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Abstract
Purpose  Pittsburgh Compound-B (11C-PiB) and 18F-florbetapir are amyloid-β (Aβ) positron emission tomography (PET) 
radiotracers that have been used as endpoints in Alzheimer’s disease (AD) clinical trials to evaluate the efficacy of anti-Aβ 
monoclonal antibodies. However, comparing drug effects between and within trials may become complicated if different Aβ 
radiotracers were used. To study the consequences of using different Aβ radiotracers to measure Aβ clearance, we performed 
a head-to-head comparison of 11C-PiB and 18F-florbetapir in a Phase 2/3 clinical trial of anti-Aβ monoclonal antibodies.
Methods  Sixty-six mutation-positive participants enrolled in the gantenerumab and placebo arms of the first Dominantly 
Inherited Alzheimer Network Trials Unit clinical trial (DIAN-TU-001) underwent both 11C-PiB and 18F-florbetapir PET 
imaging at baseline and during at least one follow-up visit. For each PET scan, regional standardized uptake value ratios 
(SUVRs), regional Centiloids, a global cortical SUVR, and a global cortical Centiloid value were calculated. Longitu-
dinal changes in SUVRs and Centiloids were estimated using linear mixed models. Differences in longitudinal change 
between PET radiotracers and between drug arms were estimated using paired and Welch two sample t-tests, respectively. 
Simulated clinical trials were conducted to evaluate the consequences of some research sites using 11C-PiB while other 
sites use 18F-florbetapir for Aβ PET imaging.
Results  In the placebo arm, the absolute rate of longitudinal change measured by global cortical 11C-PiB SUVRs did not 
differ from that of global cortical 18F-florbetapir SUVRs. In the gantenerumab arm, global cortical 11C-PiB SUVRs decreased 
more rapidly than global cortical 18F-florbetapir SUVRs. Drug effects were statistically significant across both Aβ radiotrac-
ers. In contrast, the rates of longitudinal change measured in global cortical Centiloids did not differ between Aβ radiotracers 
in either the placebo or gantenerumab arms, and drug effects remained statistically significant. Regional analyses largely 
recapitulated these global cortical analyses. Across simulated clinical trials, type I error was higher in trials where both Aβ 
radiotracers were used versus trials where only one Aβ radiotracer was used. Power was lower in trials where 18F-florbetapir 
was primarily used versus trials where 11C-PiB was primarily used.
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Conclusion  Gantenerumab treatment induces longitudinal changes in Aβ PET, and the absolute rates of these longitudinal 
changes differ significantly between Aβ radiotracers. These differences were not seen in the placebo arm, suggesting that 
Aβ-clearing treatments may pose unique challenges when attempting to compare longitudinal results across different Aβ 
radiotracers. Our results suggest converting Aβ PET SUVR measurements to Centiloids (both globally and regionally) can 
harmonize these differences without losing sensitivity to drug effects. Nonetheless, until consensus is achieved on how to 
harmonize drug effects across radiotracers, and since using multiple radiotracers in the same trial may increase type I error, 
multisite studies should consider potential variability due to different radiotracers when interpreting Aβ PET biomarker data 
and, if feasible, use a single radiotracer for the best results.
Trial registration  ClinicalTrials.gov NCT01760005. Registered 31 December 2012. Retrospectively registered.

Table 1   Aβ PET radiotracers 
used in Phase 2 and Phase 
3 clinical trials of anti-Aβ 
monoclonal antibodies for AD

Information on clinical trials was accessed from alzforum.org, clinicaltrials.gov and accessdata.fda.gov on 
2021–06-25
* Washington University School of Medicine was the sponsor for this trial. To our knowledge, no other 
clinical trial in AD has performed a head-to-head comparison of two Aβ radiotracers

Anti-Aβ monoclonal 
antibody

Sponsor Clinical trial Aβ PET radiotracer

Aducanumab Biogen NCT02477800
NCT02484547

18F-florbetapir

Bapinezumab Janssen and Pfizer NCT00574132
NCT00575055
NCT00667810
NCT00676143
NCT00996918
NCT00998764

11C-PiB

Crenezumab Roche NCT02670083 18F-florbetapir
Donanemab Eli Lilly NCT03367403 18F-florbetapir
Gantenerumab Roche and Washington 

University School of 
Medicine*

NCT01224106
NCT01760005*
NCT02051608
NCT03443973
NCT03444870
NCT03444870

18F-florbetaben, 18F-flor-
betapir, 18F-flutemetamol, 
and 11C-PiB

Lecanemab Eisai NCT03887455 18F-florbetapir
Ponezumab Pfizer NCT00945672 11C-PiB
Solanezumab Eli Lilly and Washington 

University School of 
Medicine*

NCT01127633
NCT01760005*
NCT01900665
NCT02008357
NCT02760602

18F-florbetapir and 11C-PiB

Keywords  Pittsburgh compound B · 18F-florbetapir · 
Gantenerumab · Dominantly inherited Alzheimer’s disease

Introduction

The first two anti-amyloid-β (Aβ) drug arms of the first 
Dominantly Inherited Alzheimer Network Trials Unit 
clinical trial (DIAN-TU-001) evaluated the effects of the 
anti-Aβ monoclonal antibodies gantenerumab and solan-
ezumab in participants with dominantly inherited Alzhei-
mer’s disease (DIAD) [1]. Initial findings from Pittsburgh 

Compound-B (11C-PiB) positron emission tomography 
(PET) imaging indicated that participants in the gan-
tenerumab arm demonstrated longitudinal reduction of 
cerebral Aβ levels.

11C-PiB and 18F-florbetapir (i.e., Amyvid) are Aβ PET 
radiotracers that have been used as primary and secondary 
endpoints in AD clinical trials to evaluate the efficacy of 
anti-Aβ monoclonal antibodies. 11C-PiB has been used in 
prior trials of bapineuzumab [2] and ponezumab [3], and 
18F-florbetapir has been used in prior trials of aducanumab 
[4], crenezumab [2], donanemab [5], gantenerumab [6], 
lecanemab [7], and solanezumab [8] (Table 1).
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However, comparing drug effects between trials may 
not be straightforward if different Aβ radiotracers were 
used across trials. While 11C-PiB and 18F-florbetapir share 
numerous similarities, such as correlated binding charac-
teristics [9] and shared high-affinity binding sites [10], they 
also demonstrate important differences, such as the greater 
white matter signal variability of 18F-florbetapir [9, 11–13], 
and the lower cortical uptake relative to white matter uptake 
of 18F-florbetapir, which has been hypothesized to contrib-
ute to the smaller range of standardized uptake value ratios 
(SUVRs) seen in 18F-florbetapir versus 11C-PiB PET [9]. 
Whether the differences between 11C-PiB and 18F-florbeta-
pir are enough to impact the interpretation of drug effects 
is unknown, as all prior work comparing the two Aβ radi-
otracers were observational studies. Whether converting 11C-
PiB and 18F-florbetapir SUVR results to the Centiloid scale 
[14]—as is often done in observational studies to standard-
ize results from different Aβ radiotracers to a common unit 
of measurement—will sufficiently harmonize 11C-PiB and 
18F-florbetapir estimates of drug treatment is also unknown.

Among interventional studies, the DIAN-TU-001 is 
unique, as most participants underwent both 11C-PiB and 
18F-florbetapir PET imaging at baseline and during at least 
one follow-up visit. This provides an opportunity to perform 
a head-to-head comparison of 11C-PiB and 18F-florbetapir to 
study the consequences of using different Aβ radiotracers to 
measure Aβ change in the same individuals.

Materials and methods

Study approval

The study was conducted in accordance with the Declara-
tion of Helsinki (version 7) and the International Conference 
on Harmonization and Good Clinical Practice guidelines. 
Protocols for the study have received prior approval by the 
local Institutional Review Board (IRB) or Ethics Committee 
of each DIAN site and by the Washington University IRB for 
the Knight ADRC. Participants or their caregivers provided 
written informed consent. The clinical trial registration num-
ber is NCT01760005.

Participant characteristics

In the DIAN-TU-001, 52 DIAD mutation-positive partici-
pants were enrolled in the gantenerumab arm and 40 DIAD 
mutation-positive participants were enrolled in the placebo 
arm (Supplemental figure 1). Among them, 41 participants 
in the gantenerumab arm and 25 participants in the pla-
cebo arm underwent both 11C-PiB and 18F-florbetapir PET 

imaging at baseline and during at least one follow-up visit 
(Table 2). During these visits, 11C-PiB and 18F-florbetapir 
PET were acquired with at most 28 days between imaging 
sessions.

Due to the lack of a significant effect on 11C-PiB PET 
outcomes in the solanezumab arm [1], the current study is 
limited to the gantenerumab and placebo arms.

Aβ PET acquisition

Participants were scanned on DIAN-approved PET scanners 
[15, 16]. Participants received a single 13 ± 3 (mean ± stand-
ard deviation) mCi intravenous bolus injection of 11C-PiB 
or a single 9.8 ± 0.7 (mean ± standard deviation) mCi intra-
venous bolus injection of 18F-florbetapir (Avid Radiophar-
maceuticals, a wholly owned subsidiary of Eli Lilly and 
Company) at each imaging session. Emission data were 
collected 40–70 min post injection for 11C-PiB [17] and 
50–70 min post injection for 18F-florbetapir [11]. List-mode 
data were reconstructed using ordered subset expectation 
maximization. A low-dose CT scan preceded PET acquisi-
tion for attenuation correction. Reconstructed PET images 
were processed using the PET Unified Pipeline (https://​
github.​com/​ysu001/​PUP) [18, 19]. After segmenting MR 
images into regions of interest using FreeSurfer version 5.3 
[20], regional standardized value uptake ratios (SUVRs) 
were defined from the reconstructed PET images using a 
cerebellar gray reference region. A global cortical SUVR 
for each image was defined as the sum of the mean bilateral 
SUVRs of the precuneus, superior frontal, rostral middle 
frontal, lateral orbitofrontal, medial orbitofrontal, superior 
temporal, and middle temporal ROIs. A global cortical Cen-
tiloid for each image was defined by standardizing the mean 

Table 2   Participant characteristics

APOE apolipoprotein E, APP Aβ precursor protein, CDR® Clinical 
Dementia Rating®, EYO Estimated Years to symptom Onset, PSEN1 
presenilin-1, PSEN2 presenilin-2, SD standard deviation

Gantenerumab Placebo

Number 41 25
Female, n 15 (37%) 16 (64%)
Mean age (SD) 46 (10) 44 (10)
CDR®, n  = 0 25 (61%) 14 (56%)

 > 0 16 (39%) 11 (44%)
Mean EYO (min, max)  − 2.1 (− 14, 10)  − 2.4 (− 15, 10)
Family mutation, n PSEN1 34 (83%) 18 (72%)

PSEN2 3 (7%) 2 (8%)
APP 4 (10%) 5 (20%)

APOE, n ε4 −  29 (71%) 17 (68%)
ε4 +  12 (29%) 8 (32%)

https://github.com/ysu001/PUP
https://github.com/ysu001/PUP
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cortical SUVR to the Centiloid scale [11, 14]. Additionally, 
regional Centiloids were defined by standardizing regional 
SUVRs to the Centiloid scale by the direct conversion pro-
cess (method-2) described in Klunk et al. [14].

MRI acquisition

Participants were scanned on DIAN-approved 3T MRI scan-
ners [15, 16]. Across all scanners, T1-weighted head MR 
images were acquired using magnetization prepared rapid 
gradient echo generalized autocalibrating partial paral-
lel acquisition sequence with a repetition time = 2300 ms, 
echo time = 2.95  ms, flip angle = 9°, and voxel resolu-
tion = 1.1 × 1.1 × 1.2 mm3.

Statistical analysis of DIAN‑TU‑001 data

Longitudinal annualized change in regional SUVRs, global 
cortical SUVRs, regional Centiloids, and global cortical 
Centiloids were estimated using linear mixed models. Lin-
ear mixed models included individual-level random inter-
cepts and random slopes to account for the correlation across 
repeated measurements from the same individual over time. 
Differences in longitudinal change between PET radiotrac-
ers and between drug arms were estimated using paired and 
Welch two sample t-tests, respectively. In particular, test 
statistics pertaining to regional SUVRs had their p-values 
adjusted for false discovery rate (FDR) control by the Ben-
jamini–Hochberg procedure [21] at the 0.05 level for discus-
sion purposes.

All analyses were conducted using R version 4.0.2 [22].

Statistical simulations

International clinical trials may necessitate the use of dif-
ferent Aβ radiotracers within the same trial due to the 
availability of each radiotracer at each site. An analysis of 
each radiotracer separately may underpower the study, or 
it may lead to difficulties in interpretation if the cohorts 
receiving different radiotracers have differences in their 
demographics. Taking imaging measures derived from 
different radiotracers, harmonizing them by the Centi-
loid method, and then analyzing together would obtain 
an estimate of treatment efficacy. However, whether this 
harmonization is appropriate for treatment efficacy infer-
ence, e.g., control of type I error, influence on power, has 
not been investigated before. To evaluate the impact of 
allowing the use of multiple Aβ PET radiotracers in the 
same trial, clinical trials were simulated such that partici-
pants were scanned with either 11C-PiB or 18F-florbetapir. 
Details of the simulations are as follows:

•	 Bivariate linear mixed models were fit to Centiloid-
11C-PiB and Centiloid-18F-florbetapir data from the 
gantenerumab and placebo arms to obtain, for both radi-
otracers, simultaneously: (1) the covariance matrix of the 
random intercepts and slopes of the longitudinal data of 
these two radiotracers; (2) the within-subject error vari-
ance for each radiotracers; and (3) the baseline and slopes 
of each trial arm for each radiotracer.

•	 The parameters obtained above were then used to simu-
late individual-level longitudinal data for each radi-
otracer.

•	 The following conditions were simulated: sample 
size = 20 participants per arm (treatment arm and placebo 
arm), 32 participants per arm, and 40 participants per 
arm; randomization ratio = 1:1; participant dropout = 0% 
annually and 5% annually; percentage of participants 
scanned with 18F-florbetapir = 100% (no participants 
scanned with 11C-PiB), 75%, 50%, 25%, and 0% (all par-
ticipants scanned with 11C-PiB). For example, for sample 
size = 20 participants per arm and 18F-florbetapir = 100%, 
all participant data in both the treatment and placebo 
arms were simulated based on the parameters estimated 
from the Centiloid-18F-florbetapir data, whereas for the 
same sample size and 18F-florbetapir = 75%, 15 partici-
pants of the 20 in each arm were simulated based on the 
parameters estimated from the Centiloid-18F-florbetapir 
data and 5 participants were simulated based on the 
parameters estimated from the Centiloid-11C-PiB data. 
These simulations are aimed at covering a broad range of 
possible data mixing from both radiotracers to evaluate 
the impact of using two radiotracers on trial outcome in 
terms of type I error and power.

•	 Two scenarios were investigated: (1) the no treatment 
effects, namely, both the treatment arm and the placebo 
arm, were simulated using the parameters estimated from 
the placebo arm of the DIAN-TU-001 study. This pro-
vides an estimate of type I error; and (2) the observed 
treatment effect in the DIAN-TU-001 study, namely, the 
treatment arm, was simulated based on the parameters 
estimated from the gantenerumab arm of the DIAN-
TU-001 study, and the placebo arm was simulated based 
on the parameters estimated from the placebo arm of the 
DIAN-TU-001 study.

•	 Mimicking the DIAN-TU-001 study schedule (1), lon-
gitudinal data were simulated for each participant. Spe-
cifically, each participant’s intercept and slope were first 
simulated based on parameters estimated from the trial; 
then each individual’s longitudinal data were simulated 
using the intercept and slope plus a within-subject error 
term.

•	 Each simulated trial was analyzed using linear mixed 
models with random intercepts and slopes to estimate 
the difference in the slope (annualized rate of change) 
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between the simulated treatment and simulated placebo 
arms and output a corresponding p-value. If the two-
sided p-value was less than 0.05, then the corresponding 
trial was considered to reach statistical significance for 
treatment efficacy.

•	 A thousand simulated clinical trials were conducted for 
each scenario above. Overall power and type I error were 
calculated as the percentage of the 1000 simulated clini-
cal trials that reached statistical significance at a two-
sided type I error of 5%.

•	 All simulations were conducted using SAS software, ver-
sion 9.4.

Results

DIAN‑TU‑001 clinical trial results

Mean baseline global cortical SUVRs and Centiloids in 
the gantenerumab and placebo arms are shown in Table 3. 
The mean of baseline global cortical SUVRs calculated 
from 11C-PiB (global cortical SUVR-11C-PiB) in the gan-
tenerumab arm (1.7, standard error [SE] = 0.08 [4.8% of 
the mean]) was similar to that of the placebo arm (1.7, 
SE = 0.09 [5.4%]), with no statistically significant differ-
ence (Welch two sample t-test p-value = 0.74, Table 3). The 
mean of baseline global cortical SUVRs calculated from 
18F-florbetapir (global cortical SUVR-18F-florbetapir) in the 
gantenerumab arm (1.5, SE = 0.06 [3.7%]) was also similar 
to that of the placebo arm (1.4, SE = 0.05 [3.7%]), with no 

statistically significant difference (Welch two sample t-test 
p-value = 0.48, Table 3). Consistent with the higher dynamic 
range of 11C-PiB, mean baseline global cortical SUVR-11C-
PiB and SUVR-18F-florbetapir showed statistically signifi-
cant differences within the gantenerumab arm (paired t-test 
p-value = 2.7 × 10−6) and within the placebo arm (paired 
t-test p-value = 0.00030, Table 3).

The mean of baseline global cortical Centiloids calcu-
lated from 11C-PiB (global cortical Centiloid-11C-PiB) in 
the gantenerumab arm (63) was similar to that of the pla-
cebo arm (59), with no statistically significant difference 
(because the Centiloid process involves only a simple linear 
transformation, all Welch two sample t-test t- and p-values 
are the same across corresponding global cortical SUVR 
and global cortical Centiloid comparisons and will not be 
mentioned further). Likewise, the mean of baseline global 
cortical Centiloids calculated from 18F-florbetapir (global 
cortical Centiloid-18F-florbetapir) in the gantenerumab arm 
(61) was similar to that of the placebo arm (52). However, 
in contrast to global cortical SUVRs, baseline global corti-
cal Centiloids calculated from the two Aβ radiotracers did 
not show statistically significant differences within the gan-
tenerumab arm (paired t-test p-value = 0.67) or within the 
placebo arm (paired t-test p-value = 0.25, Table 3).

The mean rate of longitudinal change in global cortical 
SUVRs and Centiloids in the gantenerumab and placebo 
arms are shown in Table 4. The mean annualized rate of 
global cortical SUVR-11C-PiB change in the gantenerumab 
arm (− 0.045 [− 2.6% change from baseline], SE = 0.0086 
[19% of the change]) differed from that of the placebo 

Table 3   Mean baseline global cortical SUVR and Centiloid in the gantenerumab and placebo arms as measured by 11C-PiB and 18F-florbetapir

CI confidence interval, SD standard deviation
* p-value < 0.05; **p-value < 0.01; ***p-value < 0.001

Gantenerumab Placebo Gantenerumab versus 
placebo t-value 
(p-value)

Gantenerumab versus 
placebo Cohen’s d [95% 
CI]

Mean baseline global cortical SUVR-11C-PiB 
[95% CI]

1.7 [1.5, 1.9] 1.7 [1.5, 1.9] 0.34 (0.74) 0.08 [− 0.40, 0.57]

Mean baseline global cortical SUVR-18F-florbeta-
pirflorbetapir [95% CI]

1.5 [1.4, 1.6] 1.4 [1.3, 1.5] 0.72 (0.48) 0.18 [− 0.31, 0.66]

Global cortical SUVR-11C-PiB versus SUVR-
18F-florbetapir t-value (p-value)

5.5 (2.7 × 10−6)*** 4.2 (0.00030)***

Global cortical SUVR-11C-PiB versus SUVR-
18F-florbetapir Cohen’s d

0.85 [0.49, 1.21] 0.84 [0.38, 1.30]

Mean baseline global cortical Centiloid-11C-PiB 
[95% CI]

63 [46, 80] 59 [41, 77] 0.34 (0.74) 0.08 [− 0.40, 0.57]

Mean baseline global cortical Centiloid-18F-flor-
betapirflorbetapir [95% CI]

61 [43, 79] 52 [35, 69] 0.72 (0.48) 0.18 [− 0.31, 0.66]

Global cortical Centiloid-11C-PiB versus Centi-
loid-18F-florbetapir t-value (p-value)

0.43 (0.67) 1.17 (0.25)

Global cortical Centiloid-11C-PiB versus Centi-
loid-18F-florbetapir Cohen’s d [95% CI]

0.07 [− 0.24, 0.37] 0.23 [− 0.17, 0.63]
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arm (0.022 [1.3%], SE = 0.0081 [37%]), and this differ-
ence was statistically significant (Welch two sample t-test 
p-value = 6.6 × 10−12, Table 4 and Fig. 1). The mean annu-
alized rate of global cortical SUVR-18F-florbetapir change 
in the gantenerumab arm (− 0.030 [− 2.0%], SE = 0.0078 
[26%]) differed from that of the placebo arm (0.015 [1.1%], 
SE = 0.0088 [59%]) and this difference was statistically 
significant (Welch two sample t-test p-value = 1.7 × 10−8). 
Comparing mean annualized rates of global cortical SUVR-
11C-PiB and SUVR-18F-florbetapir change within the gan-
tenerumab arm showed statistically significant differences 
(paired t-test p-value = 0.00034), but not within the placebo 
arm (paired t-test p-value = 0.26, Table 4 and Fig. 1).

The mean annualized rate of Centiloid-11C-PiB change 
in the gantenerumab arm (− 4.6) differed from that of the 
placebo arm (2.2), and this difference was statistically sig-
nificant. Likewise, the mean annualized rate of Centiloid-
18F-florbetapir change in the gantenerumab arm (-4.9) dif-
fered from that of the placebo arm (2.5), and this difference 
was statistically significant. However, in contrast to global 
cortical SUVRs, annualized rates of global cortical Centi-
loid change calculated from the two Aβ radiotracers did not 
show statistically significant differences within either the 
gantenerumab arm (paired t-test p-value = 0.54) or within 
the placebo arm (paired t-test p-value = 0.71, Table 4 and 
Fig. 1).

Rates of longitudinal change in regional SUVRs are 
shown in Fig. 2. Annualized rates of regional SUVR-11C-PiB 
and regional SUVR-18F-florbetapir change showed decreas-
ing values across most brain areas in the gantenerumab arm 
(Fig. 2A, B). In contrast, annualized rates of regional SUVR-
11C-PiB and regional SUVR-18F-florbetapir change showed 
increasing values across most brain areas in the placebo arm 
(Fig. 2C, D). Drug effects were statistically significant across 
all regional SUVR-11C-PiB and regional SUVR-18F-florbeta-
pir results (Fig. 2E, F).

Rates of longitudinal change in regional Centiloids are 
shown in Fig. 3. Reporting longitudinal change in regional 
Centiloids recapitulated the above results: annualized rates 
of regional Centiloid-11C-PiB and regional Centiloid-
18F-florbetapir change showed decreasing values across most 
brain areas in the gantenerumab arm (Fig. 3A, B), increasing 
values across most brain areas in the placebo arm (Fig. 3C, 
D), and drug effects remained statistically significant across 
all regional Centiloid-11C-PiB and regional Centiloid-
18F-florbetapir results (Fig. 3E, F).

However, while statistically significantly greater 
decreases in SUVR-11C-PiB versus SUVR-18F-florbetapir  
were observed across nearly every brain area in the gan-
tenerumab arm, excepting the lateral orbitofrontal frontal  
gyrus, and basal regions of the temporal lobe and occipital  
lobe (Fig. 4A), no statistically significantly different rates  

Table 4   Mean rates of longitudinal change in global cortical SUVR and Centiloid in the gantenerumab and placebo arms as measured by 11C-
PiB and 18F-florbetapir

CI confidence interval, SE standard error
* p-value < 0.05; **p-value < 0.01; ***p-value < 0.001

Gantenerumab Placebo Gantenerumab versus 
placebo t-value 
(p-value)

Gantenerumab versus 
placebo Cohen’s d [95% 
CI]

Mean annualized global cortical SUVR-11C-
PiB change (SE)

 − 0.045 (0.009) 0.022 (0.008)  − 8.9 (6.6 × 10−12)***  − 2.24 [− 2.90, − 1.58]

Mean annualized global cortical SUVR-
18F-florbetapir change (SE)

 − 0.030 (0.008) 0.015 (0.009)  − 6.6 (1.7 × 10−8)***  − 1.64 [− 2.21, − 1.06]

Global cortical SUVR-11C-PiB change ver-
sus SUVR-18F-florbetapir change t-value 
(p-value)

 − 3.9 (0.00034)*** 1.2 (0.26)

Global cortical SUVR-11C-PiB change ver-
sus SUVR-18F-florbetapir change Cohen’s 
d [95% CI]

 − 0.61 [− 0.94, − 0.27] 0.23 [− 0.17, 0.63]

Mean annualized global cortical Centiloid-
11C-PiB change (SE)

 − 4.6 (0.9) 2.2 (0.8)  − 8.9 (6.6 × 10−12)***  − 2.24 [− 2.90, − 1.58]

Mean annualized global cortical Centiloid-
18F-florbetapir change (SE)

 − 5 (1) 3 (2)  − 6.6 (1.7 × 10−8)***  − 1.64 [− 2.21, − 1.06]

Global cortical Centiloid-11C-PiB change 
versus Centiloid-18F-florbetapir change 
t-value (p-value)

0.62 (0.54)  − 0.38 (0.71)

Global cortical Centiloid-11C-PiB change 
versus Centiloid-18F-florbetapir change 
Cohen’s d [95% CI]

0.10 [− 0.21, 0.40]  − 0.08 [− 0.47, 0.32]
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Fig. 1   Rates of longitudinal 
change in global cortical 
SUVRs and Centiloids. A 
Annualized SUVR change 
in the gantenerumab arm as 
measured by 11C-PiB and 
18F-florbetapir. B Annual-
ized Centiloid change in the 
gantenerumab arm as meas-
ured by Centiloid-11C-PiB and 
Centiloid-18F-florbetapir. C 
Annualized SUVR change in 
the placebo arm as measured 
by 11C-PiB and 18F-florbetapir. 
D Annualized Centiloid change 
in the placebo arm as meas-
ured by Centiloid-11C-PiB and 
Centiloid-18F-florbetapir. E 
Annualized SUVR change in 
the gantenerumab and placebo 
arms as measured by 11C-PiB. F 
Annualized Centiloid change in 
the gantenerumab and placebo 
arms as measured by Centiloid-
11C-PiB. G Annualized SUVR 
change in the gantenerumab 
and placebo arms as measured 
by 18F-florbetapir. H Annual-
ized Centiloid change in the 
gantenerumab and placebo 
arms as measured by Centiloid-
18F-florbetapir. *p-value < 0.05, 
**p-value < 0.01, and 
***p-value < 0.001
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of change were seen in Centiloid-11C-PiB versus Centi-
loid-18F-florbetapir across most brain areas, excepting the 
lingual, parahippocampal, and entorhinal cortices (Centi-
loid-18F-florbetapir change greater than Centiloid-11C-PiB 
change) and most subcortical structures (Centiloid-11C-PiB 

change greater than Centiloid-18F-florbetapir) (Fig. 4B). 
Similarly, while statistically significantly greater increases 
in SUVR-11C-PiB versus SUVR-18F-florbetapir were 
observed across several brain areas, including the medial 
orbitofrontal gyrus, and regions within the temporal lobe 

Fig. 2   Rates of longitudinal change in regional SUVRs. (A, B) Mean 
annualized SUVR change in the gantenerumab arm as measured 
by 11C-PiB and 18F-florbetapir, respectively. (C, D) Mean annual-
ized SUVR change in the placebo arm as measured by 11C-PiB and 

18F-florbetapir, respectively. (E, F) Differences between longitudinal 
change in the gantenerumab arm versus the placebo arm as measured 
by 11C-PiB and 18F-florbetapir, respectively. Only regional compari-
sons associated with a FDR-adjusted p-value < 0.05 are shown

Fig. 3   Rates of longitudinal change in regional Centiloids. (A, B) 
Mean annualized Centiloid change in the gantenerumab arm as 
measured by Centiloid-11C-PiB and Centiloid-18F-florbetapir, respec-
tively. (C, D) Mean annualized Centiloid change in the placebo arm 
as measured by Centiloid-11C-PiB and Centiloid-18F-florbetapir, 

respectively. (E, F) Differences between longitudinal change in the 
gantenerumab arm versus the placebo arm as measured by Centiloid-
11C-PiB and Centiloid-18F-florbetapir, respectively. Only regional 
comparisons associated with a FDR-adjusted p-value < 0.05 are 
shown
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and medial occipital lobe (Fig. 4A), no statistically sig-
nificantly different rates of change in Centiloid-11C-PiB 
versus Centiloid-18F-florbetapir were found across most 
brain areas, excepting the amygdala (Fig. 4B).

In addition, the difference between Centiloid-11C-PiB 
values at baseline for subcortical structures, for example, 
the caudate and putamen, versus the global cortical Cen-
tiloid-11C-PiB (mean caudate-global cortical Centiloid-
11C-PiB = 13, SE = 4.7, 95% CI = [4.2, 23], mean puta-
men-global cortical Centiloid-11C-PiB = 38, SE = 4.5, 95% 
CI = [29, 47]), is much larger than the difference between 
Centiloid-18F-florbetapir for those structures and the global 
cortical Centiloid-18F-florbetapir (mean caudate-global 
cortical Centiloid-18F-florbetapir =  − 3.3, SE = 4.3, 95% 
CI = [− 11, 5.1], mean putamen-global cortical Centiloid-
18F-florbetapir = 25, SE = 3.7, 95% CI = [18, 32]), which is 

statistically significant (caudate-global cortical Centiloid-
11C-PiB versus caudate-global cortical Centiloid-18F-flor-
betapir t-value = 5.9, p-value = 1.3 × 10−7, putamen-global 
cortical Centiloid-11C-PiB versus putamen-global cortical 
Centiloid-18F-florbetapir t-value = 5.0, p-value = 4.0 × 10−6).

Simulated clinical trial results

The results of the simulated clinical trials where some par-
ticipants are scanned with 11C-PiB while others are scanned 
with 18F-florbetapir are presented in Table 5. Under the no 
treatment effect scenario, type I error remained consist-
ent across different sample sizes (20 participants per arm, 
32 participants per arm, and 40 participants per arm) and 
increased as the proportion of participants scanned with the 
two radiotracers approached 50% each. Under the observed 

Fig. 4   Rates of longitudinal change in regional SUVRs versus regional 
Centiloids. (A) Differences between longitudinal change in the gan-
tenerumab arm as measured by 11C-PiB versus by 18F-florbetapir. (B) 
Differences between longitudinal change in the gantenerumab arm as 
measured by Centiloid-11C-PiB versus by Centiloid-18F-florbetapir. 

(C) Differences between longitudinal change in the placebo group 
as measured by 11C-PiB versus by 18F-florbetapir. (D) Differences 
between longitudinal change in the placebo group as measured by 
Centiloid-11C-PiB versus by Centiloid-18F-florbetapir. Only regional 
comparisons associated with a FDR-adjusted p-value < 0.05 are shown

Table 5   Type I error and power 
(%) comparison when using 
both Centiloid-11C-PiB and 
Centiloid-18F-florbetapir in 
1000 simulated clinical trials

Each simulated dataset was analyzed using linear mixed models, and the treatment effect was defined as 
the difference between the slopes (annual rate of change in Centiloid). Two-sided t-tests were used with a 
nominal type I error of 5%

No treatment effect (type I error 
comparison)

With observed treatment effect 
(power comparison)

Percent (%) of participants 
scanned with 18F-florbetapir

100 75 50 25 0 100 75 50 25 0

20 participants per arm 4.8 9.3 14.8 9.7 4.3 52.9 63.3 65.0 72.5 84.3
32 participants per arm 4.9 8.2 14.6 9.4 5.7 74.4 81.1 83.7 88.4 98.0
40 participants per arm 4.5 8.0 15.0 9.6 4.9 85.0 88.2 88.6 93.9 98.9
With 5% annual dropout
20 participants per arm 4.6 9.8 12.2 8.5 4.1 48.7 54.8 60.7 67.2 76.5
32 participants per arm 6.0 8.6 13.6 9.9 5.7 67.8 73.1 76.6 84.9 92.1
40 participants per arm 4.7 8.0 11.9 9.4 5.0 78.5 82.2 85.5 94.4 97.6
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treatment effect scenario, power increased as sample size 
increased and increased as the proportion of participants 
scanned with 11C-PiB approached 100%. Finally, simulating 
a 5% annual dropout rate in the above scenarios tended to 
decrease power but did not have a consistent effect on type 
I error.

Discussion

Similarities and differences between the two Aβ radiotracers 
11C-PiB and 18F-florbetapir have been well-investigated in 
observational studies of AD [9–13]. The baseline results from 
our current study of 11C-PiB and 18F-florbetapir PET imaging 
in the DIAN-TU-001 clinical trial bear out these past findings: 
at baseline, global cortical SUVR-11C-PiB differs statistically 
significantly from global cortical SUVR-18F-florbetapir in 
both the gantenerumab and placebo arms. After standardiz-
ing global cortical SUVR results to the Centiloid scale, global 
cortical Centiloid-11C-PiB shows no statistically significant 
differences with global cortical Centiloid-18F-florbetapir in 
either arm—a result consistent with the intended purpose of 
the Centiloid method [14]. In the placebo arm only, annual-
ized rates of change did not show statistically significant dif-
ferences between 11C-PiB and 18F-florbetapir, whether meas-
ured with SUVR values or standardized to Centiloid units.

However, the effects of anti-Aβ drug treatment on 11C-PiB 
and 18F-florbetapir measures were not compared head-to-
head previously. Our results from the gantenerumab arm of 
the DIAN-TU-001 show that annualized rates of change as 
measured by global cortical SUVR-11C-PiB and global corti-
cal SUVR-18F-florbetapir are statistically significantly differ-
ent, likely due to the greater dynamic range of 11C-PiB, which 
appears to result in both greater baseline SUVR values and a 
greater drug-induced longitudinal decrease in SUVR. After 
standardizing global cortical SUVR results to the Centiloid 
scale, global cortical Centiloid-11C-PiB shows no statistically 
significant differences with global cortical Centiloid-18F-flor-
betapir—a result also consistent with the intended purpose of 
the Centiloid method. Thus, standardizing global cortical Aβ 
PET biomarker values to the Centiloid scale appears to elimi-
nate statistically significant differences in baseline and longitu-
dinal measurements made with 11C-PiB versus 18F-florbetapir, 
even when longitudinal changes are modified by anti-Aβ drug 
treatment as opposed to disease progression alone.

While most previous applications of the Centiloid con-
version process have focused on determination of global 
cortical Centiloids, we also employed the determination of 
regional Centiloids also described in the original description 
of the Centiloid process by the direct conversion process 
(method-2) as described by Klunk and colleagues [14]. Here, 
we found that standardizing regional Aβ PET biomarker val-
ues to the Centiloid scale appear to eliminate statistically 

significant differences in longitudinal measurements made 
with 11C-PiB versus 18F-florbetapir in most brain areas.

The brain areas that retain significant differences between 
regional 11C-PiB and regional 18F-florbetapir on the Centi-
loid scale require further investigation. The change in Cen-
tiloids was greater in the 18F-florbetapir data in the lingual, 
parahippocampal, and entorhinal cortices—areas which did 
not show a greater change in the 18F-florbetapir data when 
expressed in SUVR units. As these are areas with low reten-
tion of both tracers, the signals in these areas are dominated 
by noise. Thus, this finding may reflect greater noise in the 
18F-florbetapir data. The change in Centiloids was greater in 
the 11C-PiB data in subcortical structures such as the caudate 
and putamen—areas which also showed a greater change in 
the 11C-PiB data when expressed in SUVR units. This may 
relate to the finding that 11C-PiB shows greater retention 
in subcortical structures than 18F-florbetapir in DIAD. For 
example, in the current dataset, Centiloid-11C-PiB values at 
baseline were on average much greater than the global corti-
cal Centiloid-11C-PiB in the caudate and putamen than Cen-
tiloid-18F-florbetapir values for the same comparisons. Thus, 
this difference in subcortical change in radiotracer retention 
may reflect real differences in the tracers and cannot be har-
monized by the simple Centiloid conversion. If supported by 
further study, this will need to be considered in studies where 
subcortical changes are considered of high importance, such 
as studies in DIAD and Down syndrome populations where 
subcortical retention is early and prominent [23–26].

Previously reported annualized reductions of Centiloid-
18F-florbetapir during gantenerumab or other different 
anti-Aβ monoclonal antibody treatments were greater than 
those reported in our study [6, 7, 27, 28]. This may limit 
generalizability from DIAD to AD clinical trials. One reason 
for the discrepancy may be the insufficient amount of drug 
being administered in the DIAN-TU-001: the initial dose 
in the DIAN-TU-001 was 225 mg of gantenerumab admin-
istered every four weeks, until midway through the trial 
(approximately two to three years into the trial), when dose 
escalation was implemented to increase the gantenerumab 
dose to 1200 mg every four weeks [29]. In contrast, the dose 
escalation in the open-label extension of Marguerite RoAD 
was implemented over an initial two- to six-month titration 
period to increase the gantenerumab dose to 1200 mg every 
four weeks [6]. Another contributor could be that individu-
als with DIAD are generally younger than individuals with 
late-onset AD and, as one consequence, may have dimin-
ished antibody target engagement due to healthier and more 
intact blood brain barriers [30]. Ongoing studies in the gan-
tenerumab DIAN-TU-OLE are testing higher doses due to 
higher Aβ loads and higher Aβ production [31] in DIAD.

However, reporting only a global cortical Centiloid 
results in a loss of potential information that can be derived 
from Aβ PET imaging. Many of the regions showing the 
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largest SUVR/Centiloid differences were subcortical struc-
tures and not part of the global cortical SUVR/Centiloid 
composite used here—although these regions are part of 
the standard Centiloid cortical volume of interest. It may 
be informative for future trials to report both global corti-
cal Centiloid—as has traditionally been done—as well as 
regional Centiloid measures, to reveal the extent to which 
anti-Aβ drug clearance is a local versus global phenomenon. 
This may become relevant in addressing the aforementioned 
question of whether a healthy blood brain barrier is inhibit-
ing anti-Aβ monoclonal antibody penetration throughout the 
brain. An alternative strategy, which has the potential to be 
even more informative, would be to transform 18F-florbeta-
pir PET images into synthetic 11C-PiB images at the voxel 
level using an encoding–decoding network [32].

A limitation to this study is that the Centiloid conversion 
equation for 18F-florbetapir was established based on a subset 
of the baseline data of the cohort in this study [33]. Therefore, 
testing for the presence of baseline differences between Centi-
loid-11C-PiB and Centiloid-18F-florbetapir may involve circular 
reasoning. Additionally, tracer test–retest reliability might have 
impacted results from the current study; however, previous 
studies have shown that both 11C-PiB [34] and 18F-florbetapir 
[35] had high test–retest reliability, suggesting that the current 
results were minimally affected by this phenomenon.

Another limitation to this study is that there is a significant 
difference in gender balance between the gantenerumab (15 
of 41 participants were female, or 37%) and placebo (16 of 25 
participants were female, or 64%) arms (Table 2). Differences 
in gender balance between drug arms may contribute to the 
statistically significant drug effects seen in the gantenerumab 
versus placebo comparisons. However, initial findings from 
the DIAN-TU-001 also reported statistically significant drug 
effects in the gantenerumab versus placebo comparisons for 
11C-PiB PET, and in that analysis, baseline demographics 
were balanced across all drug arms [1]. Naturally, this leaves 
the possibility of differences in gender balance contributing 
to the statistically significant drug effect seen with 18F-flor-
betapir PET; however, a large contribution seems unlikely 
[36]. Nonetheless, future studies are needed to confirm this.

One limitation for future studies is that while Centiloid 
provides a way for multiple Aβ radiotracers to be used in 
the same study or trial, the results of our simulated clinical 
trials suggest that type I error is increased when more than 
one radiotracer is used. Another challenge for future studies 
is that while 18F-florbetapir has been used in the majority of 
anti-Aβ monoclonal antibody trials in AD that incorporate 
Aβ PET imaging, using the 11C-PiB radiotracer offers more 
power to detect Aβ change in comparison.

Finally, future studies should investigate whether gan-
tenerumab treatment can lead to changes in perfusion to the 
point of altering Aβ PET SUVR estimates, as 11C-PiB and 
18F-florbetapir may have different sensitivities to changes in 

perfusion, which may contribute to the differences observed 
in annualized rates of SUVR-11C-PiB and SUVR-18F-florbeta-
pir change in this study, due to the differences in radiotracer 
kinetics between 11C-PiB and SUVR-18F-florbetapir. Nonethe-
less, the current study shows that the Centiloid method is able 
to harmonize the different annualized rates of SUVR change 
between 11C-PiB and 18F-florbetapir in a clinical trial.

In conclusion, gantenerumab treatment induces longitu-
dinal changes in Aβ PET, and the rates of these longitudinal 
changes differ significantly between Aβ radiotracers when 
expressed in SUVR units. These differences were not seen 
in the placebo arm, suggesting that Aβ-removing treatments 
pose unique challenges when attempting to compare results 
across different Aβ radiotracers. Centiloid values derived 
from PET imaging can harmonize differences between Aβ 
radiotracers without losing sensitivity to drug effects. Ulti-
mately, until a consensus emerges on how to harmonize drug 
effects across radiotracers and since using multiple radi-
otracers in the same trial may increase type I error, multisite 
studies should consider potential variability due to different 
radiotracers when interpreting Aβ PET biomarker data and, 
if feasible, use a single radiotracer for the best results.
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