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Abstract 
Purpose 

Fusion images of positron emission tomography (PET) and magnetic resonance image 

(MRI) are effective to evaluate pathological changes using anatomical information. 

Registration of PET and MRI based on normalized mutual information (NMI) is widely 

used, where PET images change a lot depending on not only the choice of tracers but also 

disease progression, but the co-registration accuracy has not been confirmed well yet. 

The aim of this study is to clarify the accuracy of NMI-based registration between MRI 

and PET (amyloid PET and tau PET).  

Methods 

We obtained PET and MRI data from 69 participants (ages from 47 to 87) who underwent 

PET using one of the following four tracers: 11C-PiB, 18F-Florbetapir, 11C-PBB3 or 18F-

THK5351. The ground truth (i.e., a set of registered MRI-PET images) was manually 

made by two experts. For each data set, 40 set of perturbed parameters were given to 

MR images. Then each perturbed MRI was registered to the PET image using the 

statistical parametric mapping (SPM) tool. The differences between the given and the 

estimated shifts and rotates were calculated as registration errors.  

Results 

We found the registration errors were around 2 mm in the shift and around 1 deg in the 

rotation. These registration errors were independent of the amount of the perturbation 

given.  

Conclusion 

Although negative subjects of tau tracers showed higher error than other tracers, the 

registration error was less than PET spatial resolution, which supported a proof of the 

stability of the SPM.  
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1 Introduction 

Detailed investigations of pathophysiology in persons who are suspected of having 

neuronal degenerative diseases or in persons who are experiencing cognitive impairment 

is indispensable for such activities as constructing care facilities, planning national 

healthcare budgets and planning medical treatment strategies. Recently, positron 

emission tomography (PET) with amyloid and tau tracers is being utilized to reveal 

pathological changes in the brain before the onset of significant clinical symptoms [1][ 2]. 

On the other hand, magnetic resonance imaging (MRI) is an essential tool to visualize 

brain anatomical structures. Therefore, a fusion image of PET and MRI is required to 

provide useful diagnostic information. To make the fusion image, an appropriate image 

registration of PET and MRI is needed that considers differences in voxel size, patient 

position and posture. As a general method of image registration, a registration function 

based on normalized mutual information (NMI) [3, 4] implemented in image analysis 

software such as the statistical parametric mapping (SPM) [5] is often used. The SPM 

has been widely applied for amyloid and tau PET image analysis and for voxel-based 

statistical comparisons [6–11]. It is important to understand the registration accuracy in 

order to use the software appropriately because PET images change a lot depending on 

not only the choice of tracers but also disease progression in dementia PET. One study 

about registration accuracy of amyloid PET and MRI using SPM has been reported by 

Schwarz CG, Jones DT, Gunter JL, Lowe VJ, Vemuri P, Senjem ML, et al. [12]. They 

analyzed the registration accuracy for some groups classified by clinical disease severity. 

  

In this study, using the SPM function, we evaluated the accuracy of NMI based 

registration of amyloid PET and tau PET onto MRI images. In addition, we investigated 

the change in registration accuracy depending on amyloid and tau visual classifications 

(positive and negative).  

 

2 Data and Method 

2.1 Registration method based on NMI 

NMI is widely used for evaluation values of similarity between two images. In the SPM 

registration, we can choose evaluation functions such as mutual information, NMI, the 

entropy correlation coefficient [13] and the normalized cross correlation. Among them, 

we chose NMI as it is a standard setting in SPM and it is the most widely used evaluation 

value in multi modal medical image registration. 

Mutual information is a value that calculates entropy from the appearance frequency of 

pixel values in an image and evaluates the common entropy between two images that 



show similarity. NMI is the normalized mutual information; when there is no similarity 

in two images, the NMI value becomes 0. When two images are completely the same, the 

NMI value becomes 1. 

 

2.2 Imaging protocol 

In this study, we used PET images with four tracers. Two were amyloid PET tracers 

(11C-PiB [15]and 18F-florbetapir [16, 17]) and the other two were tau PET tracers (11C-

PBB3 [18] and 18F-THK5351 [19]). Characteristics of individuals obtained by tracers 

are shown in Table 1. Each dataset was the paired PET and MRI data of the same 

individual. PET images were visually classified into amyloid positive or negative based 

on amyloid PET, and tau positive or negative based on tau PET as done by a physician 

specializing in nuclear neuroimaging. In the tau classification of tau PET images, a 

PET image with at least one abnormal uptake in any brain region was defined as 

positive. All PET data were acquired using the Discovery PET-CT 710 (GE Healthcare, 

Milwaukee, WI). PET images were reconstructed using an iterative reconstruction 

algorithm (3D-ordered subset expectation maximization) with time of flight (TOF) 

information (4 iterations, 16 subsets). Voxel size of PET images was 2 mm × 2 mm × 

3.27 mm, matrix size was 128 × 128 (256 mm field of view). Attenuation, scatter and 

random corrections and a 4 mm Gaussian post filter were applied. Total dose, uptake 

time, scan time of each subject are shown in supplemental Table S1. All MRI are T1-

weighted images, details of imaging conditions are shown in supplemental Table S2. 

 

2.3 Evaluation process of the registration accuracy 

The flow of registration accuracy evaluation is shown in Fig. 1. The detailed steps (a-d) 

in the figure are described below. The SPM version we used in this study was SPM12. 

 

Step (a): Preprocessing 

In order to create the reference image, first, the voxel size and field of view (FOV) were 

converted to those of the PET image. Second, the MRI was moved and rotated manually 

using in-house software for strict matched by one nuclear medicine physician and one 

nuclear medicine technologist. The software displayed the PET image and MR image 

individually or with overlapping by using different color scales and different view 

directions, such as the axial, coronal, and sagittal image views. This registered MR 

image and its corresponding PET image were used as the reference images for the 

registration accuracy evaluation. Representative fusion images of registered MRI and 

PET are shown in Fig. 2. 



 

Step (b): Creating perturbed MRI 

Reference data of the MRI which was made in step (a) was transformed by 40 sets of 6 

different perturbed parameters. The base and maximum values of the perturbed 

parameters are shown in Table 2. These values were derived from the head motion 

evaluation in a FDG-PET dynamic study [20]. Each perturbed parameter was randomly 

varied in the range from the base value to the maximum value.  

 

Step (c): Automatic registration according to NMI 

MRI transformed by the parameter in step (b) and the PET image were registered by 

SPM function. In this step, we used the default setting of the SPM software, the cost 

function was the NMI, the optimization sampling interval was 4 mm first and after that 

2 mm, tolerances for accuracy of each parameter were, 𝑥 = 0.02, 𝑦 = 0.02, 𝑧 = 0.02 , 𝑟𝑜𝑡 𝑥 = 0.001, 𝑟𝑜𝑡 𝑦 = 0.001, 𝑟𝑜𝑡 𝑧 = 0.001 , and applied we smoothing to the 256x256 

joint histogram which is needed for NMI as 7×7 voxels. 

 

Step (d): Error evaluation  

The amounts of translation and rotation were defined as follows: 

Translation parameters were defined for each axis, x (right-left), y (anterior-posterior), z 

(superior-inferior) directions, and rotation parameters were defined around each axis 

(rot x, rot y, rot z). The amount of translation 𝑠 was calculated by the following equation. 𝑠 = √𝑥2 + 𝑦2 + 𝑧2. 1 

The three angles (rot x, rot y, rot z) are called Euler angles and they represent orientation 

of the rigid model. These 3 parameters can be to converted into a three-dimensional 

rotation axis vector and the amount of rotation around it. These 4 parameters (rot x, rot 

y, rot z and the amount of rotation) are called a quaternion [14], and the amount of 

rotation 𝑟 was calculated as follows: 𝑟 = arccos(cos(𝜙) × cos(𝜃) × cos(𝜓) + sin(𝜙) × sin(𝜃) × sin(𝜓)) × 2, 2 

where 𝜙 = 𝑟𝑜𝑡 𝑥/2, 𝜃 = 𝑟𝑜𝑡 𝑦/2, 𝜓 = 𝑟𝑜𝑡 𝑧/2. 

 

We evaluated the differences of the registration result parameters from step (c) and the 

selected perturbed parameters in step (b), and used it as the error of the automatic 

registration. The amount of error was calculated as the pair of 𝑠(�̅� − 𝑥0, �̅� − 𝑦0, 𝑧̅ − 𝑧0) 
and 𝑟(�̅� − 𝜙0, �̅� −  𝜃0, �̅� − 𝜓0), where (�̅�, �̅�, 𝑧̅) and (�̅�, �̅�, �̅�) are the result parameters of 

transformation and rotation, respectively and (𝑥0, 𝑦0, 𝑧0)  and (𝜙0, 𝜃0, 𝜓0) are the 

perturbed parameters of transformation and rotation, respectively. 



 

 

2.4 Data Analysis 

We examined 40 patterns of 6 perturbed parameters in each of 69 subjects; hence, we 

examined a total of 2760 patterns. Welch’s t-test [21] was performed to find any 

statistically significant difference between the classification of the amyloid or tau PET 

images. A p value of t-test less than 0.05 was considered statistically significant. 

 

3 Results 

The registration errors for each tracer are shown in Fig. 3. The results were represented 

as box plots to visualize the amount of the registration error. All box plots had whiskers 

which extended from the hinge to the highest and lowest values within 1.5×the inter-

quartile range (IQR). Notches represented a 95 % confidence interval around the median 

[22]. The median values of translation error were less than 1 mm except for y-axis and 

z-axis of PBB3 negative subjects. The median values of rotation error were about 1 deg. 

  

The perturbed parameter amounts are plotted against the registration error in Fig. 4 as 

a true value. There was no correlation for any of the tracers. In the translation, standard 

deviations of registration error were 0.01-0.28 mm, and in the rotation, standard 

deviations were 0.01-0.42 deg. 

 

4 Discussion 

We evaluated the accuracy of the registration method based on NMI between amyloid or 

tau PET and MRI. The accuracy of the registration between amyloid PET and MRI has 

been reported by other groups; however, to our knowledge, this is the first study to 

evaluate the accuracy of the registration between tau PET and MRI. 

 

As shown in Fig. 3, the median of translation error was smaller than 2 mm, and the 

median of rotation error was around 1 deg for all tracers, which corresponded to about 2 

mm error in maximum at the edge of the FOV. Among all tracers, the error in the axial 

direction was relatively larger than that in other directions. This was possibly because 

the PET voxel size in the z-axis direction (3.27 mm) was larger than that in the x- and 

y-axis directions (2 mm). This result indicates that the registration is possible with an 

error smaller than 1 PET voxel size, which was 2 mm × 2 mm × 3.27 mm. 

  



In the PBB3 negative images, we found larger translation errors in the z-axis direction 

than other directions. This might be due to the retention of high radioactivity in the 

venous sinus because of rapid metabolism of PBB3 (Fig. 2) [18, 23]. These extra-brain 

uptakes were more noticeable than brain uptakes, which potentially could affect the 

registration accuracy, especially in the z-axis direction. It is reasonable that the signals 

corresponding to these non-specific accumulations in PET do not appear in MRI; 

therefore, evaluation values got worse and that made the registration incorrect. On the 

other hand, as mentioned above, all errors were less than 2 mm or around 1 deg, and it 

is suggested that the registration error is less than 1 PET voxel order. We conclude 

that the registration accuracy of NMI is enough for making PET and MRI fusion 

images. 

  

In addition, registration errors were compared between positive and negative images. 

There were significant differences among all tracers. In the amyloid tracers (PiB and 

florbetapir), the registrations for negative images were slightly more accurate than those 

for positive images. For amyloid negative images, the contrast between white and gray 

matter was higher than amyloid positive images.  White and gray matter are areas with 

high contrast in MRI. Therefore, if higher contrast between white and gray matter in the 

PET image is shown, a better value of NMI will be obtained. Therefore, it is reasonable 

that MRI was more correctly registered to amyloid negative images than to amyloid 

positive images. Schwarz et al. [12] indicated that Alzheimer’s disease had a larger 

registration error than the control group in amyloid PET images, and our results are 

consistent with their report. 

For the tau tracers (PBB3 and THK5351), positive images were slightly more accurate 

than negative images. In the negative images, the contrast between white and gray 

matter was low (Fig. 2). This indicates that the NMI value will be poor between PET and 

MRI. This was the reason for the low accuracy in negative images. Furthermore, it is 

known that the THK5351 tracer exhibits off-target binding of monoamine oxidase B [24]. 

Uptakes in the basal ganglia would be high especially in the negative case (Fig. 3). 

However, the contrast of the basal ganglia was relatively low in the T1-weighted MRI. 

These contrast mismatches between THK5351-PET and MRI might affect the accuracy 

of registration. 

 

Fig. 4 plots the perturbed parameter amount vs. the error amount. The same color dots 

(which indicate data for the same subject) showed nearly constant errors regardless of 

the perturbed amounts. As previously mentioned, standard deviations of registration 



error were 0.01-0.28 mm, and in the rotation, standard deviations were 0.01-0.42 deg, 

these indicate that 95 % of the registration errors were included at about ±0.5 mm or ±0.8 deg from each average value. This was much smaller than 1 PET voxel size, 

therefore in other words, registration error converged to fixed results regardless of the 

amount of the perturbation in the initial position of registration in PET and MRI.  In 

the SPM, cost function (NMI) optimization is done twice at different resolutions. In the 

standard setting, the first images are resized to a 4 mm size voxel, and the registration 

process is done for these images. The second images are resized to a 2 mm size voxel 

and registration is done again. Initial parameters of the second registration use the 

first registration results. These two registration processes mean a wide search range is 

possible, and this leads to high convergence. 

 

This study included subjects clinically diagnosed with Alzheimer’s disease, progressive 
supranuclear palsy, corticobasal degeneration, frontotemporal lobar degeneration, and 

argyrophilic grain dementia. The subjects showed various brain uptake patterns in 

amyloid or tau PET and had various levels of brain atrophy. From the viewpoint of 

clinical application, the present subject group would be suitable for evaluating the 

accuracy of PET and MRI registration.  

 

5 Conclusion 

In this work, we evaluated the accuracy of the NMI-based MRI registration to amyloid 

or tau PET images. For the tau tracers (PBB3 and THK5351), tau-negative images 

especially had a higher registration error than other conditions. However, registration 

results based on NMI using SPM were converged around 1 PET voxel from manual 

registration. Furthermore, our registration results had high reproducibility, and the 

NMI based registration did not depend on the initial registration position. 
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Table 1 Characteristics of individuals by tracers 

 

Radiotracer
11C-PiB 18F-florbetapir 11C-PBB3 18F-THK5351

(Amyloid) (Amyloid) (Tau) (Tau)

# of subjects n=25 n=4 n=22 n=18

Age, years Median (IQR) 73 (65,79) 71 (67,73) 70 (60,75) 76 (69,81)

Min, Max 49,87 59,73 47,81 55,85

Male gender 11 (44%) 1 (25%) 14 (64%) 7 (39%)

Positive 11 (44%) 2 (50%) 11 (50%) 13 (72%)

Table 2 Perturbed transformation parameters 

   

x [mm] y [mm] z [mm] rot x [deg] rot y [deg] rot z [deg]
Base 2.2 2.8 3.1 1.5 1.1 2.1
Maximum 3.5 5.9 12.6 4.1 2.1 5.2



 

 

 

 
Fig. 1 Summary of steps in the evaluation of registration accuracy 
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Fig. 2 Representative fusion images of PET and MRI after manual registration 
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Fig. 3 Comparison of registration error, separated as positive or negative. 
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Fig. 4 Graphs plotting the perturbed parameter amount vs. registration error. The 

same color dots are data for the same subject: (a) PiB, (b) florbetapir, (c) PBB3 and 

(d) THK5351 

N=25
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Figures

Figure 1

Summary of steps in the evaluation of registration accuracy



Figure 2

Representative fusion images of PET and MRI after manual registration



Figure 3

Comparison of registration error, separated as positive or negative. (a) PiB, (b) �orbetapir, (c) PBB3 and
(d) THK5351



Figure 4

Graphs plotting the perturbed parameter amount vs. registration error. The same color dots are data for
the same subject: (a) PiB, (b) �orbetapir, (c) PBB3 and (d) THK5351
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