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Abstract

Purpose: Zirconium-89 (t;,=78.41 hours) is an ideal metallic radioisotope for immuno—positron emission
tomography (PET), given that its physical half-life closely matches the biological half-life of monoclonal
antibodies. In this study, the authors measured the spatial resolution and image quality of Zr-89 PET and
compared the results against those obtained using F-18 PET, which is widely regarded as the gold standard for
comparison of imaging characteristics.

Materials and Methods: The spatial resolution and image qualities of Zr-89 were measured on the Siemens
Biograph Truepoint TrueV PET/CT scanner, partly according to NEMA NU2-2007 standards. For spatial
resolution measurement, the Zr-89 point source was located at the center of the axial field of view (FOV) and
offset 1/4 axial FOV from the center. For image quality measurements, an NEMA IEC Phantom was used. The
NEMA IEC Phantom consists of six hot spheres that were filled with Zr-89 solution. Spatial resolution and
image quality (%contrast, %background variability [BV], and source to background ratio [SBR]) were assessed
to compare the imaging characteristics of F-18 with those of Siemens Biograph Truepoint TrueV.

Results: The transverse and axial spatial resolutions at 1 cm were 4.5 and 4.7 mm for Zr-89, respectively. The
Ycontrast of Zr-89 was 25.5% for the smallest 10 mm sized sphere and 89.8% for the largest 37 mm sized
sphere, and for F-18, it was 32.5% for the smallest 10 mm sized sphere and 103.9% for the largest 37 mm sized
sphere using the ordered subset expectation maximization (OSEM) reconstruction method. The %BV of F-18
PET was 6.4% for the smallest 10 mm sized sphere and 3.5% for the largest 37 mm sized sphere using the
OSEM reconstruction. The SBR of Zr-89 was 1.8 for the smallest 10 mm sized sphere and 3.7 for the largest
37 mm sized sphere, and for F-18, it was 2.0 for the smallest 10 mm sized sphere and 4.1 for the largest 37 mm
sized sphere using the OSEM reconstruction method.

Conclusions: This study assessed Zr-89 imaging characteristics using a Siemens Biograph Truepoint TrueV PET/
CT scanner and compared the results with those obtained for F-18 PET. Although spatial resolution and image
quality of Zr-89 PET were lower compared with F-18 PET, due to longer positron range and low positron branching
ratio, Zr-89 is advantageous for immuno-PET due to well-matched half-life with monoclonal antibodies.
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Introduction

Radioimmunotherapy (RIT) is a promising approach for
targeted therapy to treat intractable cancer because ra-
dionuclides are selectively delivered to a tumor using mono-
clonal antibodies.' In RIT, an accurate calculation of the
absorbed dose is important for accurate and reproduc-
ible patient treatment. Generally, radiation absorbed dose
estimates use whole-body gamma camera planar imaging

or single-photon emission computed tomography (SPECT)
imaging.> Various correction methods have been estab-
lished to improve the accuracy of the absorbed dose in
gamma camera planar or SPECT imaging for RIT.*° However,
gamma camera or SPECT imaging has some limitations, in-
cluding poor spatial resolution and image quality. Positron
emission tomography (PET) systems are generally more
sensitive than both SPECT and gamma camera systems, and
have better spatial resolution and image quality.” PET is

'Molecular Imaging Research Center, Korea Institute of Radiological and Medical Sciences, Seoul, Republic of Korea.
Department of Radiation Convergence Engineering, Research Institute of Health Science, Yonsei University, Wonju, Republic of Korea.

Address correspondence to: Jin Su Kim; Molecular Imaging Research Center, Korea Institute of Radiological and Medical Sciences;
75 Nowon-gil, Gongneung-Dong, Nowon-Gu, Seoul 139-706, Republic of Korea

E-mail: kjs@kirams.re.kr



28 LEE ET AL.
TABLE 1. THE PHYSICAL CHARACTERISTICS OF ZR-89, [-124, AND F-18

Properties Zr-89 1-124 F-18
Half-life 78.4 hour 4.18 day 109.8 min
Mean f+ energy 0.40 MeV 0.83 MeV 0.25 MeV
Mean ff+ range in water 1.23 mm 3.48 mm 0.62 mm
Single 7 energy 909 keV (99.9%) 602keV (61%)

1657 keV (0.1%) 723 keV (10%)

1713 keV (0.8%) 1691 keV (11%)
Positron branching ratio 23% 23% 97%

widely used in the nuclear medicine field. In particular, PET
imaging can allow assessments of receptor occupancy or
follow-up assessments for RIT (known as immuno-PET).
Immuno-PET is particularly useful for the prediction of
cancer treatment with monoclonal antibodies (mAbs)S’9 la-
beled with 1-124 or Zr-89, because 1-124 (t;,=4.18 d,
BT =0.40 MeV) or Zr-89 (t;»=78.41 hours, f=0.83
MeV) is an ideal radioisotope for immuno-PET because its
physical half-life is similar to the biological half-life of
mAbs.® Table 1 summarizes physical characteristics of Zr-
89, I-124, and F-18. A longer positron range and a poor
positron branching ratio of Zr-89 or I-124 may result in poor
image quality.'” To the best of knowledge, there was no
report for resolution and image quality characteristics of Zr-
89 in the clinical PET scanner using various reconstruction
methods. In this study, the authors measured the spatial
resolution and image quality of Zr-89 PET and compared
the results to those obtained for F-18 PET, the current gold
standard for comparison of imaging characteristics.

Materials and Methods

To compare the imaging characteristics between Zr-89 and
F-18 PET, spatial resolution and image quality were mea-
sured on a Siemens Biograph Truepoint TrueV PET/CT
scanner, partly according to NEMA NU2-2007 standards.' "'
The radioisotope F-18 was prepared by nuclear reaction as
O-18(p, n)F-18 in liquid target for F-18 at medical cyclotron
(MC-50, Scantronix Co., 1985), while the radioisotope Zr-89
was produced by a nuclear reaction as Y-89(p, n)Zr-89 in
solid target at the above same cyclotron. To obtain high ra-
diochemical purity, Zr-89 was used as the chemical form of
zirconium oxalate purified by a specific resin column method
as reference.'® For the quality control of the Zr-89 isolated
from column, the radionuclidic purity of >99.9% was found
to be analyzed by gamma-ray spectroscopy (HPGe detector;
Ortec Co.), confirming the inherent energy of 511 and 909
KeV with the absence of other radionuclidic impurities. The
radiochemical purity was also shown to be >99.9% by in-
stant thin-layer chromatography (ITLC paper) and the radio-
TLC scanner (AR-2000; Eckert & Ziegler Co.).

System description and data acquisition

The Siemens Biograph Truepoint TrueV PET/CT scanner is
designed for high-resolution imaging with increased sensitiv-
ity using an extended field of view (FOV) and improved spatial
resolution using PSF modeling reconstruction (TrueX).'>'*
Table 2 summarizes its specification. PET data were reconstructed
using filtered back projection (FBP), ordered subset expec-
tation maximization (OSEM) (iteration: 4, subset: 16), or

TrueX reconstruction (TrueX) (iteration 8, subset: 21) in this
study. The all-pass filter was used for OSEM and TrueX
reconstruction. PET data were acquired in an energy window
of 425-650keV. The image matrix size was 336 x 336 x 148
with pixel sizes of 0.51x0.51 x 1.50 mm®.

Spatial resolution

For spatial resolution measurements, a point source (di-
ameter: 1.1 mm) was made. Total activity was 3.7 MBq for
the acquisition. The Zr-89 point source was located at the
center of the axial FOV and offset 1/4 axial FOV from the
center. The point source was positioned at three locations in
the transaxial plane as follows: x=0cm, y=1cm; x=0cm,
y=10cm; and x=10cm, y=0cm. At each position, at least
100,000 counts were acquired to enable accurate statistical
analysis. For reconstruction, FBP with a ramp filter was
used according to NEMA NU2-2007 standards.'' The spa-
tial resolution was calculated for each point source posi-
tion as full width at half maximum (FWHM) and full width
at tenth maximum (FWTM) of the point spread function
determined in all three directions. Radial and tangential
resolutions for each radial position (1 and 10 cm) were aver-
aged for both of the axial positions according to NEMA NU2-
2007 standards.'' The spatial resolution obtained with Zr-89
PET was compared with that obtained using F-18 PET.'*

Image quality

To compare the imaging quality between Zr-89 and F-18
PET, the NEMA international electrotechnical commission (IEC)

TABLE 2. SPECIFICATION OF SIEMENS BIOGRAPH
TRUEPOINT TRUEV SCANNER

Characteristics Value

Detector material Lutetium oxyorthosilicate

(LSO)
Crystal dimensions (mm) 4x4x%20
Detector elements per block 169
Plan spacing (mm) 2
Number of detector rings 52
Number of detector blocks 192
Axial FOV (mm) 216
Transaxial FOV (mm) 605
Number of contiguous 109
image planes
Coincidence time window (ns) 4.5
Energy Window (keV) 425-650

FOV, field of view.
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Phantom was used.!' The NEMA IEC phantom consists of
six hot spheres (ID, 10, 13, 17, 22, 28, and 37 mm) that were
filled with Zr-89 solution. PET data acquired for 10 minutes.
The activity concentration in the background was 5.3 kBg/cc
and the activity concentration of Zr-89 in the spheres was
four times the background activity. Image qualities such
as percent contrast, background variability, and source to
background ratio (SBR) were assessed to compare imaging
characteristics of F-18.

Percent contrast (%contrast)

To calculate the contrast, transverse images obtained
from the NEMA IEC Phantom were used for analysis. Re-
gions of interest (ROIs) were drawn on each sphere. The
size of ROIs was equal to the inner diameter of the sphere.
The ROIs were drawn on %2 slices from the center slice.
Twelve ROIs were drawn on each slice in the background,
with a total of 60 ROIs on the five slices analyzed. The
%contrast Qyj for sphere j was calculated as follows:

_ Cuy/Cpy—1

100%
aH/aB— 1 x v

On.j

Where Cy; is the average count in the ROI for sphere j, Cp;
is the average of the background ROI counts for the sphere,
ay is the activity concentration in the spheres, and ap is the
activity concentration in the background.

Percent background variability (%BV)

The percent background variability N; for sphere j was
calculated as follows:

N; = SD; /Cp.; X 100%

Where SDj is the standard deviation of the background ROI
counts for sphere j. SD; was calculated as follows:

K
SD; = Z (Cp,yxk — CB,j)z/(K— 1),
K=1
where K = 60.

TABLE 3. THE SpPATIAL REsoLuTiON (FWHM/FWTM
IN MM) OF ZR-89 FOR FBP, OSEM, AND TRUEX
RECONSTRUCTION METHOD

FBP  OSEM* TrueX®
1 cm radius
Transverse (mm) 4.5/82% 43/79 2.5/45
Axial (mm) 47/85 4.3/79 3.3/6.0
10 cm radius
Transverse tangential (mm) 4.6/8.4  4.9/8.0 2.5/4.6
Transverse radial (mm) 49/89 44/79 2.5/4.6
Axial (mm) 49/9.0 4.9/89 2.5/4.6

Matrix size: 336x336 mmz, zoom factor: 4.0, pixel size:
0.51x0.51 mm?.

YOSEM (Iteration: 4, Subset: 16 with all-pass filter).

"TrueX (Iteration: 8, Subset: 21 with all-pass filter).

FWHM, full width at half maximum; FWTM, full width at tenth
maximum; FBP, filtered back projection; OSEM, ordered subset
expectation maximization.

Source to background ratio

SBR was calculated using the same ROI that was used in
the analysis of %contrast. The SBR was calculated as follows:

SBR = CJ/CB’J x 100%

Jaszczak Phantom image

PET data of Zr-89 and F-18 using Jaszczak phantom
were also acquired. Acquisition time was 10 minutes. The
Jaszczak phantom consists of six sets of cold rod (ID: 4.8,
6.4, 7.9, 9.5, 11.1, and 12.7mm). The activity in the
Jaszczak phantom was 74 MBq for Zr-89 and F-18 solution.
The activity concentration was 10.9 kBg/cc. Data were re-
constructed using FBP, OSEM, or TrueX.

Results
Spatial resolution

The spatial resolutions for Zr-89 reconstructed using FBP,
OSEM, or TrueX are tabulated in Table 3. The transverse
and axial spatial resolution at 1cm for Zr-89 was 4.5 mm
FWHM and 4.7mm FWHM in the present study and for
F-18 was 4.10mm FWHM and 4.7 mm FWHM according
to the result by Jaokoby et al.'*

Image quality

Table 4 and Figure 1A—C show the corresponding results
of %contrast, %BV, and SBR for both Zr-89 and F-18 PET.
Figure 2 shows transaxial images of the NEMA IEC

TABLE 4. COMPARISON OF IMAGE QUALITY (%CONTRAST,
%BV, AND SBR) BETWEEN ZR-89 AND F-18

Zr-89 F-18
Sphere

size (mm) FBP OSEM® TrueX° FBP OSEM® TrueX®

Percent contrast (%contrast)

37 83.4 89.8 98.0 101.8 1039 1128
28 725  79.6 87.6 93.6 952 108.9
22 68.7 76.4 84.1 82.8  81.0 94.7
17 509 62.0 79.6 623 704 90.1
13 319 432 56.3 419 484 77.3
10 19.1 255 50.8 245 325 56.2
Percent background (%BV)
37 6.6 4.1 6.6 7.4 3.5 4.6
28 7.5 4.9 7.1 7.9 3.6 5.6
22 7.5 5.9 8.2 8.1 3.8 5.3
17 9.1 7.7 11.0 8.3 5.0 6.2
13 13.0 10.1 14.9 8.9 5.5 7.2
10 17.3 123 18.7 9.7 6.4 8.2
Source to background ratio (SBR)
37 3.5 i 3.9 4.1 4.1 4.4
28 3.2 34 3.6 3.8 3.9 43
22 3.1 33 3.5 3.5 3.5 3.8
17 2.5 2.9 3.4 2.9 3.2 3.6
13 2.0 2.3 2.7 2.3 2.5 3.3
10 1.6 1.8 2.5 1.7 2.0 2.6

YOSEM (Iteration: 4, Subset: 16 with all-pass filter).
*TrueX (Iteration: 8, Subset: 21 with all-pass filter).
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FIG. 1. Image quality results of Zr-89 and F-18.

(A) %Contrast, (B) %BV, (C) SBR. Closed mark was for
7Zr-89 and open mark was for F-18. Square mark was for
FBP, triangle mark was for OSEM, and circle mark was for
TrueX. FBP, filtered back projection; OSEM, ordered subset
expectation maximization; SBR, source to background ratio.

phantom with Zr-89 or F-18 using the FBP, OSEM, and
TrueX reconstruction method. Quantification of %contrast,
%BV, and SBR are described in the sections below.

Percent contrast (%contrast)

Table 4 and Figure 1A show the %contrast with Zr-89 and
F-18 PET. The %contrast of Zr-89 PET was 19.1% for FBP,
25.5% for OSEM, and 50.8% for TrueX using the smallest
10mm sized sphere and was 83.4% for FBP, 89.8% for
OSEM, and 98.0% for TrueX using the largest 37 mm sized
sphere. The %contrast of F-18 PET was 24.5% for FBP,
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32.5% for OSEM, and 56.2% for TrueX using the smallest
10 mm sized sphere and was 101.8% for FBP, 103.9% for
OSEM, and 112.8% for TrueX using the largest 37 mm
sized sphere. When the TrueX reconstruction method was
used, %contrast was highest for both Zr-89 and F-18.

Percent background variability (%BV)

The noise level, expressed as %BV, was higher for Zr-89
PET than for F-18 PET, as a result of the increase of
background noise due to the poor positron branching ratio.
Table 4 and Figure 1B show the %BV for Zr-89 and F-18
PET. The %BV of Zr-89 PET was 17.3% for FBP, 12.3%
for OSEM, and 18.7% for TrueX using the smallest 10 mm
sized sphere and was 6.6% for FBP, 4.1% for OSEM, and
6.6% for TrueX using the largest 37 mm sized sphere. The
%BYV of F-18 PET was 9.7% for FBP, 6.4% for OSEM, and
8.2% for TrueX using the smallest 10 mm sized sphere and
was 7.4% for FBP, 3.5% for OSEM, and 4.6% for TrueX
using the largest 37 mm sized sphere.

Source to background ratio

SBR represented the lesion detectability. Table 4 and
Figure 1C show the SBRs for Zr-89 and F-18 PET. The SBR
of Zr-89 PET was 1.6 for FBP, 1.8 for OSEM, and 2.5 for
TrueX using the smallest 10 mm sized sphere and was 3.5
for FBP, 3.7 for OSEM, and 3.9 for TrueX using the largest
37 mm sized sphere. The SBR of F-18 PET was 1.7 for FBP,
2.0 for OSEM, and 2.6 for TrueX using the smallest 10 mm
sized sphere and was 4.1 for FBP, 4.1 for OSEM, and 4.4 for
TrueX using the largest 37 mm sized sphere. When the True-
X reconstruction method was used, SBR was the highest for
both Zr-89 and F-18.

Jaszczak phantom image

Figure 3 shows transaxial images of the Jaszczak phan-
tom with Zr-89 and F-18. The 6.4-mm-sized cold rods were
well discernible for the F-18 PET image. However, the
Jaszczak phantom of Zr-89 was noisy. Even 7.9-mm-sized
cold rods were not clearly discernible for Zr-89 PET. This
poor image quality was due to poor spatial resolution and
poor %BV.

Discussion

The aim of this study was to investigate the spatial res-
olution and image quality characteristics of Zr-89 PET with
various reconstruction methods and compared with F-18.

In this present study, the transverse spatial resolution at
1 cm for Zr-89 and F-18 was 4.5 and 4.1 mm, respectively.
The transverse spatial resolution at 1 cm for Zr-89 was ap-
proximately 8.9% lower compared with F-18. According to
a recent report, spatial resolution was 1.81 mm FWHM for
F-18 and 1.99 mm FWHM for Zr-89 on the Inveon PET
scanner."” The spatial resolution of Zr-89 was degraded by
10% compared to that of F-18 on the Inveon PET scanner.
Theoretically, the spatial resolution corrected for source
dimension for Zr-89 and F-18 on the Siemens Biograph
TruePoint TrueV PET scanner can be calculated with the
following equation;'®!®
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Dcr ySta 2
FWHM = 1.25\/ (2"’> + ((),()0221)”_5,”,,)2 +p?+b?

Where D,y is the dimension of the crystal element and
Dgystem 15 the ring diameter, p is the positron range (Zr-89:
1.23 mm, F-18: 0.62mm)," and b is the block factor (as-
sumed to zero). The theoretical spatial resolution values for
Zr-89 and F-18 were 3.7 and 3.5 mm when the block factor
was assumed to be negligible. Theoretically, spatial reso-
lution of Zr-89 was degraded by 6.5% compared to F-18.
The 909 keV gamma photon of Zr-89, as indicated, is out
of the energy window (energy window: 425-650keV), but
due to its higher energy, a Compton scattering is pretty
probable. Then, as the positron emission is produced in
coincidence with this photon, there is a chance that the

FIG. 2. Transaxial images
of NEMA IEC phantom. Zr-
89 images using (A) FBP,
(B) OSEM, and (C) TrueX
and F-18 images using

(D) FBP, (E) OSEM, and
(F) TrueX.

scattered photon could enter in the energy window, pro-
ducing some degree of noise.

According to the previous study,'” spatial resolution of I-
124 was compared with that of F-18. Spatial resolution of I-
124 was degraded by 19.9% compared to those of F-18 on
the ECAT HR + scanner. Although positron abundance of
Zr-89 and I-124 was similar (Zr-89: 23% and 1-124: 23%),"°
I-124 has a longer positron range (Zr-89: 1.23 mm, I-124:
3.48 mm)'’ than Zr-89, which was responsible for the poor
spatial resolution of I-124 PET compared to that of Zr-89.
Although the authors did not measure the spatial resolution
of I-124 in this study, the theoretical value of 1-124 was
5.5mm on the Siemens Biograph TruePoint TrueV PET
scanner. This was due to the longer positron range of I-124.
This study showed that Zr-89 was superior to I-124 for
immuno-PET in terms of resolution.

100

FIG. 3. Transaxial images
of Jaszczak phantom. Zr-89
images using (A) FBP,
(B) OSEM, and (C) TrueX
and F-18 images using
(D) FBP, (E) OSEM,

0 and (F) TrueX.
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The authors reported the spatial resolution and image
quality for Zr-89 for the Siemens biograph true point true V
scanner. Although the spatial resolution and image quality
were scanner-specific values, this provided information in
this study could be used for a different scanner after har-
monization such as calibration of the local dose calibrator
for Zr-89, postreconstruction smoothing of images, and use
of VOI using the three-dimensional (3D) peak for analysis
of activity according to the recent report.

Although previous studies'*'*'® compared imaging char-
acteristics using various reconstruction algorithms such
as FBP, OSEM, and PSF reconstruction, to the best of
knowledge, the present study was the first report for reso-
lution and image quality characteristics using Zr-89 with
various reconstruction algorithms (FBP, OSEM, or TrueX).
In this study, the authors showed that 3D PET reconstruc-
tion using a system matrix with PSF modeling provided
better spatial resolution and image quality than conventional
reconstruction algorithms. TrueX reconstructions exploited
the spatially variant point spread function, derived from
point source measurements in 3D. PSF modeling for re-
construction of image characteristics is expected to be
highly improved. The SIEMENS Biograph TruePoint TrueV
PET scanner provided the PSF reconstruction system (called
TrueX from Siemens) with improved sensitivity due to
lengthened FOV. The present study also showed that TrueX
reconstruction could provide finer resolution and better
Yocontrast compared to other conventional reconstruction
algorithms such as FBP or OSEM.

Conclusions

In this study, the authors measured the spatial resolution
and image quality of Zr-89 on a Siemens Biograph True
point PET/CT scanner. Although spatial resolution and
image quality of Zr-89 PET were lower than those of F-18
PET due to longer positron range and low positron
branching ratio, Zr-89 is advantageous for immuno-PET due
to well-matched half-life with monoclonal antibodies.
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