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Original article

Prediction of tumor response and patient outcome after 
radioembolization of hepatocellular carcinoma using 90Y-PET-
computed tomography dosimetry
Philippe d’Abadiea, Stephan Walranda, Michel Hessea, Laurence Annetb,  
Ivan Borbathc, Marc Van den Eyndec, Renaud Lhommela and François Jamara   

Aim  90Y-radioembolization using glass or resin 
microspheres is increasingly used for the treatment 
of hepatocellular carcinoma (HCC). The aim of this 
retrospective study is to determine the prognostic 
relevance of dosimetric parameters defined with 
90Y-PET-CT obtained immediately after radioembolization. 

Methods  Forty-five HCC patients, mostly with multiple 
lesions, were treated by radioembolization between 2011 
and 2017. After treatment, all underwent a 90Y PET-CT 
with time of flight reconstruction (90Y-TOF-PET-CT). 
Tumor absorbed dose and cumulative tumor dose-volume 
histogram were calculated using a dose point Kernel 
convolution algorithm. The radiological tumor response 
was assessed using modified (m)-RECIST criteria. 
Progression-free-survival (PFS) and overall survival (OS) 
were analyzed using the Kaplan–Meier method and Cox 
regression analysis. 

Results  Twenty-six patients were treated with glass 
microspheres (73 lesions) and nineteen with resin 
microspheres (60 lesions). Thresholds of 118 and 61 Gy 
for glass and resin microspheres respectively correlate 
well with radiological response with a positive predictive 
value (PPV) of 98 and 80% and discriminate patient 

outcome with regard to PFS (P = 0.03 and 0.005) and 
OS (P = 0.003 and 0.007). Using dose volume histogram, 
a minimal absorbed dose of 40 Gy in 66% of the tumor 
volume (defined as D66) was highly predictive of 
radiological response (PPV = 94%), PFS (P < 0.001) and 
OS (P = 0. 008), for either device.

Conclusion  Dosimetric parameters obtained using 
90Y-PET-CT are predictive of tumor response, PFS and 
OS. In clinical practice, a systematic dosimetric evaluation 
using 90Y PET should be implemented to help predicting 
patient outcomes. Nucl Med Commun 42: 747–754 
Copyright © 2021 Wolters Kluwer Health, Inc. All rights 
reserved.
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Introduction
Among loco-regional treatments in hepatocellular car-
cinoma (HCC), intra-arterial liver radioembolization 
is nowadays widely used. Patients classified as ‘inter-
mediate’ or ‘advanced’ stages according to Barcelona 
clinic liver cancer (BCLC) criteria are suitable for liver 
radioembolization [1] and show good response rates [2]. 
Radioembolization is performed with intrahepatic injec-
tion of 90Y-labeled microspheres or 166Ho-labeled micro-
spheres (Quiremspheres, Quirem Medical, Deventer, 
the Netherlands). Glass (TheraSphere, Boston Sientific, 
Boston, Massachusetts, USA) and resin (SIR-Spheres, 
Sirtex Medical Ltd., Sydney, Australia) microspheres can 
be used with similarly effective results [3]. Glass micro-
spheres have a higher specific activity per sphere (2500 
vs. 50 Bq) and a lesser number of particles is injected (1–8 
million vs. 40–80 million) [4]. The manufacturers’ rec-
ommended methods to calculate delivered activities are 
empirical for resin microspheres using the body surface 
area method and based on Medical Internal Radiation 

Dose for glass microspheres with an average target 
absorbed dose ranging from 80 to 150 Gy to the injected 
liver volume [5].

Early convincing tumor absorbed dose-response cor-
relations were obtained from pretherapy 99mTc-MAA 
(99mTc-macroaggregated albumin) SPECT [6–8] and 
from posttherapy 90Y bremsstrahlung SPECT [9,10]. 
During the last decade, following the introduction of the 
more accurate 90Y-PET imaging modality [11,12] better 
correlations were found between microspheres depo-
sition and absorbed doses [5]. The role of oxygenation 
was evidenced as a function of hemoglobin level [13,14]. 
Taking into account the dose distribution heterogeneity, 
as observed with the 90Y-PET-based D

70
, still improved 

the correlation [15,16]. In a pure dosimetry study, that is, 
censoring the patients from the follow up when perform-
ing an additional therapy, the 90Y-TOF-PET (90Y-PET 
with time of flight reconstruction) based equivalent uni-
form dose (EUD) reunified the glass and resin patient LWW
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survival probability per Gy [17]. This result further 
supports that the activity distribution heterogeneity 
observed in 90Y TOF-PET postradioembolization mainly 
reflects the inhomogeneous spheres’ distribution [18,19].

The aim of this study is to assess whether the 90Y-TOF-
PET/computed tomography (CT) based dose distribu-
tion can also predict the impact of the radioembolization 
step within a whole therapy course, that is, including 
the impact of the selection biases between glass and 
resin spheres radioembolization, and without censoring 
the patient of the follow up when performing a further 
conventional therapy, conventional meaning other than 
radioembolization.

Materials and methods
Patient characteristics and treatments
Data from 48 HCC patients referred to our institution 
for radioembolization between July 2011 and July 2017 
(Table  1) were retrospectively analyzed after approval 
of the local ethics committee (2017/27JUI/334). Three 
patients were excluded because of the lack of 90Y-PET-CT 
imaging (n = 2) or uncorrectable motion artifacts (n = 1).

Most had intermediate or advanced stage HCC (78%). 
Twenty-six patients were treated with glass and nineteen  
with resin microspheres. Fifty-nine liver radioemboliza-
tion were performed according to standard guidelines 
[20]. Fourteen patients received two treatments within 
an interval ranging from 16  h to 16  months. Glass and 
resin microspheres were used in 34 and 25 treatments, 
respectively, with a median activity of 2.6 and 1.5 GBq at 

the injection time. Treatments with glass microspheres 
were performed 1 week after 90Y calibration.

Vascular invasion was more frequent in patients treated 
with glass microspheres (38 vs. 10%; P < 0.05) and espe-
cially segmental portal thrombosis. Conversely, more 
patients (73 vs. 35%; P < 0.05) treated with resin micro-
spheres had large tumors (size ≥5 cm).

Dose distribution assessment
Within 20  h following radioembolization, a 45-min-
90Y-PET-CT (Gemini TF 16, Philips Medical Systems, 
Cleveland, Ohio, USA) was acquired. 90Y activity distri-
bution was transformed into a 3D map of absorbed doses 
using a previously detailed method [12]. In short, recon-
struction was performed with the 3D line of response-
TOF blob-based Philips algorithm [two iterations, 33 
subsets; reconstructed voxels of (4 mm)3]. Voxel counts 
were converted in activity using the PET calibration fac-
tor and 90Y positrons yield. Absorbed dose distributions of 
individual tumors were calculated by convolving the 90Y 
activity distribution with a dose point Kernel algorithm, 
jointly with a spatial resolution recovery [12].

Lesions were delineated manually on pretherapy imag-
ing using T1-weighted contrast-enhanced MRI (n = 50) 
or arterial contrast-enhanced CT-scan (n  =  8, when 
there was a contraindication for MRI), using PMOD 3.7 
(PMOD Technologies LLC, Zürich, Switzerland). Tumor 
volumes of interest (VOIs) were fused with the 3D map 
of tumor voxel doses on 90Y-PET-CT images using a rigid 
transformation (PMOD 3.7). For all lesions, a cumulative 
dose-volume histogram (CDVH) was computed, and also 
the D

66
 defined as the minimum absorbed dose depos-

ited in 66% of the tumor volume:

DVH D66 66( ) = %
�

(1)

A total of 73 and 60 lesions were analyzed after glass and 
resin microspheres radioembolization, respectively. For 
lesions treated in the previous 6  months, the absorbed 
dose was the cumulative dose of both treatments (n = 12).

Dosimetric parameters were analyzed retrospectively 
and did not influence patient management.

Tumor response evaluation
Only lesions with a transverse axis >10  mm were ana-
lyzed. Tumor response was assessed using recommended 
modified RECIST criteria (mRECIST) at the last time 
point available. Contrast-enhanced MRI or CT scan 
were obtained every 2  months until death or progres-
sion. Targeted lesions were assessed by a senior radiolo-
gist expert in liver tumors, blinded to tumor uptake and 
dosimetry data. At any time, response was defined as 30% 
decrease and progression as 20% increase of viable tumor 
(enhancing during the arterial phase) compared to base-
line imaging. Moreover, a stable lesion 6  months after 

Table 1  Patients’ characteristics

 Glass 
microspheres

Resin 
microspheres

Number of patients 26 19
Age (mean ± SD) 69 ± 12 71 ± 10
Men/women (%) 85/15 79/21
Cirrhosis (%) 77 63
Child A/B (%) 77/23 95/5
BCLC A/B/C (%) 23/39/38 21/68/11
Multifocal ≥5 (%) 31 47
Vascular invasiona (%) 38 10
  Segmental portal vein (%) 19 0
  Branch portal vein (%) 8 5
  Main portal vein (partial; %) 11 5
  Tumor size ≥5 cma (%) 35 73
  Bilobar tumor involvement (%) 42 47
  Extra hepatic metastasesb (%) 4 (lung and bone) 5 (lung)
Therapies before last radioembolization (%) 65 42
  Radiofrequency–alcoholization (%) 8 16
  Chemoembolization (%) 31 26
  Radioembolization (%) 35 21
  Tyrosine-kinase inhibitor (%) 0 11
  Liver surgery (%) 4 5
  Liver transplantation (%) 0 5
Therapies after last radioembolization (%) 38 37
  External beam radiotherapy (%) 4 0
  Chemoembolization (%) 8 16
  Tyrosine-kinase inhibitor (%) 15 10
  Liver surgery (%) 8 0
  Liver transplantation (%) 0 5

BCLC, Barcelona clinic liver cancer.aDifferences between groups are statistically 
significant (P < 0.05).bDetected after radioembolization and not related to death.
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therapy is categorized as a progressive lesion. The num-
ber of tumors per patient was 2.5 ± 1.8 and 2 ± 1.6 in the 
resin and glass microspheres groups (P = 0.06).

Patient outcome evaluation
Overall survival (OS) was defined as the time between 
radioembolization (first one if appropriate) and death 
from any cause. Progression-free survival (PFS) was 
defined as the time from radioembolization to objective 
progression in the liver or death.

Censoring was applied for patients still alive (OS analy-
sis) or without objective progression at the last radiologi-
cal time point realized (PFS analysis).

Only the largest lesion was analyzed for the OS and PSF 
in order to avoid excessive partial volume effect on the 
dose distribution assessment. All lesion sizes were above 
20 mm except in one patient (15 mm). For univariate and 
multivariate analyses, all patients were combined using 
an effective tumor dose D

eff
. For this purpose, the cut-

off for resin microspheres absorbed dose was converted 
into an ‘equivalent glass microspheres absorbed dose 
(Equ. Glass TD)’ using a multiplication factor of 1.9, as 
explained in the discussion section. For univariate anal-
ysis, the following variables were evaluated: Equ. Glass 
TD, D

66
, portal thrombosis, bilobar tumor involvement, 

total bilirubinemia ≥2  mg/dl, Child B score, tumor size 
≥5 cm, stages BCLC B and C, anemia (Hb ≤ 10 g/dl), age 
≥75 years. For multivariate analysis, variables with signif-
icant results in the univariate analysis were included.

Statistical analysis
Wilcoxon distribution-free comparison test or Student’s 
t test were used to compare groups receiving different 
devices. Sensitivity (Se) was defined as the ability of the 
absorbed dose to predict radiological response, whereas 
specificity (Sp) was defined as the ability of the absorbed 
dose in predicting no radiological response. Absorbed 
dose thresholds for response were determined using 
receiver-operating characteristics (ROC) curves, ana-
lyzed with a freeware calculator from Johns Hopkins 
University [12]. Kaplan–Meier method with a log rank 
test was used for univariate analysis. Cox proportional 
hazard model was used for uni- and multivariate analy-
ses. Analyses were conducted using Prism (version 7.0, 
GraphPad Software, La Jolla, California, USA) and IBM 
SPSS statistics software (version 25.0, Armonk, New York, 
USA). A P value <0.05 was considered significant.

Results
Tumor response
For glass microspheres, median absorbed doses were 
194 Gy (70–1426 Gy) and 95 Gy (51–142 Gy) in respond-
ing and progressive lesions, respectively (P  <  0.001). 
For resin microspheres, median absorbed doses were 
102 Gy (55–568 Gy) and 46 Gy (0.4–314 Gy) in respond-
ing and progressive lesions, respectively (P < 0.001). In 

responding lesions, the absorbed doses were statisti-
cally higher with glass microspheres (P  < 0.001) with a 
glass/resin tumor dose ratio of 1:9. ROC curves (Fig. 1a) 
demonstrated that the threshold of 118  Gy resulted in 

Fig. 1

Example of large HCC lesion (white arrow) developed in the right liver 
on the arterial phase of the contrast-enhanced CT scan (a). 90Y PET/
CT (b) obtained just after glass microspheres therapy demonstrated 
an excellent tumor uptake (TD = 134 Gy, D

66
 = 81 Gy). Four months 

later, the CT scan confirmed an excellent radiological response with 
large tumor necrosis (c). CT, computed tomography; HCC, hepatocel-
lular carcinoma.
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Fig. 2

ROC curves for determination dose thresholds doses using TD (a) and CDVH with D66 (b). CDVH, cumulative dose-volume histogram; ROC, 
receiver-operating characteristics.

Fig. 3

Examples of CDVH using glass (left) and resin microspheres (right). The CDVH are shown for examples of tumors with similar average doses but 
with different radiological responses. Using glass microspheres and two lesions with similar average doses (140–142 Gy), the lesion in response 
has a DVH characterized by D

66 
= 96 Gy and the lesion in progression has a DVH characterized by D

66 
= 31 Gy (grid lines). A similar behavior is 

found using resin microspheres for which the average dose is lower, that is, 71 Gy. CDVH, cumulative dose-volume histogram.
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the best prediction of tumor response using glass micro-
spheres [Se = 93%; Sp = 75%; positive predictive value 
(PPV)  =  98%, NPV  =  50%, AUC  =  0.91  ±  0.08]; the 
threshold was 61 Gy using resin microspheres (Se = 87%, 
Sp = 64%, PPV = 98%, NPV = 80%, AUC = 0.88 ± 0.07). 
Figure 2 shows an example of HCC imaging before and 
after treatment in comparison to 90Y PET/CT.

ROC curves analysis for resin and glass sphere radioem-
bolizations together (Fig. 1b) showed the best threshold 
of 40 Gy using D

66
 (Se = 91%, Sp = 78%, PPV = 94%, 

NPV = 70% and AUC = 0.93 ± 0.05). Examples of CDVH 
demonstrating radiological response or progression are 
seen in Fig. 3.

Survival analysis
Table  2 summarizes median OS and PFS for glass and 
resin microspheres treatments. Kaplan–Meier curves of 
OS and PFS (Fig. 4) show a clear discrimination between 
groups as defined by the absorbed dose thresholds for 
glass and resin microspheres. Using the same cutoff of 

40 Gy for either type of microspheres, similar discrimina-
tion was found with D

66
 (Fig. 5). Accordingly, D

66
<40 Gy 

was used for the univariate and multivariate analyses.

As shown in Table 3, univariate analysis of OS demon-
strated that Equ. glass TD <118  Gy, D

66
<40  Gy and 

portal thrombosis correlated with worse prognosis using 
the Cox regression. Only Equ. glass TD <118  Gy and 
D

66
<40  Gy correlated with worse PFS using univariate 

analysis.

Only Equ. glass TD <118 Gy and portal thrombosis sta-
tistically were associated with a worse OS in the multi-
variate analysis.

Discussion
The three main findings of this study can be summarized 
as follows. First, a relationship between 90Y-PET-based 
tumor absorbed doses and patient outcome is estab-
lished. Second, the difference in efficiency per absorbed 
dose between glass- and resin-microspheres is confirmed. 
Third, the DVH analysis, using D

66,
 clearly highlights 

Table 2  Relation between tumor doses and prognosis for resin (threshold 61 Gy), glass microspheres (threshold 118 Gy) and using D
66

 
(both types of spheres)

 Glass Resin D
66

 (resin and glass)

<118 Gy ≥118 Gy All <61 Gy ≥61 Gy All <40 Gy ≥40 Gy All

Median OS (months) 5.6 14.6a 12.3 5.3 16a 13.4 6.5 16a 12.4
Median PFS (months) 1.8 5.5b 3 1.6 4.6a 2.9 1.8 5.4c 2.9

OS, overall survival; PFS, progression-free survival.aP < 0.01.bP < 0.05.cP < 0.001.

Fig. 4

OS (a) and PFS (b) analyses with the Kaplan–Meier method for glass microspheres with a threshold dose of 118 Gy and resin microspheres with 
a threshold dose of 61 Gy.
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that the heterogeneity of tumor deposition is an essential 
parameter of clinical outcome.

Based on ROC curves analysis (Fig. 2a), the best-absorbed 
dose cutoffs for responses according to mRECIST crite-
ria were 61 and 118 Gy for resin and glass microspheres, 
respectively. This represents a 1.9 ratio between the glass 
and resin microspheres. By multiplying the absorbed 
dose of each individual tumor treated with resin micro-
spheres by this 1.9 factor while keeping the absorbed 
dose value for the glass sphere, we generated an effective 
dose, which was further input in the uni- and multivari-
ate analyses. This 118 Gy, effective dose cutoff, applied 
to patients treated with either device, results in the best 
prediction factor in the multivariate analysis for OS, but 
not for PFS. This 1.9 factor is in agreement with previous 
data regarding toxicity, efficiency and clinical outcome.

The 118  Gy-threshold for glass radioemboliza-
tion is remarkably lower than MAA-SPECT-based 

205 Gy-threshold found by Garin et al. [21]. Besides the 
numerous differences in the absorbed doses’ assessment, 
a careful analysis of this study shows that this 205  Gy 
value was especially highly discriminating in patients 
with portal vein thrombosis (2–8 months survival for TD 
<205 Gy vs. 9.5–27 months survival for TD >205 Gy). For 
the overall patient population, the large overlap in survival 
(3–24 months for TD<205 Gy vs. 15–27 months for TD 
>205 Gy) indicates that this threshold value is likely too 
high.

For liver toxicity, the tolerable whole liver absorbed dose 
has been reported to be 40 Gy with resin and 70 Gy for 
glass microspheres (factor: 1.8) [5]. Monte-Carlo simu-
lations of the microspheres transport from the catheter 
tip provide a theoretical explanation of this feature [22] 
nicely confirmed in an animal model [23]. Moreover, the 
mean tumor absorbed dose is ~two-fold higher for glass 
microspheres than for resin microspheres to get similar 
EUD [17].

Fig. 5

OS (a) and PFS (b) analyses with the Kaplan–Meier method using D
66

 with a threshold of 40 Gy for patients treated with glass and resin micro-
spheres. OS, overall survival; PFS, progression-free survival.

Table 3  Overall survival and progression-free survival Cox analyses

 Factors

Univariate analysis Multivariate analysis

HR (95% CI) P value HR (95% CI) P value

OS Equ. glass TD+ < 118 Gy 5.9 (2.6–13.7) <0.001 17.9 (3.2–100) <0.001
D

66
 < 40 Gy 2.9 (1.4–6.1) 0.006 0.3 (0.1–1.7) 0.18

Portal thrombosis 2.9 (1.3–6.4) 0.07 3.5 (1.4–9.1) 0.01
PFS TD < 118 Gy 3.3 (1.6–6.8) 0.001 1.8 (0.6–5.5) 0.28

D
66

 < 40 Gy 3.4 (1.7–7) 0.001 2.3 (0.7–7.0) 0.15

CI, confidence interval; HR, hazard ratio; Equ. glass TD+: equivalent glass microsphere tumor absorbed mean dose.



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

90Y-PET-CT dosimetry predicts outcome after liver radioembolization d’Abadie et al.  753

It is well known that absorbed doses needed for effi-
cient radioembolization are higher than those needed 
with external beam radiotherapy, either conventional or 
stereotactic. The main cause is the heterogeneous dose 
distribution, depending on the arterial tumor microvascu-
lature for radioembolization. Analysis of 90Y-TOF-PET-
based CDVH can explain why some tumors progress 
despite high absorbed dose (heterogeneous distribution) 
and why some tumors respond despite lower absorbed 
doses (homogeneous distribution) (Fig. 3). Owing to its 
excellent spatial resolution, 90Y-TOF-PET has the abil-
ity to assess the tumor dose deposition at the voxel level 
[17–19]. Monte Carlo simulations of microspheres in 
the hepatic arterial tree also confirmed a good matching 
between the spheres distribution texture and 90Y-TOF-
PET imaging [24,25].

In our study, the prediction was improved, regarding OS 
and PFS, using a D

66
 cutoff of 40 Gy for both types of 

microspheres (Fig.  5). This D
66

 cutoff reconciles dose 
levels between external beam radiotherapy (EBRT) and 
radioembolization [26]. D

70
 has already been used in order 

to predict patient outcome. In a series of eight patients, 
Kao et al. [15] reported a D

70
 threshold of 100 Gy in order 

to obtain a complete response. However, in line with our 
study, Flower et al. [16] reported an optimal D

70
 threshold 

of 42 Gy for predicting response in 24 patients treated by 
resin or glass microspheres.

It could appear weird that observing only 66% of the 
tumor volume above 40 Gy is the best cutoff to differ-
entiate worse and improved patient outcome while it is 
commonly observed in EBRT that 100% of the tumor 
volume has to be above 40  Gy in order to get a good 
response. Three reasons could explain this apparent 
discrepancy. First, the tumor VOI used to compute the 
based voxel dose can include small necrotic regions not 
tapping microspheres, which does not impact the out-
come. Second, measured voxel dose at the boundary of 
the tumor is artificially reduced as a result of the limited 
spatial resolution of human PET imaging. Last, inside 
the tumor, some measured voxel doses can also be arti-
ficially reduced by statistical fluctuations inherent to the 
acquisition of nuclear decays. All those effects together 
could explain, in the patient group with more favorable 
outcome, that although 34% of the tumor volume appears 
to have received less than the 40 Gy threshold with PET 
imaging, in reality, almost all the viable tumor volume 
received at least 40 Gy. This assumption could be eval-
uated by high-resolution PET/CT imaging of excised 
radioembolized tumors in an animal model.

Recent randomized controlled trials failed to demon-
strate the superiority of radioembolization compared 
to sorafenib in advanced hepatocellular carcinoma 
[27,28]. No significant differences in OS and PFS were 
demonstrated in radioembolization and sorafenib arms. 
However, radioembolization was significantly better 

tolerated compared to sorafenib with a reduction of the 
frequency and the severity of side effects [29]. Regarding 
the dosimetric methodology of these trials, the planned 
activity was based on an empirical method, the body sur-
face area, without any goal in tumor absorbed dose target-
ing. This activity planification is known to be responsible 
for underdosing tumors in many cases [30]. A recent sec-
ondary analysis of the SARAH trial demonstrated that 
a higher tumor absorbed dose, using MAA SPECT-CT, 
was associated with better OS in HCC [31]. Also, as pre-
viously demonstrated with dosimetry based on MAA- 
Tc99m imaging [21,31], 90Y SPECT [10] or recent data 
using 90Y-PET [32], we found a strong relationship 
between measured tumor absorbed doses and clinical 
response. In future prospective trials, tumor absorbed 
dose evaluation should clearly be taken into account to 
anticipate better outcomes as compared to other thera-
pies available in HCC.

Study limitations
This study suffers from some limitations related to its ret-
rospective nature. First, the choice of the device was not 
randomized and was clinically driven. Glass microspheres 
were mostly used in more aggressive HCC lesions (with 
vascular invasion). Second, patients were allowed later 
on to any therapy following radioembolization, which 
happened to more than 1/3 of the patients. It should be 
noted, however, that similar therapies were offered after 
glass and resin microspheres.

Conclusion
These results demonstrate the importance of tumor dose 
analysis after radioembolization in HCC using 90Y-PET. 
A systematic evaluation of dose parameters could pre-
dict radiological response and patient outcome directly 
after treatment. In case of low estimated absorbed doses, 
patient management could be reevaluated and adapted 
quickly even before radiological response assessment.
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