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Abstract

Imprecise registration between positron emission tomography (PET) and anatomical magnetic resonance (MR) images is a 

critical source of error in MR imaging-guided partial volume correction (MR-PVC). Here, we propose a novel framework 

for image registration and partial volume correction, which we term PVC-optimized registration (PoR), to address imprecise 

registration. The PoR framework iterates PVC and registration between uncorrected PET and smoothed PV-corrected images 

to obtain precise registration. We applied PoR to the  [11C]PiB PET data of 92 participants obtained from the Alzheimer’s 

Disease Neuroimaging Initiative database and compared the registration results, PV-corrected standardized uptake value 

(SUV) and its ratio to the cerebellum (SUVR), and intra-region coefficient of variation (CoV) between PoR and conventional 

registration. Significant differences in registration of as much as 2.74 mm and 3.02° were observed between the two methods 

(effect size <  − 0.8 or > 0.8), which resulted in considerable SUVR differences throughout the brain, reaching a maximal 

difference of 62.3% in the sensory motor cortex. Intra-region CoV was significantly reduced using the PoR throughout the 

brain. These results suggest that PoR reduces error as a result of imprecise registration in PVC and is a useful method for 

accurately quantifying the amyloid burden in PET.
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1 Introduction

Positron emission tomography (PET) has been used to quan-

tify biological processes in the cerebral cortex, particularly 

the deposition of amyloid beta plaques [1–4] and neurofi-

brillary tangles [5–8], which occur in neurodegenerative 

disorders, including Alzheimer’s disease (AD). The low 

spatial resolution of PET measurements, typically 5–8 mm at 

full-width half-maximum (FWHM), results in spill-out radi-

oactivity concentration from the region of interest (ROI) and 

spill-in from marginal regions; this phenomenon is known 

as a “partial volume effect” [9]. Morphological changes 

to ROIs increase the partial volume effect. For example, 

thinning of the cortical gyri caused by atrophy results in a 

stronger spill-out from gray matter (GM) regions, thereby 

leading to an underestimation of the concentration of corti-

cal radioactivity. Furthermore, particularly in amyloid PET, 

radioligands for amyloid PET are highly accumulated in 

white matter (WM) regions [1, 10], regardless of amyloid 

deposition. The spillover from WM can result in an overes-

timation of uptake, particularly in cortical GM without amy-

loid deposition [11]. This fact implies the need to correct 

the spillover from WM as well as that from GM caused by 

cortical atrophy for quantitative and cross-sectional studies 

with amyloid PET.

Several anatomical imaging-guided partial volume cor-

rection (PVC) methods employing magnetic resonance (MR) 
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and computed tomography (CT) imaging have been pro-

posed to correct partial volume effects [12–19]. For exam-

ple, in Müller–Gärtner’s method, tissue fractions for GM, 

WM, and cerebrospinal fluid (CSF) estimated using MR 

segmentation are used to estimate spillover from WM and 

CSF to GM before calculating the PV-corrected radioactivity 

concentration for GM [16]. The geometric transfer matrix 

(GTM) method proposed by Rousset et al. involves calcula-

tion of a matrix including spillover among ROIs, followed 

by performing region-wise PVC [17]. Recently, an extension 

of the GTM method to voxel-wise PVC has been proposed 

[19]. Some MR-imaging-guided PVC (MR-PVC) methods 

have been implemented in software packages such as PMOD 

(https ://www.pmod.com/web/) and FreeSurfer (https ://surfe 

r.nmr.mgh.harva rd.edu/fswik i/PetSu rfer). These methods are 

widely used in brain PET studies [20–24].

MR-PVC is sensitive to misregistration between PET and 

MR images [14]. Therefore, precise registration is required 

for this method. Previous systematic validations have dem-

onstrated that registration errors result in biases in the GM 

radioactivity concentration estimated by Müller–Gärtner’s 

method [25, 26]. In GTM methods, high variance [27] and 

bias [28] in PV-corrected radioactivity concentration esti-

mates caused by registration error have been reported. How-

ever, to date, no comprehensive solution has been proposed 

to avoid registration errors in MR-PVC.

Previous reports involving amyloid PET studies have 

demonstrated that MR-PVC can improve the statistical 

power in cross-sectional [19, 29] and longitudinal [30] 

analyses. However, an increase in inter-scan variability due 

to noise amplification and other erroneous factors in PVC 

and the subsequent reduction in statistical power in longitu-

dinal analysis have previously been reported [31]. Therefore, 

whether PVC should be applied for accurate quantification 

of amyloid with PET remains an open question.

We speculated that avoiding registration error can 

improve the accuracy of quantification for amyloid deposi-

tion using PET and MR-PVC. In this study, we propose a 

novel framework termed PVC-optimized registration (PoR) 

to address registration errors in MR-PVC. We assumed that 

incomplete registration between MR and PET images results 

in a discrepancy between the registered PET images and 

map corrected for the partial volume effect (PV-corrected). 

To reduce the discrepancy due to incomplete registration, 

in the PoR framework, registration is iteratively performed 

between the uncorrected PET image and the map PV-

corrected and then smoothed with a point spread function 

(PSF) for the PET images. Theoretically, PoR can converge 

to accurate registration between PET and MR spaces if PVC 

is appropriately performed, because the smoothed PV-cor-

rected map involves anatomical information from the MR 

image as well as similar contrast to the original PET image. 

To validate the impact of the PoR framework, we applied 

PoR to  [11C]PiB PET data obtained from the Alzheimer’s 

Disease Neuroimaging Initiative (ADNI) database and com-

pared the results to conventional registration.

2  Materials and methods

2.1  Data

In this study, data were obtained from the ADNI database, 

which was launched in 2003 as a public–private partner-

ship led by Principal Investigator Michael W. Weiner, MD. 

ADNI primarily aimed to investigate whether a combination 

of measurements from serial MRI, PET, clinical and neu-

ropsychological assessments, and other biological markers 

can be used to measure the progression of mild cognitive 

impairment (MCI) and early AD (for up-to-date information, 

please see www.adni-info.org).

We analyzed data acquired from 92 participants, including 

16 healthy controls, 58 patients with MCI, and 18 patients 

with AD. The first PiB PET and MR 3D T1-weighted scans 

for each participant were selected for analysis.

2.2  Preprocessing

For PVC processing of images with raw voxel values, we 

downloaded PET data that were preprocessed by registra-

tion of each frame to the first frame, and the frames were 

averaged (5 min × 4 frames starting at 50 min after  [11C]

PiB injection; termed “Coregister, Averaged” in the ADNI 

database). Downloaded PET images were smoothed using 

a Gaussian kernel applied to the “post-processed” image 

(namely, “Co-reg, Avg, Std Img, and Vox Siz, Uniform 

resolution” in the ADNI database) in each ADNI site. The 

images and voxel sizes of the downloaded PET images are 

shown in Table S1 in the Supplementary Materials. The 

sizes of the Gaussian kernel are shown in Table S2 in the 

Supplementary Materials. The smoothed PET images had 

a uniform isotropic resolution of 8 mm FWHM. Therefore, 

a point spread function (PSF) using an isotropic Gaussian 

kernel of 8 mm FWHM was assumed for all the PVC in this 

study.

MR T1-weighted images were analyzed using FreeSurfer 

(https ://surfe r.nmr.mgh.harva rd.edu) for automatic labeling 

of volumes of interest (VOIs) [32, 33]. The MR T1-weighted 

images were resampled to 256 × 256 × 256 voxels with a 

1 × 1 × 1 mm3 voxel before the automatic labeling. Overall, 

113 VOIs labeled by FreeSurfer and derived from the Desi-

kan/Killiany atlas (aparc + aseg) [34] were merged into 22 

regions based on definitions from a previous analysis by the 

ADNI PiB PET Core [35]. Details regarding the process of 

merging the VOIs are presented in Table S3 of the Supple-

mentary Materials. To examine spillover to non-brain tissues 

https://www.pmod.com/web/
https://surfer.nmr.mgh.harvard.edu/fswiki/PetSurfer
https://surfer.nmr.mgh.harvard.edu/fswiki/PetSurfer
http://www.adni-info.org
https://surfer.nmr.mgh.harvard.edu
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and air in the PVC, an additional VOI consisting of a 15 mm 

“shell” surrounding the outer surface of the brain was used. 

The VOIs for each participant were used for the calculation 

of GTM for PVC and subsequent VOI analysis. A VOI map 

for a representative case is shown in Figure S1.

2.3  PoR framework

The newly developed framework, PoR, iteratively performs 

MR-PVC and registration between the smoothed and PV-

corrected map and the uncorrected PET image. Briefly, PoR 

is performed as follows (Fig. 1):

 i. The uncorrected PET image was initially registered to 

an individual MR T1-weighted image. This step cor-

responds to the “conventional” registration method.

 ii. The registered PET image is PV corrected using the 

GTM method [17], which generates a synthetic PET 

image containing PV-corrected radioactivity concen-

tration values for each VOI.

 iii. The synthetic PET image was smoothed using the PSF 

to match the resolution of the uncorrected PET image.

 iv. The uncorrected PET image is registered to the 

smoothed synthetic PET image again.

 v. Steps ii–iv are repeated until convergence.

The registration processes were performed with the nor-

malized mutual information criteria [36] using the Statisti-

cal Parametric Mapping 12 package (https ://www.fil.ion.ucl.

ac.uk/spm/softw are/spm12 ). The GTM matrix was calcu-

lated once during the first iteration and then used for subse-

quent iterations. Smoothing and PVC were performed using 

custom-made Python (https ://www.pytho n.org) routines. 

To acquire a voxel-wise PV-corrected map, PVC with the 

region-based voxel-wise (RBV) method [19] is performed 

using the synthetic PET image in each iteration. Brief expla-

nations for the GTM and RBV PVC methods are described 

in the Supplementary Materials. We assumed that the PET-

MR misregistration in the initial registration process (step 

i) results in a discrepancy in uptake values between the ini-

tially registered and the smoothed synthetic PET images, 

calculated by steps ii and iii. The registration of the previ-

ously registered PET image to the smoothed synthetic PET 

image (step iv) attempts to reduce the discrepancy between 

the two images. Note that the smoothed synthetic PET image 

can be used as a target for registration to the MR geometric 

space, because the smoothed synthetic PET image has both 

MR anatomical information and a similar contrast to the 

original PET image. Step v, iteration of steps ii–iv, attempts 

to minimize the effect of the PET-MR misregistration on the 

GTM PVC process.

2.4  Postprocessing of PV-uncorrected 
and PV-corrected PET images

Standardized uptake value (SUV) maps for the non-PV-

corrected (PV-uncorrected) and PV-corrected PET images 

were calculated using the injected dose and body weight 

obtained from the ADNI database. Ratios of SUV to a refer-

ence region (i.e., cerebellar GM) were used to calculate the 

SUV ratio (SUVR).

2.5  PoR versus conventional registration

To evaluate the performance of the PoR framework, we com-

pared the results obtained from the PoR and the conventional 

Fig. 1  Flow of the PoR framework

https://www.fil.ion.ucl.ac.uk/spm/software/spm12
https://www.fil.ion.ucl.ac.uk/spm/software/spm12
https://www.python.org
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registration. Differences in the estimates of translation and 

rotation between the conventional and PoR methods were 

calculated. Effect sizes of the differences in the estimates 

between the two methods were calculated as (mean of the 

difference)/(standard deviation of the difference). Correla-

tion analysis between SUVR on the cerebral cortex and the 

differences in the registration estimates were performed to 

demonstrate the effect of tracer distribution on the registra-

tion error. The cortical SUVR in the correlation analysis 

was calculated by averaging PV-uncorrected SUVR on the 

anterior cingulate, frontal, parietal, and precuneus cortices, 

as previously reported [35].

The intra-region coefficient of variation (CoV; standard 

deviation/mean × 100%) of each VOI was calculated as an 

index to improve intra-region variability by PVC [19] and 

PoR. Differences in CoV were tested using the Wilcoxon 

signed-rank test to demonstrate the improvement of intra-

region variability. The significance level for the tests was set 

at 0.05. The effect sizes of the differences in SUV, SUVR, 

and CoV between the two methods were calculated as the 

registration results.

3  Results

3.1  Trends of registration results estimated using 
PoR

The trends in the registration results estimated using PoR 

from the previous iteration are shown in Fig. 2. Registration 

using PoR converged after five iterations at most (Fig. 2). 

Therefore, for further analyses, the results for PoR using 

only five iterations are described herein.

3.2  Di�erences in registration results between PoR 
and the conventional method

The maximum differences between the two methods were 

0.57, 1.97, and 2.74 mm for translations in the x-, y-, and 

z-axes, respectively, and 3.02°, 1.10°, and 1.72° for rota-

tions in the x-, y-, and z-axes, respectively. The effect sizes 

of the differences in registration results were 0.26, 0.93, 

and − 1.22 for translations in the x-, y-, and z-axes, respec-

tively, and − 0.72, 0.12, and 0.03 for rotations in the x-, y-, 

and z-axes, respectively. Considerable differences (effect 

size <  − 0.8 or effect size > 0.8) in translations on the y- 

and z-axes when applying PoR were observed, as shown in 

Fig. 3. Of the 92 participants, 5 (5.4%) showed a difference 

in translation greater than the voxel size for PET (2 mm).

Figure 4 shows images from a case with the largest 

translation in the z-axis (2.74 mm). Extremely low SUV 

was observed in the parietal cortex owing to imprecise 

registration of the uncorrected PET image using the con-

ventional method (white arrow in Fig. 4, upper left). This 

imprecise registration resulted in a non-uniform PV-cor-

rected SUV in the parietal cortex (white arrow in Fig. 4, 

lower left). The low uptake in the parietal cortex was 

recovered using the PoR method, and apparent structure of 

parietal cortex was observed (white arrow in Fig. 4, upper 

right). Please see also zoomed SUV maps shown on Figure 

S2. Moreover, the uniformity of the PV-corrected SUV in 

the cerebellar GM was visibly improved by PoR. Similar 

trends were observed in other cases with large differences 

in translation in the z-axis (Figure S3).

A significant correlation between the cortical SUVR 

and the differences in rotation on the x-axis among the 

Fig. 2  Trends in the difference 

in translations (Δt) and rotations 

(Δr) estimated by PoR from the 

previous iteration. Each line 

indicates the registration results 

for a single participant. Note 

that PoR converged after five 

iterations at most
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two registration methods was observed (r =  − 0.496; 

p < 0.001), as shown in Figure S4.

3.3  Comparison of intra-region variability

The intra-region CoV of the PV-corrected SUV was sig-

nificantly reduced by PoR throughout the following brain 

regions: frontal, parietal, occipital, medial temporal, sen-

sory motor, and insula cortices, hippocampus, and cerebel-

lum (p < 0.05, Table 1; Figure S5). Considerable reductions 

(effect size <  − 0.8) were observed in the parietal, occipital, 

and sensory motor cortices and hippocampus (Fig.  5; 

Table 1). Only the posterior cingulate cortex showed a sig-

nificant increase in CoV. Significant decreases in the intra-

region CoV using PVC were also observed in all regions of 

the brain (all p < 0.001, effect size <  − 1.2) (Tables S4 and 

S5). For example, CoV values in the region indicated by 

the white arrows in Fig. 4 (sensory motor cortex, see also 

Figure S2) in the case with the largest z-axis translation were 

as follows: 25.8% (PV uncorrected, conventional registra-

tion), 19.1% [PV uncorrected, PoR], 18.3% [PV corrected, 

conventional registration], and 11.7% [PV corrected, PoR].

Fig. 3  Differences in estimated 

translations and rotations 

between the conventional reg-

istration and PoR based on five 

iterations. Blue “ × ”s indicate 

outliers

Fig. 4  SUV images, fused with a MR T1-weighted image, with-

out PVC (upper row) and with PVC (lower row) in a case with the 

largest translation on the z-axis (an 83-year-old female patient with 

MCI). Results are derived from using the conventional registration 

(left) or PoR (right). Thus, images on upper left, upper right, lower 

left and lower right indicate PV-uncorrected SUV maps registered 

with the conventional and PoR methods and PV-corrected SUV maps 

registered with the conventional and PoR methods, respectively. Dif-

ferences between the two methods in this case were 0.32, 0.65, and 

2.74  mm for translations in the x-, y-, and z-axes, respectively, and 

3.02°, 0.34°, and 0.35° for rotations in the x-, y-, and z-axes, respec-

tively. White arrows indicate parietal regions where remarkable dif-

ferences in SUV between the conventional and PoR methods were 

observed
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3.4  Comparison of SUV and SUVR between PoR 
and the conventional method

Considerable increases (effect size of approximately 0.8) 

in PV-corrected SUV between PoR and the conventional 

method were observed with regions at the top of the brain 

(parietal and sensory motor cortices), whereas consider-

able decreases (effect size of approximately − 0.8) were 

observed at the bottom of the brain (temporal cortex and 

insula) (Figs. 6a, S7; Table S6). Moreover, the SUV in the 

cerebellum moderately decreased when PoR was applied 

(effect size: − 0.62).

On applying PoR, PV-corrected SUVR increased in all 

regions (effect size > 0; Figs. 6b, S8; Table S7), except in 

the medial temporal cortex. Significant differences (effect 

size > 0.8) were observed in the parietal and sensory motor 

cortices. A maximal difference of 62.3% was observed in the 

sensory motor cortex.

4  Discussion

Differences in the results between the conventional regis-

tration and PoR were smaller than the voxel size used in 

PET (2 mm) in most participants. However, these small 

differences, particularly the translation in the z-axis and 

rotation in the x-axis, resulted in significant differences in 

PV-corrected SUV in the upper and lower brain regions. 

The biases in SUV in the cerebellum, located at the bot-

tom of the brain, thus caused an underestimation of SUVR 

throughout the brain. These results were consistent with 

a previous systematic study that reported high bias in PV-

corrected radioactivity concentration using GTM due to 

registration error [28]. These findings suggest that even 

small shifts in registration at a sub-voxel level affect the 

accuracy of quantification using PVC; therefore, precise 

registration is required for accurate PVC.

Table 1  Values and their differences in intra-region CoV on PV-corrected SUV maps between conventional registration and PoR. Q1 and Q3 

refer to the 1st and 3rd quantiles, respectively

CoV coefficient of variation, PV partial volume, SUV standardized uptake value, VOI volume of interest

VOI Conventional

[median (Q1, Q3)]

PoR

[median (Q1, Q3)]

ΔCoV

[median (Q1, Q3)]

p value Effect size

Frontal cortex 13.6 (12.5, 15.8) 13.5 (11.7, 16.1) − 0.4 (− 0.8, 0.4) 0.018 − 0.19

Parietal cortex 15.7 (13.9, 17.4) 13.6 (12.4, 15.3) − 1.6 (− 2.6, 0.5)  < 0.001 − 1.27

Precuneus 10.6 (9.6, 11.9) 10.6 (9.2, 12.2) − 0.1 (− 0.6, 0.4) 0.123 − 0.18

Occipital cortex 17.3 (14.8, 19.4) 15.1 (13.6, 17.2) − 1.5 (− 3.2, − 0.4)  < 0.001 − 0.94

Lateral temporal cortex 14.8 (13.1, 17.3) 15.0 (12.9, 17.5) 0.2 (− 0.2, 0.5) 0.079 0.12

Medial temporal cortex 13.2 (11.4, 16.1) 12.9 (11.2, 15.2) − 0.3 (− 1.4, 0.3)  < 0.001 − 0.46

Sensory motor cortex 14.4 (12.5, 16.2) 13.2 (11.4, 14.9) − 1.2 (− 2.0, − 0.5)  < 0.001 − 1.15

Anterior cingulate cortex 9.1 (7.7, 10.6) 8.9 (7.8, 10.4) − 0.1 (− 0.4, 0.3) 0.115 − 0.16

Posterior cingulate cortex 10.4 (9.0, 11.8) 11.2 (9.7, 12.5) 0.5 (0.0, 1.2)  < 0.001 0.56

Insula 9.9 (8.9, 11.5) 9.6 (8.9, 11.5) − 0.1 (− 0.3, 0.1)  < 0.001 − 0.43

Hippocampus 10.5 (8.9, 12.3) 9.4 (8.1, 10.7) − 0.8 (− 1.5, − 0.3)  < 0.001 − 1.02

Cerebellum 16.5 (14.1, 18.0) 15.0 (13.1, 16.9) − 0.8 (− 1.6, 0.0)  < 0.001 − 0.57

Fig. 5  Changes in CoV on PV-corrected SUV maps between conventional registration and PoR in the VOIs in which considerable reduction was 

observed
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Registrations between PET and MR spaces obtained 

using the novel PoR framework were visibly more consist-

ent than those obtained using the conventional registration. 

For example, low values on uncorrected and PV-corrected 

SUV maps of the parietal region were observed even in sus-

pected amyloid-positive cases, representing cases of erro-

neous axial shift with the conventional registration. In the 

PoR framework, uncorrected and PV-corrected SUV in the 

parietal region were consistent with the surrounding regions.

The PoR framework resulted in lower intra-region vari-

ability in the PV-corrected SUV than with the conventional 

registration. The intra-region variability, measured as the 

CoV in each region, can be affected by spillover between the 

target and the surrounding regions due to the partial volume 

effect. Thus, intra-region CoV has been used as an index for 

PVC to perform appropriately. For example, Thomas et al. 

[19] reported that PVC using the RBV method reduced 

intra-region variability, and they suggested that RBV does 

not significantly amplify noise but reduces variability in 

the cortex. The intra-region variability on the PV-corrected 

map is also affected by the discrepancy in position between 

VOIs and PET images due to PET-MR misregistration. The 

reduction in intra-region variability in the present study 

reflects an improvement in consistency between PET and 

MR images as well as correcting spillover between the target 

and the surrounding regions by PVC. This finding suggests 

that PoR reduces the error in MR-PVC owing to imprecise 

registration.

The significant inter-method differences in PV-corrected 

SUV between the conventional registration and PoR could 

be associated with the improvement in PET-MR consistency 

by PoR. For example, in the case shown in Fig. 4, unnatu-

rally low PV-corrected SUV in the parietal cortex, observed 

by the conventional registration, was recovered by PoR. 

These findings suggest that PoR can improve the accuracy 

of the quantification of amyloid using MR-PVC by improv-

ing PET-MR consistency. Further studies are required to 

validate the effect of the PoR framework on cross-sectional 

and longitudinal analyses.

Different tracer distributions can result in different PET-

MR registration errors. A previous report demonstrated that 

the frequency of PET-MR registration errors increased with 

an increase in amyloid deposition [37]. Actually, in the pre-

sent study, the larger cortical SUVR resulted in larger dif-

ferences in rotation on the x-axis between the conventional 

registration and the PoR framework. Theoretically, the per-

formance of the PoR framework is not affected by varying 

the tracer distribution and thus contrasts between PET and 

MR images because of the use of the smoothed synthetic 

image, which has MR anatomical information and contrast 

similar to that of the original PET image. Therefore, the 

PoR framework could be used for brain PET studies with 

other 18F-labeled ligands for amyloid imaging [3, 38, 39] 

and with radiotracers for other targets as well as PiB PET 

studies. In particular, PoR could be useful in cases in which 

the registration between PET and MR images is challenging 

because of different contrasts between these images, such as 

in dopamine transporter imaging [40, 41].

Considerable larger differences in the translation on the 

y- and z-axes between the conventional registration and PoR 

than in the other directions could be due to the asymmetric 

shape of the brain on the y- and z-axes. Generally, the brain 

is roughly symmetric on the x-axis, not on the y- and z-axes. 

No significant difference in the translation on the x-axis was 

observed in the present study. The trend in the mass of reg-

istration errors could change in the case of the other target 

organs.

Registration using PoR assumes that the PVC in the pre-

vious step is appropriately performed. Therefore, other error 

sources in MR-PVC, apart from the registration error, could 

affect the results of the PoR. In this study, we observed a 

significant increase in CoV in the posterior cingulate follow-

ing PoR, which was contrary to the effect in other regions. 

We hypothesized that the poorer intra-region variability in 

the posterior cingulate resulted from a segmentation error 

in this region. In our experience, segmentation of the poste-

rior cingulate could be more challenging than that of other 

Fig. 6  Percentage differences in PV-corrected SUV (a, top) and 

SUVR (b, bottom) between conventional registration and PoR for 

VOIs at the top (parietal and sensory motor cortices) and bottom 

(medial temporal cortex and cerebellum) of the brain. PAR, SMC, 

MTC and CER indicate the parietal cortex, sensory motor cortex, 

medial temporal cortex and cerebellum, respectively
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regions because of its small size and the difficulty in distin-

guishing it from adjacent regions. Further systematic studies 

are required to investigate the effects of segmentation errors 

on the results of the PoR framework. Therefore, frameworks 

that can compensate for other error sources in MR-PVC, 

such as segmentation error, are required to improve the accu-

racy of MR-PVC.

Another limitation of this study is the fact that the utility 

of the PoR method was demonstrated by an improvement 

only in intra-region variability. One possible way of dem-

onstrating the utility of the PoR method is to use numerical 

simulations in which the true motion can be known. How-

ever, simulating misregistration using conventional registra-

tion is very difficult because the causes of misregistration 

are unknown. Another method for demonstrating the same 

is through visual assessment by experts in neuroradiology. 

However, the assessment of sub-voxel differences, such as 

those observed in this study, is also very difficult, even for 

expert neuroradiogists. Therefore, we regarded intra-region 

variability as the only index for improving registration.

Mismatches between the attenuation map and emission 

data can result in large CoV [42] as well as misregistra-

tion of PET and anatomical images. Intra-frame motion can 

affect intra-region variability. However, attenuation maps 

and raw data were not available. Thus, motion correction for 

the attenuation–emission mismatch and intra-frame motion 

was not performed in this study. Further studies are required 

to demonstrate the effect of motion artifacts on PoR.

5  Conclusion

We developed a novel framework (PoR) for image registra-

tion and PVC and applied it to the  [11C]PiB PET dataset. 

Our results revealed that a registration error could result in 

under- and overestimation in PV-corrected SUV, despite the 

registration error being small. Moreover, the results indi-

cated that the use of PoR prevented imprecise registration 

and reduced the associated biases in the PV-corrected SUV 

and SUVR. Furthermore, PoR improved the consistency 

between PET and MR images and reduced the intra-region 

variability of PET images. These findings suggest that PoR 

improves quantitative accuracy in brain PET studies as well 

as amyloid PET.
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