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Abstract

INTRODUCTION: Amyloid positron emission tomography (PET) allows in vivo mea-

surement of amyloid plaque deposition; however, different tracers lead to different

results.We test the hypothesis that the variability in amyloid measurements is related

to white matter retention, and accounting for this variability can improve agreements.

METHODS: Data from the Centiloid project was downloaded and processed for four

F18 tracer-to-Pittsburgh Compound B (PiB) pairs to obtain mean cortical standard-

ized uptake value ratio (MCSUVR). Three approaches were examined to account for

white matter contribution to the MCSUVR. Pearson’s correlation was used to assess

the between tracer agreements. Steiger’s test was used to determine the significance

of improvement.

RESULTS: Accounting for white matter signal improves the agreement. The regional

spread function partial volume correction (RSF PVC) method was most consistent in

achieving statistically significant improvements (p< 0.05) for all four tracer pairs.

DISCUSSION: Between-tracer agreement of amyloid measure can be improved by

accounting for white matter signal. Further investigation is ongoing for additional

improvement.
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Highlights

∙ Analyzing head-to-head data for all four common F18-labeled tracers against

Pittsburgh Compound B (PiB).

∙ Evaluating three different techniques to correct for white matter signal.

∙ Steiger’s test to determine the significance of improvements.

∙ Whitematter uptake contributes to the between-tracer measurement difference.
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1 INTRODUCTION

Amyloid is a hallmark pathology of Alzheimer’s disease (AD).1 Amy-

loid plaques are detectable at least 15 years before the onset of

AD symptoms,2 and the prevalence of amyloid positivity increases

as a function of age, even in cognitively normal individuals.3 Sev-

eral radiolabeled imaging tracers have been developed and val-

idated to detect and quantitatively measure amyloid burdens in

vivo using positron emission tomography (PET) techniques.4–8 These

tracers are widely used in AD research, including many clinical

trials that use amyloid PET imaging to assess treatment efficacy

and target engagement as surrogate biomarkers.9–12 A large mul-

ticenter study, Imaging Dementia-Evidence for Amyloid Scanning

(IDEAS), has also been conducted to determine the clinical useful-

ness of amyloid PET and paved the way for clinical adoption of

this technology.13 Amyloid PET has begun to play an important

role in clinical care with the development of successful anti-amyloid

treatments.14,15

Currently, there are five widely used amyloid PET tracers: the

C11-labeledPittsburghCompoundB (PiB),4 and four F18-labeled trac-

ers, florbetapir (FBP),5 florbetaben (FBB),6 flutemetamol (FTE),7 and

NAV4694 (NAV).8 Although all of these PET tracers were designed

to target brain amyloid pathology, each tracer has its unique char-

acteristics of target binding affinity, kinetic behavior, and nonspecific

retention; therefore, the imaging data acquired and the associated

measurements are tracer dependent. This inter-tracer variation can

be observed both visually and via quantitative measures.16–19 The

recently proposed Centiloid approach20 defined a common numerical

scale and partially addressed the variability in PET-derived amyloid

measures across different tracers. However, the measurements still

have the same level of correlation between tracers, and the inherent

signal-to-noise property also remains the same after the conversion to

the Centiloid scale.21,22

We hypothesize that the variability observed between tracers in

measuring amyloid burden is partly due to partial volume effects

arising from the inherently low spatial resolution of PET imaging

and signal spillover from white matter. While amyloid PET trac-

ers are designed to selectively bind to amyloid plaques, emerging

research indicates that some may also bind to myelin, which is

abundant in white matter.23–26 The combined effects of the tracer-

dependent white matter signals, inter-individual variability in white

matter tracer binding, and the partial volume effects can lead to the

increased between-tracer differences in amyloid measurements. In

this research, we test the hypothesis that accounting for the white

matter signal can improve between-tracer agreement and reduce

noise in the amyloid burden PET measures. To validate this hypoth-

esis, we test three different strategies to decontaminate amyloid

PET measures from white matter signal and evaluate their impact

in improving between-tracer agreement and reducing measurement

noise.

RESEARCH IN CONTEXT

1. Systematic review:We examined recent studies compar-

ing amyloid positron emission tomography (PET) tracers

and the Centiloid method, which standardizes amyloid

PET measurements across tracers and analysis pipelines.

We also reviewed research on using amyloid PET to

assess white matter integrity, given structural similar-

ities between amyloid plaques and myelin. While the

Centiloid scale aids standardization, variability in signal-

to-noise ratio and nonspecific uptake—particularly from

white matter—remains a challenge.

2. Interpretation: Our finding supports the hypothesis that

differences in nonspecific tracer uptake, especially in

whitematter, contribute to inconsistencies between trac-

ers. Adjusting for white matter signal improves agree-

ment across different amyloid tracers.

3. Future directions: Further work is needed to refine

techniques that minimize white matter signal contami-

nation in amyloid PET. Improved correction methods will

enhance between-tracer consistency, support consensus-

based interpretations, and facilitate multi-center studies

usingmultiple tracers.

2 MATERIALS AND METHODS

2.1 Cohorts

Paired amyloidPETdataof four F18-amyloidPET tracerswithmatched

C11-PiB scans and T1-weighted MRI were downloaded from the Cen-

tiloid project (www.gaain.org/centiloid-project). These cohorts and

datasets have been described previously.17–19,27 As summarized in

Table 1, there are 46 pairs of FBP,17 35 pairs of FBB,18 74 pairs of

FTE,27 and 55 pairs of NAV,19 all against PiB. Each cohort has a sub-

set of young control participants and another subset of older AD

patients to help establish the anchor points of the Centiloid model,

with remaining additional participants who had varied cognitive and

biomarker statuses to capture the heterogeneity of amyloid pathology.

In total, there are 57 young health controls (mean age 33), 47 elderly

healthy controls (mean age 69), 46 mild cognitive impairment (MCI)

patients (mean age74), 49AD (mean age69), 5 frontotemporal demen-

tia patients (mean age 70), 3 at-risk participants (mean age 80), and 3

possible AD patients (mean age 67). Detailed summary of participant

characteristics is provided in Table 1, and please refer to the original

papers17–19,27 for additional cohort-specific information and technical

details of data acquisition.

http://www.gaain.org/centiloid-project
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TABLE 1 Study cohorts demographic table.

FBP (n= 46) FBB (n= 35) FTE (n= 74) NAV (n= 55)

Group

No. of

subjects

Age

(years)

No. of

subjects

Age

(years)

No. of

subjects

Age

(years)

No. of

subjects

Age

(years)

Total

N

Average age of

4 groups

Young healthy controls 13 27± 4 10 33± 8 24 37± 5 10 33± 7 57 33

Elderly healthy controls 6 66± 9 6 71± 8 10 57± 11 25 74± 8 47 69

At risk 3 80± 3

MCI 7 80± 9 9 72± 5 20 73± 7 10 75± 9 46 74

Possible AD 3 67± 5

AD 14 67± 8 8 69± 6 20 69± 10 7 73± 11 49 69

Frontotemporal

dementia

2 74± 8 3 68± 5 5 70

Abbreviations: AD, Alzheimer’s disease; FBB, florbetaben; FBP, florbetapir; FTE, flutemetamol;MCI, mild cognitive impairment; NAV, NAV4694.

F IGURE 1 Illustration of ROIs for amyloid positron emission tomography (PET) quantification using the PET unified pipeline29,30 as described
in Section 2.2. The ROIs are color coded: cerebellum cortex (green), mean cortical region (red), white matter immediately adjacent tomean cortical
region (yellow), and FreeSurfer defined UnsegmentedWhiteMatter (blue). PET, positron emission tomography; ROIs, regions of interest.

2.2 Image analysis

FreeSurfer v7.3 (Martinos Center for Biomedical Imaging,

Charlestown, Massachusetts, USA; https://surfer.nmr.mgh.

harvard.edu/fswiki) was used to analyze T1-weighted MRI

and define anatomical regions.28 A PET unified pipeline (PUP;

https://github.com/ysu001/PUP) was used to analyze PET data29,30

and the procedure included resolution harmonization filtering,31

inter-frame motion correction, PET-MR registration, target frame

summation, regional intensity extraction, regional spread function

(RSF) based partial volume correction (PVC),29,32 and standard

uptake value ratio (SUVR) calculation at regional and voxel level

using the FreeSurfer defined left and right combined cerebellum cor-

tex as the reference region. A mean cortical SUVR (MCSUVR)30

was calculated as the target global amyloid burden measure.

An illustration of relevant regions-of-interests is included in

Figure 1.

Three approacheswere used to reducewhitematter signal spillover

to the amyloid measure and test our hypothesis. In the first approach

(whitematter corrected [WMC]), the regional SUVR for the FreeSurfer

defined UnsegmentedWhiteMatter (UWM) was used as a regressor

to remove the white matter signal component from the MCSUVR and

obtain the WMC version MCSUVR_WMC. In the second approach,

a Richardson-Lucy (RL) iterative deconvolution technique,33 imple-

mented in MATLAB (The Mathworks, Inc., v2021a),34 was used to

deconvolve the SUVR images to improve image spatial resolution and

reduce partial volume effects. In our experiment, the deconvolution

was performed using the “deconvlucy” MATLAB function assuming

an 8 mm full-width half-maximum (FWHM) Gaussian kernel as the

point spread function and using 20 iterations and the default setting

for other parameters. This size of the point spread function ker-

nel is designed to match the spatial resolution of harmonized PET

image generated from our analysis pipeline described above. Based

on the deconvolved images, the MCSUVR_RL was then calculated for

https://surfer.nmr.mgh.harvard.edu/fswiki
https://surfer.nmr.mgh.harvard.edu/fswiki
https://github.com/ysu001/PUP
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TABLE 2 Strength of Pearson’s correlation (r) between F18 tracer PET-derivedMCSUVR and PiBMCSUVR_RSFwith andwithout accounting
for white matter signal.

F18 Tracer N r (raw to PiB RSF) r (corrected to PiB RSF) Steiger’s P

WMC FBP 46 0.912 0.959 0.000

FTE 74 0.951 0.968 0.032

FBB 35 0.969 0.982 0.077

NAV 55 0.975 0.973 0.760

RL FBP 46 0.912 0.923 0.013

FTE 74 0.951 0.952 0.819

FBB 35 0.969 0.974 0.005

NAV 55 0.975 0.982 0.000

RSF FBP 46 0.912 0.937 0.020

FTE 74 0.951 0.974 0.000

FBB 35 0.969 0.980 0.035

NAV 55 0.975 0.987 0.000

Centiloid FBP 46 0.912 0.943 0.001

FTE 74 0.951 0.959 0.035

FBB 35 0.969 0.967 0.728

NAV 55 0.975 0.972 0.281

Note: Values in bold indicate statistically improved agreements after correction.

Abbreviations: FBB, florbetaben; FBP, florbetapir; FTE, flutemetamol; MCSUVR, mean cortical standardized uptake value ratio; NAV, NAV4694; PiB,

Pittsburgh Compound B; RL, Richardson-Lucy; RSF, regional spread function;WMC, whitematter corrected.

performance evaluation. The third approach we evaluated here is the

RSF-basedPVC technique29 implemented in PUP,which performsPVC

on a regional basis and generates MCSUVR_RSF. The WMC method

was implemented in R (version 4.3.2) using the “lm” function to derive

the MCSUVR_WMC from the MCSUVR and UWM SUVR generated

by PUP for both F18-based tracers and their matched PiB scans.

MCSUVR_RL and MCSUVR_RSF were estimated for each tracer as

described in the previous section. The Centiloid pipeline20 derived

MCSUVRswere also included for comparison.

2.3 Statistical analysis

To evaluate the impact of white matter signal correction on agree-

ment in global amyloid burden measurements, we used the Pear-

son’s correlation coefficient as the benchmark measure, and the

Steiger’s test35 was performed by using R package “bcdstats,” function

“test2r.steigerz1.” This test compares the strength of two correlation

coefficients that share a common reference variable, and in our case,

the RSF-corrected PiBMCSUVR_RSFwas used as the reference global

amyloid burden measure. Using the WMC as an example, we tested

whether theWMC-corrected F18MCSUVR_WMCwas more strongly

correlated with PiB MCSUVR_RSF than the F18 MCSUVR without

WMC. Significance was at the two-tailed 0.05 level to be conserva-

tive though our hypothesis is the inter-tracer SUVR harmonization

improvement via the proposed corrections.

3 RESULTS

The Pearson’s correlation for raw F18-MCSUVR to PiB-MCSUVR_RSF

ranged between 0.912 (FBP) and 0.975 (NAV) (Table 2). When using

PiB-MCSUVR_RSF as the common reference to compare whether

correcting for white matter signal improves between-tracer agree-

ments, the Pearson’s correlation improved numerically for almost all

conditions except a small decrease for NAV with the WMC method

(Table 2). The improvement was statistically significant (p < 0.05) for

9 out of the 12 total comparisons based on Steiger’s test (Table 2).

Scatter plots are also shown in Figure 2 to visually demonstrate

the deviation of individual measurements from the regression line

as well as the impact of methodological differences to the numerical

values of MCSUVR. For comparison purposes, the Pearson’s correla-

tion and Steiger’s test results were also reported for the Centiloid

pipeline derived MCSUVR (Table 2). We observed better agreement

between theCentiloid pipeline generated F18 tracerMCSUVRand the

reference PIBmeasure for FBP and FTE, but not for FBB andNAV.

Overall, FBP had the lowest level of agreement with PiB mea-

sures, andNAV had the highest level of agreement. The RSF correction

method had the most consistent impact on the between-tracer agree-

ment and showed numerically and statistically significant improve-

ments in all four comparisons. The impact of the WMC technique was

the least consistent, leading to three numerical improvements with

two of them statistically significant. It was also observed that the posi-

tive effects of correction methods to between-tracer agreement were
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F IGURE 2 Scatter plots of F18mean cortical SUVRmeasures against PiB derivedMCSUVRwith RSF correction. Each column is a different
F18 tracer, from left to right, FBP, FTE, FBB, andNAV. Each row is a correctionmethod, from top to bottom, no correction,WMC, RL, RSF, and
Centiloid pipeline. FBP, florbetapir; FTE, flutemetamol; MCSUVR, mean cortical standardized uptake value ratio; NAV, NAV4694; PiB, Pittsburgh
Compound B; RL, Richardson-Lucy; RSF, regional spread function; SUVR, standardized uptake value ratio;WMC, white matter corrected.
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most consistent for FBP, which had the most inherent difference from

PiB, where all three methods resulted in numerical and statistically

significant improvements.

4 DISCUSSION

In this research, we examined three techniques to account for white

matter signal contamination to global amyloid burden measurements

and evaluate their impacts on between-tracer measurement differ-

ences. It is found that correcting for whitematter signal contamination

generally leads to improved between-tracer agreements. The impact

is more pronounced for tracers that behave more differently inher-

ently. TheRSFPVC technique led to themost consistent improvements

across the four F18-based amyloid PET tracers. These results sup-

port the hypothesis that variabilities in white matter tracer uptake at

least in part contribute to the tracer-dependent PET-derived amyloid

measurements.

Among the three approaches we examined, the first approach,

WMC, which takes into account for white matter uptake by using the

measured white matter signal from the UWM region as the regres-

sor to regress it out from the global amyloid burden measures, is less

consistent and sometimes has detrimental effects. This may relate to

the variation of white matter signals across the brain. The MCSUVR

measure is derived from exclusively cortical regions and is relatively

far away from the UWM, therefore, the UWM may not be an ideal

region to be used as the regressor. In an exploratory analysis using the

FreeSurfer-defined white matter regions immediately adjacent to the

target region as the regressor, worse outcomes were observed. While

the white matter signal component in the regressor is likely a better

approximation of the contaminating white matter signal in the raw

MCSUVR measure, the regressor also contains a substantial portion

of true amyloid signal due to the spillover effects. Further optimiza-

tion of this approach could be pursued in the future. The two other

approaches are both designed for partial volume corrections. The RL

technique achieves the goal by deconvolution and generating voxel-

level corrections, while the RSF technique is designed for region-based

corrections. For the intended goal of this research, the RSF technique

performedslightly better, as demonstrated inour results section.Alter-

native strategies to quantify amyloid burden were also examined, for

example, the Centiloid pipeline generated measures were in better

agreement to PiB based measures for FBP and FTE while not for

the other two tracers. When white matter was used as the reference

region, the between tracer agreement was worse in our exploratory

analysis. Further optimization of quantitative approaches to improve

between-tracer agreements is warranted.

There are several limitations of this research. We focused on exam-

ining the agreement of global amyloid measures and did not examine

the regional and voxel-level impact. We are currently investigating

alternative techniques that can address this issue, and more research

is needed to identify and develop techniques that can lead to the ulti-

mate goal of interchangeable use of PET tracers designed for the same

target. In order to investigate the effectiveness of correction methods,

we used Steiger’s test that required a shared variable to compare the

strength of the correlations. While it is possible to choose other PiB

measures as the reference, we choose RSF corrected PiB MCSUVR

as we previously demonstrated the RSF correction improved signal to

noise ratio and the sensitivity to detect amyloid positive scans and the

statistical power to detect longitudinal changes.16,36 The small tomod-

erate cohort sizes in this study may also limit the generalization of the

findings, however, the paired data is currently limited and the cost to

acquire large datasets is prohibitive. Lastly, while the principle of tech-

niques examined in this study could potentially be applied to other

PET imaging targets such as tau PET, we did not examine that in this

research.

In summary, this research demonstrated the effectiveness and

potential utility ofwhitematter signal correction techniques in improv-

ing amyloid PETmeasure harmonization across tracers. It supports the

hypothesis that white matter tracer uptake variability contributes to

the between tracer differences.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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