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Objective : The functional information of ""C-methionine positron emission tomography (MET-PET) images can be applied for
Gamma knife radiosurgery (GKR) and its image quality may affect defining the tumor. This study conducted the phantom-based
evaluation for geometric accuracy and functional characteristic of diagnostic MET-PET image co-registered with stereotactic image
in Leksell GammaPlan® (LGP) and also investigated clinical application of these images in metastatic brain tumors.

Methods : Two types of cylindrical acrylic phantoms fabricated in-house were used for this study : the phantom with an array-
shaped axial rod insert and the phantom with different sized tube indicators. The phantoms were mounted on the stereotactic
frame and scanned using computed tomography (CT), magnetic resonance imaging (MRI), and PET system. Three-dimensional
coordinate values on co-registered MET-PET images were compared with those on stereotactic CT image in LGP. MET uptake values
of different sized indicators inside phantom were evaluated. We also evaluated the CT and MRI co-registered stereotactic MET-PET
images with MR-enhancing volume and PET-metabolic tumor volume (MTV) in 14 metastatic brain tumors.

Results : Imaging distortion of MET-PET was maintained stable at less than approximately 3% on mean value. There was no
statistical difference in the geometric accuracy according to co-registered reference stereotactic images. In functional characteristic
study for MET-PET image, the indicator on the lateral side of the phantom exhibited higher uptake than that on the medial side.
This effect decreased as the size of the object increased. In 14 metastatic tumors, the median matching percentage between MR-
enhancing volume and PET-MTV was 36.8% on PET/MR fusion images and 39.9% on PET/CT fusion images.

Conclusion : The geometric accuracy of the diagnostic MET-PET co-registered with stereotactic MR in LGP is acceptable on
phantom-based study. However, the MET-PET images could the limitations in providing exact stereotactic information in clinical
study.
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INTRODUCTION

In treatment planning for Gamma knife radiosurgery (GKR),
although magnetic resonance imaging (MRI) provides opti-
mal anatomical information and high spatial resolution, addi-
tional diagnostic image is required to distinguish the recur-
rence at a previous radiation treated region. Positron emission
tomography (PET) scanning is often needed to localize meta-
bolic activity inside the brain and "C-methionine positron
emission tomography (MET-PET) enables differentiating re-
currence from post-treatment induced changes such as radia-
tion necrosis”. GKR was attempted using the stereotactic PET
image, defined on Leksell GammaPlan® (LGP) by the radio-
active fiducial markers®. LGP commonly allows a stereotactic
image to be acquired using dedicated indicator or the diag-
nostic image co-registered with the stereotactic image can be
used in GKR. Because GKR is a stereotactic image-based ra-
diosurgery device, it is necessary to evaluate the geometric ac-
curacy of stereotactic images available in GKR>**!9. Accuracy
of image co-registration available in an LGP was investigated
for stereotactic or diagnostic image of MR scan and those of

computed tomography (CT) scan using both a phantom study
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and a clinical patient study, which demonstrated the sufficient
geometrical accuracy of co-registration function implemented
in LGPY. Diagnostic PET image without stereotactic informa-
tion can be co-registered to the reference image and its geo-
metric accuracy and imaging distortion must be acceptable to
apply it in GKR.

The purpose of this study is to assess the usefulness of
diagnostic MET-PET imaging in region of interest (ROI)
defining procedures for GKR in terms of geometric precision.
We investigated geometric accuracy and functional characteristic
for the routinely co-registered MET-PET image in LGP using a
phantom study. We also evaluated the CT and MRI co-registered
stereotactic MET-PET images to determine whether these images
provide exact stereotactic information for GKR in metastatic

brain tumors.

MATERIALS AND METHODS

Experimental phantom
Two types of phantoms were designed and manufactured

for this study (Fig. 1). Phantom I to evaluate a geometric accu-

Fig. 1. Two types of multi-modality phantoms : Phantom | (A) to evaluate a geometric accuracy and Phantom Il (B) to assess a functional characteristic of positron

emission tomography images.
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racy houses an array-shaped axial rod insert, and 69 rods were
vertically placed in the 9x9 lattice layout of the phantom (Fig. 2,
upper). Phantom II to assess a functional characteristic houses
13 tube inserts of different sizes (1.5, 3, 4, and 5 mm in inner
radius) positioned at different distances (20, 28.3, and 45 mm)
from circle center of cylinder (Fig. 3, upper). Stereotactic CT
and MR images of phantoms were acquired with the fiducial
indicators, and PET images were co-registered to already-de-
fined stereotactic images using ImageMerge™ (ELEKTA IN-
STRUMENT AB, Stockhoim, Swedwn) on LGP (Figs. 2 and 3,

lower).

Phantom-image acquisition : CT, MRI, and PET
scanning
The stereotactic indicator boxes were attached on the stereotactic

frame to impose the fiducials on the CT or MR images. A

Fig. 2. Schema of Phantom I : interior view (A) and axial view (B) and of the phantom. Typical Phantom | scanned-images imported into Leksell GammaPlan® :

dedicated PET indicator box is not supported by Leksell
stereotactic system. A Light Speed VCT (GE Healthcare, Chicago,
IL, USA) was used to acquire stereotactic CT images. CT scans
had a slice thickness of 0.625 mm and a 250x250 mm field of view
(FOV). Stereotactic MR images for the phantoms were acquired
using a SIGNA EXCITE 1.5T MRI scanner (GE Healthcare)
equipped with a 275 mm inner diameter Quadrature Head Coil
(GE Healthcare). Three-dimensional (3D)-MR scanning was
performed with a slice thickness of 1 mm and 250X250 mm FOV. A
Discovery PET/CT 600 scanner (GE Healthcare) was used to
acquire PET images. The stereotactic frame of the phantoms was
secured in the head holder fit to the PET couch. MET-PET
scanning was performed with a slice thickness of 3.27 mm.
The images were reconstructed in the form of transaxial
images of 256X256X98 anisotropic voxels. Since PET imaging

has the systemic limitation of image acquisition using a
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computed tomography (C), magnetic resonance (D), and positron emission tomography (E).
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conventional dual-head gamma camera fit with a coincidence
detector, spatial resolution was essentially much more limited
than CT or MR images. Tomographic images from CT, MRI,
and PET scanners were imported into the LGP via a computer
network. CT and MR images were defined on LGP using the
alignment of fiducial markers in the images. The lattice points
of the Phantom I were clearly distinguished on CT or MR
images, but not on PET images. The lattice points on PET
images were defined using the Semi-automatic segmentation
tool in LGP.

Geometric accuracy analysis for co-registered
PET image
Geometric accuracy is described by the imaging distortion in

spatial linearity and the local displacement in positional
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deviation. The rods placed systematically in the Phantom I
formed the lattice points on tomographic CT, MR, and PET
images. In each image set, the center coordinate values of lattice
points were measured on different axial planes. To reduce the
systematic error, a neurosurgeon and a medical physicist
separately measured the coordinate value twice. A CT image
was taken as the reference; its distortion was assumed to be
negligible in identifying the locations of lattice points. For iXj
rod array on Z=k plane of the image, the coordinate matrix (Cy)

and its elements (e, ;) can be given by Eq. (1).
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Fig. 3. Schema of Phantom Il : interior view (A) and axial view (B) and of the phantom. Typical phantom Il scanned-images imported into Leksell GammaPlan® :
computed tomography (C), magnetic resonance (D), and positron emission tomography (E). The phantom contains 13 tubes grouped into by size (group |, 3 tubes
with r=1.5 mm; group I, 4 tubes with r=3 mm; group lll, 3 tubes with r=4 mm; group IV, 3 tubes with r=5 mm). The tubes in each group are positioned at different
distances (20, 28.3, and 45 mm) from cylinder center.
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(i=1...9; j=1...9; k=80, 100, 120, and 140)

Where x;;4, v and z; ; are coordinate values. The center-
to-center spacing (S, or S,) of lattice points for x or y direction,
can be described as Eq. (2).

S.= \/(Xi,j+l,k—xi,j,k)2+ Vijers=Vig ) (@i e—zin)

2 2 2 (2)
S,= \/(x[ﬂ,j,k_xi,j,k) +(y,-+1,,,-,k —y,-,,,-,k) +(Zi+1,j,k_Zi,/',k)

Therefore, imaging distortions, d(n) in the spatial linearity
can be defined as Eq. (3).

Sx(n) - S¥(n) Sy() - $y'()

o(n) ) 100 or Sy 00 100 (3

Where Sx(n) or Sy(n) is the spacing of a reference image, and
Sx'(n) or Sy'(n) is that of a measured (or distorted) image.
Sx(n)-Sx'(n) or Sy(n)-Sy'(n) represents a deviation. 7 is spacing
number. There were 69 lattice points on one image slice and
their center-to-center spacing has 60 values for x or y direction,
respectively.

The positional deviation field can be identified by the local

displacement vectors between coordinate matrices of lattice

points on the images within the FOV. The local displacement
along each axis can be determined as the difference between
the lattice point coordinates for CT and PET images in the
Leksell coordinate system.

From Eq. (1), the total displacement corresponding to each lat-
tice point on the z=k plane of the phantom is given by Eq. (4).

AX; 5= X0~ Xijk

diji= \/(Axi,j,k)2+(Ayi.j,k)2+(AZi.j,k)2, AYijk=Yijk=Yijk @)

AZz;j,k =Zijk = Zijk

Where x; 4, v;, and z; ;  are coordinate values of a reference,
and x';;, v';;x and z'; ;4 is those of a measured (or distorted)

image.

Functional characteristic analysis of co-regis-
tered PET image

The lower image resolution in PET may result in invalid or
inaccurate contouring of target. Partial volume effect (PVE) of

PET image is phenomenon of the loss of apparent activity in

Fig. 4. MET-PET/CT and MET-PET/MR fusion images with the Leksell GammaPlan®. Upper : MR-enhanced images; MR-enhanced volume (blue line), 1.26 cm’. Mid-
dle : MET-PET/CT fusion images; metabolic tumor volume (brown line), 1.41 cm®; matching percentage, 25.5%. Lower : MET-PET/MR fusion images; metabolic tu-
mor volume, 1.41 cm’ (green line); matching percentage, 25.0%. Matching volume : MTV including the MR-enhanced volume; matching percentage (%) : (match-
ing volume/total MTV)x100. MET-PET : ""C-methionine positron emission tomography, CT : computed tomography, MR : magnetic resonance, MTV : metabolic
tumor volume.
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small objects or regions because of the limited resolution of the
imaging system, such as PET scanner. PET uptake value may be
inaccurate due to the influence of the PVE. PET imaging
characteristic for PVE-affected small target was evaluated using
Phantom II. The maximum standardized uptake value
(SUV,,.,) for the tube ROI was measured by a nuclear medicine
physician. The distortion of the SUV is likely to affect the
definition of the tube ROIs. For all tube groups, SUV,,., was
analyzed according to 7 (=the inner radius of the tube) and d

(=distance from the circle center of the phantom to that of the
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tube).

Clinical imaging analysis of 14 metastatic brain
tumors

The enhanced MR stereotactic images, pre-enhanced CT
stereotactic images, and MET-PET images without stereotactic
information were examined for 10 patients with 14 metastatic
brain tumors. Nine patients had primary lung cancers with
non-small cell carcinoma, and one had breast cancer with

adenocarcinoma. Out of 14 lesions, eight were previously
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Fig. 5. Typical distortion distribution for x-direction spacing (Sx) was expressed at various z position. The distortion deviations for MR image was stably main-
tained, while those of MET-PET images displayed and revealed relatively larger fluctuations. MR : magnetic resonance, MET-PET : "C-methionine positron emission

tomography, CT: computed tomography.
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treated with GKR, and the median prescription dose was 20
Gy (range, 16-20). Six lesions were newly developed. The
mean age of the 10 patients (seven men and three women) was
58.5 years (range, 50-71).

The contrast enhanced MR images was performed about 10
minute after Gadovist injection of 0.1 mmol per kilogram
body weight. The MET-PET images without stereotactic in-
formation were co-registered with the MR and CT stereotactic
images by using LGP. MET-PET/CT and MET-PET/MR fu-
sion images were generated (Fig. 4). On the MET-PET images,
the metabolic tumor volume (MTV) was calculated as the
volume over 1.3Xthe mean standardized uptake value (SU-
Vmean) of the contralateral normal cortex. The MR-enhanced
volume was calculated on T1-weighted MR images after gado-
linium administration. On the MET-PET/CT and MET-PET/
MR fusion images, the matching volume was calculated as the
MTYV including the MR-enhanced volume, and the matching
percentage (%) was calculated as the (matching volume/total
MTV)X100. We compared the matching percentage between
the MET-PET/CT and MET-PET/MR fusion images.

The descriptive statistics are presented as the median value
and range. The Wilcoxon signed-rank test was used to
compare the differences in the matching percentage between
the two groups (MET-PET/CT and MET-MR/CT images). All
statistical analyses were performed by using SPSS ver. 21.0
(SPSS, Chicago, IL, USA); statistical significance was accepted
at p<0.05.

Because this analysis only evaluated the geometric accuracy
of routine clinical PET images in LGP without affecting the
patient's treatment plan or outcome, IRB approval is not re-

quired.

RESULTS

Phantom-based study

Spatial linearity may be used to express the degree of imag-
ing distortion present in images produced by any imaging sys-
tem'?. The average imaging distortion (6, that includes imag-
ing distortion for x- and y-direction), is measured by an
absolute value. On different axial planes (around z=80, 100,
120, 140) of the phantom, the average imaging distortion was
(6250, 02 100> 02 -120, 0 -140) = (0.98, 0.91, 0.92, 0.81%) in stereo-
tactic MR image, (2.69, 2.45, 2.45, 2.88%) in MET-PET/CT fu-
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sion image and (2.58, 2.71, 2.79, 2.89%) in MET-PET/MR fu-
sion image. The distortion of the PET fusion images was
relatively higher than that of MR images, with no significant
difference. Typical distortion distribution was plotted as a de-
viation (Fig. 5). In addition, there was no statistical difference
of imaging distortion according to the co-registered image in-
cluding CT or MR images. The positional deviation field was
identified by the local displacement. Total displacement (A) of
MR and two fusion images was also measured on different
axial planes (around z=80, 100, 120, 140) of the phantom :
(AZg0, AZ 100, AZ 120, AZ 2140) = (0.6910.25, 0.69£0.21, 0.82+
0.20, 0.95+0.25 mm) in stereotactic MR image; (0.98+0.34,
0.62%+0.30, 0.65%0.32, 0.84%0.39 mm) in MET-PET/CT fusion

Difference

>)

Difference

C)

Difference

Fig. 6. Typical positional deviation field map (Dijx z=100) : MR (A), CT-
PET (B), and MR-PET (C). Displacement distribution for MR image is stably
maintained, while those of PET images reveal relatively larger
fluctuations. MR : magnetic resonance, CT : computed tomography, PET :
positron emission tomography.
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Fig. 7. SUVmax distribution as a function of tube location (d) and tube size (r),
showing image distortion of the phantom Il scanned-positron emission
tomography image. The dotted lines indicate the contour line set to contour
interval of 1.0, and its spacing depends on steepness : the finding shows that
SUVmax increases to approach plateaus as tube size increases. Verticality of
contour lines represents linearity of SUVmax for tube location: the contour line
curved to left represents tube on the lateral side of the phantom exhibits
higher uptake than that on the medial side, and these effect decreases as
the tube size increases. SUVmax: maximum standardized uptake value.
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image; (0.82£0.38, 0.71%0.29, 0.76£0.37, 0.79£0.34 mm) in
MET-PET/MR fusion image. A typical positional deviation
field maps from the displacement matrix measured in MR
and two co-registered MET-PET image plans at z=100 are dis-
played in Fig. 6. There was no statistical difference between
two MET-PET images.

Functional characteristics of PET was evaluated using
Phantom II. To verify location dependency of MET-PET
uptake, SUV,,,, of tube ROI was measured and represented by
contour plot (Fig. 7). Solid lines represent vertical grids and
dotted curves indicate the contour line of SUV,,,, normalized
to its minimum value. The contour interval is the level differ-
ence between adjacent contour lines. The spacing of contour
line was widened as tube size increased, which indicates MET-
PET uptake increased to approach plateaus. The contour line
curved to left as the distance from phantom center to the tube
increased, which indicates the indicator on the lateral side of
the phantom exhibited higher uptake than that on the medial

side. This effect decreased as the tube size increased : the uptake

Table 1. Comparison of CT and MRI co-registered MET-PET stereotactic images

. ) . MET—I::E:;;‘; :usion MET-Piir/al\;II:sfusion
Patient No. Tumor No. r:aet‘: ! enhanced SUvmean PETMTV - pETMIV Matching Matching Matching Matchin
) volume (reference) threshold (mL) 9 9 9 g
lesions (cm) volume percentage volume percentage

(mL)* (%)" (mL)* (%)"
1 1 New 0.14 1.8 2.3 0.21 0.09 429 0.07 333
2 2 New 148 19 2.5 1.88 1.05 559 1.19 63.3
3 3 New 295 1.6 2.1 4.28 1.15 269 2.22 519
3 4 New 0.73 1.6 2.1 0.87 0.14 16.1 0.35 40.2
4 5 New 1.02 1.5 2.0 2.88 1.02 354 091 316
5 6 Treated 1.21 1.6 21 0.36 0.24 66.7 0.20 55.6
5 7 Treated 0.65 1.6 2.1 045 0.19 422 0.13 289
6 8 Treated 26.28 20 2.6 2741 19.96 72.8 18.22 66.5
7 9 Treated 2093 20 26 18.06 14.38 81.0 14.63 81.0
8 10 Treated 1.52 1.3 1.7 193 1.16 61.0 1.22 63.2
8 n New 0.12 13 1.7 0.66 0.03 45 0.16 24.2
9 12 Treated 0.76 11 14 0.24 0.09 375 0.06 250
9 13 Treated 018 11 14 0.29 0.04 13.8 0.02 6.9
10 14 Treated 1.26 14 1.8 1.41 0.36 255 0.35 25.0
Median 112 1.6 2.1 1.14 0.30 39.85 0.35 36.75

*Matching volume : MTV including the MR-enhanced volume. "Matching percentage (%) : (matching volume/total MTV)x100. CT : computed
tomography, MRI : magnetic resonance imaging, MET-PET : ""Cmethionine positron emission tomography, SUV : standardized uptake value, PET-MTV :
positron emission tomography-metabolic tumor volume, MR : magnetic resonance
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value of the outermost tube was increased by 37% (1.13—1.55)
for group 1, 9.0% (7.09—7.73) for group 11, 8.4% (11.86—12.86)
for group I1T and -0.3% (14.00—13.96) for group IV.

Clinical analysis for metastatic brain tumors

The data are summarized in Table 1. The median MR-
enhanced volume was 1.12 cm? (range, 0.12-26.28). On MET-
PET images, the median SUVmean of the contralateral
normal cortex was 1.6 (range, 1.1-2.0), and the median
threshold of the MTV was 2.1 (range, 1.4-2.6). The median
MTYV was 1.14 cm’ (range, 0.21-27.41). On the MET-PET/CT
fusion images, the median matching volume was 0.30 cm’
(range, 0.03—19.96), and the median matching percentage was
39.9% (range, 4.5—81.0). On the MET-PET/MR fusion images,
the median matching volume was 0.35 cm® (range, 0.02-18.22),
and the median matching percentage was 36.8% (range, 6.9—
81.0). No statistical difference was observed in the matching
percentage between MET-PET/CT and PET/MR fusion images
(p=0.917).

DISCUSSION

The co-registration function implemented in LGP has pre-
viously been confirmed for stereotactic and diagnostic CT or
MR using phantom study, and its accuracy verified as clini-
cally sufficient®”. However, validation of PET image co-regis-
tration in GKR has not been adequately studied. We attempt-
ed to quantitatively evaluate the geometric accuracy for
diagnostic MET-PET image in routine co-registered image-
guided GKR procedures. Although the accuracy of the co-
registration process can be assessed using patient images with
identifiable anatomical and external markers', this approach
is limited in that anatomical landmarks of the same patient
are not always identified on CT, MR and PET images. Conse-
quently, the assessment of co-registration software, such as
ImageMerge™ (ELEKTA INSTRUMENT AB), on LGP is
mainly based on phantom study”. Multi-modality phantoms,
allowing geometric accuracy of PET image to be measured
simply, were fabricated instead of using a commercialized
phantom. Imaging distortion may refer to irregularity of a lat-
tice point interval caused by inappropriate scaling of the dis-
tance between points anywhere in tomographic images. For

MR image, an imaging distortion in spatial linearity less than

484 https://doi.org/10.3340/jkns.2019.0104

5% is generally acceptable'?. In phantom study, imaging dis-
tortion of MR images was 0.90% mean value over the whole
measurement range. Imaging distortions of MET-PET/CT
and MET-PET/MR fusion images according to each Z-plane
were measured at less than 3% mean value. The degree of dis-
tortion deviation of MR image recognized by many authors in
stereotactic surgery is generally not more than 1.5 mm in the
X-Y plane and 2 to 3 mm in the Z-axis direction'. In our
study, mean imaging distortion of MR image, MET-PET/CT
and MET-PET/MR fusion images were 0.12+0.12 mm, 0.35+
0.30 mm and 0.36+0.34 mm over the whole measurement
range. Nakazawa et al.? assessed the accuracy of image co-
registration for stereotactic and diagnostic CT or MR in Lek-
sell stereotactic space using a phantom study, and evaluated its
usefulness in clinical cases. In their study, the mean error of
the inter-image coordinates was <1 mm in all measurement
areas in phantom and clinical patient analyses®. In this study,
to compare spatial distortion of PET images co-registered to
CT and MR images, local displacement was calculated in the
axial planes as various z positions. Mean displacement be-
tween images was <1 mm over the whole measurement range.

We attempted to quantitatively identify functional charac-
teristics related to an imaging quality for diagnostic PET im-
age in routine co-registered image-guided GKR procedures.
PVE can affect the reading of SUVs and is closely related to
the detectability of tumors. Presently, the change of MET-up-
take according to the location of the small lesion was investi-
gated in a phantom study. The object on the lateral side in
phantom exhibited slightly higher SUV, _than that on the
medial side, that increased in relatively smaller objects. Espe-
cially, the SUV__of the smallest tube (1.5 mm in diameter)
revealed a remarkable increase in lateral side, while biggest
tube (5.0 mm in diameter) displayed negligible change. This
finding is presumably closely related to the normalization-
and attenuation-correction of PET images"”. Although this
distortion is only to be in a small area, it should be considered
in PET image-guided GKR. There have been few reports of
validation of MET-uptake according to location of small le-
sion in routine GKR procedures so far.

Even though the geometric accuracy of MET-PET images
was acceptable on phantom-based study, the PET images of
patients failed to show exact stereotactic information in LGP.
The spatial difference was observed between the MR-en-

hanced lesion and the MET uptake lesion in metastatic tu-



mors without infiltrative nature. These difference could be
explained with partial volume effect. MET-PET images have
the limited spatial resolution, and the radioisotope accumula-
tion could be underestimated especially in less than 2 cm
sized lesions'®. The metastatic lesion is almost spherical-
shaped. But it has more various shapes than the phantom.
And, the radiation necrosis was included within the tumors
for previously treated eight lesions. Even though most meta-
static tumor cells were within the MR enhanced volume, the
radiation effect could make a variety of metabolic intake. In
the clinical data, the PET images could more limitations in
providing exact stereotactic information compared to phan-

tom study.

CONCLUSION

MET-PET images can distinguish recurrence from post-
treatment radiation effect, and such diagnostic functions can
be applied to re-GKR. Geometric accuracy of co-registered
PET image in Leksell stereotactic space was acceptable to en-
sure proper treatment planning in phantom study. However,
both CT and MR co-registered PET images could limitations
in providing exact stereotactic information in the radiosur-
gery planning tool in clinical setting. The limited spatial reso-
lution and accuracy should be considered when these images
are used for GKR.
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