB-FMM method and the standard method. Centiloid
values for FBB and FMM using a our direct comparison of FBB-FMM
CL method from FBB-FMM CTX VOI (dcCL) and b the standard

150 200

15
FMM dec SUVR

20 0.5 1.0 20

Effect size of CL between ADCI and YC participants
and CL variance in YCs

Table 2 shows the summary statistics for the FBB and FMM
CL values from both our method and the standard method.
With our deCL calculation method, the effect sizes of dcCL
between the ADCI and YC participants were 4.07 in FBB and
4.53 in FMM. The dcCL variances in the YCs were 4.23 in
FBB and 4.31 in FMM. There were no significant differences
in the dcCL variances in the YCs between FBB and FMM (P
= 0.86).

With the standard CL method, the effect sizes of
CLstandard between the ADCI participants and YCs were
4.04 in FBB and 4.57 in FMM. The CLstandard variances in
the YCs were 4.66 in FBB and 3.88 in FMM. There were no
significant differences in the CLstandard variances in the YCs
between FBB and FMM (P = 0.26).

2001 v =070X +1.36

R?2=0.97

150

FMM CL standard

50

* ADCI
*YC

50 100
FBB CL standard

method from the standard CTX VOI (CLstandard) are shown as
scatterplots. ADCI, Alzheimer’s disease—related cognitive impairment;
YC, young control; FBB, 8F_florbetaben; FMM, '®F-flutemetamol;
CL, Centiloid; CTX VOI, global cortical target volume of interest
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Fig. 5 The patterns of difference between FBB and FMM Centiloid (CL)
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agreement between FBB CL and FMM CL values using a the direct
comparison of FBB-FMM method and b the standard method. We also
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CL. ADCI, Alzheimer’s disease—related cognitive impairment; YC,
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Table 2 Summary statistics of SUVR and Centiloid (CL) units from our direct comparison of FBB-FMM CL (dcCL) method and standard method
FBB-FMM CTX VOI Standard CTX VOI
FBB FMM FBB FMM
dcSUVR dcCL dcSUVR dcCL SUVRstandard CLstandard SUVRsmndard CLstandard
ADCI Mean 1.60 100 1.60 100 1.62 93.80 1.63 75.75
SD 0.22 33.63 0.20 30.12 0.22 33.39 0.20 24.11
YC Mean 0.94 0.00 0.92 0.00 0.98 -5.10 0.96 -4.14
SD 0.03 423 0.03 431 0.03 4.66 0.03 3.88
Effect size 4.07 4.07 4.53 4.53 4.04 4.04 4.57 4.57

FBB, '® F-florbetaben; FMM, '® F-flutemetamol; CTX VOI, global cortical target volume of interest; SUVR, standardized uptake value ratio; CL,
Centiloid; deSUVR, SUVR derived from FBB-FMM CTX VOI; dcCL, CL unit derived using our direct comparison of FBB-FMM method from the
regression equations to FBB (FBB dcCL = 151.42 x FBB dcSUVR — 142.24) and FMM (FMM dcCL = 148.52 x FMM dcSUVR — 137.09);
SUVRstandard, SUVR derived from standard CTX VOI; CLstandard, CL unit derived by applying the existing published equations to FBB (FBB
CLstandard = 153.4 x FBB SUVRstandard — 154.9) [6] and FMM (FMM CLstandard = 121.42 x FMM SUVRstandard — 121.16) [7]; ADCI,
Alzheimer’s disease—related cognitive impairment; YC, young control; SD, standard deviation
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Discussion

We performed head-to-head comparisons of the FBB and
FMM A3 imaging tracers in ADCI, OC, and YC groups using
CL units calculated directly from new FBB-FMM SUVRs
(without conversion to the PiB SUVR) and those calculated
using the standard CL method, which involves translation to
and from the PiB SUVR. In the present study, our direct com-
parison of FBB-FMM CL method and the previous standard
method produced FBB and FMM CL units that were highly
correlated. However, the CL variation between FBB and
FMM was smaller with our direct conversion method than
with the previous conventional method. Taken together, our
findings suggest that it is reasonable to convert FBB or FMM
SUVR values into the CL scale directly rather than using the
classical method, at least in environments where FBB or
FMM ligands are used frequently. Furthermore, giving re-
searchers access to diverse specific CL methods that they
can apply in a variety of conditions might provide clinicians
with better diagnostic and prognostic data that are applicable
to all A3 PET scans.

We found that the spatial distribution of increased FMM
uptake was similar to that of FBB. Specifically, the FBB-
FMM CTX VOI regions were mostly located in the lateral
frontal, lateral temporal, lateral and medial parietal, insular,
and anterior striatal regions, which are known to be vulnerable
to amyloid deposition [3]. These regions also generally over-
lapped with the standard CTX VOI regions [11], with the
involvement of the anterior striatum and insular cortex.
According to the Thal stages, amyloid deposition occurs first
in the isocortical cortex (Thal stage 1), followed by the
allocortical insular cortex (Thal stage 2) and the striatum
(Thal stage 3) [25]. Previous research examining florbetapir
explored removing the anterior striatum and insular cortex
from the CTX VOI because of concerns about nonspecific
binding and partial volume effects, but no differences were
found when these regions were excluded [13]. Our findings
suggest that both FBB and FMM can detect amyloid burden in
Thal stages 2 and 3.

In the present study, FMM dcSUVR seemed to have a
similar dynamic range FBB dcSUVR. In previous head-
to-head studies, FMM SUVR seemed to have a slightly
higher dynamic range than FBB SUVR, with a slope of
0.71 for FBB-PiB [26] and 0.80 for FMM-PiB [27]. This
discrepancy could be explained by the use of different
cortical target regions and the different equipment be-
tween our present study and the previous head-to-head
comparison studies. Specifically, there were differences
in the cortical target regions (frontal, superior parietal,
lateral temporal, lateral occipital, and anterior and poste-
rior cingulate in the FBB-PiB study [26] and frontal, pa-
rietal, lateral temporal, precuneus, and anterior cingulate
in the FMM-PiB study [27]) and the kinds of scanners

(Philips PET camera/scanner for both PiB and FBB PET
[26] and Siemens scanner for PiB and FMM PET [27]).
However, in this study, we used the same cortical target
region (FBB-FMM CTX VOI) and the same equipment
(GE PET scanner). Further studies directly comparing the
F ligands need to be done to validate our results.

Our major finding is that although the FBB and FMM CL
values were highly correlated using both our direct compari-
son of FBB-FMM CL method and the previous standard
method, the CL value differences between FBB and FMM
were smaller with our CL method (6.16) than with the stan-
dard CL method (10.22). In terms of reliability, not only is our
new method similar to the standard method, but also the CL
calculated with our new method might also generate more
precise values than those produced by the standard method.
The translation of FBB and FMM SUVR values into CL units
via equations defined using PiB might be affected by unique
characteristics of the PiB ligand, which could have cascading
effects on the precision of the downstream FBB and FMM CL
values. Our findings therefore suggest that it might be more
appropriate to apply a direct one-step conversion process
when comparing CL values between '*F-labeled tracers, rath-
er than a two-step conversion process via PiB, particularly in
settings such as ours, in which FBB and FMM, but not PiB,
are commonly used.

Our findings have some clinical implications. Although
the standard CL method was developed to harmonize dif-
ferent tracers, it is important to maintain the true precision
of each tracer. Furthermore, the 'F ligands are replacing
PiB in many multicenter studies because the short half-life
(20 min) of [''C] PiB limits its widespread use. Therefore,
studies using exclusively '®F-labeled tracers will soon re-
quire a variety of direct one-step CL conversion processes
among the '8F_labeled tracers to directly compare the am-
yloid burden reported by each.

We also found differences in the slopes of FBB and FMM
CL values between our direct comparison method and the
standard method; whereas the direct comparison method had
a slope near one, the standard method produced a slope near
0.79. Considering that the slopes of the FBB SUVR to FMM
SUVR were near one in both our FBB-FMM CTX VOI and
the standard CTX VOI, it is reasonable to conclude that the
standard two-step process for converting FBB and FMM
SUVRs into CL units via PiB caused differences in the slopes.
Alternatively, our finding might be related to the effects of
different cameras on the development of standard F-ligands
in the CL conversion equation. In the present study, we con-
ducted FBB and FMM PET using the same type of scanner
(GE Medical Systems, Milwaukee, WI, USA). However,
when developing the standard F-ligand CL conversion equa-
tions, the researchers used the different scanners for different
F-ligands (a Philips PET camera/scanner for PiB and FBB
PET [6] and Siemens and GE scanners for PiB and FMM
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PET [7]). In a previous FMM CL study [7], participants were
taken from previous studies of paired PiB and FMM PET
scans taken using GE PET/CT scanners [28] and GE and
Siemens scanners, at different sites with different machines
[29]. In fact, in the present study, the mean ADCI
CLstandard unit of FBB was 93.80 for the standard CTX
VOI, whereas the mean ADCI CLstandard unit of FMM
was only 75.75 for the standard CTX VOI. Also, when com-
paring the differences in CLs between our method and the
standard method for each ligand, the FMM CLs tended to be
more underestimated in the standard method than in our new
method, especially as they increased, whereas the FBB CLs
seemed to be stable in both the standard and new methods
regardless of their level. It is therefore possible that camera
differences might affect the development of a standard F-
ligand CL conversion equation. Further studies with more
cases are needed to determine whether that is, in fact, the case.

Our conclusion, that our method produces FBB dcCL and
FMM dcCL values that are interchangeable with each other
for clinical and research applications, is supported by the fol-
lowing observations. First, FBB dcCL correlated highly with
FMM dcCL. The correlation coefficient (R?) between FBB
dcCL and FMM dcCL was 0.97. The study originally defining
CL [11] said that well-correlated tracers/methods should have
an R? of > 0.7. Second, the variability observed in the YC
group provides an estimate of the relative precision of the
two tracers, and there were no differences in the CL variance
in the YCs between FBB (4.23) and FMM (4.31). Previous
studies have suggested that '*F-labeled ligands had larger var-
iances of CL in YCs (6.81 for FBB [6] and 7.2 for FMM [7])
than PiB (4.34) [11]. However, the CL variance in YCs from
our method was comparable with that reported for PiB.
Finally, the effect size of CL did not differ between FBB
(4.07) and FMM (4.55) and was comparable with previous
results. The previously reported effect size for FBB SUVR
was 3.0 [26], and PiB was reported to have various effect sizes
(3.3, 4.50, and 7.14) [11, 23, 26].

Our study has the advantage of directly comparing the
FBB and FMM ligands in a single group of YC, OC, and
ADCI participants, allowing us to compare the character-
istics of the two tracers directly under a variety of condi-
tions. Also, we validated our data against the GAAIN data
and found excellent correlations that fulfilled the required
acceptance criteria [11]. Nonetheless, our study has sev-
eral limitations. First, it would have been best if we had
done PiB PET, as well as FBB and FMM PET, but it was
not possible to scan participants with all three ligands. We
know of no head-to-head studies translating SUVR values
into CL units for all three ligands in the same participants.
Second, this result might be difficult to apply to other
settings in which A3 PET is acquired because differences
between A PET imaging systems and reconstruction
methods at other sites could affect the results. Third, the

@ Springer

older age of our OC group relative to the ADCI group
might have caused a reduction in the FBB-FMM CTX
VOI voxels. Fourth, we were unable to evaluate correla-
tions between postmortem pathology and CL units. Fifth,
we did not evaluate test-retest variation. Further work
performing cross-tracer comparisons is needed. Finally,
while we chose to select high-retention regions for both
ligands, more work could be done to optimize and stan-
dardize the threshold for the FBB-FMM CTX VOLI.
Despite those limitations, our findings provide a mecha-
nism for comparing different A3 tracers, FBB and FMM
in this case, on a unified scale in a standard manner. The
design and implementation of CL methods that can quan-
tify and compare A3 PET imaging results in multiple
potential research settings is an important step toward
better and more standardized clinical and research use of
A imaging.

Conclusions

Our direct comparison of FBB-FMM CL method showed
more precision than the standard method and enables FBB
and FMM results to be interchangeable. This will allow
the use of multiple AR tracers in multicenter trials of anti-
AP therapies using '*F-labeled ligands. Future studies are
warranted to assess how well this standardization method
improves desired cross-tracer comparisons, especially the
delineation of amyloid-negative scan values and amyloid
loads associated with clinical dementia, the ease of cross-
study/cross-site comparisons, and use within longitudinal
settings.
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