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Abstract

Obijectives: Yttrium-90 (*°Y) radioembolization has become increasingly important in the treatment of liver tumors. This study aims to experimentally
determine the extent to which small liver tumors are affected by the partial volume effect (PVE) in single photon emission computed tomography/
computed tomography (SPECT/CT) scintigraphy using technetium-99m-macroaggregated albumin (Tc99m-MAA), and to investigate the impact
of PVE on tumor dosimetry and image quality.

Methods: In this experimental study, a custom-designed liver phantom containing four tumor mimics with diameters of 1 cm, 2 cm, 3 cm, and 5
cm was used. The tumor and liver parenchyma volumes were filled with Tc-99m at a ratio of 4.86: 1. The phantom was imaged in a water tank
using SPECT/CT according to standard clinical protocols. VVolumetric regions of interest were drawn for each lesion and tumor volumes, contrast
values (C), contrast to noise ratios (CNR), and absorbed tumor doses were calculated from the counts obtained. Since this study does not involve
live subjects and was conducted solely on a phantom model, ethical approval, informed consent, and consent forms are not required for this study.
Results: Tumor diameters measured on SPECT/CT images matched those obtained from both CT images and the actual dimensions. The contrast
values calculated from the SPECT/CT images for lesions with diameters of 2 cm and 5 cm were 2.03 and 3.89, respectively. Similarly, the
corresponding CNR values were 8.64 and 21.07. Tumor-to-normal tissue ratios were 2.03 and 3.89 for the 2 cm and 5 cm lesions, respectively.
For the 2 cm lesion, the actual and SPECT/CT-derived absorbed doses were 15.3 Gy and 7.87 Gy, respectively. For the 5 cm lesion, these values
were 15.4 Gy and 13.38 Gy, respectively. the absorbed tumor doses significantly decreased as tumor diameter decreased due to the influence
of PVE.

Conclusion: Tumors smaller than 2 cm in diameter were markedly affected by the PVE. Considering the influence of PVE, or applying appropriate
corrections in dosimetric calculations, is of critical importance for improving the accuracy of dosimetry results.
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Oz

Amag: Karaciger timorlerine yonelik ittriyum-90 (*°Y) radyoembolizasyon tedavisinin dnemi giderek artmaktadir. Bu calismanin amaci, teknesyum-
99m-makroagregat albimin (Tc-99m-MAA) kullanilarak yapilan tek foton emisyonlu tomografi/bilgisayarli tomografi (SPECT/BT) sintigrafisinde
kiictik karaciger timarlerinin kismi hacim etkisinden (PVE) etkilenme diizeylerinin deneysel olarak belirlenmesi ve PVE'nin timor dozlari ile gérantl
kalitesi tizerindeki etkisinin arastirimasidir.

Yontem: Bu deneysel calismada, caplari 1 cm, 2 cm, 3 cm ve 5 cm olan dort taklit tumor iceren 6zel tasarlanmis bir karaciger fantomu kullanild.
Timor/karaciger parankim dokusunu temsil eden hacimler Tc-99m ile 4,86/1 oraninda dolduruldu. Fantom, rutin klinik protokollere uygun olarak
bir su tanki icinde SPECT/BT ile goriintulendi. Lezyonlardan hacimsel ilgi alanlari cizilerek elde edilen sayimlardan lezyon hacimleri, kontrastlar (C),
kontrast/gUr(ltl oranlar (CNR) ve timaor dozlar hesaplandi.

Bulgular: SPECT/BT gortintilerinde timor caplari, BT gorintulerinden olclildi ve gercek degerlerle ayni dlculerde bulundu. 2 cm ve 5 cm capli
lezyonlar icin SPECT/BT goriintulerinden hesaplanan kontrast degerleri sirasiyla 2,03 ve 3,89 bulundu. Benzer sekilde CNR degerleri sirasiyla 8,64
ve 21,07 bulundu. Timaér/normal doku (oranlari 2 cm ve 5 cm capli lezyonlar icin sirasiyla 2,03 ve 3,89 bulundu.

2 cm capli lezyon icin reel ve SPECT/BT'den hesaplanan absorbe dozlar sirasiyla 15,3 Gy ve 7,87 Gy bulundu. 5 cm capli lezyon icin reel ve SPECT/
BT'den hesaplanan absorbe dozlar sirasiyla 15,4 Gy ve 13,38 Gy bulundu. PVE'ye bagli olarak timér capi azaldik¢a timdr dozlarinin da dnemli
oranda azaldigi belirlendi.

Sonug: Capl 3 cm’den kiclk olan timdrler PVE" den belirgin sekilde etkilenmistir. Dozimetri hesaplamalarinda PVE etkisinin g6z onlinde
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bulundurulmasi veya gerekli diizeltmelerin uygulanmasi, dozimetri sonuglarinin dogrulugunu artirmak agisindan biyik énem tasimaktadir.
Anahtar Kelimeler: *°Y mikroembolizasyon tedavisi, Tc99m-MAA dozimetrisi, kismi hacim etkisi, timor gorintileme, gorintd kalitesi

Introduction

Yttrium-90 (*°Y) transarterial radioembolization is an
important treatment option for liver malignancies, including
hepatocellular carcinoma and liver metastases originating
from colorectal cancer (1,2,3). Primary and secondary
liver tumors (Tm) that are not amenable to surgery can
be treated through the transarterial administration of
%Y-labeled microspheres. While 80-100% of liver Tm are
supplied arterially via the hepatic artery, 60-70% of the
normal liver parenchyma receives blood from the portal
vein. When microspheres are administered via catheter
into the hepatic artery, they predominantly accumulate
in the peripheral areas of the tumor regions with higher
perfusion thus theoretically enabling the delivery of high
radiation doses to the tumor while sparing the normal
parenchymal tissue.

to treatment, technetium-99m-macroaggregated
albumin  (Tc-99m-MAA), is administered by the
interventional radiology department to predict the
biodistribution of **Y microspheres. Following angiography,
hepatic artery perfusion scintigraphy is performed to
assess any extrahepatic leakage of the radiotracer and
to evaluate the distribution of radioactivity within the
tumor (4,5). The Tc-99m-MAA photon emission computed
tomography/computed tomography (SPECT/CT) scan,
performed intra-arterially prior to #*Y microsphere therapy,
is used to determine the hepatopulmonary shunt fraction
and to exclude potential reflux of radioactive material
into the bowel, stomach, or pancreas (6). The distribution
of microspheres in the capillary bed as seen on Tc-99m

Prior

SPECT/CT imaging closely resembles the distribution of
%Y microspheres during actual treatment; therefore, this
imaging method is used in dosimetric studies (7).

Partial volume effect (PVE) is a phenomenon that arises
when small lesions appear larger and with lower activity
on scintigraphy due to the limited spatial resolution of the
imaging system. If the imaged object or region is smaller
than twice the full width at half maximum (FWHM) in the x,
y, and z axes of the system, the activity within the lesion will
be underestimated and its visual clarity diminished (8). PVE
is a complex process influenced by several factors, including
tumor size and shape, background activity in surrounding
tissues, the spatial resolution of the imaging system, voxel
size, and imaging modality. One of the primary causes
of blurring in three-dimensional imaging is limited spatial
resolution. Signal intensity within voxels represents tissue
properties. Even when the spatial resolution of the imaging
system is optimal, PVE may occur if lesion size is small.
Additionally, smaller voxel sizes contribute to an increase
in PVE (9).

The aim of this study is to: identify the perfused regions and
their activity distribution in SPECT/CT scintigraphy using Tc-
99m-MAA; experimentally determine the degree to which
small liver Tm are affected by PVE; and investigate the
impact of PVE on tumor dosimetry and image quality (1Q).

Materials and Methods

This study was conducted at the Department of Nuclear
Medicine, istanbul University-Cerrahpasa Faculty of
Medicine. The liver phantom used in the study was
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designed based on the model described by Yeyin et al.
(10). Additionally, lesions specific to this study were added
to the phantom (Figure 1).

Liver Phantom and Water Tank

The model designed for this study consists of two main
components: the liver and the water tank. The materials
used in the phantom were selected in collaboration with
the Department of Chemical Engineering. The liver was
produced using a 3D printer and additive manufacturing
technique (Fused Deposition Modeling), with a filament
material called polylactic acid (PLA), which has a density of
1.24 g/cm3. Both the outer wall of the liver parenchyma
and the outer shells of the simulated Tm were made of
PLA, each with a thickness of 1.5 mm. The dimensions of
the liver phantom are 112 mm x 191 mm, and its empty
weight is 350 grams. The diameters of the four simulated
lesions in the phantom are 1 ¢cm, 2 ¢cm, 3 cm, and 5
cm, with internal volumes that need checking against
spherical volume calculations for consistency. The volume
representing the liver parenchyma is 615 cm3. The second
component of the phantom set, the water tank, has a
depth of 20 cm and dimensions of 25 x 30 cm. The water
tank and its mounting apparatus are made of Plexiglas,
with no metal components used. The water filled in the
tank simulates the photon scattering environment that
may arise from organs and tissues other than the liver.

Phantom Operating Principle and Functionality

Our model includes four separate cylindrical tumor cavities
within the liver phantom. These Tm can be filled with
Tc-99m at either the same or different concentrations.

Figure 1. 3D image of the liver phantom and the fixation feet inside the
water tank

Additionally, the cavity representing the liver parenchyma
can be filled with a radioactive substance through a
separate cap. After the phantoms are placed in the tank,
they are fixed with plastic screws. Once the tank is filled
with water, it can be positioned for imaging.

Imaging Protocol

SPECT/CT imaging was performed using a Siemens Symbia
T16 SPECT/CT device equipped with a low-energy high-
resolution collimator and dual detectors (Figure 2). After the
Tm and all the compartments representing liver parenchymal
tissue were filled with Tc-99m at a concentration of 2.13 uCi/
mL, SPECT/CT imaging was performed. The routine clinical
protocol was used for imaging. Low-dose CT scanning was
performed with 120 kV and 100 mAs. The parameters
used for SPECT/CT imaging were 140 keV, 15% dual-energy
window, 128 x 128 matrix, 40 projections per scan, non-
circular continuous orbit, and 20 seconds exposure time
per SPECT projection. SPECT/CT data were reconstructed
using the ordered subsets expectation maximization (3D)
method with eight iterations and eight subsets. A 6 mm
Gaussian filter was used for scatter correction based on the
dual-energy window and attenuation correction based on
CT data.

Figure 2. Position of the liver phantom in the SPECT/CT device within
the water tank
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SPECT/CT Image Quality Quantification

To assess SPECT/CT 1Q volumetric regions of interest (VOIs)
were drawn on the SPECT/CT images. Based on the counts
within the VOIs, tumor-to-normal tissue ratio (T/N), contrast
(C), and contrast-to-noise ratio (CNR) were calculated (11).

__ NI-Nbg

C= e (1)

NI = Counts within the lesion VOI, Nbg = Counts within the
background

C
CNR= ﬁ (2)

C: Contrast, COV: The coefficient of variation is given by

cov= 2%
Nbg

obg is the standard deviation of the background VOI.

Organ and Tumor Doses

Based on the activity amounts of the Tc-99m radioisotope
filled into the phantom, the actual doses for both the
tumor and the liver were calculated and considered as
reference doses. The internal volumes of the phantom
were assumed to correspond to the volume of the Tc-99m
solution within the phantom. In the dosimetric calculations
based on SPECT/CT images, the masses of organs and Tm
were determined from CT-derived volume measurements.

The administered activity (A) was calculated using Equation
3, and the absorbed dose (D) was calculated using Equation
4(12).

A (GBq)Total =A (GBq)Normal liver tissue A (GBq)Tumor (3)

A (GBq) ... The amount of activity filled into the
phantom’s simulated lesions and the compartments
representing the liver parenchymal tissue.

49.38 Agorar (1-LSF)

D (Gy)Tumor = 1 T (4)
T(MNormal liver tissuey MTumor
N

: Tumor dose

D (Gy)Tumor'
LSF: Lung shunt fraction (assumed to be zero), T/N: Tumor-

to-normal tissue activity ratio, m: Mass (kg)

Results

Following the filling of all compartments representing
Tm and normal liver parenchyma with Tc-99m at a
concentration of 2.13 uCi/mL, SPECT/CT imaging was
performed. In the scintigraphic cross-sectional images
obtained after scanning, the outer boundaries of the
lesions were clearly visible (Figure 3). The actual tm of 1
cm, 2 ¢cm, 3 cm, and 5 cm were found to match with the
tms measured on SPECT/CT images. For CNR calculation,
12 equally sized VOIs were drawn from the SPECT/CT and
Planar images shown in Figure 3. The significance between
VOI counts was compared using the Mann-Whitney U test.
A significant difference was found between the two VOI
groups at p=0.015.

The contrast and CNR values calculated from the SPECT/
CT images are presented in Table 1. The T/N activity ratios
and tumor doses are shown in Table 2. Based on the actual
Tc-99m activity values administered to the phantom, the

Figure 3. SPECT/CT fusion VOI images showing the CT image of the lesions (A). In the planar image, the numbers inside the ROIs represent the lesion
diameters (B)
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T/N ratio was kept constant at 4.86:1. However, it was
observed that the T/N ratios increased with increasing
tumor diameter (tm) in the SPECT/CT images. The tumor
volumes calculated from the SPECT/CT images were found
to be 16 cm3, 20 cm3, 30 cm3, and 205 cm3. The correlation
between tumor volumes and tumor doses is presented in
Figure 4.

The correlation between the tumor doses calculated from
SPECT/CT images and the CNR values is shown in Figure 5.
It was observed that CNR values increased with increasing
tumor dose. However, for the tumor with a volume
of 30 cm3, the increase in CNR value appeared to be
disproportionate compared to the others. The correlation
between the tumor doses and contrast values calculated

from the SPECT/CT images is presented in Figure 6. It was
determined that contrast values also increased with tumor
dose, and that there was a strong correlation between
them.

Discussion

In this study, PVE investigation was conducted using
a specially designed liver phantom that included four
simulated Tm with diameters of 1 ¢cm, 2 cm, 3 c¢m, and
5 c¢m, as well as a separate compartment representing
normal liver parenchyma. In scintigraphic imaging, PVE is
a well-known phenomenon that particularly affects the
visibility of small-volume lesions and leads to significant
errors in dosimetric calculations based on scintigraphic

Table 1. Contrast, CNR, and noise values calculated from SPECT/CT

Tumor diameter (cm) Contrast (SPECT/CT) CNR (SPECT/CT)
1 1.64 5.5

2 2.03 8.64

B 2.24 9

5 3.89 21.07

CNR: Contrast to noise ratio, SPECT/CT: Single photon emission computed tomography/computed tomograpy

Table 2. Lesion diameter, scintigraphic T/N ratios, and calculated tumor doses in the actual T/N (4.86/1)

Tumor diameter T/N (SPECT/CT) Actual doses calculated from | Tumor dose calculated from Tumor dose decreas
(cm) phantom activites (Gy) SPECT/CT (Gy) rates (%)
1 1.65 14.9 6.04 59.3
2 2.03 15.3 7.87 48.6
3 2.24 16.3 9.66 40.8
5 3.89 15.4 13.38 7.97
SPECT/CT: Single photon emission computed tomography/computed tomograp, T/N: Tumor-to-normal tissue ratio,
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Figure 4. Tumor volume-tumor dose correlation obtained from SPECT/
CT images

Tumor doses

Figure 5. Tumor dose/CNR correlation calculated from SPECT/CT



Mol Imaging Radionucl Ther

Dilaver Akar et al. Investigation of the Partial Volume Effect

4,50

4,00 y =0,3061x - 0,3749 °
350 R?=0,9398 =

3,00
2,50

Contrast
[ ]

2,00 . =
1,50 i
1,00
0,50

0,00
0,00 2,00 4,00 6,00 8,00 10,00 12,00 14,00 16,00
TUmor doses

Figure 6. Tumor dose-contrast correlation in SPECT/CT

images (13,14,15). This study found that Tm with diameters
<3 cm were significantly affected by PVE, and the impact
of PVE diminished as tumor size increased.

In recent years, Y microsphere therapy has become a widely
used, effective, and safe radionuclide therapy option for
primary and metastatic liver Tm. The success of this therapy
depends on accurate calculation, of tumor dose, which is
determined by various parameters. Prior to administration
of °°Y microspheres to the patient, dosimetry is performed
using Tc-99m-MAA with SPECT/CT imaging. When dosimetric
calculations rely solely on SPECT images, the regions of
interest VOIs may appear larger than their actual size due to
radiotracer spill-out (17). PVE in SPECT imaging arises from
the system's limited spatial resolution. It is also influenced by
whether corrections such as reconstruction algorithms and
collimator-detector response have been applied. PVE includes
both partial volume loss and spillover from neighboring
regions, and particularly for structures smaller than 2-3 times
of the system’s FWHM (18).

Recently, 3D-printed phantoms made of PLA material have
been used. It has been reported that PLA phantoms can be
filled with Tc-99m and lutetium-177 radionuclides, which
are mixed with water, allowing the acquisition of their
scintigraphic images. These images can then be analyzed
for scatter and photon attenuation effects (19).

Studies on PVE correction in scintigraphic imaging have
shown that restoration filters based on frequency-distance
relationships or approaches using spatial resolution
modeling depending on distance in iterative reconstruction
can reduce PVE; however, complete recovery of activity is
not always achievable (20,21).

Factors degrading 1Q and reducing the absorbed dose
to lesions have been analyzed by Pacilio et al. (22) using
Monte Carlo simulations. PVE was identified as one of
the most significant degrading effects in scintigraphic
images, with activity loss exceeding 20% in 1.8 cm lesions.

It was reported that lesions smaller than 2 ¢cm should be
excluded from voxel-based dosimetry because accurate
corrections cannot be performed (23). Cheng et al. (24)
reported that PVE can significantly impact the accuracy
of voxel-based dosimetry due to high noise in the images,
and recommended increasing the number of iterations
and subsets in image reconstruction. Additionally, they
noted that high activity concentration may partially
correct PVE. It has also been reported that pre- or post-
filtering reduces spatial resolution and increases PVE,
therefore, image filtering is not recommended (8).

In studies related to PVE and scintigraphic 1Q, it has been
reported that contrast and CNR values, which are methods
used to evaluate 1Q, are affected by PVE (25). A more
detrimental effect than bias caused by PVE is the significant
variability PVE introduces in lesion uptake. This variability
can lead to substantial differences in measured tumor
uptake, depending on tumor characteristics (e.g., size and
shape), technical specifications of the tomography (e.g.,
spatial resolution), processing methods (e.g., reconstruction
algorithms), and measurement procedures. Moreover, this
variability hinders the feasibility of meta-analyses based on
published data, posing substantial challenges for future
clinical studies (26).

Kerckhaert et al. (27) evaluated 1Q using an NEMA 1Q
phantom with Tc:99m-MAA and reported CNR values of
7.26 and 10.3 for 10 mm and 37 mm diameter lesions,
respectively. In our study, tumor doses showed good
correlation with tumor volumes (R2=0.7267). Similarly,
strong correlations were observed between tumor dose
and CNR (R2=0.8), and tumor dose and contrast (R2=0.94).
For lesions with diameters of 2 cm and 5 cm, contrast and
CNR values were found to be 2.03 and 3.89, respectively.
These results indicate a 1.9-fold improvement in contrast
and a 2.43-fold improvement in CNR, respectively, in the 5
cm lesion. The actual and SPECT/CT-derived absorbed doses
for the 2 cm lesion were 15.3 Gy and 7.87 Gy while for the
5 c¢m lesion, they were 15.4 Gy and 13.38 Gy, respectively.
These findings highlight that the error due to PVE in dose
estimation decreases with increasing lesion size.

Roesink JM et al. (28) who studied the effect of PVE on
tumor dose, reported that tumor doses decreased as PVE
increased. Consistently, in this study, it was observed that
the T/N ratios decreased with decreasing tumor size on
SPECT/CT images, likely due to the effect of partial volume
effect PVE.

Study Limitations

This study presents data for a single model device. It does
not include data from other brands or models of gamma
cameras
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Conclusion

To significantly reduce the bias caused by the partial volume
effect, simple but imperfect correction methods currently
being utilized. Until a widely accepted correction technique
is routinely implemented, great care should be taken to
standardize the acquisition, processing, and analysis of
imaging data. In this context, it was concluded that Tms
smaller than 2 cm are significantly affected by PVE, and
applying necessary corrections in dosimetric calculations will
have a decisive impact on the accuracy of dosimetric results.
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