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INTRODUCTION: Tau-positron emission tomography (PET) outcome data of patients

bined when different tracers are used due to differences in tracer properties,
instrumentation, and methods of analysis.

METHODS: Using head-to-head data from five cohorts with tau PET radiotracers
designed to target tau deposition in AD, we tested a joint propagation model (JPM)
to harmonize quantification (units termed “CenTauR” [CTR]). JPM is a statistical model

that simultaneously models the relationships between head-to-head and anchor point
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data. JPM was compared to a linear regression approach analogous to the one used in
the amyloid PET Centiloid scale.

RESULTS: A strong linear relationship was observed between CTR values across brain
regions. Using the JPM approach, CTR estimates were similar to, but more accurate
than, those derived using the linear regression approach.

DISCUSSION: Preliminary findings using the JPM support the development and
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based approach.

regions.

1 | BACKGROUND

Based on both autopsy and in vivo positron emission tomography (PET)
studies, tau pathology has been shown to be closely linked to neuronal
injury and cognitive decline in Alzheimer’s disease (AD).1"1! Building
on the success of amyloid PET,1213 the past decade has seen rapid
progress in the development of tau-specific PET tracers, including:
[*8F]flortaucipir ([*8F]AV-1451)—approved by the U.S. Food and Drug
Administration to aid in the diagnosis of AD> —[18F]JR0948, [18F]MK-
6240, [18F]GTP1, [18F]PI-2620, and [18F]florzolotau ([18F]JAPN-1607).
As a result, tau PET is increasingly used in the clinical research evalu-
ation of patients and as both a predictive and response biomarker in
AD clinical trials evaluating disease-modifying therapies.’® However,
the tracers differ in affinity to aggregated tau, have different regional
off-target retention, or have not yet been fully characterized’18
preventing them from being meaningfully compared or combined. In
response to the same challenge for amyloid PET, a harmonization
method was developed whereby the outcome of a particular analy-
sis method or tracer could be converted to a common scale,’ the
units of which were termed “Centiloids”. The Centiloid method uses
an arbitrary scale based on a reference [11C]PIB dataset combined
with a prescribed processing methodology and a linear transform that
establishes 0 and 100 as the mean values of young AB-negative cog-
nitively unimpaired (CU) individuals and typical AD dementia patients,
respectively.’? The Centiloid scale has had a significant impact on AD
research, providing a universal scale for amyloid PET and influenc-

ing how clinical trials are conducted and reported (e.g., allowing for

adoption of a universal scale for tau-PET quantification.

[*8F]Flortaucipir, [\8F]JRO948, [18FIMK-6240, [18F]GTP1, [*8F]PI-2620, Alzheimer’s disease, C-
Path, CenTauR, Centiloid, CPAD, head-to-head, Imaging, PET, standardization, tau

» Tested a novel joint propagation model (JPM) to harmonize quantification of tau PET.
* Units of common scale are termed “CenTauRs”.
» Tested a Centiloid-like linear regression approach.

* Using five cohorts with head-to-head tau PET, JPM outperformed linearregression-

* Strong linear relationship was observed between CenTauRs values across brain

the combination of multiple amyloid tracers and a common metric for
reporting the magnitude of amyloid removal in response to anti-A3
monoclonal antibody-based therapies).20-24

A central limitation of the linear regression-based approach used
in developing the Centiloid scale, as it applies to tau PET, however,
is the need for a reference tracer. The Centiloid method was built
around [11C]PIB due to its high binding affinity, extensive validation,
short half-life (enabling two tracer studies in one day) and wide-
spread acceptance as the “gold-standard” at the time of the project. In
contrast, there is currently no-established “gold-standard” tau tracer.
Further, as there is currently no dataset with head-to-head compar-
isons between all current tracers, the arbitrary selection of a given
ligand as a reference tracer would require the use of intermediate
tracers and the subsequent combinations of multiple linear regression
equations. Such stepwise mapping between tracers would propagate
and amplify noise, which could result in a biased conversion for tracers
without direct head-to-head comparison to the reference tracer.

It was against this backdrop that a Working Group of experts across
industry and academia led by the Critical Path Institute’s (C-Path)
Critical Path for Alzheimer’s Consortium (CPAD)2?> was convened at
the 2022 Alzheimer’s Associational International Conference to dis-
cuss standardization of quantitative tau PET imaging. In addition to
exploring the feasibility of adapting the Centiloid method to harmonize
tau PET quantification (the units of this scale are termed “CenTauRs”
[CTR]),2¢ the Working Group developed a joint propagation model
(JPM), an approach that does not require the use of a reference tracer.
The JPM is based on a statistical model that simultaneously models the
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relationships between data from anchor point subjects and data from
subjects in multiple head-to-head studies and the CTR scale, provid-
ing mapping equations for multiple tracers. In this report, we describe
the JPM for the standardization of tau PET imaging and present CTR
values derived using this approach across five cohorts with head-to-
head tau PET. As a validation step, we compared CTR values from this
approach to those from a reference-based linear regression approach
similar to that used for the Centiloid derivation and demonstrate how
the JPM offers a more straightforward approach to tau PET harmoniza-
tion. Further, we illustrate that the mapping equations from individual
tracer standardized uptake value ratios (SUVRs) to the CTR scale are
more accurately estimated by the JPM compared to the linear regres-
sion approach. Importantly, the approach outlined here is not meant
to serve as a definitive method for converting tau PET outcome data
to CTRs, but rather to serve as a starting point for approaching the

standardization of tau PET that subsequent efforts can expand upon.

2 | METHODS

2.1 | Head-to-head datasets

A total of 119 individuals with head-to-head tau PET were included
from five cohorts: [18F]JRO948 vs [!8F]flortaucipir (BioFINDER-2,
n = 37),%7 [18F]MK-6240 vs ['8F]flortaucipir (University of Pitts-
burgh, n = 15),28 [18F]GTP1 vs [*8F]PI-2620 (Roche/Invicro, n = 27),
[*8F]GTP1 vs [18F]MK-6240 (Roche/Invicro, n = 22), and [18FJRO948
vs [18F]PI-2620 (Fundacié ACE Healthy Brain Initiative (FACEHBI)
study, n = 18).2? Anchor point values (see Section 2.2) were derived
from an additional 327 individuals: [18F]flortaucipir (BioFINDER and
Avid A05, n = 54); ['8FIGTP1 (Roche/Invicro, n = 26); [8FIMK-
6240 (AIBL, n = 164); ['8FIPI-2620 (LMI, n = 19); and ['®FIRO948
(BioFINDER-2, n = 64).

2.2 | Anchor point datasets

Like the Centiloid method, the CTR process uses a scale that is
anchored at O (CTR-0) and 100 (CTR-100). Criteria for the CTR-0
group were CU individuals who were negative on both amyloid (visual
read and Centiloids < 10, a cutoff associated with the absence of A3
plaques?%-39) and tau PET (visual read). Criteria for the CTR-100 group
were having a clinical diagnosis of AD dementia,3! age < 75, Mini-
Mental State Examination (MMSE) > 20 and being positive on both
amyloid (visual read and Centiloids > 50) and tau PET (visual read).
Although visual assessment methods are available for the tau tracers
included here,3273¢ due to differences between them, we defined tau
PET positivity on visual read for all tracers as substantial bilateral tem-
poral (including the mesial temporal lobes) and parietal uptake (see
Supplementary Figure 1), a retention pattern consistent with the neu-
ropathological distribution of tau in Braak stage > IV in AD.37:38 In
the BioFINDER-2 cohort—used to set anchor points for [18FJRO948—
AB-positivity among AD dementia cases was established using CSF

AB42/AB40. This is unlikely to have biased group assignment given

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

RESEARCH IN CONTEXT

1. Systematic review: The authors used PubMed to search
for articles dealing with the standardization of quantita-
tive tau positron emission tomography (PET) imaging.

2. Interpretation: A strong linear relationship was observed
between CenTauR (CTR) values across brain regions.
Using the joint propagation model (JPM) approach, CTR
estimates were similar to, but more accurate than, those
derived using the linear regression approach.

3. Future directions: Further studies are required to test
the JPM in large samples of individuals spanning the

Alzheimer’s disease (AD) clinical continuum.

the high concordance between CSF AB42/AB40 and amyloid PET.%?
The age cap of 75 was intentional because older subjects have much
lower tau PET SUVR values;**#! anchoring on younger AD patients
ensured that we covered the full range of SUVR values and did not
have anchor populations composed of different proportions of younger
and older subjects. A cutoff of 20 on the MMSE was chosen to exclude
cases with widespread atrophy that could reduce the tau PET signal.
50 Centiloids was chosen as this has previously been shown to be the
point where a significant rise in the prevalence of cortical tau occurs
in AD.4243

Applying the anchor point criteria to different datasets available to
the Working Group resulted in the following groups: [18F]flortaucipir
(n=29 CTR-0, n = 25 CTR-100 [BioFINDER, Avid A05)); [18F]RO948
(n = 36 CTR-0, n = 36 CTR-100 [BioFINDER-2]); [18F]MK-6240
(n = 120 CTR-0, n = 32 CTR-100 [AIBL]); [*8F]GTP1 (n = 7 CTR-0,
n = 19 CTR-100 [Roche/Invicro]); [18F]PI-2620 (n = 10 CTR-0O,n =9
CTR-100 [Life Molecular Imaging]). A sensitivity analysis using young
(age < 40 years) AB-negative CU individuals to define the CTR-0 values

was also performed (see Supplementary Figure 2).

2.3 | PET imaging and analysis

Tau PET data were acquired on different platforms using different
acquisition windows (for complete details, see Supplementary Meth-
ods 1): [18F]PI-2620 (45-75 min), [ FIGTP1 (60-90 min), [18FIRO948
(70-90 min), [8F]flortaucipir (80-100 min), and [8F]MK-6240 (70-
90 min [University of Pittsburgh] or 90-110 min [Roche/Invicro and
AIBL]). SUVR images were created using the inferior cerebellar cortex
as the reference region.** All individuals from these different studies
also underwent a T1-weighted MRI.

2.4 | Standard regions of interest

Recently, a “universal” tau PET region of interest (ROI) was derived

based on the areas showing differences in signal between AD dementia
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Joint Propagation Model
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FIGURE 1 Overview of the CenTauR ROls, the JPM and the linear regression approach. Universal and subregion regions of interest (ROls)
(left) along with an overview of both the joint propagation model (JPM) and the linear regression approaches (right). Using the JPM (top right), we
assume that CenTauR (CTR) is common latent scale that has given rise to the observed data, and we do not assume a reference tracer. Using both
anchor point (left) and head-to-head (right) data, maximum likelihood estimation is used to estimate the parameters that are most likely to
generate the observed data. From these estimated parameters, equations that map standardized uptake value ratio (SUVR) values to CTRs can
then be generated for a given tracer. Using the linear regression approach (bottom right; here assuming [18F]flortaucipir as the reference tracer),
we first derive the equation to convert [18F]flortaucipir SUVR to (Equation 1) using anchor point values (left). Next, [8F]JRO948 SUVR are
converted to their equivalent in [18F]flortaucipir (i.e., Flortaucipir-Calc) (Equation 2). Using Equation 1, these Flortaucipir-Calc values can then be
converted to CTRs. [18F]Flortaucipir was used as the reference tracer as it is currently the most widely available and most widely studied tau
tracer, and the only one validated against autopsy cases and approved by U.S. Food and Drug Administration.

patients and AB-negative CU individuals that were common across Alzheimer’s Association Information Network (GAAIN; http://www.
six different tracers ([*8F]flortaucipir, [*8F]RO948, [18F]MK-6240, gaain.org/Centaur) website.

[18F]GTP1, [18F]PI-2620, and [18F]PM-PBB3) (Figure 1; for complete

details, see Supplementary Methods 2).2¢ To cover the full spectrum

of tau aggregation from early to later affected areas, four addi- 2.5 | The JPM

tional ROIs were defined within the constraints of the universal mask:

mesial temporal, meta temporal, temporo-parietal, and frontal. These We developed the JPM as an approach for harmonizing tau PET data

ROIs have been made available on the publicly accessible Global without the need for a reference tracer. This approach further allows
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incorporation of anchor point data from multiple tracers and mod-
els the random variation (i.e., noise) in all tracers. This is in contrast
to simple linear regression approaches which apply an asymmetric
assumption to map head-to-head data against a reference tracer. The
JPM is a nonlinear mixed-effects model that may seem complex com-
pared to a set of linear regressions, however, the result of the JPM
will be a set of linear mapping equations that map tracer SUVRs to
CTRs. Therefore, there will be no increased complexity for end users.
The JPM is based on the basic assumption that SUVRs are noisy
tracer-specific linear transformations of the true CTR value of the sub-
ject being measured. Thus, the JPM poses the problem of calculating
regional CTR values for a subject as an inverse problem where we are
inferring the CTR value that was most likely to produce the observed
SUVR. In its most general form, the JPM models the regional SUVR of

subject i with tracer t as
Suv Rit = ft(C;) + Ejt (1)

wheref; is the tracer-specific linear mapping of the subject’s underlying
CTR value ¢; to the SUVR scale and ¢;; is a term representing measure-
ment noise of tracer t. Conditional on ¢;, Equation (1) looks structurally
like a simple nonlinear regression model, but since ¢; is not known,
one cannot estimate relationships between tracers and the CTR scale
without additional assumptions.

In this work, we propose a model based on the following assump-
tions: (1) the relation between CTR and SUVR is linear f; (¢)) = a; -
Ci + by; (2) for subjects meeting the CTR-O anchor point criterion,
CTR ¢; are modeled as a random effect, assumed to be normally dis-
tributed around O with an unknown variance, ¢; ~ N(O, crg); (3) for
subjects meeting the CTR-100 anchor point criterion, CTRs ¢; are mod-
eled as a random effect, assumed to be normally distributed around
250); (4) for subjects with
head-to-head data, CTRs ¢; are modeled as a fixed effect assumed

100 with unknown variance, ¢; ~ N(100, o

to be identical across tracers; (5) the noise term is assumed to be
zero-mean normally distributed g ~ N(O, crtz) with a structured vari-
ance that assumes that all tracers have identical variance o2 on the
CTR scale, meaning that the SUVR scale variance is given by at2 =

2

a; .02 . Based on the above assumptions, the model can be written

out as

SUVR;t = g - (Inzr(y - G + TeTroop) - €0 + Letr-1000) - 6'°°) + by + it
as, by, c; € R
¢ ~N(0,52)
¢'% ~ N(100,62 )
&t ~ N(0,a? - o2)

(2
where 1oy is the indicator function that is 1 when subject i is in the
head-to-head cohort and O otherwise, and similarly with 1ctr_q() and
1cTrR-100() for the CTR-0 and 100 anchor point cohorts. By specifying
all relationships in a single joint model, the JPM is capable of propa-
gating information between all tracers through anchor point data and

multiple head-to-head studies.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Based on maximum likelihood estimates @, and b; from model (2),
CTRs canbe predicted based on a simple linear transformation of SUVR

values
& = 1/a¢ - (SUVR;; — by).

The model (2) assumes different variances in the measurement
error term across tracers, but structured in such a way that the
signal-to-noise ratio is identical across tracers on the CTR scale. This
assumption was motivated by lack of structured data (e.g., test-retest
data from individual tracers) in the presently used datasets that could
enable simultaneous estimation of mapping equations to the CTR
scale and individual tracer-specific variance parameters. A custom
C++ implementation of the models was developed using the Template
Model Builder framework*> and fitted in R using maximum likelihood
estimation. The implementation is publicly available on GitHub: https://
github.com/larslau/JPM.

2.6 | Linear regression approach

The Centiloid method for amyloid PET harmonization was based on
estimating a linear mapping of SUVR values for a given tracer to SUVR
values obtained using [11C]PIB, which served as the reference tracer.'?
Anchor points defining 0 and 100 on the Centiloid scale were estimated
using AB-negative CU individuals and typical AD dementia patients,
respectively, enabling linear mapping of reference tracer SUVR to the
harmonized scale. Calibration of other tracers to the harmonized scale
is possible using head-to-head data, based on a simple linear regression
with reference tracer SUVR as the dependent variable and the non-
reference tracer SUVR as the independent variable. Using the linear
regression estimates, the nonreference tracer SUVR can be mapped to
the reference tracer SUVR, which can in turn be mapped to the Cen-
tiloid scale. The process of converting SUVR values to CTRs using this
approachisillustrated in Figure 1.

2.7 | Statistical analysis

All analyses were performed in R, version 4.2.1 (R Foundation).
The association between CTR values from the linear regression
approach and the JPM, as well as between JPM-based CTR values in
head-to-head cohorts, was assessed across ROls using coefficient-of-
determination (R2).

Unlike the JPM, the linear regression approach requires the choice
of a reference tracer. Even with a single set of head-to-head data
including two tracers, the mapping from each tracer to the other using
the linear regression approach would not lead to fully symmetric map-
pings. To investigate the impact of the choice of reference tracer and
potential multistep mappings through tracers in head-to-head studies,
we estimated the mapping of every tracer to every other tracer (one or
two steps) and evaluated the bias associated with mapping one tracer
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TABLE 1 Characteristics of head-to-head participants
Diagnostic groups
Parameter cu MCI AD Non-AD
Cohort 1: [18FJRO948 vs [18F]flortaucipir
N 5 - 24 8
Age (y) 775+ 64 - 742+7.1 7275+ 6.54
Sex (M/F) 3/3 - 11/13 3/5
MMSE 29.31+0.69 - 23.20+2.82 2547 +3.75
Amyloid positive, n (%) 2 (40%) - 24 (100%) 2(25%)
Cohort 2: [18F]MK-6240 vs [18F]flortaucipir
N 9 1 5 =
Age (y) 76.44 +3.88 77 70.80+13.70 =
Sex (M/F) 1/8 1/0 1/4 =
MMSE 28.22 +3.07 22 19.20+7.63 -
Amyloid positive, n (%) 5(56%) 1(100%) 5(100%) -
Cohort 3: [18F]GTP1 vs [18F]P1-2620
N 5 10 12 -
Age (y) 71+10 72+54 74+30 -
Sex (M/F) 4/1 4/6 7/5 -
MMSE 30.0+0.0 269+18 225+44 -
Amyloid positive, n (%) 0 (0%) 10 (100%) 12 (100%) -
Cohort 4: ['8F]GTP1 vs [*8FIMK-6240
N 5 8 14 =
Age (y) 68.0+25 737 £40 71.6+7.9 -
Sex (M/F) 1/4 1/2 7/7 -
MMSE 29.8+0.4 27.6+11 17.9+4.0 -
Amyloid positive, n (%) 1(20%) 3(100%) 14 (100%) -
Cohort 5: [*®FJRO948 vs [*8F]PI-2620
N 13 5 - -
Agely) 73+7 77+3 - -
Sex (M/F) 7/6 2/3 - -
MMSE 29.62 +0.65 28.20+1.30 - -
Amyloid positive, n (%) 7 (54%) 2 (40%) - -

Abbreviations: AD, Alzheimer’s disease; CU, cognitively unimpaired; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination.

to another tracer and back to the original tracer using the estimated
mapping equations. The bias was calculated as percent deviation in
mean SUVR of the CTR-0 and CTR-100 anchor point values scanned
with the original tracer.

To compare the performance of the JPM and the linear
regression approach, 20 replications of five-fold cross-validation
analysis (100 evaluations) were performed. For the linear regres-
sion approach, where a reference tracer is required, we chose
[*8F]flortaucipir (i.e., [*8F]flortaucipir data to set the anchor points
and [*8F]flortaucipir/[18FIMK-6240 and [*8F]flortaucipir/[1FIRO948
head-to-head studies for the analysis). In each cross-validation study,
SUVR values from the universal ROl from participants from the
['8FIflortaucipir/[*®FIMK-6240 and  ['8FIflortaucipir/[**FRO948

head-to-head cohorts were split into five equally sized folds. Each fold
was then held out as a test set while the linear regression approach
and the JPM were fitted using data from the remaining four folds. Per-
formance of the methods was evaluated on the held-out head-to-head
data by (1) mapping the [*8F]flortaucipir SUVRs from both head-to-
head datasets to the CTR scale using the estimated parameters and
calculating the mean square error; and (2) mapping [*8FIMK-6240 and
[18F]RO948 SUVR values to [18F]flortaucipir SUVR values using the
estimated parameters and calculating the mean square error. While
the linear regression approach only used [18F]flortaucipir anchor point
data, the JPM used all available anchor point data.

To quantify the impact of the difference in available anchor
point data, a sensitivity analysis was done with the JPM using only
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TABLE 2 Characteristics of anchor point participants.

Anchor Sex
Tracer group N Age (y) (M/F)
[18F]RO948 CTR-0 36 (CU) 72.29 + 5.94 16/20
CTR-100 36 (AD) 62.45 + 3.80 21/15
[*8F]Flortaucipir CTR-0 29 (CU) 68.04 + 1041 16/13
CTR-100 25 (AD) 61.94 + 4.39 9/16
[18F]MK-6240 CTR-0 120(CU) 67.26 + 6.70 57/63
CTR-100 32 (AD) 64.49 + 6.35 17/14
[18FIGTP1 CTR-0 15 (CU) 64 + 6.91 8/7
CTR-100 25 (AD) 67 + 5.88 13/12
[*8F]PI-2620 CTR-0 10 (CU) 59.20 + 7.83 6/4
CTR-100 9 (AD) 65.11 + 8.78 4/5

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Amyloid PET, Amyloid PET, Tau PET, Pos.

MMSE Centiloids Pos.visualread  visual read
28.78 +1.23 -11.17 £ 5.30 0(0%) 0(0%)

24.40+2.18 7287 + 1490  36(100%)* 36 (100%)
28.51+0.59 —6.50 + 7.87 0(0%) 0(0%)

23.12 +1.69 6749 + 17.32  25(100%) 25 (100%)
290+11 -15.47 + 5.10 0(0%) 0(0%)

240+ 1.9 6247 + 11.70  32(100%) 32 (100%)
29.5+0.83 0.25 + 10.99 0(0%) 0(0%)

233+211 98.27 + 27.04  25(100%) 25 (100%)
29+125 —2.06 + 6.06 0(0%) 0(0%)

18.78 + 6.80 105.31 + 18.64 9 (100%) 9(100%)

Note: In BioFINDER-2, AB-positivity among AD dementia cases was established using CSF A342/A340.
Abbreviations: AD, Alzheimer’s disease; CTR, CenTauR; CU, cognitively unimpaired; MMSE, Mini-Mental State Examination; PET, positron emission

tomography; Pos., positive.

[*8F]flortaucipir anchor point data. Mean square prediction errors
on the test sets were compared using the paired Wilcoxon rank
sum test. Last, the estimated internal relationships between trac-
ers from the JPM were compared to the regression estimates from
head-to-head studies and robustness to potential biases in selected
anchor-point cases was evaluated by comparing the JPM-derived
SUVR-to-SUVR mapping equations between tracers using: (1) all data;
(2) only [*8F]flortaucipir anchor point data; and (3) by artificially bias-
ing [18F]MK-6240 anchor point values by 30%. For the third sensitivity
analysis, [18F]MK-6240 and 30% were chosen due to [18F]MK-6240
being the tracer with the largest anchor point groups (i.e., where bias
would potentially have the greatest effect) and 30% representing a

high degree of bias.

3 | RESULTS

Participant characteristics for the head-to-head and anchor point
cohorts are summarized in Tables 1 and 2. The five CTR ROls, as well
as an overview of both the JPM and linear regression approaches, are
shown in Figure 1. JPM-based CTR values for head-to-head and anchor
point cohorts are shown in Figure 2. Using head-to-head data, strong
linear associations (R2) were observed between tracers across all ROls
(Figure 3): [18F]RO948 vs [18Fflortaucipir, average 0.977 (range 0.959
[frontal] to 0.986 [universal]); [1FIMK-6240 vs [18F]flortaucipir, aver-
age 0.985 (range 0.976 [mesial temporal] to 0.991 [frontal]); [18FIGTP1
vs [18F]MK-6240, average 0.928 (range 0.904 [frontal] to 0.945 [meta
temporal]); [*8F]GTP1 vs [18F]PI-2620, average 0.945 (range 0.919
[mesial temporal] to 0.954 [meta temporal]); [18F]IRO948 vs [18F]PI-
2620, average 0.903 (range 0.762 [frontal] to 0.958 [meta temporal]).
Because both harmonization methods were based on linear transfor-
mations, R? values were identical to the SUVR findings on the CTR
for the linear regression and JPM approaches, although the range of
CTR values differed. This difference is due to an assumption inherent

to many linear regression models, namely that the response variable
is subject to error but that the predictor variable is not,® resulting
in slightly different solutions depending on the choice of predictor
variable (i.e., reference tracer).

The JPM provides simultaneous estimates of mapping equations
to the CTR scale for all tracers. These estimates provide a consis-
tent and symmetric way of mapping each tracer SUVR to every other
tracer SUVR by first using the estimated mapping equation to CTR, and
then applying the inverse mapping equation to another tracer SUVR.
However, the mapping equations estimated by the linear regression
approach with different choices of reference tracer are asymmetric.
As reported in Table 3, this asymmetry results in deviation from iden-
tity when mapping tracer SUVRs forward and then backwards between
two tracers. Using the current datasets, these deviations are exacer-
bated by multistep mappings using an intermediate tracer (e.g., from
[18FIRO948 over [18F]PI-2620 to [18F]GTP1 and back again). Across
the additional sensitivity analyses performed for the JPM (i.e., using
only [*8F]flortaucipir anchor points and artificially biasing [18F]MK-
6240 anchor point values by 30%), there was little impact on the
estimated SUVR-to-SUVR equations (Figure 4).

Across 20 replications of five-fold cross-validation (totaling 100
evaluations) comparing the linear regression approach with JPM on
the CTR scale, the JPM consistently resulted in lower mean square
prediction error (mean 45.0 vs. 76.8). This was primarily an effect of
a slightly more compressed range of the CTR scale for the JPM com-
pared to the linear regression approach (Figure 5). The difference in the
CTR scale between the two methods was much less when only using
[*8F]flortaucipir anchor point data (Supplementary Figure 3). When
mapping results back to the [18F]flortaucipir scale, results were very
similar in terms of mean square prediction error (mean JPM 0.00742,
linear regression 0.00874; p=0.2114) (Figure 5). In six evaluations, the
linear regression approach produced mean square prediction errors
that were more than double those of JPM. The lower prediction error
of the JPM in these cases was the result of JPM being able to propagate



LEUZY ET AL.

ss0 | Alzheimer’s &Dementia®

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

A Universal ROI - Anchor Points B Universal ROI - Head-to-Head

250
12} . 12
200 P 4
© ©
= 150 =
Q
o ° 5]
£ 100 =
w w
o 50 o
=] 3
] ©
5o o Gy B 05 B e

S > ol o & & & & &
& ‘br}? N & o e & & & &
QOQ\ s 68 g;)/bp 1{75;7/ o“§a %&bo‘ & o >
Q\o&b &8 & & & & &0 <9 \‘g}’ Qg\n’
< & N S & N A 3

& S8 & <
c Mesial Temporal ROI — Anchor Points b

250 °

°

IN)
=3
S

Tau PET CenTauRs
g 8 8
qg oo
s

.
s
-
¢l

Tau PET SUVR

e T A O L & B P & & P &
& & < & N S & o & > &L > o ¢ NV g &L NV
Q\°¢ & < Q@ @Qg & &\Q & @*‘ Qg\l ((\°° & Q\°° 2 QQ\ @Qg Q«\ Q\é & & S
& < AP < AR < & s & < S < s S
< <
E Meta Temporal ROI — Anchor Points F Meta Temporal ROl — Head-to-Head
°
W ° 200
% 200 g
- o ER = 1
3 °
o [J =
u._J 100 E 100
< 3 50 & \.
©
I
g =% = =
& P & L & (75?9 & & o qga'&
S \o{@ &0 \o(\\) \“# @& Qg\l @Q@ \“« “&O Qg\l
\&{'( 4 QQ{< & p «g & S & < QQQ\ N &
< <
G Temporo-Parietal ROl - Anchor Points H Temporo-Parietal ROl - Head-to-Head
250
[2}
C 200 * ) . - 150
T o > o——po
= 150 =)
=
& ° @ 100
© 400 im L °
b &
w
50
3% * 3 o—° .\'
. % = ’
o g GG G oD 0 = k&=
& & il <& < & & & &
PO S S Al o o e o & g® & X & & S &>
0«@0 &o &@ \s{_ y < @\)o {2\0% qé\ *};L Q\'{”b & &o (@o o g & 4{2\9/ &@ & o & Qg\fb
& < N & ¢ & N $ <
L9 L & & & &L AP A A S R
< A N
! Frontal ROl — Anchor Points J Frontal ROI - Head-to-Head
300 L °
» 300
g g
= 200
g %9 ° B 200 —
ud ° o o—o
15 100 o
: -~ S ALl = i
=] =
]
I
o M G & - ; =1 =
e & A o o $ & & a &
T PR SN A P A R N O SN AR A R
& < < Q¥ > & Q g N & & & <8 & <8 4 & Q&
& & N 8 5@ & i < & &8 § N & $ & &8
Q«« < &S € &8 & QQ\Q & {é\ & & < $§ < & < N
<

FIGURE 2 CenTauR (CTR) values across regions of interest in anchor point and head-to-head cohorts. CTR values are shown for anchor point
subjects on the left and for head-to-head subjects on the right for each ROI: universal (A, B), mesial temporal (C, D), meta temporal (E, F),

temporoparietal (G, H), and frontal (1, J).
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FIGURE 3 Associations between joint propagation model (JPM)-based CenTauR (CTR) values across head-to-head cohorts and regions of
interest (ROIs) (each row, left to right: universal, mesial temporal, meta temporal, temporoparietal, and frontal) for head-to-head cohorts. Top row,
[18F]RO948 vs [18F]flortaucipir; second row, [L8FIMK-6240 vs [18F]flortaucipir; third row, [18FIGTP1 vs [18FIMK-6240; fourth row, [*8FIGTP1 vs
[18F]PI-2620; bottom row, [18FJRO948 vs [18F]PI-2620.
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TABLE 3 Multistep mapping using the linear regression approach

Starting tracer Intermediate tracer Target tracer
18F]Flortaucipir - [18FIMK-6240
18F]Flortaucipir [*8FIMK-6240 [*8FIGTP1
18F]Flortaucipir - [18F]RO948

[*8F]RO948 [*8F]PI-2620

[*°F]

[*°F]

[*°F]

[*°F]

[8F]GTP1 - [18F]MK-6240
[‘8FIGTP1 [8FIMK-6240 [*8F]Flortaucipir
[FIGTP1 - [8F]PI-2620
[FIGTP1 [8F]PI-2620 [8FIRO948
[8FIMK-6240 - [*8F]Flortaucipir
[8FIMK-6240 [*8F]Flortaucipir [*8F]RO948
[8F]MK-6240 - [8FIGTP1
[8FIMK-6240 [8FIGTP1 [8F]PI-2620
[8F]PI-2620 - [8FIGTP1
[**F]PI-2620 [®FIGTP1 [8FIMK-6240
[18F]PI-2620 - ['8FIRO948
[*8F]PI-2620 [18FIRO948 [*8F]Flortaucipir
[18FIRO948 — [*8F]Flortaucipir
[*8F]RO948 [*8F]Flortaucipir [*8FIMK-6240
[18FIRO948 - [8F]PI-2620
[8FRO948 [18F]PI-2620 [18FIGTP1

Back-and-forth SUVR
mapping deviation

Mean SUVR in starting-tracer
anchor point subjects

CTR-0 CTR-100 CTR-0 CTR-100
1.06 2.13 1% -1%
1.06 213 2% —2%
1.06 2.13 1% -1%
1.06 2.13 5% -11%
1.08 1.69 1% 0%
1.08 1.69 2% -1%
1.08 1.69 4% -1%
1.08 1.69 3% -10%
0.93 3.30 1% -1%
0.93 3.30 4% -3%
0.93 3.30 3% -2%
0.93 3.30 13% —6%
1.17 212 4% -2%
1.17 212 5% -3%
1.17 212 -2% -12%
1.17 212 —2% -13%
1.03 2.40 1% -1%
1.08 240 2% —2%
1.03 2.40 3% -12%
1.03 240 8% -15%

Note: Intermediate tracer is the tracer that allowed for mapping SUVR values from the given start tracer to the target tracer in a maximum of two steps.
Abbreviation: SUVR, standardized uptake value ratio. CTR, CenTauR; CTR-0, CTR-0 anchor point group; CTR-100, CTR-100 anchor point group.

information from both anchor-point data and across tracers, minimiz-
ing the effect of nonrepresentative data. When removing anchor point
data from [18F]RO948 and [18F]MK-6240, the prediction error in these
six cases was still substantially reduced using the JPM compared to the

linear regression approach (Supplementary Figure 3).

4 | DISCUSSION

The JPM-based analysis is based on two assumptions that will require
further evaluation. First, we assumed that the relationship between
SUVR and CTRs could be modeled as a linear function. While there
was no indication of nonlinearity based on the included head-to-head
studies, we had relatively few high tau cases with SUVR values in the
range where deviations from linearity may occur. The JPM does allow
for nonlinear relationships, however, by using a parametric nonlinear
function, such as a sigmoid function, in Equation (1) instead of the cho-
sen linear function. The second assumption was that all tracers had the
same signal-to-noise ratio on the CTR scale, because the current data
did not allow for a fully data-driven estimation of tracer-specific vari-
ance parameters. Although this may not be the case, we determined

that this assumption was the most unbiased assumption pending the
availability of robust test-retest data. In this analysis, tau PET test-
retest datawas not available for all tracers used, rendering the variance
parameters at tracer level unidentifiable. Though the impact of this
assumption on the mapping equations is likely limited, future analyses
are required to address the impact of different signal-to-noise ratios,
including the possibility of using this parameter to weight tracers.
This may be especially important in the context of sample size cal-
culations for longitudinal studies of disease progression or treatment
response.

The current study took advantage of a recently proposed universal
tau ROI.2¢ Derived from common brain areas showing high signal in Ag-
positive AD patients across the five tracers included here, the universal
ROI minimizes signal dilution and provides a mask that can be used
across tau tracers. Moreover, the delineation of subregions also allows
for the examination of specific brain regions separately given that they
behave differently over time: tau accumulation in the mesial temporal
lobe, for instance, occurs early followed by a plateau, while the tem-
poroparietal cortex appears to be the most sensitive region to capture
tau accumulation over time and is likely large enough to provide robust
estimates of changes in tau burden in a clinical trial.*”*8 This approach
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FIGURE 4 Sensitivity analyses varying anchor point values using the joint propagation model (JPM). Comparison of tracer-to-tracer
standardized uptake value ratio (SUVR) mapping equations from head-to-head cohorts are shown in solid red, with results from JPM based
equations shown in solid blue. Dashed lines show sensitivity analyses using only [18FIflortaucipir anchor point data (green) and when varying
[18FIMK-6240 anchor point data by 30% (CenTauR: CTR-0, purple; CTR-100, orange). High agreement was observed between JPM results and
head-to-head equations generated by linear regression in each of the five head-to-head cohorts. The biggest deviation was observed for
[18F]PI-2620 vs [18F]RO948, where head-to-head data was limited in its SUVR range. Across all three sensitivity analyses, there was very little
impact on the estimated SUVR-to-SUVR equations. [18F]Flortaucipir was used as the reference tracer as it is currently the most widely available
and most widely studied tau tracer, and the only one validated against autopsy cases and approved by U.S. Food and Drug Administration.®*

was designed to capture both the overall burden and distribution of
tau in the brain as well as tau progression and heterogeneous pat-
terns of tau distribution due to primary age-related tauopathy and tau
subtypes.*?:50

In addition to the need for a reference tracer, the linear regression
approach is limited by the fact that it does not incorporate nonref-
erence tracer anchor point data. Additional limitations include: (1)
the lack of symmetric solutions using linear regression; (2) no clear
way to include head-to-head studies that do not include the refer-
ence tracer; and (3) increasing complexity based on the number of
head-to-head comparisons due to its stepwise approach. The JPM, by

contrast, is not subject to these limitations and performs the conver-

sion to CTRs in a single step, where all parameters are estimated using
the full data set (i.e., head-to-head and anchor point data). Future stud-
ies may also wish to harmonize additional tau PET tracers. The JPM
allows for this either by refitting the models after inclusion of the new
data or by fixing the existing mapping equations and then estimat-
ing equations for the new tracer(s) using only head-to-head or anchor
point data.

A strength of this study is the inclusion of data from all currently
available cross-sectional tau PET head-to-head cohorts. Further, anal-
yses were performed using cortical ROIs based on the areas showing
a difference between AgB-positive AD dementia cases and AB-negative

CU individuals using tau PET data from the five tracers included here.
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FIGURE 5 Mean square prediction error of the linear regression approach and the joint propagation model (JPM) on the CenTauR (CTR) scale
and on the [18F]flortaucipir standardized uptake value ratio (SUVR) scale across 20 replications of five-fold cross-validation. Across 20 replications
of five-fold cross validation (totaling 100 evaluations), comparing the linear regression method with JPM on the CTR scale (left), the JPM
consistently resulted in lower mean square prediction error (mean 45.0 vs. 76.8). This was primarily an effect of a slightly more compressed range
of the CTR scale for the JPM compared to the linear regression method. When mapping results to [18F]flortaucipir SUVR values (right), similar
results were observed in terms of mean square prediction error (mean JPM 0.00742, linear regression approach 0.00874). [18F]Flortaucipir was
included in the sensitivity analyses as it is currently the most widely available and most widely studied tau tracer, and the only one validated
against autopsy cases and approved by U.S. Food and Drug Administration.3*

These ROls included both the common global “universal” region as
well as subregions to assess the progression of tau aggregation from
early to later affected areas. Limitations include the modest number
of head-to-head cases, the overall limited range of tau PET severity
and the fact that in certain cohorts (i.e., [28F]GTP1 and [18F]flortaucipir
vs. [18F]MK-6240), only a handful of cases showed elevated tracer
retention. Further, head-to-head data was not available for several
other tau PET tracers, including [18F]florzolotau and [18F]JNJ311.
Though SUVR values were generated using the same inferior cerebel-
lar cortex ROI as the reference region, which is widely used to avoid
the frequently seen signal in the head of the cerebellar vermis as well
as spill-over from the occipital lobe—this part of the cerebellum can
be affected by partial-volume effects and problems associated with
proximity to the edge of the field of view.”! Attempts to define a uni-
versal cerebellar tau mask are already underway>2 and will need to be
incorporated into subsequent iterations of this harmonization work. In
addition, though concordance between CSF AB42/AB40 and amyloid
PET in AD dementiais high, it is not perfect;3?->3 as such, we cannot rule
out that some of the AD dementia cases include in the CTR-100 group
for [18F]JRO948 may have had Centiloid values below 50. Given the
positive association between amyloid and tau PET in AD dementia,*3
this could have resulted in lower values overall for the CTR-100 group.
Last, due to differences in kinetics, the tracers included here may not

reach transient equilibrium over the course of their acquisition win-

dows. As a result, SUVR estimates will be biased as a function of scan
time, brain region and underlying tau burden.”* This problem can-
not be accounted for using the JPM. Recent work, however, suggests
that this can be corrected for using a one-step nonlinear algebraic
transform of SUVR values that is a function of radiotracer-dependent
parameters.>>°¢

In summary, the preliminary findings presented here using the JPM
support the idea of a standardized scale for tau PET. Subsequent work
will address (1) the impact of different signal-to-noise ratios across
tracers on mapping equations, with tracer-specific variance parame-
ters derived from test-retest data and longitudinal data on nonprogres-
sors; (2) the implementation of the JPM in additional larger datasets,
including those from early-onset AD, which shows a higher burden
of tau tangles and a different regional distribution of tau pathology
compared to late-onset AD;>/ (3) compare the JPM with other meth-
ods, including approaches that are currently being developed in the
Head-to-Head Harmonization of Tau Tracers in Alzheimer’s Disease
(HEAD) study.>® In this multisite trial, [*8F]flortaucipir and [*8F]MK-
6240 will be compared head-to-head at baseline and longitudinally in
approximately 600 individuals across the AD clinical continuum; (4)
assessment of the JPM in mesial temporal subregions known to be
affected by early tau pathology. While strongly correlated in cortical
regions, previous head-to-head studies comparing [18F]flortaucipir and
[18F]RO9482%7 and [18F]GTP1 with [18F]PI-2620 and [18F]MK-6240°7
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have shown modest correlations in the hippocampus, most likely due
to choroid plexus uptake; (5) interpretation of the CTR-100 values in
larger cohorts to confirm that a value of 100 is indeed representative
of younger (< 75) mild AD cases across all the tracers; (6) confirm the
range of CTR values across AD patients varying in their severity of tau
burden to understand where a CTR value of 100 fits; and (7) evalu-
ate how to link CTR values to tau pathology using autopsy data, visual
reads and large samples of individuals spanning the AD clinical con-
tinuum. JPM-based equations to convert SUVR to CTRs for the tau
tracers included here will be forthcoming in subsequent work once the

proposed validation has been completed.
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