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Background: 18F-florbetaben (FBB) positron emission tomography (PET) scan has been widely used 
in research and routine clinical practice. Most studies used late-phase (scanning from 90 to 110 min after 
injection) FBB scans to generate beta-amyloid accumulation data. The feasibility of middle-phase scan is 
seldom discussed. Using the middle-phase data can shorten the patients’ waiting between the injection and 
scan, and hospital can acquire more flexible schedule of routine scan.
Methods: Paired middle-phase (60–80 min) FBB scans and standard (90–110 min) FBB scans were 
obtained from 27 subjects (12 neurodegenerative dementia, 8 mild cognitive impairment, 3 normal control, 
and 4 patients not suffering from neurodegenerative dementia). Standardized uptake value ratios (SUVRs) 
were calculated and converted to centiloid (CL) scale to investigate the impact on image quantification. CL 
pipeline validation were performed to build an equation converting the middle-phase data into equivalent 
standard scans. Cohen’s kappa of binary interpretation and brain amyloid plaque load (BAPL) score were also 
used to evaluate the intrareader agreement of the FBB image from the two protocols.
Results: The middle-phase FBB SUVR showed an excellent correlation, which provided a linear regression 
equation of SUVRFBB60–80 = 0.88 × SUVRFBB90–110 + 0.07, with R2=0.98. The slope of the equation indicated 
that there was bias between the middle and standard acquisition. This can be converted into the CL scale 
using CL = 174.68 × SUVR − 166.39. Cohen’s kappa of binary interpretation and BAPL score were 1.0 
(P<0.0001).
Conclusions: Our findings indicate that the middle-phase FBB protocol is feasible in clinical applications 
for scans that are at either end of beta-amyloid spectrum, which provides comparable semiquantitative results 
to standard scan. Patient’s waiting time between the injection and scan can be shortened.
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(BAPL); visual assessment
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Introduction

Beta-amyloid positron emission tomography (PET) 
imaging has become an important technique, as it can 
serve as a biomarker of Alzheimer’s disease (AD). The first 
beta-amyloid imaging agent was 11C-labeled Pittsburgh 
compound B (PIB), and was studied in humans by Klunk  
et al. to visualize and measure the deposition of beta-
amyloid plaque in the brain (1). However, the short half-
life (20 min) of 11C-labeled PIB limits its use in centers with 
an on-site cyclotron (2). 18F-labeled beta-amyloid imaging 
agents, such as 18F-florbetapir (AV-45) (3), 18F-florbetaben 
(FBB) (4), and 18F-flutemetamol (FMM) (5), have a much 
longer half-life than PIB, which allows the distribution of 
the tracer to centers without on-site cyclotron. Previous 
studies proved the uptake of 11C-labeled PIB imaging is 
highly correlated with that of the 18F-labeled agents (6-8).

There are many studies investigating beta-amyloid 
imaging quantification (9-20). However, discrepancies in 
the image analysis methods, different kinetics of the tracers, 
and highly variable expression of results made it difficult to 
pool data across multiple sites for comparison among the 
studies (7). Thus, standardizing the results of beta-amyloid 
quantification can provide a universal cutoff value and assist 
in disease diagnosis, observation of disease progression, 
prognosis, and therapeutic effectiveness (21).

Klunk et al. have developed a method to standardize the 
beta-amyloid quantification by scaling the outcome into the 
centiloid (CL) scale using PIB images (21). This method 
allows the conversion of results from a particular analytical 
method or tracer to a 0-to-100 scale under a rigorous 
guideline. Previous studies proved that the quantification 
results of the aforementioned 18F-labeled beta-amyloid 
tracers can be converted to CL points (7,8,22). The data 
set and standard volume-of-interest (VOI) are available  
(Figure S1) on the Global Alzheimer’s Association Interactive 
Network website (GAAIN; https://www.gaain.org/).

FBB is 18F-labeled beta-amyloid tracer commonly used 
due to its high affinity and specificity to the deposition of 
beta-amyloid plaque (23,24). Many studies have discussed 
its application in the CL method, and all of the previous 
researches used late-phase (scanning from 90 to 110 min after 
injection) FBB scans to generate beta-amyloid accumulation 

data (7,25-28). Some researchers focused on early-phase 
(scanning from 0 to 5 or 10 min after injection) FBB scans, 
because these scans can indicate cerebral blood flow due to 
the beta-amyloid tracers’ lipophilic property, and they can 
also serve as a depiction of a perfusion-like image (29-35). 
Previous work has also investigated on the combination 
of an early window and late window. These protocols are 
called dual-phase/dual-time window protocols (36,37). 
Dual-phase method can reduce the drawback of dynamic 
scan (long scan time) while maintaining a high quantitative 
accuracy. In AD, beta-amyloid deposition is abundant in 
the frontal cortex and can be used to select the optimum 
imaging time window as suggested in the previous study (38). 
Some studies revealed that there is an obvious difference 
in the frontal cortex time-standardized uptake value ratio 
(SUVR) curve (using the cerebellar cortex as a reference 
region) between AD patients and healthy controls after 
90 min (23,38). Although the SUVR difference is slightly 
smaller than the time point after 90 min, there is also an 
obvious discrimination between AD patients and healthy 
controls at the 60- to 80-min. Therefore, middle-phase 
(scanning from 60–80 min after injection) FBB scans may 
be useful for clinical and research applications. However, 
this type of scanning protocol is seldom used or discussed. 
Becker et al. (11) used 70–90 min interval to calculate the 
SUVR, and they found SUVR in this interval was excellent 
in discriminating between beta-amyloid-positive and 
negative scans, but they did not mention the performance 
of 60–80 min interval. Another reason for choosing  
60–80 min is due to the convenience of clinical setting since 
1-hour post-injection provide an easy way to schedule the 
scan. Other possible time windows could be investigated in 
future studies.

In this study, we evaluated the feasibility of middle-phase 
FBB scans using the CL quantification method and the 
influence on visual assessment using regional cortical tracer 
uptake (RCTU) and brain amyloid plaque load (BAPL) 
score. Some AD patients cannot endure the long waiting 
time of standard FBB protocol (90 min), which would cause 
the scan failed and increase the cost of hospital. A slightly 
earlier scanning protocol (middle-phase) while providing 
comparable results may overcome this situation. By using 
the middle-phase FBB scans method, the waiting between 
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the injection and scan can be shortened. A more flexible 
schedule of routine scan for hospital can be acquired since 
the time from injection to the end of scanning (80 min for 
middle-phase and 110 min for standard protocol) can be 
decreased.

Methods

Subject characteristics

Data from 27 subjects (10 men, 17 women) from the 
Department of Nuclear Medicine, Taipei Veterans General 
Hospital were collected. Three subjects served as normal 
controls [68±6 years; Mini-Mental State Examination 
(MMSE) score: 29±1], and four were patients who did 
not suffer from neurodegenerative dementia (65±3 years; 
MMSE score: 27±1). As these four patients had vascular 
or neurological issues that prevented them from being 
controls, they are categorized into group “Others” in  
Table 1. The remaining 20 subjects were 9 with AD 
(65±12 years; MMSE score: 16±6), 8 with mild cognitive 
impairment (65±6 years; MMSE score: 26±1), 2 with 
frontotemporal dementia (74±13 years; MMSE score: 26±2), 
and 1 with dementia with Lewy bodies (64 years; MMSE 
score: 20). Table 1 summarizes the subject information. 
Each subject underwent a middle-phase FBB-PET, a 
standard FBB-PET, and a T1 magnetic resonance imaging 
(MRI) scan. This study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). The study 
was approved by the institutional review board of Taipei 
Veterans General Hospital (Apr. 27, No. 2021/2021-04-

005AC), and all subjects had provided informed consent.

Image acquisition

All subjects were administered with an intravenous injection 
of 302.7±23.1 MBq FBB, with FBB acquisition starting 
60–80 min after injection (middle-phase FBB). FBB images 
were acquired on a 3T GE Signa PET/MRI scanner. 
All images were reconstructed using VPFXS [ordered-
subsets expectation maximization (OSEM) with time of 
flight (TOF) and point spread function (PSF) corrections] 
algorithm with voxel size 1.17 mm × 1.17 mm × 2.78 mm, 
and zero echo time (ZTE) magnetic resonance attenuation 
correction (MRAC) was also applied on the images. At the 
same time, T1 MRI was acquired under the same scanner. 
The voxel size was 0.46 mm × 0.46 mm × 1 mm for coronal 
brain volume (BRAVO) and was 0.46 mm × 0.46 mm ×  
0.5 mm for axial BRAVO pulse sequence. According to 
the CL guidelines (21), MRI images were obtained for 
registration and spatial normalization.

After the middle-phase FBB and T1 MRI scanning, 
each subject underwent standard FBB-PET scanning on 
the same day and injection (subjects received only one 
FBB administration). Standard FBB acquisition started 
from 90 to 110 min after the same IV injection, which is in 
accordance with the manufacturer’s recommendation and 
is the same as GAAIN Centiloid Project Database (https://
www.gaain.org/centiloid-project). The standard FBB 
images were acquired on a GE Discovery MI DR PET/
computed tomography (CT) scanner. All images were also 
reconstructed by VPFXS algorithm with a voxel size of 

Table 1 Subject characteristics

Group No. of subjects Gender (male/female) Age (years) MMSE score Middle-phase CL Standard CL

AD 9 4/5 65±12 16±6 71.92±58.04 (138.99) 70.68±60.74 (135.78)

Mild cognitive 
impairment

8 3/5 65±6 26±1 −2.67±10.74 (34.00) −2.45±10.78 (36.87)

Normal control 3 1/2 68±6 29±1 −2.79±6.65 (13.27) −1.98±3.33 (6.55)

Frontotemporal 
dementia

2 1/1 74±13 26±2 −17.80±3.86 (5.46) −14.53±3.12 (4.42)

Dementia with 
Lewy bodies

1 1/0 64 20 113.61 95.90

Others* 4 0/4 65±3 27±1 52.52±53.64 (119.74) 57.08±53.48 (117.79)

Age and MMSE score are given as mean ± SD. Middle-phase CL and standard CL are given as mean ± SD (maximum − minimum) or 
mean. *, patients not suffering from neurodegenerative dementia. MMSE, Mini-Mental State Examination; CL, centiloid; AD, Alzheimer’s 
disease; SD, standard deviation.

https://www.gaain.org/centiloid-project
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1.17 mm × 1.17 mm × 3.27 mm but with CT attenuation 
correction (CTAC). These standard FBB images further 
enabled us to investigate the feasibility of middle-phase 
FBB images. Although the scanners were different, we still 
can use an equation to convert the results into CL value (21). 
The approach of using two scanners may be more patient-
friendly and may allow the hospital or clinical site to use the 
tomograph time-slot for other patients.

CL pipeline validation

The CL pipeline was validated following the criteria 
specified by Klunk et al. (21), detailed description and 
equations can be found in Appendix 1.

Feasibility of middle-phase FBB SUVR in the CL method

Images from our 27 subjects underwent the same pipeline. 
We calculated paired standard FBB SUVR and middle-
phase FBB SUVR. As noted in the previous section, we can 
generate the equation:

1 1= *MP FBB FBB EquivSUVR m SUVR b− − +  [1]

to convert middle-phase FBB SUVR into equivalent 
standard FBB SUVR, where SUVRFBB-Equiv represents the 
equivalent standard FBB SUVR, SUVRMP-FBB represents 
the middle-phase FBB SUVR, b1 is the intercept, and m1 
is the slope of linear regression equation. We can further 
convert it to equivalent PIB SUVR using Eq. [3] and CL 
using Eq. [2] in Appendix 1. All aforementioned SUVR and 
CL calculations were performed using MATLAB R2021b 
(MathWorks Inc., Sherborn, MA, USA).

Visual assessment

In this study, an expert nuclear physician with 10 years of 
experience in PET amyloid image interpretation evaluated 
54 images (27 standard FBB and 27 middle-phase FBB). All 
DICOM images were anonymized, shuffled, and displayed 
in the native space. The reader was blinded to clinical 
information (such as group, age, gender, and MMSE) and 
imaging protocols (middle-phase FBB or standard FBB). 
The reader viewed each PET scan via GE AW server 3.2 
workstation. PET images were displayed as counts. No other 
orientation was available (i.e., only displayed in axial view).

The reader used a RCTU scoring system to judge the 
image. This is the same method as the official guidelines 

by life molecular imaging for assessing FBB scans (https://
piramal.docebosaas.com/learn). The results of the RCTU 
were then used for BAPL score to generate the binary 
interpretation (positive or negative). The detailed RTCU 
scoring criteria and BAPL score are described in (39).

Statistical analysis

To evaluate the clinical feasibility of the middle-phase FBB 
image, we must discuss the agreement between the standard 
FBB and middle-phase FBB image. Paired t-test were 
performed on SUVR and CL. Bland-Altman analysis were 
conducted on CL. For visual assessment, we calculated the 
intrareader agreement of binary interpretation and BAPL 
score between the two protocols using Cohen’s kappa, with 
a significance level of P<0.05.

Results

CL pipeline validation

To validate our local CL pipeline, we calculated the SUVR 
and converted it to the CL. The linear regression equation 
between our CL and GAAIN CL was CLsite = CLGAAIN − 
0.08, where R2=0.99 (Figure S2). An excellent correlation 
was observed, and the pipeline fulfilled CL guideline 
criteria (R2>0.98, slope 0.98–1.02, and an intercept between 
−2 and +2). This result indicates that our local CL pipeline 
is accurate enough to be used.

For converting standard FBB SUVR to CL, paired PIB 
and FBB SUVRs also showed an excellent correlation, in 
which SUVRFBB = 0.61 × SUVRPIB + 0.39 with R2=0.95 
(Figure S3). This result also fulfills the requirement of 
the CL guideline (R2>0.7), and the standard FBB image is 
valid for the CL method. The standard FBB SUVR can 
be converted to the equivalent PIB SUVR using Eq. [3] in 
Appendix 1.

Feasibility of middle-phase FBB SUVR in the CL method

Figure 1 shows the distribution of SUVR for standard  
(90–110 min) FBB and middle-phase (60–80 min) FBB. 
Paired standard FBB and middle-phase FBB images 
collected in this study also showed excellent SUVR 
correlation, which provided a linear regression equation of 
SUVRFBB60–80 = 0.88 × SUVRFBB90–110 + 0.07, with R2=0.98 
(Figure 2), but still there was a significant bias as indicated 
by the slope. This result also exceeded the minimum 

https://cdn.amegroups.cn/static/public/QIMS-23-58-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-58-Supplementary.pdf
https://piramal.docebosaas.com/learn
https://piramal.docebosaas.com/learn
https://cdn.amegroups.cn/static/public/QIMS-23-58-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-58-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-58-Supplementary.pdf
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acceptance requirement suggested by the CL guideline 
(R2>0.7). The SUVR of standard and middle-phase scan was 
1.22±0.35 and 1.14±0.31, and the corresponding CL was 
33.54±54.14 and 33.54±54.53, respectively (Table 2). The 
equation for converting SUVR to CL was CL = 153.57 ×  
SUVR − 154.27 for standard scan, and was CL = 174.68 × 
SUVR − 166.39 for middle-phase scan (Table 3). Figure 3 
displays the agreement between CL converted from middle-
phase and standard FBB SUVR using the Bland-Altman 
plot. The mean difference was very close to 0 (solid line), 
and most points were located between 12.65 and −12.65 CL 
unit (dash line).

Statistical analysis

Figure 4A shows the agreement of binary interpretation, 
and perfect agreement with Cohen’s kappa =1 (P<0.0001) 
was observed. In addition to binary interpretation, the 
BAPL score also showed perfect agreement, with Cohen’s  

1.8

1.7

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

FB
B

 S
U

V
R

FBB 60–80 min FBB 90–110 min

Figure 1 Distribution of middle-phase (60–80 min) FBB SUVR 
and standard (90–110 min) FBB SUVR. FBB, florbetaben; SUVR, 
standardized uptake value ratio.

1.8

1.7

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9

0.8

FB
B

 6
0–

80
 m

in
. S

U
V

R

FBB 90–110 min. SUVR

y=0.87915x + 0.069344

R2=0.98598

0.8 1.0 1.2 1.4 1.6 1.8 2.0

Figure 2 Linear regression between middle-phase (60–80 min) 
FBB SUVR and standard (90–110 min) FBB SUVR. FBB, 
florbetaben; SUVR, standardized uptake value ratio.

Table 2 Summary of SUVR and CL of middle-phase and standard 
FBB image

Protocol SUVR CL

Middle-phase FBB 1.14±0.31* 33.54±54.53

Standard FBB 1.22±0.35 33.54±54.14

Data are given as mean ± SD. Paired t-test between middle-
phase and standard FBB were applied on SUVR and CL, 
respectively. *, P<0.0001 vs. standard FBB. SUVR, standardized 
uptake value ratio; CL, centiloid; FBB, florbetaben; SD, standard 
deviation.

Table 3 Equations for converting SUVR into CL

Protocol Equation

PIB 50–70 min CL = 93.46 × SUVR − 94.39

FBB 90–110 min CL = 153.57 × SUVR − 154.27

FBB 60–80 min CL = 174.68 × SUVR − 166.39

SUVR, standardized uptake value ratio; CL, centiloid; PIB, Pitts-
burgh compound B; FBB, florbetaben.
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kappa =1 (P<0.0001; Figure 4B).

Discussion

The clinical and research applications of middle-phase 
FBB images were evaluated in this current study. Rather 
than just applying the results from previous study (7), we 
recalculated the conversion equation because we omitted the 
reorientation step. The equation to convert the standard FBB 
SUVR to PIB SUVR derived by Rowe et al. was SUVRFBB = 
0.61 × SUVRPIB + 0.39, with R2=0.96, which was very similar 
to ours: SUVRFBB = 0.61 × SUVRPIB + 0.39, with R2=0.95. 
The same situation was also found in the equation converting 
the standard FBB SUVR to CL. The equation derived by 
Rowe et al. was CL = 153.4 × SUVRFBB − 154.9, and our 
result was CL = 153.57 × SUVRFBB − 154.27. The ratio of 
standard deviation of FBB and PIB CL in young controls 
(SDFBB/SDPIB) was 1.98, which was also close to the result 
conducted by Rowe et al. (1.96). This implies that omitting 
the reorientation step would be fine for the CL method.

With regard to the feasibility of the middle-phase FBB 
SUVR in the CL method, we found that the middle-
phase FBB SUVR fulfilled the CL guideline with a strong 
correlation (R2=0.98>0.7). Thus, middle-phase FBB SUVR 
is valid for semiquantitative analysis and can be converted 
into CL to standardize beta-amyloid imaging measures. 
Although the correlation is strong, bias as indicated by the 
slope could also be found. The results need to be validated 
by applying the equation to convert the middle phase 
SUVR to CL to another cohort with available middle 
and standard phase data. This would determine what the 

resulting bias is in a new cohort at a group and on an 
individual level. A new FBB imaging protocol that scans 
from 60 to 80 min after tracer injection may be feasible 
for research applications. As stated by Klunk et al. (21), it 
remains unclear how differences in scanners, reconstruction 
algorithms, or methods of attenuation correction might 
affect the CL value. Rowe et al. (7) also indicated that 
there may be differences between PET systems, and 
reconstruction methods may have an effect on the use of 
the conversion equation at other sites. In our study, the 
middle-phase FBB scans were acquired on a PET/MRI 
scanner, while standard FBB scans were acquired on a PET/
CT scanner. However, we did not collect the same imaging 
protocol on different scanners; thus, it remains unclear 
whether equipment-specific equations are needed. Further 
study may be conducted to uncover the relationship, but 
this is beyond the scope of this study. Indeed, attenuation 
correction may not be an issue for the CL method because 
previous research showed little difference between CTAC 
and ZTE MRAC (under the same PET/MRI scanner as our 
study) in the brain region, and accurate attenuation maps 
can be provided for advanced quantitative brain studies (40). 
The middle-phase FBB SUVR might be slightly smaller 
than the standard SUVR and has a narrower dynamic 
range, and statistical significance was also found in the 
paired t-test. This might be because the different wash-
out of radioactivity from both target and reference regions 
between the two phases (41), and middle-phase SUVR 
measurement is also prone to be biased by regional cerebral 
blood flow changes or radiotracer clearance than late scan 
SUVR (36). Data acquired on different PET scanner may 
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also introduce some bias between these two measures, and 
this must be further investigated in future studies. However, 
we can still convert it to the equivalent standard FBB 
SUVR using the strongly correlated equation. Moreover, no 
statistical significance was observed after we converted the 
SUVR into CL. We also found good agreement (Figure 3). 
The mean difference was very close to 0, and most points 
were located within the 95% limits of agreement (1.96 SD), 
strengthening the feasibility of the middle-phase FBB scan 
for standardizing beta-amyloid imaging quantification and 
research application. FBB images acquired at other sites can 
convert their 60- to 80-min FBB SUVR into CL using the 
equation provided in this study after CL pipeline validation.

The middle-phase FBB protocol also reveals a great 
agreement with the standard FBB protocol in terms of 
visual assessment results. Cohen’s kappa =1 indicates that 
the interpretation of the middle-phase FBB is the same 
as that of standard FBB when judging it as beta-amyloid 
positive or negative. BAPL score were consistent in each 
subject. The excellent agreement shown in Figure 4 could 
be because only extreme cases were included in the sample, 
and there are no borderline cases in the gray zone.

However, there are also some limitations in this study. 
Due to the lack of borderline cases within the gray zone, 
our findings only hold true for scans that are at either end 
of the beta-amyloid spectrum (very positive and completely 
negative). Collecting more borderline data is of importance 
in future studies. In addition, middle-phase scan is not at 
pseudoequilibrium state. It has been published that SUVR 
in early and middle-phase scans are more prone to be 
biased by regional cerebral blood flow changes than late 
scans (36,42), which also caused quite a bit of variability 
between the individual participants CL values in our study 
(Figure 3). The average difference may be 0.0, but for some 
participants, the difference appears close to 10 or even 
15–20 CL, which is a huge difference and not acceptable at 
an individual level. Differences between the two methods 
seem to be higher for higher CL values, which would be 
particularly problematic when using beta-amyloid scans in a 
clinical setting. Scanning each subject from 60 to 110 min in 
the same scanner and generating the two imaging windows 
60–80 and 90–110 min would allow a more straightforward 
design and some confounding factors (such as scanner 
differences, reconstruction, and corrections applied) would 
have been minimized. Additionally, regulatory issue should 
be concerned (especially for clinical application) since 
middle-phase may not be approved by some regulatory 

authorities such as the European Union, where only  
90–110 min is currently supported, even 60–80 min 
imaging window provides comparable results to late scans  
(90–110 min).

Collecting more data (especially borderline scan) to 
verify the equations derived in this study, and minimizing 
the confounding factors are the focus of the future studies.

Conclusions

The middle-phase FBB protocol is feasible in clinical 
applications for easy cases (scans that are at either end 
of beta-amyloid spectrum), especially completely beta-
amyloid negative scan, and it can provide comparable 
semiquantitative results to standard scan. It provides highly 
correlated results in the standardization of beta-amyloid 
quantification compared with the standard protocol. 
Higher CL values (beta-amyloid positive scan) should be 
paid more attention since a huge CL difference which 
cannot be acceptable on an individual level may occur. 
The agreement between the middle-phase and standard 
protocol was excellent in visual assessment when scoring 
beta-amyloid deposition. For more difficult cases, whether 
this protocol would be sufficient should be paid more 
attention. Using the equations provided in this study after 
the CL pipeline validation, FBB images acquired at other 
sites can convert their middle-phase FBB SUVR into CL or 
build a more robust and less biased equation. The patients’ 
waiting between the injection and scan can be shortened. 
A more flexible arrangement of routine scan for hospital 
can be acquired since the time from injection to the end of 
scanning can be decreased.
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Appendix 1

CL pipeline validation

Converting PIB SUVR to CL
To use the CL method, we must confirm that our image 
analysis pipeline fulfills the CL requirements. We 
downloaded the PIB and T1 MRI data (34 young controls 
and 45 AD) from the GAAIN website. Based on the CL 
guideline (21), a reorientation step is needed that requires 
reorienting the image so that the coordinate of the anterior 
commissure is within ~3 cm from the origin and the 
orientation is within ~15° of the Montreal Neurological 
Institute (MNI) space. We omitted this tedious process 
from our study, and just reset the origin as the image center 
without manually adjusting the anterior commissure-
posterior commissure line before image registration. As 
suggested by the guideline (21), the downloaded MRI 
images were first registered to the MNI-152 template, and 
unified segmentation was then applied to the registered 
MRI images, which, in turn, generated transformation 
parameters. The downloaded PIB images were registered 
to the corresponding registered MRI images, and the 
spatial normalization process was applied to PET images 
with previously generated transformation parameters. 
Registration, segmentation, and spatial normalization 
were completed using SPM8 software (https://www.fil.
ion.ucl.ac.uk/spm/). The SUVR was calculated on the 
spatially normalized PIB image using standard VOIs, which 
was also downloaded from GAAIN website (as shown in  
Figure S1). The target region is the global cortical cortex, 
and the reference region is the whole cerebellum. The 
PIB SUVR can be converted to CL using the following 
equation:

CL = 100 × (SUVRIND − SUVRYC0)/
(SUVRAD100 − SUVRYC0)

 [2]

where SUVRIND represents the individual PIB SUVR, 
SUVRYC0 represents the mean SUVR of 34 young controls, 

and SUVRAD100 represents the mean SUVR of 45 patients 
with AD. According to the CL guideline, the pipeline 
accuracy can be validated by plotting the CL calculated 
by site against the GAAIN CL and calculating the results 
of linear regression. The percentage error of the average 
SUVR of AD and young controls between our results and 
the GAAIN results were within 2% (0.32% for AD, and 
0.24% for young controls), and an excellent correlation 
(R2=0.99) can be observed in the CL pipeline validation 
section.

Converting standard FBB SUVR to CL
After the pipeline evaluation, we then converted the 
standard FBB SUVR into the equivalent PIB SUVR or CL 
using a specific equation. To generate this equation, paired 
PIB and FBB images were downloaded from the GAAIN 
website. This data set contained 35 subjects, and detailed 
subject information can be found in a previous study (7). 
All images in this data set followed the aforementioned and 
validated image analysis pipeline; we have also calculated 
standard FBB and PIB SUVR. By plotting the standard FBB 
SUVR against the PIB SUVR and calculating the results of 
linear regression, the conversion equation can be expressed 
as (standard FBB SUVR) = m0 × (PIB SUVR) + b0. Thus, 
the standard FBB SUVR can be converted into equivalent 
PIB SUVR by the equation

SUVRFBB = m0 × SUVRPIB-Equiv + b0 [3]

where the SUVRPIB-Equiv represents the equivalent PIB 
SUVR, SUVRFBB represents the standard FBB SUVR, b0 
is the intercept, and m0 is the slope of the linear regression 
equation. The standard FBB SUVR can be additionally 
converted into CL using Eq. [2]. The percentage error of 
the average FBB and PIB SUVR between our and their 
results was also within 2% (0.32% for AD SUVRFBB, 0.15% 
for young control SUVRFBB, 0.24% for AD SUVRPIB, and 
0.06% for young control SUVRPIB).
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Figure S1 Standard GAAIN volumes-of-interest used for the CL method. The target region (yellow) and reference region (green) 
are mapped on the MNI-152 template. GAAIN, Global Alzheimer’s Association Interactive Network; CL, centiloid; MNI, Montreal 
Neurological Institute.

Figure S2 Linear regression between the site CL and GAAIN 
CL. CL, centiloid; GAAIN, Global Alzheimer’s Association 
Interactive Network.

Figure S3 Linear regression between FBB SUVR and PIB 
SUVR. FBB, florbetaben; SUVR, standardized uptake value 
ratio; PIB, Pittsburgh compound B.
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