J of Nuclear Medicine Technology, first published online November 9, 2018 as do0i:10.2967/jnmt.118.208835

The influence of minimal misalignment on the repeatability of PET images examined
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Abstract
Obijective

We aimed to evaluate the influence of the minimal misalignment of the hot spot on the
repeatability of PET images using the repositioning of point sources.
Methods

Point sources with an inner-diameter of 1 mm were made with 1pL of '®F solution.
Seven point sources were placed on the x-axis in the field-of-view. For fixed position
imaging, PET data were acquired for 10 min 5 times serially. For variable position imaging,
PET data were acquired for 10 minutes each with the point sources placed at 0 mm, +0.5
mm, and +1.0 mm in the x-axis direction. The data were reconstructed using
ordered-subsets expectation maximization (OSEM) and OSEM with point-spread function
(OSEM+PSF) algorithms. The image matrix was 128x128, 200x200, 256x256, 400x400,
and 512x512 pixels. The normalized maximum count (rMax), the variation of rMax
(CVmax) and full width at half maximum (FWHM) were analyzed.
Results

The hot spots on OSEM images far from the center became faint and broad, while those

on the OSEM+PSF images became small and dense. Although the rMax was overestimated



at the 5 cm position on OSEM image, those at other positions were overestimated on

OSEM+PSF images with a matrix size of >256x256. The rMax showed a similar pattern in

fixed and variable position images. The CVmax in fixed position OSEM images were <2%,

irrespective of the matrix size. In contrast, the CVmax in variable position images were

higher in comparison to fixed position images. The CVmax of the OSEM+PSF images were

higher in comparison to OSEM images. The FWHM increased at positions far from the

center on OSEM image, while that was stable at all positions on OSEM+PSF images.

Conclusion

The repeatability of the small hot spot was affected by the minimal misalignment,

especially on the OSEM+PSF images. Precise positioning is necessary if PET is to be used

as a biomarker. Professions should recognize that the PSF correction deteriorates the

repeatability of the small hot spot although it improves the spatial resolution of PET

images.
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INTRODUCTION

BF_fluoro-2-deoxy-D-glucose  (FDG) positron emission tomography/computed
tomography (PET/CT) is widely used for detection of tumors, staging, and monitoring of
the responses to therapy and for prognostic stratification of various malignant tumors (1-4).
The FDG-PET/CT images are often evaluated based on visual assessment and
semi-quantitative values (5-7). Thus, the image quality and quantitative accuracy of PET
images are important. However, numerous factors (e.g., the acquisition time, patient body
weight, dose of radiopharmaceuticals, and system characteristics) are known to affect the
quantification of PET images (8-10). The two essential requirements for the quantification
are the repeatability and reproducibility (11). Repeatability is defined as consistency in the
results obtained in the same patient when they are examined multiple times using the same
system. Reproducibility is defined as consistency in the results obtained in the same patient
when they are examined on different systems in different institutions. Some studies have
reported the repeatability and reproducibility of PET image quantification (12,13).
Schwartz et al. evaluated the repeatability of SUV based on the statistical fluctuations using
a cylindrical ®®Ge phantom and the flangeless Esser phantom filled with FDG (14). Doot et

al. assessed repeatability and reproducibility using a National Electrical Manufactures



Association NU-2 Image Quality phantom that was removed and repositioned in the center

of field-of-view, to approximately +2 mm accuracy, 20 times, with three different PET

scanners (15). They reported that the variation of the recovery coefficient using maximum

count was 3.6%. The recent advancement of PET/CT technology has led to the increasing

use FDG-PET/CT in the evaluation of sub-centimeter lesions (16,17). Repeatability is thus

of increasing importance in the quantitative evaluation of small lesions; however, minimal

misalignment, which cannot be avoided—even with careful repositioning—may have an

impact on repeatability. Furthermore, a change in the physical constitution of the patient

during clinical progress may change the positional relationship. Most studies have not

examined the influence of minimal misalignment (<2 mm) on the quantification of PET

images.

The aim of the present study was to evaluate the influence of minimal misalignment of

the hot spot on the repeatability of PET images using the repositioning of point sources.

MATERIALS AND METHODS

Point sources

The point sources consisted of a glass capillary (Microcaps, Drummond Scientific



Company, Broomall, PA, USA) of 51.8 mm in length and an inner-diameter of 0.99 mm. A
glass capillary was filled with 1uL of '8F solution (radioactivity: 76.5 MBg/mL). The
length of the point source was approximately 1 mm. The radioactivity of the point source
was measured using an automatic well y-counter (AccuFLEX y7001, Hitachi Aloka
Medical, Ltd.) and was used as a reference value (true radioactivity; Cirue,, i=1~7). The

mean Cie value of the for 7 sources was 29.0+1.69 kBq.

Positioning of point sources

The seven point sources were placed on the x-axis (intervals of 5 cm) in the field-of-view
(Figure 1). The coordinates of the innermost point source in the field-of-view were 0 mm, 0
mm, while the coordinates of the outermost point source were 30 mm, 0 mm. For the fixed
position images, data acquisition was performed for 10 minutes, 5 times serially. For the
variable position images, the point sources were placed 0.5 mm and +1.0 mm in the x-axis
direction to simulate the minimal of repositioning. Data acquisition was performed for 10
minutes each at above five positions. By using an automatic stage ALS-604-E1P (Chuo
Precision Industrial Co., Ltd., Tokyo, Japan). The accuracy of the movement distance of

point source was +0.015 mm.



Data Acquisition

PET data were acquired using a PET/CT scanner (Biograph mCT, Siemens Healthcare).

This PET scanner covers an axial field-of-view of 16.2 c¢cm in length and a transaxial

field-of-view of 70 cm in diameter. It consisted of a total of 24,336 lutetium orthosilicate

detector elements (dimensions: of 4x4x20 mm). The coincidence time window was 4.1nsec.

The PET data were acquired in a 3-dimensional list mode for 10 minutes. The full width at

half maximum (FWHM) at 1 cm and 10 cm is 5.9 mm and 6.0 mm in standard processing

(256x256) and 4.4 mm and 4.9 mm in high resolution processing (400x400), respectively.

Image Reconstruction

The PET images were reconstructed using the ordered-subset expectation maximization

(OSEM) algorithm and that with point-spread function correction algorithm (OSEM+PSF).

The parameters for both OSEM and OSEM+PSF were 3 iterations and 24 subsets. No

post-smoothing filter was used for either algorithm. The image matrix was 128x128,

200%200, 256x256, 400x400, and 512512 pixels (pixel sizes: 6.36, 4.07, 3.18, 2.04, and

1.59 mm, respectively). The slice thickness of the PET image was 5 mm. The CT data for



attenuation correction were obtained by a whole-body CT scan (parameters: 120 kV, 100

mA, 0.5-s tube rotation, and 5-mm slice). Scatter correction was performed using the

model-base method.

Data Analysis
We placed a circular region of interest (ROIi, i=1~7) to include the whole radioactivity of
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each point source. The maximum radioactivity of the point source was measured as
Cmax.i. Because the radioactivity of the seven point sources was not completely equal, Cmax,i
was normalized by Cire,i as rMaxi.
rMaxi = Cmax,i / Ctrue,i
The variation of rMaxi was evaluated by the coefficient of variance (CVmax), which was
calculated as follows:
CVmax,i = standard deviation of rMaxi / mean of rMaxi X 100 [%]
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The FWHM of x-direction on point source was calculated as FWHMi, according to
the National Electrical Manufactures Association requirements (NEMA-NU2-2012) (18).

The maximum pixel value and its two nearest-neighbor points were used for a parabolic

fitting. The position at half of the maximum value was determined by linear interpolation



between adjacent pixels. The pixel size was set to 6.36, 4.07, 3.18, 2.04, and 1.59 mm,

respectively.

RESULTS

Figure 2 shows images of the point source at a fixed position that were obtained using

the OSEM and OSEM+PSF. The shape and density of the hot spots differed according to

the position and the matrix size. The images of point sources far from the center became

faint and broad. In images with large matrix sizes, they were dense and sharp. In

comparison to the OSEM images, the hot spots on the OSEM+PSF images were small and

dense. Figure 3 shows the point source in variable position images with a 400x400 matrix

size that were obtained using the OSEM and OSEM-+PSF. The hot spots located far from

the center also appeared faint and broad, similar to the fixed position images. The density

and shape of the hot spots differed according to the positions of the point source. In

comparison to the OSEM images, the hot spots on the OSEM+PSF images were small and

dense.

Figure 4 shows the rMaxi values for both the fixed and variable positions. On the OSEM

images, the rMaxi values of most point sources at both positions were underestimated



(range: 0.58 to 0.13) in images with a matrix size of <200%200. In contrast, the rMaxi was

overestimated as 1.37 at the 5 cm position in images with a matrix size of >256x256. The

rMax: value was the highest at 5 cm and gradually decreased as along with the distance

from the center increased. The rMaxi values in the fixed and variable positions showed a

similar pattern. Table 1 shows the CVmax,i values for fixed and variable position OSEM

images. In the fixed position, the CVmax,i values were <2%, irrespective of the matrix size

(range: 0.28% to 1.73%). In contrast, the CVmax,i values of the variable position images

were higher in comparison to the fixed position images (range 0.64% to 12.5%).

The rMaxi values of the OSEM+PSF images were higher in comparison to the OSEM

images (Figure 4). The rMax2 was the highest at 5 cm with a matrix size of >256x256. The

rMaxi value showed a similar pattern in fixed and variable position images. Table 2 shows

the CVmax,i values of OSEM+PSF images. The CVmax,i values of the PSF images were

higher in comparison to the OSEM images. In the fixed position images, the CVmax.i values

were <2.76%, irrespective of the matrix size (range 0.33% to 2.76%). In contrast, the

CVmax,i values of the variable position images were higher than those of the fixed position

images (range: 0.92% to 31.7%). High CVmaxi values were observed irrespective of the

matrix size.
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Figure 5 shows the FWHMi values of the fixed and variable position images. The

FWHMi increased at positions located far from the center in OSEM images, especially in

images with a matrix size of 128x128. In contrast, the FWHM; values of the OSEM+PSF

images were stable in all positions. The FWHM; was large in images with small matrix

sizes. The FWHM,i values of the fixed and variable position images showed a similar

pattern.

DISCUSSION

We examined the influence of minimal misalignment through simulated repositioning on

the repeatability of PET images. The maximum counts were different and varied according

to the position and matrix size. The degree of variation in the variable position images was

larger than in the fixed position images. In particular, the degree of variation of the

OSEM+PSF images was higher in comparison to that of the OSEM images. The FWHM

values of OSEM images increased at positions located far from the center, while the

FWHM values of OSEM+PSF images were stable at all positions.

The intensity and shape of point source images differed according to the position and

matrix size. Additionally, the CVmax,i values of the variable position images were higher
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than the values of the fixed position images. The measurements of the radioactivity of a

small region are strongly affected by the partial volume effect (19). Mansor et al. reported

that the precision of SUVmax was affected by phantom repositioning in a phantom study that

used a hot sphere of <15 mm in diameter (20). Furthermore, Adams et al. reported that the

measured PET count varied and that there was a relationship between the alignment of the

hot spot and the pixels (21). The PET count varied and was underestimated if the hot spot

was located between some pixels due to the partial volume effect (19). The alignment of the

point source in a pixel is considered to influence the height and shape of the point-spread

function.

The CVmax,is values of the fixed position images were <3% in the study. Schwartz et al.

reported that statistical variation in the order of 5% (14). Thus, the variation of the

maximum count of the fixed position images in present study was considered to have

resulted from the statistical variation. On the other hand, the CVmax,i values of the variable

position OSEM images ranged from 0.64% to 12.5% in the present study. Some patient

studies have reported that the test-retest SUV variability was approximately 10-15% (13, 22,

23). Doot et al. reported that the SUV variability without any biological variability in a

repositioning study (imaging protocol variation: <10%) using a National Electrical
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Manufactures Association NU-2 IQ phantom (15). Thus, the CVmax.i values of the variable

position images are considered to be an important exacerbating factor for repeatability.

The rMaxi and CVmax. values of the OSEM+PSF images were higher in comparison to

those of the OSEM images. PSF correction has been used to improve the spatial resolution

of PET images. The FWHM,; values increased at positions located far from the center of

OSEM images, while those of PSF images were stable at all positions. Murata et al. also

showed that the PSF correction reduced the dependency of the spatial resolution on the

position (24). PSF correction has been reported to the result in overestimation due to edge

artifacts in small regions, and is therefore a problem for quantification (25). We previously

reported that the edge artifacts were observed as a sharp peak at the center of small hot

spheres (26). Zhang et al. found that edge artifacts were unclear in areas of low

radioactivity (27). Thus, the degree of overestimation due to edge artifacts varied according

to the level of radioactivity. Furthermore, PSF correction was reported to increase SUV

variability in a phantom study (20). Although PSF correction improved the PET image

quality, OSEM+PSF images are considered to increase the variation of the rMaxi and

CVmax,i values in comparison to OSEM images.

The present study is associated with several limitations. First, the precise positional
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relationship between the point source and the pixel could not be clarified. A simulation

study may solve this problem. Second, the FWHM values were estimated by parabolic

fitting based on the nearest pixel values. The FWHM value might be overestimated in

images with large pixels. Third, we evaluated the repeatability of PET/CT images using a

point source in air. Because lesions in the human body are usually located in areas with the

physical uptake of radioactivity, a further study that also investigates background

radioactivity should be performed.

CONCLUSION

The repeatability of small hot spot images was affected by the minimal misalignment (<2

mm) especially on images reconstructed with the PSF algorithm. Positioning is considered

to be an important factor if PET examinations are to be used as a reliable biomarker.

Professions should recognize that the PSF correction deteriorates the repeatability of the

small hot spot although it improves the spatial resolution of PET images.
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FIGURE LEGENDS

Fixed position
position 0 mm: 10 min x 5

0mm

O

5 times

Variable position
positions (-1.0, -0.5, 0.0, +0.5, +1.0 mm): 10 min x 1

-1.0_-0.5 0 +0.5 +1.0 mm

each once

Figure 1. The setting of the point sources. Seven point sources were placed on the x-axis

(interval: 5 cm). For the fixed position images, data acquisition was performed for 10

minutes, 5 times serially. For the variable position images, data acquisition was performed

for 10 minutes each with the point sources placed at 0 mm, 0.5 mm, and £1.0 mm in the

x-axis direction to simulate the minimal of repositioning.
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Figure 2. Images of the point sources at a fixed position reconstructed by OSEM and
OSEM+PSF with 5 different matrix sizes. The images of point sources far from the center
became faint and broad. The hot spots on the OSEM+PSF images were smaller and denser
than those on the OSEM image. (OSEM; ordered-subset expectation maximization

algorithm, OSEM+PSF; OSEM with point-spread function correction algorithm).
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Figure 3. The images of point sources at variable positions reconstructed by OSEM and
OSEM+PSF with a matrix size of 400x400. The density and shape of the point sources
differed among the positions. (OSEM; ordered-subset expectation maximization algorithm,

OSEM+PSF; OSEM with point-spread function correction algorithm).
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Figure 4. The rMax.i values at both fixed and variable positions on OSEM and OSEM+PSF
images. At both positions, the rMax;i values decreased at positions far from the center. The
rMax,i values on OSEM+PSF images were higher than those on OSEM images. (OSEM;
ordered-subset expectation maximization algorithm, OSEM+PSF; OSEM with point-spread
function correction algorithm, rMaxi; normalized maximum count of ROIi that is the ratio

of measured maximum count and true radioactivity count).



Fixed

position 8.0

6.0
4.0

FWHM (mm)

0.0

14.0
12.0
10.0
8.0
6.0
4.0
2.0

Variable
position

FWHM (mm)

14.0 1
12.0 1
10.0 1

2.0 A

OSEM

5 10 15 20 25 30

Distance (cm)

B :_--.—_., o
cat Kbl

\ﬁ"_‘.: :
-'."h.g:"' oL

&

00 -

0

5 10 15 20 25 30
Distance (cm)

FWHM (mm)

FWHM (mm)

14.0
12.0
10.0

OSEM+PSF

—©-128
=4-:200
- & 256

=0 400

10 15 20

0

5

10 15 20
Distance (cm)

25 30

23

Figure 5. The FWHM, values at both fixed and variable position on OSEM and

OSEM+PSF images. The FWHM, values increased at positions far from the center on

OSEM images. The FWHM,; values of OSEM+PSF images were stable at all positions.

(OSEM; ordered-subset expectation maximization algorithm, OSEM+PSF; OSEM with

point-spread function correction algorithm, FWHMi; full width at half maximum of ROI).
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TABLES
Table 1. The CVmaxi values on OSEM images.
Matrix position [cm]
size 0 5 10 15 20 25 30

Fixed 0.39% 0.31% 0.31% 0.56% 1.30% 1.03% 0.52%

L8 8~ e
Variable  7.06% 0.70% 3.68% 4.90% 12.5% 11.1% 5.40%
Fixed 0.39% 0.49% 0.31% 0.49% 0.32% 1.04% 1.02%

200200
Variable  7.06% 5.84% 3.68% 0.64% 7.80% 5.61% 1.86%
Fixed 0.69% 0.67% 0.46% 0.75% 0.41% 0.88% 1.73%

2562256 7Tl ooCSiliooiosiosiiiosooioio
Variable  10.9% 3.91% 7.68% 6.35% 5.48% 1.14% 3.17%
Fixed 0.49% 0.67% 0.46% 0.98% 0.87% 0.84% 1.18%

U
Variable  9.13% 3.91% 5.96% 2.58% 2.38% 1.60% 3.29%
Fixed 0.28% 0.67% 0.46% 0.85% 0.80% 0.31% 0.68%

ST B R LR
Variable  4.81% 3.91% 6.31% 1.71% 2.07% 0.75% 2.46%

CVmax,i; the coefficient of variance of noemalized maximum count (rMaxi).



Table 2. The CVmax,i values on OSEM+PSF images.

25

Matrix position [cm]
size 0 5 10 15 20 25 30

fixed 0.44% 0.84% 0.56% 0.47% 0.33% 1.22% 1.39%

I28X 128 rmmmmmmmm oo e e oo
variable  9.89% 0.92% 10.4% 7.09% 6.83% 18.7% 5.76%
fixed 0.46% 0.85% 0.50% 0.57% 0.30% 1.09% 1.32%

200%X200 T T ST oooeoooes
variable  9.89% 10.21% 10.4% 7.09% 6.64% 18.7% 10.89%
fixed 1.55%  0.73% 0.84% 1.00% 1.04% 1.99% 0.92%

1023 T T
variable  25.1% 5.47% 31.7% 6.97% 5.66% 8.85% 22.1%
fixed 1.27% 0.73% 0.49% 1.48% 0.69% 2.76% 1.39%

A00X400  -mm== === mm oo oo oo oooooooseoooo-
variable  18.8% 5.47% 16.3% 16.6% 21.0% 14.8% 13.9%
fixed 0.39% 0.73% 0.41% 1.48% 1.04% 0.88% 1.03%

R 07255
variable  12.4% 5.47% 13.7% 12.3% 10.3% 5.33% 12.6%

CVmax,i; the coefficient of variance of normalized maximum count (rMaxi).



