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Original article

Efficacy of voxel-based dosimetry map for predicting 
response to trans-arterial radioembolization therapy for 
hepatocellular carcinoma: a pilot study
Min Young Yooa, Jin Chul Paengb, Hyo-Cheol Kimc, Min Sun Leeb,d,e,  
Jae Sung Leeb,d,f, Dong Soo Leeb,g, Keon Wook Kangb,h and  
Gi Jeong Cheonb,h       

Objective Typical clinical dosimetry models for trans-
arterial radioembolization (TARE) assume uniform dose 
distribution in each tissue compartment. We performed 
simple voxel-based dosimetry using post-treatment 90Y 
PET following TARE with 90Y-resin microspheres and 
investigated its prognostic value in a pilot cohort.

Method Ten patients with 14 hepatocellular carcinoma 
lesions who underwent TARE with 90Y-resin microspheres 
were retrospectively included. The partition model-based 
expected target tumor dose (TDp) was calculated using 
a pretreatment 99mTc-macroaggregated albumin scan. 
From post-treatment 90Y-microsphere PET and voxel-
wise S-value kernels, voxel-based dose maps were 
produced and the absorbed dose of each lesion (TDv) was 
calculated. Heterogeneity of intratumoral absorbed doses 
was assessed using the SD and coefficient of variation of 
voxel doses. The response of each lesion was determined 
based on contrast-enhanced MRI or CT, or both. Lesion 
responses were classified as local control success or 
failure. Prognostic values of dosimetry parameters and 
clinicopathological factors were evaluated in terms of 
progression-free survival (PFS) of each lesion.

Results TDv was significantly different between local 
control success and failure groups, whereas tumor size, 
TDp and intratumoral dose heterogeneity were not. 
Univariate survival analysis identified serum aspartate 
transaminase level ≥40 IU/L, tumor size ≥66 mm and TDv 

<81 Gy as significant prognostic factors for PFS. However, 
only TDv was an independent predictive factor in the 
multivariate analysis (P = 0.022). There was a significant 
correlation between TDv and PFS (P = 0.009; r = 0.669).

Conclusions In TARE, voxel-based dose index TDv can 
be estimated on post-treatment 90Y PET using a simple 
method. TDv was a more effective prognostic factor for 
TARE than TDp and clinicopathologic factors in this pilot 
study. Further studies are warranted on the role of voxel-
based dose and dose distribution in TARE. Nucl Med 
Commun XXX: 000–000 Copyright © 2021 Wolters Kluwer 
Health, Inc. All rights reserved.
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Introduction
Hepatocellular carcinoma (HCC) is a highly lethal malig-
nancy that is prevalent worldwide [1]. Among the treat-
ment options for HCC, complete resection and liver 
transplantation are the only curative treatments. Trans-
arterial radioembolization (TARE) is currently used as a 
bridging treatment or local control method for patients 
with intermediate-risk or advanced HCC who are not eli-
gible for curative treatment [2,3]. TARE has shown bet-
ter survival outcomes than other treatment options, such 

as trans-arterial chemoembolization and systemic chemo-
therapy, including sorafenib [4]. However, local control 
failure (LCF) is observed in approximately 20–50% of 
cases [4,5], probably because an insufficient radiation 
dose is supplied to tumor cells.

Pretreatment dose estimation can be performed using 
partition model dosimetry in a 99mTc-macroaggregated 
albumin (MAA) scan [6]. This method can estimate the 
mean absorbed radiation doses of tumors, normal liver 
tissues supplied by tumor-feeding arteries (in-target nor-
mal liver) and normal liver tissues supplied by nontu-
mor-feeding arteries (out-target normal liver), assuming 
a uniform dose distribution in each tissue compartment 
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[7,8]. However, there may be considerable intratumoral 
heterogeneity in the actual dose distribution depending 
on various factors, including vessel density, thrombosis 
and tumor necrosis. Hence, intratumoral dose heteroge-
neity is considered an underlying cause of LCF [9].

Post-treatment bremsstrahlung single-photon emission 
computed tomography (SPECT)/computed tomography 
(CT) or PET/CT for 90Y-microsphere is used for treat-
ment verification after TARE [10], because they can 
show the real distribution of radioactivity. Additionally, 
voxel-based dosimetry using post-treatment 90Y SPECT/
CT or 90Y PET/CT has been developed as a method 
to investigate the issue of intratumoral dose heteroge-
neity. Kafrouni et al., [11] demonstrated the correlation 
between treatment response and mean absorbed dose 
of tumors derived from voxel-based dosimetry based on 
post-treatment 90Y PET.

In this study, voxel-based dosimetry was performed for 
each mass lesion using post-treatment 90Y PET in patients 
who underwent TARE for HCC. This study aimed to 
investigate the prognostic values of radiation dose and 
intratumoral heterogeneity parameters obtained from 
voxel-based dosimetry and other clinical factors such as 
age, liver enzymes and tumor markers, in predicting the 
treatment outcomes of TARE.

Methods
Patients
This study retrospectively reviewed patients who under-
went TARE with 90Y-resin microspheres between July 
2012 and September 2014. During the study period, 13 
patients with HCC underwent TARE at our institution. 
Among them, 10 patients (all men; age, 59 ± 10 years; 
range, 48–84 years) were included and analyzed based on 
the following inclusion criteria: (1) confirmed HCC diag-
nosis, (2) presence of post-TARE 90Y-microsphere PET 
data and (3) presence of follow-up records and imaging 
studies for evaluating treatment response. The clinico-
pathological information of each patient was obtained 
by reviewing their electronic medical records. The 
Institutional Review Board of Seoul National University 
Hospital approved the study design and waived the 
requirement for informed consent (H-2009-114-1158).

Trans-arterial radioembolization and PET image 
acquisition
TARE was performed as previously described [12]. 
During angiography planning, 185 MBq of 99mTc-MAA 
was injected into the tumor-feeding artery. Subsequently, 
a planar scan and SPECT/CT were performed to cal-
culate the liver-to-lung shunt fraction (LSF) and the 
absorbed dose of normal organs (normal liver and lungs) 
and tumors. TARE was performed when the LSF on the 
planar scan was <20%. The dose of injected radioactivity 
was determined using the partition model method based 

on 99mTc-MAA SPECT/CT according to previous stud-
ies [6,7], with a target tumor dose of >120 Gy. TARE was 
performed by a single experienced interventional radiol-
ogist (H.C.K.) using 90Y-labeled resin microspheres (SIR-
Spheres; Sirtex Medical Ltd., Lane Cove, Australia). 
Radioactivity was adjusted, if necessary, according to 
the patient’s condition and the operator’s decision. The 
expected target tumor dose based on the partition model 
method (TDp) was calculated considering the adjusted 
administered dose [6]. 90Y-microsphere PET/CT was 
performed using a large field-of-view PET/CT scanner 
(Biograph mCT64, Siemens Healthineers, Germany; 
axial field-of-view, 216  mm) immediately after TARE. 
CT images were acquired first (slice thickness, 5  mm; 
pitch, 1.2; 120 kVp, and 35 mAs) for attenuation correc-
tion and lesion localization. PET images were acquired 
using the 3D mode for one-bed position to cover the 
lower chest and upper abdomen for 10 min. The images 
were reconstructed on 200 × 200 matrices with a voxel 
size of 4.07 × 4.07 × 5  mm using an iterative method (2 
iterations, 21 subsets) with an algorithm for point-spread 
function recovery and time-of-flight estimation, and a 
5-mm Gaussian post-filter was applied.

Voxel-based dosimetry
The voxel S-value (VSV) kernel (Gy/MBq∙s) convolution 
approach was used, where the VSV is a voxel-level med-
ical internal radiation dose (MIRD) schema, defined as 
the mean absorbed dose in a target voxel per radioactive 
decay in a source voxel [13]. The voxel dose (D) was cal-
culated by convolving the cumulated activity (Ã) with the 
VSV using the following equation:

D A*VSV A VSV voxel voxel
i

n

voxel j ii
= = ⋅ ←( )

=
∑

� �

0

VSV convolution was conducted using the VSV kernel 
reported in a free public database from Lanconelli et al., 
[14]. The VSV kernel of 90Y generated in a soft tissue 
environment with a matrix size of 6 × 6 × 6 and voxel size 
of 3 × 3 × 3 mm was used. The PET images were resized 
such that their voxel size was the same as that of the VSV 
kernel. Accumulated activity maps were generated from 
the resized PET images by calculating the time-inte-
grated activity from the injected time point to infinity, 
by using the physical half-life [15]. The 3D cumulated 
activity maps (MBq∙s) were convoluted with the 3D VSV 
(Gy/MBq∙s) to yield absorbed dose maps (Gy) using 
MATLAB software.

These absorbed dose maps were fused with contrast-en-
hanced MRI or CT images obtained immediately 
before TARE using a vendor-supplied software pack-
age (Syngo.via, Siemens Healthineers, Germany). The 
regions of interest for a tumor were drawn manually 
based on enhanced MRI or CT images on every image 
slice, and the volume-of-interest (VOI) for a tumor was 
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obtained by stacking all the tumor regions. From the 
VOI on the voxel-based dose map, the mean (TDv), SD 
and coefficient of variation of the absorbed dose distri-
butions were measured for each tumor. Tumors smaller 
than 1 cm were excluded because of possible partial vol-
ume effects. A representative image of the tumor VOI is 
shown in Fig. 1.

Response evaluation and statistical analysis
The tumor response was determined based on follow-up 
imaging studies, including contrast-enhanced MRI or 
CT, or both. The local response of each lesion was deter-
mined according to the modified Response Evaluation 
Criteria in Solid Tumors criteria based on the European 
Association for the Study of the Liver guidelines [16–18]. 
Complete remission was defined as local control success 
(LCS), with other responses defined as LCF. Progression 
was analyzed for each lesion, and progression-free sur-
vival (PFS) was defined as the time from the date of 
TARE to the date of the imaging study that showed local 
control failure or progression.

Values are expressed as mean ± SD. The median values 
of the longest diameter, TDp and TDv of each tumor 
were used as cutoff values for survival analysis. For 
laboratory data [aspartate transaminase (AST), alanine 
transaminase and total bilirubin], the upper normal limit 
of each variable was used as the cutoff value. Univariate 

and multivariate survival analyses were performed using 
the Kaplan–Meier method and Cox regression analysis, 
respectively. Variables that were P < 0.05 in the univariate 
analysis were included in the multivariate analysis. The 
hazard ratio and 95% confidence interval (CI) were also 
calculated. Group comparisons of values (size, TDp, TDv 
and SD, and coefficient of variation of dose distribution 
in dose map) were performed using the Mann–Whitney 
U test. SD and coefficient of variation were used as het-
erogeneity indices in the VOI. Correlations between 
factors were assessed using Spearman’s correlation anal-
ysis. P values less than 0.05 were considered statistically 
significant.

Results
Patients and treatment responses
During the study period, 13 patients with HCC under-
went TARE at our institution. Among them, two patients 
were excluded because they were transferred to other 
hospitals and lost from follow-up, and one was excluded 
due to lack of post-TARE 90Y PET. Finally, 10 patients 
(all men; age, 59 ± 10 years; range, 48–84 years) met the 
inclusion criteria and were included analysis. The patient 
characteristics are summarized in Table 1. No severe pro-
cedure-related complications after TARE were reported 
in any of the patients. The analysis included a total of 
14 measurable lesions from the 10 patients, as 4 patients 

Fig. 1

Representative images of patients showing local control success (top rows) and local control failure (bottom rows). In one patient, MRI showed 
a 92.3-mm-sized tumor (a) and the dose map obtained using 90Y PET showed the absorption of a high dose, particularly in the tumor margin (b), 
which was a similar pattern to that seen on pretreatment 99mTc- macroaggregated albumin (MAA) single-photon emission computed tomography/
computed tomography (c). Tumor volume-of-interest drawn on the fusion image of the dose map and MRI (d) showed a mean absorbed tumor 
dose (TDv) of 122.6 Gy, and the patient demonstrated a progression-free survival (PFS) of 29.5 months. In another patient (e), the dose map 
showed the absorption of a low dose in the tumor (f) in contrast to intense uptake on pretreatment 99mTc-MAA/CT (g) and a TDv of only 54.9 Gy 
(h). The patient’s PFS was 1.5 months.
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had 2 lesions each. The average longest diameter of the 
tumors was 71.0 ± 40.7 mm.

Treatment response and voxel-based dosimetry
The median follow-up duration was 25.3 months (range, 
2.1–29.7 months). Among 14 lesions, LCS was achieved 
in five lesions (36%) for a median duration of 25.6 months 
(range, 21.9–29.7 months). LCF was observed in the 
other nine lesions (64.3%) after a median follow-up of 
1.5 months (range, 1.0–4.4 months). Dose maps were 
successfully generated using VSV kernel convolution 
(Fig. 1).

The median and mean ± SD of the TDv (81.9 Gy and 
93.2 ± 47.7 Gy, respectively) were lower than those of the 
TDp (121.7 Gy and 135.9 ± 43.5 Gy, respectively) (Fig. 2). 

The tumor size was larger in the LCF group than in 
the LCS group, but the difference was not statistically 
significant (83.7 ± 45.1  mm vs. 48.2 ± 26.7  mm, Fig.  3a) 
(P = 0.266). The mean TDp of the LCF group was higher 
than that of the LCS group (144.6 ± 47.1 vs. 116.3 ± 30.7 Gy, 
Fig. 3b), but the difference was not statistically significant 
(P = 0.199). The TDv was significantly higher in the LCS 
group (132.3 ± 13.1 Gy; range, 117.2–150.9 Gy) than that 
in the LCF group (71.5 ± 43.3 Gy; range, 8.8–177.2 Gy) 
(Fig. 3c, P = 0.021). There were no significant differences 
in the heterogeneity indices of absorbed doses between 
the two groups (SD: P = 0.266; coefficient of variation: 
P = 1.000) (Supplementary Figure 1, Supplemental digital 
content 1, http://links.lww.com/NMC/A201).

Voxel-based dosimetry and survival
Univariate survival analyses conducted by including 
tumor factors and clinicopathological factors showed 
that high serum AST levels (≥40 IU/L), large tumor size 
(≥66 mm) and low TDv (<81 Gy) were significant prog-
nostic factors for poor PFS (P = 0.019, 0.042 and 0.026, 
respectively; Table 2). The cutoff values for tumor size 
and TDv were 66 and 81 Gy, respectively. In the univar-
iate analysis of TDp performed using a cutoff value of 
121.7 Gy (median value), TDp was not statistically sig-
nificant for prognosis. Kaplan–Meier survival curves for 
these factors are shown in Fig.  4. Multivariate analysis 
including these factors identified only TDv as an inde-
pendent predictive factor for PFS (P = 0.022; hazard ratio, 
21.018; 95% CI, 1.549–285.204). TDv and PFS were sig-
nificantly correlated (r = 0.669, P = 0.009), and five of the 
six lesions (83%) with TDv ≥81 Gy had PFS >20 months 
(Fig.  5). In the analyses for overall survival, TDv was 
also selected as a significant prognostic factor in univar-
iate analysis, although it was not in multivariate analysis 
(Supplementary Table 1, Supplemental digital content 2, 
http://links.lww.com/NMC/A202).

Discussion
In the present study, we applied a simple voxel-based 
dosimetry approach to a pilot cohort who underwent 
TARE using 90Y-resin microspheres and demonstrated 
that the dose calculated for each lesion is effective for 
predicting outcomes.

In TARE, radiopharmaceuticals are directly injected into 
the tumor-feeding arteries and do not show redistribution 
after initial embolization. Thus, the calculation of the 
radiation dose in TARE is easier than that for other sys-
temically administered radioactive drugs. Pretreatment 
planning angiography is currently performed using 
99mTc-MAA, and many institutions perform a post-treat-
ment scan to assess the results of TARE. Because 90Y is 
a pure beta-emitter, post-treatment scans are performed 
using bremsstrahlung gamma images or PET images. 
Radiation dosimetry methods using bremsstrahlung 
images are also based on the MIRD schema [19,20], and 

Table 1 Patient characteristics

Variables  Values (range)

Age, years  56 (48–84)a

Sex Male 10
 Female 0
Baseline AFP (ng/mL)  359.5 (1.6–123000)a

Baseline PIVKA-II (mAU/mL)  1621.0 (21.0–75000)a

Child-Pugh class A 9
 B 1
Viral status HBV 7
 HCV 1
 NBNC 2
ECOG status 0 10
Portal vein thrombosis Presence 6
 Absence 4
BCLC staging Stage B 4
 Stage C 6

 AFP, alpha-fetoprotein; BCLC staging, Barcelona Clinic Liver Cancer Staging; 
ECOG status, Eastern Cooperative Oncology Group performance status; HBV, 
hepatitis B virus; HCV, hepatitis C virus; NBNC, patients with neither hepatitis B 
nor hepatitis C; PIVKA-II, protein induced by vitamin K absence or antagonist-II.
aMedian value (range).

Fig. 2

Case by case dosimetry for each tumor according to partition 
model-based dosimetry based on pretreatment 99mTc- macroaggre-
gated albumin single-photon emission computed tomography (TDp) 
and according to voxel-based dosimetry based on post-treatment 
90Y-microsphere PET (TDv). TDp, expected target tumor dose; TDv, 
mean absorbed tumor dose.

http://links.lww.com/NMC/A201
http://links.lww.com/NMC/A202
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Gulec et al., [21] reported the use of this schema for the 
dosimetry of 90Y-microspheres confined to the liver. The 
usual MIRD schema assumes a uniform distribution of 
radioactivity in a certain organ or tissue. However, in the 
real world, therapeutic radiopharmaceuticals show heter-
ogeneous distributions in target tissues or organs because 
of vasculature heterogeneity, anatomical variation and 
tissue necrosis.

The present study adopted voxel-based dosimetry, in 
which the intratumoral heterogeneity of 90Y-microsphere 
distribution was considered [22]. In this voxel-based 
dosimetry approach, the 90Y-VSV was convoluted with 
the PET cumulative activity map at the voxel level to 
create a voxel-based absorbed dose map. This is an easier 
approach than those using patient-specific Monte Carlo 
simulations and has shown accurate dosimetry results in 

(a) (b) (c)

Fig. 3

Box plots for TDp, tumor size and TDv according to treatment response. (a) Average tumor size and (b) TDp based on pretreatment 99mTc- mac-
roaggregated albumin (MAA) single-photon emission computed tomography/computed tomography was not significantly different between the 
local control success (LCS) and local control failure (LCF) groups (P = 0.266 and P = 0.199). (c) However, TDv was significantly higher in the LCS 
group than in the LCF group (P = 0.021). TDp, expected target tumor dose; TDv, mean absorbed tumor dose.

Table 2. Results of survival analysis for progression-free survival

Variables

Univariate analysis Multivariate analysis

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

Age (years)  0.974   
 <65 1.000    
 ≥65 1.026 (0.209–5.031)    
Portal vein thrombosis  0.301   
 Absent 1.000    
 Present 2.008 (0.495–8.155)    
Viral status  0.975   
 HBV/HCV 1.000    
 NBNC 1.026 (0.209–5.031)    
AST (IU/L)  0.019  0.289
 <40 1.000    
 ≥40 5.367 (1.078–26.73)    
ALT (IU/L)  0.267   
 <40 1.000    
 ≥40 2.034 (0.539–7.678)    
Total bilirubin (mg/dL)  0.267   
 <1.2 1.000    
 ≥1.2 2.034 (0.539–7.678)    
Baseline AFP (ng/ml)  0.199   
 <400 1.000    
 ≥400 0.426 (0.105–1.722)    
Baseline PIVKA-II  0.286   
 <100 1.000    
 ≥100 24.085 (0.002–302104.1)    
Size (mm)  0.042  0.506
 <66 1.00    
 ≥66 3.741 (0.915–15.29)    
TDp (Gy)  0.953   
 <121.7 1.043 (0.260–4.186)    
 ≥121.7 1.000    
TDv (Gy)  0.026  0.022
 <81 11.187 (1.341–93.34)  21.018 (1.549–285.2)  
 ≥81 1.000  1.000  

AFP, alpha-fetoprotein; ALT, alanine transaminase; AST, aspartate transaminase; CI, confidence interval; HBV, hepatitis B virus; HCV, hepatitis C virus; NBNC, patients 
with neither hepatitis B nor hepatitis C; PIVKA-II, protein induced by vitamin K absence or antagonist-II; TDp, absorbed dose based on partition model; TDv, absorbed 
dose based on dose map.
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uniform-density organs, such as the liver [23,24]. Based 
on the voxel-based dose map, the TDv of each lesion was 
successfully calculated. Despite the TDp planned based 
on the pretreatment scan, there was considerable vari-
ation in TDv, from 40 Gy to 177 Gy, which may be one 
of the main reasons for the difference in treatment out-
comes. While small tumor size, low AST levels and higher 
TDv (median, ≥81 Gy) were significant prognostic factors 
for successful treatment in univariate analyses, the multi-
variate analysis confirmed TDv as the only independent 
prognostic factor. Previous studies have reported clinical 
factors related to hepatic function (total bilirubin and 
albumin) and tumor aggressiveness (alpha-fetoprotein 
level, portal vein thrombosis and tumor size) as significant 
prognostic factors in patients treated with TARE [25,26]. 

In our study, these factors were NS, probably because of 
the small sample size. Further studies with a larger cohort 
are needed to determine the role of these factors.

When applying partition model to pretreatment simu-
lation scans, 120 Gy has been deemed a target dose for 
effective treatment. In this study, the median TDp using 
pretreatment 99mTc-MAA SPECT/CT was estimated 
to be 121.7. However, the post-treatment absorbed 
dose of the TDv was different from the pretreatment 
assumption. The causes of such different dose calcu-
lations could include differences in the in-vivo distri-
bution of particles (99mTc-MAA vs. 90Y-microspheres) 
according to differences in catheter tip location, flow 
dynamics, number of particles and change in perfused 
volumes [27]. We observed an obvious difference in 
PFS between groups showing high and low absorbed 
doses of TDv, which was not observed for TDp. 
Consistent with previously published data, TDv based 
on post-treatment 90Y-microsphere PET is more signif-
icantly correlated with prognosis than TDp [28–30]. In 
Fig. 4, the cutoff of the TDv was set at 80–120 Gy, and 
we also observed a significant correlation between TDv 
and PFS.

Because we performed voxel-based dosimetry, it was pos-
sible to evaluate voxel-wise intratumoral heterogeneity. 
High intratumoral heterogeneity has been assumed to be 
related to LCF, even when a high average dose is deliv-
ered to a tumor. The SD and coefficient of variation of 
dose distributions in a tumor were measured as simple 
indices for heterogeneity [31]. Although there was no 
significant difference in these values between the LCS 
and LCF groups in our study, further studies including 
a larger number of cases are warranted to investigate the 
effects of intratumoral dose heterogeneity. As shown in 
this study, TDv can be an effective prognostic factor in 
TARE based on the accurate estimation of radiation dose 

Fig. 4

Kaplan–Meier survival curves showing significant differences in progression-free survival (PFS) according to tumor size (a) and TDv (b). However, 
TDp was not related to a significant difference in PFS (c). TDp, expected target tumor dose; TDv, mean absorbed tumor dose.

Fig. 5

Correlation analysis for the relationship between mean absorbed 
tumor dose (TDv) and progression-free survival (PFS); a significant 
correlation was observed (P = 0.009, r = 0.669).



Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Efficacy of voxel-based dosimetry map after radioembolization Yoo et al. 7

and dose distribution. TDv could help early determi-
nation of treatment efficacy, and need of adjuvant ther-
apy in case of suboptimal treatment. Furthermore, TDv 
could also be helpful for selecting appropriate treatment 
candidates and well-tolerated doses [32].

This study has several limitations. First, only a small 
number of patients with inoperable HCC who under-
went a single TARE session with 90Y-resin micro-
spheres were included because this was a pilot study. 
Although voxel-based dosimetry is effective for pre-
dicting outcomes, its efficacy needs to be compared 
with conventional dosimetry methods. Further studies 
with larger cohorts are required to investigate the role 
of voxel-based dosimetry in clinical practice. Second, 
we used only simple indices for intratumoral hetero-
geneity. Other indices of dose heterogeneity must be 
investigated.

Conclusion
In TARE using a 90Y-microsphere, the voxel-wise 
absorbed dose can be easily estimated using post-treat-
ment 90Y PET with a simple voxel-based dosimetry 
method conducted using VSV kernels. The TDv calcu-
lated by voxel-based dosimetry is a significant prognostic 
factor for the outcome of TARE using 90Y-resin micro-
spheres in patients with HCC, with a cutoff value of 
80–120 Gy. Further studies are required to determine the 
roles of tumor dose and intratumoral heterogeneity in the 
treatment response.
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