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Enhancing the Diagnostic Accuracy of
Amyloid PET: The Impact of MR-Guided PET
Reconstruction
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Abstract—'8F-Florbetaben (FBB) uptake in the
supratentorial cortex is indicative of amyloid positivity. Due
to PET's low spatial resolution, image noise, and spill-over
of signal from adjacent white-matter into gray-matter, there
are inconsistencies in ratings among trained readers. A set
of 264 '®F-Florbetaben (amyloid) PET/MRI exams were
reconstructed using conventional ordered subset
expectation maximization (OSEM) method and MR-guided
block sequential regularized expectation maximization
(MRgBSREM) method. Images from 264 patients
reconstructed by OSEM method and rated by 3 trained
readers. Fifty-three exams were rated inconsistently and
were mixed with another 53 exams which were rated
consistently. These 106 subjects were then rated by our
readers using the MRgBSREM PET reconstruction method.
Centiloids (CL) were measured using both reconstruction
methods. Signal to noise ratio (SNR) was calculated in
frontal, anterior/posterior cingulate, lateral parietal, and
lateral temporal regions for both reconstruction methods.
There is significant correlation between CL measured by
OSEM and MRgBSREM methods with R2=0.99. MRgBSREM
enhanced the SNR in all regions by average of 21%. The
number of inconsistent exams dropped by 64% using
MRgBSREM method as compared with OSEM method.
Using Fleiss-Kappa statistical test, the agreement between
readers was raised from “Fair” to “Significant” in the 106-
subjects subset. PET reconstruction with MR priors can
significantly improve the consistency of ratings among
trained readers. Given the prevalence of inconsistent
ratings in amyloid PET, methods that enhance the ability to
distinguish intermediate amyloid levels could be valuable
for the widespread adoption of this modality.

Index Terms— PET/MR, MR Priors, Anatomical Priors,
PET Reconstruction, Amyloid.
I. INTRODUCTION

ALZHEIMER’S disease (AD) is characterized by the
accumulation of extracellular amyloid-beta (AB) plaques
and intracellular tau tangles in the brain. Positron Emission

Tomography (PET) imaging has emerged as a valuable tool
for visualizing and quantifying these pathological hallmarks,
aiding in diagnosis, staging, and monitoring of AD [1,2].
Simultaneous PET and MRI (PET/MRI) modality provides a
single combined imaging examination for a vulnerable
patient population and improves the accuracy of diagnostics
by providing high resolution structural MRI images
combined with relatively lower resolution PET images [3,4].

In clinical settings the amyloid PET images are rated by
trained readers and are typically interpreted as either
positive or negative; however, a portion of scans fall into an
intermediate range, leading to inconsistent ratings among
trained readers. PET's low spatial resolution can result in
spill-in effects from adjacent white matter to gray matter or
spill-over effects from gray matter to adjacent tissues, further
contributing to inter-rater variability. Other variables such
as image noise or atrophy with a thinned cortex may cause
inconsistency in amyloid PET image reading. The Centiloid
(CL) scale is a common method for quantifying amyloid
burden [5]. However, its reliance on the acquisition window
can introduce variability as the signal increases over the
course of scan [6]. In addition, the CL scale is a measure of
uptake in the global cortex and is not sensitive to local uptake
for early detection.

To address these limitations, there is a growing interest in
developing techniques to improve the spatial resolution and
image quality of PET images [7,8]. Higher resolution images
can enhance both quantitative accuracy and visual
interpretation. Additionally, reducing scan time or radiation
dose, while maintaining image quality, is crucial for patient
comfort and safety, especially for those undergoing multiple

This project was supported by National Institutes of Health (USA) P41-EB015891, R01-AG061120, R01-AR079431, K99-AG071837, the Stanford
Alzheimer’'s Disease Research Center (P30-AG06615), the Alzheimer’'s Association (AARFD-21-849349), GE HealthCare, and Life Molecular

Imaging.

Mehdi Khalighi is with Radiology Department, Stanford University (email: mkhalighi@stanford.edu).
Christina Young is with Neurology Department, Stanford University (email: cbyoung@stanford.edu).
Skylar Weiss is with Neurology Department, Stanford University (email: skweiss@stanford.edu).
Michael Zeineh is with Radiology Department, Stanford University (email: mzeineh@stanford.edu).
Guido Davidzon is with Radiology Department, Stanford University (email: gdavidzon@stanford.edu).
Elizabeth Mormino is with Neurology Department, Stanford University (email: bmormino@stanford.edu).
Greg Zaharchuk is with Radiology Department, Stanford University (email: gregz@stanford.edu).

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.


https://doi.org/10.1101/2025.01.04.25319996
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.01.04.25319996; this version posted January 5, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

scans.

Recent advancements in PET/MR imaging have enabled
the reconstruction of high-resolution PET images with 1
mm? isotropic resolution using MR anatomical priors [9].
This novel approach has the potential to significantly
improve the accuracy and consistency of amyloid PET
imaging. Our research aims to explore the impact of high-
resolution PET images on both quantitative and qualitative
assessments of amyloid burden, ultimately contributing to
more accurate and reliable diagnosis and monitoring of AD.

[I. METHODS

Two hundred sixty-four participants provided informed
consent under a Stanford institutional review board (IRB)
protocol. Each subject underwent a 40-minute exam on a
simultaneous PET/MR scanner (SIGNA PET/MR, GE
Healthcare). Subjects were injected with 317 + 32 MBq of
18F-Florbetaben and scanned 70 minutes post-injection. High
resolution 3D 7;-weighted inversion-recovery, fast spoiled
gradient recalled echo (IR-FSPGR) images (repetition time =
7.7 ms, echo time = 3.1 ms, inversion time = 400 ms, flip angle
= 11, spatial resolution=1.2 x 1.1 x 1.1 mm), and 3D 7Zfluid-
attenuated inversion recovery (FLAIR) CUBE images
(repetition time = 6 s, echo time = 164 ms, inversion time =
1766 ms,
simultaneously using Alzheimer's disease neuroimaging
initiative (ADNI) 3 protocols.

PET images were reconstructed between 90 and 110

spatial resolution=1 mm?3), were acquired

minutes after injection using two methods. In the first
method, PET data were reconstructed into 5-min frames
using conventional ordered subset expectation maximization
(OSEM) method and then the 5-min frame data were
OSEM
parameters were 28 subsets, 3 iterations, 32 cm field of view
(FOV), 256 x 256 matrix, 2.78 mm slice thickness, an in-
plane filter with a 4 mm full width half maximum (FWHM)
spatial cut-off frequency and an axial Standard z-filter. In the

realigned and summed. The reconstructions

second method, PET data were reconstructed using MR-

guided block sequential regularized expectation
maximization (MRgBSREM) [9] with MRI 7i-weighted and
T>weighted images as priors. The MRgBSREM

regularization parameters were chosen as =50 and Pm=25,
and images were reconstructed with 1mm isotropic spatial
resolution. MR attenuation correction was applied using
zero-TE (ZTE) and Dixon MR imaging [10]. All PET images
were reconstructed with randoms, dead-time and scatter
corrections. Motion correction using short PET frame
[11] applied in MRgBSREM PET
reconstruction as detailed in [12]. FreeSurfer v7 ROIs from

registration was

the Desikan aparc+aseg atlas were defined on each
participant’s 7r-weighted MRI images. The native space
FreeSurfer ROIs were used to extract intensity values from
amyloid PET
procedures; the standardized uptake value ratio (SUVR) was

images. Preprocessing followed ADNI
calculated for a global cortical ROI using a whole cerebellum
reference region, and Centiloids were calculated using the
equation [13]: Centiloids = 157.15 x SUVR - 151.87. The
SNR, calculated as the mean SUVR divided by its standard
deviation was obtained in frontal, anterior/posterior
cingulate, lateral parietal, and lateral temporal ROIs, using
both OSEM and MRgBSREM PET reconstruction methods.
The SNR was compared between OSEM and MRgBSREM
PET reconstruction methods in each ROL

Three trained readers rated the PET images reconstructed
by OSEM method for all subjects as either amyloid positive
or amyloid negative. Of the 264 subjects, 53 (20%) were rated
inconsistently (two out of three readers agreed) and the other
211 subjected were rated consistently by all trained reader as
either positive (71 subjects) or negative (140 subjects). To
investigate the impact of MRgBSREM PET reconstruction
method in a blinded reading process, the 53 inconsistently
rated subjects were mixed with 53 consistently rated exams
(18 positive cases and 35 negative cases) and then all 106
exams were rated by the same three trained readers using the
MRgBSREM method. Additionally, a
consisting of 10% of all exams (26 exams), where half of them
rated and the
inconsistently rated, were randomly selected and re-rated by

control group

were consistently other half were
the three trained readers using the conventional PET
reconstruction method (OSEM)

variability. Inter-rater variability was measured using Fleiss'

to assess intra-rater
kappa for both conventional PET reconstruction and PET
reconstruction with MR priors.

lll. RESULTS

Fig. 1(a) shows the age distribution of all 264 subjects with

average age of 72 + 9 years. Forty five percent of all subjects
were female. Fig. 1(b) shows that about half of the subjects
were cognitively unimpaired (CU) while the other half has
been diagnosed with mild cognitive impairment (MCI),
dementia or other diseases.
Fig. 2 illustrates the impact of MR-guided reconstruction on
a subject who was initially rated inconsistently by readers
using OSEM PET reconstruction (two negative, one
positive). When the same subject was evaluated using images
MRgBSREM  method, all
consistently rated the scan as negative. The CL decreased
from 40 (OSEM) to 21 (MRgBSREM), demonstrating how

reconstructed by readers
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Fig. 1. (a) shows the age distribution of all 264 subjects with average
age of 72 + 9 years. (b) shows that about half of the subjects were
cognitively unimpaired (CU) while the other half has been diagnosed
with mild cognitive impairment (MCI), dementia or other diseases.

OSEM PET 3D CUBE T2 3D T1IR-SPGR

MRgBSREM PET

Fig. 2. Shows the impact of MR-guided reconstruction on a subject who
was initially rated 2 negative and one positive by readers using OSEM
method. All readers rated the exam amyloid negative using MRgBSREM
method. The CL decreased from 40 (OSEM) to 21 (MRgBSREM),
demonstrating how improved spatial resolution can enhance both visual
interpretation and quantitative accuracy of amyloid PET imaging.

improved spatial resolution can enhance both visual
interpretation and quantitative accuracy of amyloid PET
imaging.

Fig. 3(a) illustrates the distribution of CL derived from
MRgBSREM that of OSEM PET
reconstruction methods using all 264 subjects, confirmed in

closely follows

Fig. 3(b) with a strong correlation between the two methods
(R2=0.99) and the Bland-Altman plot in Fig. 3(c). This figure
shows that subjects with low cortical FBB uptake (CL < 50),
may have lower CL when measured with MRgBSREM
compared to OSEM method due to the removal of white
matter spill-in signal. Conversely, subjects with higher
cortical uptake (CL > 50), may show increased CL with

¥=1.05X-5.1 o,
3z 150 R?=0.99

b,

Centeloid Score by MRgBSRE
‘%
=
0

Centeloid Score
- 8 & 3 B B

0 25 50 75 100 125 150
Centeloid Score by OSEM

50 100
Centeloid Score Mean

(a) (b) (c)

MMMMMMMM

Fig. 3. (a) shows the distribution of CL derived from OSEM an
MRgBSREM methods. (b) demonstrates a strong correlation between
CL derived from the two methods (R2 = 0.99). The Bland-Altman plot in
(c) shows the agreement between CL from both methods. It shows that
subjects with low cortical FBB uptake may exhibit lower CL when
measured with MRgBSREM compared to OSEM method. Conversely,
subjects with higher cortical uptake may show increased CL with
MRgBSREM.

OSEM MRgBSREM

Fig. 4. Shows the SNR comparison between the OSEM and
MRgBSREM PET reconstruction methods, calculated in frontal,
anterior/posterior cingulate, lateral parietal, and lateral temporal ROls. It
shows a close match between the two methods, with slightly higher SNR
for the OSEM method, which utilizes a postprocessing filter (4mm spatial
cut-off freq and Standard z-filter) compared to the MRgBSREM method
(B=50 and Pm=25). The MRgBSREM’s SNR can be improved by
increasing the B-value, but at the cost of spatial resolution.

MRgBSREM due to the resolution of spill-over signal from
gray matter to adjacent tissues.

The SNR,
cingulate, lateral parietal, and lateral temporal ROIs for all
subjects, was measured at 4.0 + 0.9 for the OSEM method and
3.5 + 0.9 for the MRgBSREM PET reconstruction method.
Fig. 4 shows a close match between OSEM and MRgBSREM
signal-to-noise ratios, with slightly higher SNR for the
OSEM method. While OSEM employs a post-processing
filter (4 mm FWHM spatial cut-off frequency and Standard
z-filter) at the end of PET reconstruction, MRgBSREM
controls noise through a weighted penalty ($=50) during the
iterative process. The MRgBSREM's SNR can be improved by
increasing the 3-value, but at the cost of spatial resolution.
Fig. 5 and 6 demonstrate the impact of PET reconstruction

calculated in frontal, anterior/posterior

with MR priors on reader assessments. In Fig. 5, three
subjects initially rated as inconsistent negative (two negative,
one positive rating) using conventional PET reconstruction
were subsequently classified as consistent negative (3
negative ratings) using PET reconstruction with MR priors.
Moreover, Fig. 6 showcases three subjects who transitioned
from inconsistent negative to consistent positive (3 positive
ratings) after applying the MR prior-based reconstruction
method. In all these cases the agreement between trained
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Fig. 5. Shows three subjects initially classified as inconsistent negative
(two negative, one positive rating) using OSEM PET reconstruction.
Subsequent analysis using MRgBSREM PET reconstruction reclassified
these subjects as consistent negative (three negative ratings).
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Fig. 6. Shows three subjects initially classified as inconsistent negative
(two negative, one positive rating) using OSEM PET reconstruction.
Subsequent analysis using MRgBSREM PET reconstruction reclassified
these subjects as consistent positive (three positive ratings).

readers was improved and for the 3 cases shown in Fig. 6, the
diagnostic conclusion changed from amyloid negative to
amyloid positive.

Fig. 7 illustrates the distribution of CL derived from OSEM
and MRgBSREM PET reconstruction methods for a subset of
106 subjects who were rated by our trained readers based on
both OSEM and MRgBSREM PET images. Half of these
subjects (53 subjects) were rated inconsistently using the
conventional OSEM PET reconstruction method. The CL are
divided into four groups based on their ratings: NNN (three
negative readings), NNP (two negative and one positive
reading), NPP (two positive and one negative reading), and
PPP (three positive readings). Fig. 7(a) shows the distribution
of CL measured by the OSEM PET reconstruction method,
separated by their ratings based on the same method. Fig.
7(b) shows the same distribution of CL measured by the
MRgBSREM PET reconstruction method, using the ratings
based on PET images reconstructed by MRgBSREM. A
comparison between Fig. 7(a) and Fig. 7(b) reveals that
MRgBSREM has increased the agreement between readers
and reduced the number of inconsistent cases (NNP or NPP
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Fig. 7. Shows the distribution of CL derived from OSEM and
MRgBSREM methods for a subset of 106 subjects where half of them
were rated inconsistently using OSEM method. The CL are divided into
four groups based on their ratings: NNN (three negative readings), NNP
(two negative and one positive reading), NPP (two positive and one
negative reading), and PPP (three positive readings). A comparison
between Figure 7(a) and Figure 7(b) reveals that the inconsistent cases
(labeled by NNP and NPP) for the MRgBSREM method are clustered
around the borderline between consistent negative (NNN) and positive
(PPP) cases on the CL axis. In contrast, the inconsistent readings based
on the OSEM method are more spread across the CL axis. Figure 7(b)
shows that the number of consistently rated positive (PPP) cases has
increased using the MRgBSREM PET reconstruction method, and these
cases are more dispersed along the CL axis.

groups). It also demonstrates that the inconsistent cases for
the MRgBSREM method are clustered around the borderline
between consistent negative and positive cases on the CL
axis. In contrast, the inconsistent readings based on the
OSEM method are more spread across the CL axis.
Additionally, Fig. 7(b) shows that the number of consistently
rated positive (PPP) cases has increased using the
MRgBSREM PET reconstruction method, and these cases are
more dispersed along the CL axis.

Fig. 8 illustrates the distribution of CL derived from OSEM
and MRgBSREM PET reconstruction methods on the 106
rated subjects, with color-coding based on their rating
category: NNN, NNP, NPP or PPP. Fig. 8(a) and 8(b)
= 0.99) between CL
derived from the two methods. The color-coding highlights

demonstrate a strong correlation (R2

how some inconsistent ratings obtained using the OSEM
method have changed into consistent ratings using the
MRgBSREM method. The Bland-Altman plots shown in Fig.
8(c) and 8(d) reveal lower CL for negative cases (NNN or
NNP groups) and higher CL for positive cases (NPP or PPP
groups) when using the MRgBSREM method compared to
the OSEM method. This difference is attributable to the spill-
in and spill-over artifact reduction capabilities of the
MRgBSREM method, which enables
quantification of local FBB uptake.

more accurate

Table 1 presents a summary of the ratings for a subset of
106 subjects who were rated using PET images reconstructed
with both OSEM and MRgBSREM methods. The total
number of inconsistent cases (NNP and NPP groups)
decreased significantly from 53 exams (50%) using the
conventional OSEM PET reconstruction method to 20 exams
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Fig. 8. lllustrates the distribution of CL derived from OSEM and
MRgBSREM methods, using a subset of 106 subjects. Each subject is
color-coded based on their rating category: NNN (three negative
readings), NNP (two negative and one positive reading), NPP (two
positive and one negative reading), and PPP (three positive readings).
The color-coding in Figures 8(a) and 8(b) highlights how some
inconsistent ratings obtained using the OSEM method have changed
into consistent ratings using the MRgBSREM method. The Bland-
Altman plots shown in Figures 8(c) and 8(d) reveal lower CL for negative
cases (NNN or NNP groups) and higher CL for positive cases (NPP or
PPP groups) when using the MRgBSREM method compared to the
OSEM method.

(19%) using PET reconstruction with MR priors. By
leveraging MR priors, 62% (33 exams) of the inconsistent
cases were resolved, and 79% of these resolved cases (26
exams) were rated consistently positive, demonstrating the
potential clinical impact of MR prior-based PET
reconstruction.

Fleiss' kappa, a statistical measure to assess inter-rater
agreement. When considering all 264 exams with ratings
based on conventional OSEM PET reconstruction, Fleiss'
kappa was 0.71 (95% CI: 0.70-0.73), indicating 'Substantial'
agreement with a Z-score of 20.2. Measuring in the smaller
cohort of 106 showed an expected lower Fleiss’ kappa of 0.31
(95% confidence interval: 0.28-0.34) for ratings based on the
OSEM PET reconstruction method,
agreement with a Z-score of 5.5. By leveraging MR priors,
PET with MRgBSREM
improved inter-rater agreement, with Fleiss' kappa
increasing to 0.62 (95% confidence interval: 0.59-0.65),

indicating 'Substantial' agreement. In the control group, the

indicating 'Fair’

reconstruction significantly

number of inconsistent ratings decreased marginally from 13
cases (50%) to 12 cases (46%) between the first and second
readings of conventional PET images, and Fleiss' kappa
remained 'Fair' for both readings, with values of 0.3 and 0.37,
respectively. The average intraclass correlation coefficient, a
statistical measure to assess intra-rater agreement, was

OSEM

Positive Negative

Consistent 18 (PPP) 35 (NNN)
Inconsistent 21 (NPP) 32 (NNP)

MRgBSREM

Positive Negative

Consistent 44 (PPP) 42 (NNN)
Inconsistent 8 (NPP) 12 (NNP)

Table I. Number of ratings for consistent positive (three positive
readings: PPP), inconsistent positive (two positive and one negative
reading: NPP), inconsistent negative (two negative and one positive
reading: NNP), and consistent negative (three negative readings: NNN)
groups.

measured at 0.71 in the control group, which shows
substantial agreement between the reader's repeated ratings,
suggesting a good level of consistency in their assessments.

IV. DISCUSSION

The MRgBSREM PET reconstruction method exploits the
correlation between similar voxels found on MR images to
penalize the cost function in an iterative PET reconstruction
algorithm. By utilizing MR priors, MRgBSREM addresses the
spill-in and spill-over artifacts on low resolution PET
imagers. This method has been shown to improved reader
agreement by providing higher image resolution and better
image quality resulting in the enhanced gray-matter white-
matter boundaries. It is important to note that visual
interpretation of amyloid exams plays a crucial role in
diagnostics, as standard quantitative measures such as
Centiloids are limited to assessing global cortical uptake and
may not accurately capture local uptake variations.
Additionally, these quantitative measures can be sensitive to
variations in acquisition window timing.

Using MRgBSREM method for visual interpretation may
require some adjustment in rating criteria as the gray matter
is better defined, even in negative cases. To address this, a
consensus was reached among the raters to adopt a revised
criterion for MR-guided reconstructions. Instead of simply
assessing the presence of cortical uptake as indicative of
abnormality, the raters agreed to consider increased cortical
uptake as the defining characteristic of abnormality, given
the enhanced gray-white matter contrast afforded by MR-
guided reconstructions, regardless of case positivity or
negativity.

The agreement between reader for all 264 subjects was
measured 'Substantial' with a Z-score of 20.2; however, it was
measured 'Fair' with a Z-score of 5.5 on the subset of 106.
This was expected as we intentionally selected half the cases
with disagreement. However, MRgBSREM method was able
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to improve the readers’ agreement on this subset from “Fair”
to 'Substantial' with a Z-score of 11.1.

One of the advantages of using PET images reconstructed
with MRgBSREM method for visual rating of amyloid exams
is that inconsistent ratings are no longer dispersed across
cases with varying global SUVR values. The MRgBSREM
method limited the inconsistent cases to those that are
borderline and challenging to interpret. The enhanced
resolution and image quality afforded by PET images
reconstructed with MRgBSREM may pave the way for the
development of new guidelines for visual interpretation of
amyloid images, which could aid in clarifying these
borderline cases and improving diagnostic accuracy.

The increased signal-to-noise ratio (SNR) achieved by the
MRgBSREM method can be leveraged to lower the injected
dose and, consequently, reduce radiation exposure in specific
applications, such as dual-tracer PET imaging [14].
Alternatively, the increased SNR can be utilized to shorten
the scan time while maintaining image quality. While other
deep learning-based methods have been proposed to reduce
dose [15] or improve image resolution and partial volume
correction by incorporating MR image information [7], the
MRgBSREM method achieves these goals by directly
integrating MR images into the PET reconstruction
algorithm. This direct integration mitigates potential
mismatches between anatomical priors derived from MR
images and the functional information captured by PET
images.

Theoretically, the MRgBSREM method can be applied
using various anatomical priors, including high-resolution
MR or CT images. It can be also used for PET reconstruction
on PET/CT where a co-registered non-
simultaneous MR image can be utilized. Given that head
motion is primarily rigid, accurate co-registration of non-
simultaneous MR and CT images is feasible.

Several MR-guided PET reconstruction methods have been
proposed [7, 16-18]. A key advantage of MRgBSREM is its
use of a PET seed image to identify areas where anatomical
priors can be effectively applied. This decoupling approach
helps mitigate artifacts caused by potential mismatches
between anatomical images and the true activity distribution
[9].

One of the limitations of the MRgBSREM method is its
dependence on a high-resolution MR image to provide
accurate priors for reconstructing a high-resolution PET
image. While the MRgBSREM method incorporates a built-
in PET motion correction algorithm [11] to address patient
motion during the PET scan, it is important to note that the
presence of motion artifacts on the MR images can limit the
method's ability to achieve the same level of high quality and
high-resolution image reconstruction. However, it is crucial
to emphasize that any motion artifacts present on the MR

scanners,

images will not directly introduce artifacts into the final
reconstructed PET image as MR priors’ inclusion in
MRgBSREM method is controlled by a PET seed image [9].

V. CONCLUSION

PET reconstruction with MR priors can significantly
improve the consistency of ratings among trained readers.
Given the prevalence of inconsistent ratings in amyloid PET,
methods that enhance the ability to distinguish intermediate
amyloid levels could be valuable for the widespread adoption
of this modality.
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