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Abstract
Background  In radioembolization, response is achieved through the irradiation and damaging of tumor DNA. For hepatic 
metastases of neuroendocrine tumors, a dose–response relationship has not been established yet. This study assesses whether 
increasing tumor-absorbed doses lead to increased response rates.
Methods  We included all patients who underwent yttrium-90 (90Y) glass microspheres radioembolization in our center if 
both pre- and post-treatment contrast-enhanced CT and post-injection PET/CT were available. Up to five hepatic tumors 
and the healthy hepatic tissue were delineated, and absorbed dose was quantified using post-injection PET/CT. Response 
was measured according to RECIST 1.1 on patient and tumor level. Linear mixed models were used to study the relation-
ship between absorbed dose and response on tumor level. Logistic regression analysis was used on patient level to study 
dose–response and hepatic dose-toxicity relationships.
Results  A total of 128 tumors in 26 patients (31 procedures) were included in the response analysis. While correcting for 
confounding by tumor volume, a significant effect of response on dose was found (p = 0.0465). Geometric mean of absorbed 
dose for responding tumors was 170 Gy, for stable disease 101 Gy, and for progressive disease 67 Gy. No significant dose-
toxicity relationship could be identified.
Conclusion  In patients with neuroendocrine tumor liver metastases, treated with 90Y-radioembolization, a clear dose–response 
relationship was found. We propose to perform 90Y-radioembolization with an absolute minimum planned tumor-absorbed 
dose of 150 Gy.
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Introduction

Yttrium-90 (90Y)-radioembolization is a locoregional 
therapy for treating primary or metastatic liver tumors in 
inoperable patients. Most of the evidence for the efficacy 
and safety of radioembolization resides with hepatocellu-
lar carcinoma, intrahepatic cholangiocarcinoma, and colo-
rectal cancer [1–4]. However, for neuroendocrine tumor 

(NET) liver metastases, evidence of its efficacy is still 
scarcely available [5, 6]. As the treatment effect of 90Y-radi-
oembolization is achieved through irradiating tumor tissue 
by β-rays from 90Y-decay, thereby inducing DNA damage 
and subsequent apoptosis, a dose–response relationship is 
highly probable [7]. A dose–response relationship based 
on quantitative analysis of post-treatment 90Y PET/CT has 
already been demonstrated for colorectal cancer, intrahe-
patic cholangiocarcinoma, and hepatocellular carcinoma 
[1, 2, 8]. In intrahepatic cholangiocarcinoma, a threshold 
of 150 Gy in glass 90Y-radioembolization was suggested, 
as this predicted increased median OS [4]. However, these 
thresholds could not easily be reproduced in resin 90Y-radi-
oembolization [9]. In hepatocellular carcinoma, a threshold 
of 205 Gy was suggested after analyzing prospective data 
in the DOSISPHERE-01 trial, as a significant difference in 
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both response rate and median overall survival was found 
using this threshold [10]. Finally, in mCRC a cut-off of 
189 Gy average tumor-absorbed dose was found to predict 
metabolic response 3 months after glass 90Y-radioemboliza-
tion [2]. Thus, the importance of dosimetry to achieve high 
tumor-absorbed radiation doses cannot be underestimated. 
In neuroendocrine tumor liver metastases, a dose–response 
relationship was confirmed in resin 90Y-radioembolization, 
and a threshold for tumor-specific absorbed dose of 191 Gy 
was suggested [3]. A dose–response relationship assessment 
for glass 90Y-radioembolization has not been performed yet. 
This study analyzes the dose–response relationship and cor-
relates radiation absorbed dose to survival and toxicity in 
patients with neuroendocrine tumor liver metastases treated 
with glass 90Y-radioembolization.

Methods

Patients

All patients who were referred to the nuclear medicine 
department for 90Y-radioembolization of well or moderately 
differentiated grade I-III NET in our center were included. 
Inclusion criteria for analyses included radioembolization 
with glass 90Y-microspheres (TheraSphere™, Boston Scien-
tific), availability of contrast-enhanced computed tomogra-
phy (CECT) of the liver at baseline, at least 3 months follow-
up, and presence of at least one measurable target lesion in 
the liver according to the Response Evaluation Criteria In 
Solid Tumors (RECIST 1.1) [11]. If patients were treated 
with multiple sessions of 90Y-radioembolization, those ses-
sions were considered separate treatments if response could 
be assessed prior to initiation of the sequential 90Y-radi-
oembolization procedure. Patients in whom response could 
not be assessed before the next treatment sessions were 
excluded. Other exclusion criteria included absence of 90Y-
PET/CT or contrast-enhanced CT at baseline or follow-up.

Treatment procedures

Patients were considered a candidate for 90Y-radioembo-
lization after evaluation with multiphasic CECT and dis-
cussion in a multidisciplinary tumor board. Patients were 
included if they had progressive liver-dominant disease, 
maximum Common Terminology Criteria for Adverse 
Events (CTCAE) grade 1 elevated bilirubin level, and inop-
erable disease and were in a good clinical condition (i.e., 
World Health Organization Performance Score 0–2). In our 
institution, 90Y-radioembolization is generally proposed in 
patients who show progression after systemic therapy (i.e., 
PRRT) or who have disease only limited to the liver, even if 
no systemic therapy was given prior.

Before a 90Y-radioembolization procedure was initiated, 
a planning angiography was performed in each patient. Dur-
ing planning angiography, technetium-99 m (99mTc)-macro-
aggregated albumin (99mTc-MAA; approx. 150 MBq) was 
infused in proposed injection positions in either the proper, 
right, or left hepatic arteries. SPECT/CT and planar imaging 
were then performed to evaluate the distribution of activ-
ity and ascertain the absence of extrahepatic depositions. 
Prescribed activity (GBq) was calculated using the MIRD 
method:

where Aprescribed is the prescribed activity at time of admin-
istration, D is the desired average delivered absorbed dose 
to the target volume, and Mtarget is the mass of the perfused 
liver volume. Depending on visual assessment of tumor load 
and distribution of 99mTc-MAA, or in case of a radiation seg-
mentectomy, the desired absorbed dose was adjusted by the 
treating physician at their discretion: the desired absorbed 
dose could be either increased (e.g., when superselective 
targeting was possible or a relatively high tumor-to-normal 
ratio on 99mTc-MAA was seen) or decreased (e.g., in case of 
extensive liver involvement or pre-existing decreased liver 
function). The desired average dose was adjusted to limit 
the healthy liver dose in the targeted liver lobe as approxi-
mated by 99mTc-MAA visually. The morning after treatment, 
a post-treatment 90Y-PET/CT was acquired to assess micro-
sphere distribution.

Follow-up occurred 1 month (patient examination and 
laboratory testing) and 3  months (patient examination, 
laboratory testing, and imaging) after 90Y-radioemboliza-
tion. Routine laboratory testing was targeted at monitoring 
hepatic toxicity and consisted of bilirubin (Bili), alkaline 
phosphatase (AP), gamma-glutamyl transferase (GGT), 
aspartate aminotransferase (AST), alanine transaminase 
(ALT), and albumin (Alb).

Outcomes

Primary endpoint in the study was per-tumor response (i.e., 
tumor level) according to the Response Evaluation Criteria 
in Solid Tumors (RECIST 1.1) on CECT 3 months post-
treatment for up to five hepatic tumors per patient [11]. Per-
tumor response was defined as the quantified reduction in 
tumor size as measured according to RECIST 1.1. To facili-
tate a per-tumor analysis of dose and response, response was 
assessed in up to five tumors in the treated liver volume, 
thereby differing from the original RECIST 1.1 criteria. In 
contrast, overall response (i.e., patient level) was assessed 
using at maximum two tumors per organ (max 2 hepatic 

(1)Aprescribed(GBq) =
D(Gy) ×Mtarget(kg)
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target lesions), in total 5 lesions, including extrahepatic 
disease. A nuclear medicine physician and a radiologist 
evaluated response independently after 3-month follow-up, 
each of them evaluating response in one part of the dataset. 
Complete response (CR) was defined as complete resolu-
tion of the tumor, partial response (PR) was defined as a 
reduction of at least 30% in the largest diameter, progres-
sive disease (PD) was defined as an increase of at least 20%, 
and stable disease (SD) was chosen if no other category 
was applicable. Objective response was the combination of 
both CR and PR categories. As secondary endpoints, overall 
response on patient level (i.e., including non-hepatic tumor 
burden), overall survival, and hepatic toxicity were evalu-
ated. Both clinical and biochemical hepatic toxicity were 
analyzed. Hepatic toxicity was scored according to CTCAE 
version 5.0, and for pooled hepatotoxicity, the modified 
scale was used, as proposed by Braat et al. [12]. Toxicity 
that occurred during follow-up was excluded if toxicity was 
present at baseline and CTCAE grade had not worsened. If 
toxicity was already present at baseline, the relative increase 
after treatment was used to grade toxicity, as proposed by 
CTCAE 5.0.

Dose evaluation

In order to assess the per-tumor dose–response relationship 
and per-patient dose–response and dose-toxicity relation-
ship, the absorbed dose in multiple hepatic lesions was 
calculated using the post-treatment 90Y-PET/CT. The PET-
images were acquired on a Biograph mCT time-of-flight 
PET/CT scanner (Siemens Healthcare GmbH), using one 
or two bed positions in order to fit the entire liver in the 
field of view (FOV). Acquisition time was 15 min per bed 
position, and consecutive bed positions overlapped approxi-
mately 43%. A CT scan was made for attenuation correction. 
Images were reconstructed using 4 iterations with 21 subsets 
and a 5 mm full width at half maximum (FWHM) Gaussian 
post-reconstruction filter. The reconstructed voxel size was 
4.1 × 4.1 × 3.0 mm3.

Tumors were delineated using pre-treatment CECT. 
Manual rigid image registration and manual tumor delinea-
tions were performed in Simplicit90Y (Mirada Medical Ltd.). 
Tumor volumes of interest (VOIs) were transferred from the 
co-registered CECT to the 90Y-PET/CT, and the activity at 
the time of image acquisition was quantified and decay-
corrected to the time of administration. Equation 1 was 
used to calculate the per-tumor-absorbed dose. A density 
of 1.06 kg/L was used to convert between volume and mass 
of liver/tumor tissue. In order to establish the per-tumor 
dose–response relationship, the absorbed dose and response 
for all five tumors were recorded individually. On patient 
level, the mean tumor-absorbed dose per patient was calcu-
lated as the weighted average of all tumor-absorbed doses 

(max. five target lesions plus all other remaining tumors in 
the treated volume), and overall response (including extra-
hepatic disease) was determined.

Statistical analysis

Patient characteristics and demographics were described 
using mean or median and their appropriate range estimates. 
Before toxicity analysis, CTCAE grading was dichotomized, 
grouping grade 0–II and grade III–V. In order to balance 
outcome groups, alternative grouping options were also 
considered. Response categories were also dichotomized 
before analysis, resulting in objective response (i.e., partial 
or complete response vs stable disease or disease progres-
sion) or disease control (i.e., response or stable disease vs 
disease progression). Tumor dose was log-transformed in all 
analyses due to skewness of the dataset.

For dose-toxicity analysis, logistic regression was used, 
only incorporating biochemical hepatic toxicity. The follow-
ing variables were added and excluded based on the AIC 
(Akaike information criterion): dose on the treated healthy 
liver tissue, whole liver treatment (yes/no), planned average 
dose to the perfused volume, dose on all healthy liver tis-
sue, mean tumor dose, liver volume, and healthy liver tissue 
volume. Descriptive statistics were calculated for clinical 
toxicity.

Dose–response relationships were analyzed on tumor 
level and on patient level. Tumor-level dose–response 
relationships were modeled using linear mixed-effects 
regression models, in order to incorporate any correlation 
between tumor doses within a patient. A random inter-
cept for absorbed dose was included, if appropriate and 
if it improved the model’s performance. The tumor dose 
was used as the dependent variable, and tumor volume was 
included to adjust for confounding, as tumor volume may 
be related to both the injected activity in a perfused volume 
and with response.

ROC curves were constructed using logistic regression 
analysis, to model the discriminatory power of tumor dose 
on response, while adjusting for tumor volume. Objec-
tive response (i.e., complete or partial response per tumor 
according to RECIST 1.1) was defined as the outcome. 
Backward selection based on the AIC was used to exclude 
several variables from the model. Bootstrapping was used 
to correct for overfitting and to extract confidence intervals 
around the c-statistic, using 10,000 bootstrap samples. Sen-
sitivity, specificity, negative predictive value (NPV), and 
positive predictive value (PPV) were calculated for different 
cut-off points for tumor dose. Logistic regression analysis 
was also used to model the relationship between healthy 
liver dose and biochemical toxicity (dichotomized toxic-
ity grades as dependent variable). Initial variables tested 
in models included treatment volume, age, tumor dose, 
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and infused activity. Directed acyclic graphs (DAGs) were 
constructed, after which the variable infused activity was 
ignored as it precedes tumor dose in the causal chain.

On patient level, overall survival was assessed as the time 
between start of the first radioembolization treatment and 
death due to any cause. Only the first treatment of patients 
who underwent multiple treatments was considered. Patients 
were censored if they were still alive at the time of analysis 
or were lost to follow-up. The relationship between mean 
tumor dose and survival was tested as a continuous variable 
in the Cox proportional hazard models, adjusting for tumor 
volume. Furthermore, dichotomized mean tumor dose (cut-
off point 150 Gy), disease control, tumor grade, planned 
MIRD dose, and whole liver treatment were tested using 
log-rank test.

Statistical analysis was performed in R (R Core Team 
2020, version 4.1.0). All statistical tests were performed 
two-sided. A p-value of < 0.05 was considered significant.

Results

Thirty-five treatments with glass 90Y-radioembolization in 
30 patients were analyzed individually (Table 1). Twenty-
six patients underwent 90Y-radioembolization once, three 
patients were treated twice (two patients received left and 
right lobe treatment sequentially, one patient received two 
whole liver treatments), and one patient received three treat-
ments (right liver lobe once and left liver lobe twice). All 
radioembolization sessions were analyzed as separate cases, 
as response and toxicity data was available for each individ-
ual treatment. Median prescribed absorbed dose in the per-
fused liver volume was 120 Gy (range 30–200 Gy, Table 2).

Dose–response

A total of 128 tumors treated in 31 angiography sessions 
were included in the mixed-effects model analysis. Median 
absorbed dose per tumor was 134 Gy (range 0.1–1879.1 Gy). 
A low tumor dose (< 30  Gy) was calculated in twelve 
tumors, mostly due to image registration mismatch. In four 
cases, radiological response could not be assessed due to 
unavailable CECT imaging during follow-up (Fig.  1). 
PR occurred after 4/31 (13%) procedures, SD after 17/31 
(55%), and PD after 10/31 (32%). On tumor level, 3/128 
(2%) tumors showed CR, 35/128 (27%) showed PR, 79/128 
(62%) showed SD, and 11/128 (9%) showed PD (Table 3).

In the final model (i.e., after testing for random and fixed 
effects), a significant difference in dose per response cat-
egory (p = 0.0465) was found while correcting for confound-
ing by tumor volume. Therefore, mean tumor-absorbed dose 
was significantly related to response, irrespective of tumor 
size. The random intercept only partially explained the 

Table 1   Baseline characteristics-per patient

NET neuroendocrine tumor, WHO World Health Organization, PRRT​ 
peptide receptor radionuclide therapy, SSA somatostatin analog, 
TACE transarterial chemoembolization, EBRT external beam radio-
therapy

N (%)

Number of patients 30
Age-median (range) 65 (44–88)
Male gender 17 (57%)
Hepatic tumor burden

 < 25% 20 (67%)
 > 25% 10 (33%)

Origin of tumor
Small intestine 6 (20%)
Colon 5 (17%)
Lung 3 (10%)
Pancreas 4 (13%)
Insulinoma 1 (3%)
Stomach 2 (7%)
Esophagus 1 (3%)
Gastrinoma 1 (3%)
VIPoma 1 (3%)
Unknown 6 (20%)

NEN grade
1 9 (30%)
2 12 (40%)
3 4 (13%)
Unknown 5 (17%)

WHO performance status
0 23 (77%)
1 5 (17%)
2 2 (6%)

Complaints at baseline
Fatigue 11 (37%)
Flushing 10 (33%)
Diarrhea 9 (30%)
Weight loss 4 (13%)
Nausea 2 (7%)
Vomiting 1 (3%)
Hypoglycemia 1 (3%)

Previous treatments
PRRT​ 20 (67%)
SSA 19 (63%)
Non-hepatic surgery 9 (30%)
Hepatic surgery 3 (10%)
TACE 1 (3%)
Bland embolization 1 (3%)
Ablation 3 (10%)
Everolimus 3 (10%)
Chemotherapy 4 (13%)
EBRT 4 (13%)
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variance in tumor dose (SD of intercept = 0.54, SD of resid-
ual = 1.11). Tumors showing partial or complete response 
were found to have received a significantly higher absorbed 
dose, compared to tumors showing progression (Fig. 2). In 
tumors showing stable disease, the absorbed dose was 50% 
higher compared to tumors showing progression (p = 0.335, 
95% CI [− 34%; 242%]), and in tumors showing objective 
response, the absorbed dose was 153% higher compared 
to tumors showing progression (p = 0.043, 95% CI [3.2%; 
522%]). Geometric mean absorbed dose corrected for con-
founding was 67.3 Gy (95% CI [29.7; 153]), 101 Gy (95% 
CI [71.8; 142]), and 170 Gy (95% CI [108; 270]), in tumors 
showing progression, stable disease, and objective response, 
respectively.

In logistic regression analysis, objective response on 
tumor level was defined as the outcome. Thirty-eight of 
128 included tumors showed objective response, while 90 
did not. Tumor dose (p = 0.004) and total infused activ-
ity (p = 0.0498) were significant predictors of response. 
While correcting for confounding by tumor volume, the 

log-transformed tumor dose was significantly associated 
with tumor response (OR = 1.84, 95% CI [1.15; 2.96]). The 
bootstrapped AUC for predicting response while correct-
ing for confounding was 0.71 (bootstrapped 95% CI [0.61; 
0.80]); however, calibration was poor (Fig. 3). The median 
dose for responding tumors was 194 Gy (IQR [136; 291]), 
while the median absorbed dose for non-responding tumors 
was 114 Gy (IQR [62; 178]). The true difference in absorbed 
dose between responding and non-responding tumors was 
significant (Mann–Whitney test p < 0.001).

Specificity and sensitivity for different cut-off values were 
calculated (Supplementary Table 1). Consequently, an opti-
mal cut-off point of 135 Gy was identified, with a Youden’s 
J equal to 0.385, and a more desirable dose of 200 Gy, as the 
specificity then exceeds 80%.

Dose‑toxicity

Thirty treatment sessions and their respective 3-month fol-
low-up were included in the toxicity analysis, including the 

Table 2   Baseline 
characteristics-per treatment

N (%)
Number of radioembolizations 35

Whole liver 17 (49%)
Lobar 17 (49%)
Segmental or selective 1 (2%)

Liver volume-median (range) 1900 cm3 (1053–4261)
Tumor volume-median (range) 426.3 cm3 (20.6–1980)
Prescribed dose-median (range) 120 Gy (30–200)
Administered activity-median (range) 2.69 GBq (0.703–9.45)
99mTc-MAA lung shunt-median (range) 4.3% (0.7–22.1)

Fig. 1   Flowchart of patient 
selection in different analyses. 
In response analysis, several 
patients were excluded due 
to unavailability of response 
assessment. In toxicity and 
survival analysis, only the first 
radioembolization session was 
used

35 SIRTs / 30 patients included

4 SIRTs / 4 patients excluded
4 sessions missing follow-up
CECT

5 SIRTs / 0 patients excluded
4 re-SIRTs
1 re-re-SIRT

31 SIRTs included
26 patients included31 SIRTs / 26 patients included 30 SIRTs / 30 patients included

31 SIRTs / 26 patients included 128 tumors included
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four sessions in which no follow-up imaging was available. 
Only first-time radioembolization sessions were consid-
ered for toxicity analysis. When aggregating hepatic bio-
chemical toxicity, eight patients had grade 3–4 toxicity, 15 
patients had grade 1–2 toxicity, and seven patients showed 
no toxicity during 3-month follow-up. Biochemical toxic-
ity was mostly GGT and ASAT elevation (Table 4). Clini-
cal toxicity occurred in all but three patients, with grade 
1–2 toxicity occurring in 24 patients, grade 3–4 toxicity in 
two patients (one case of radioembolization-induced liver 
disease (REILD, as defined by Braat et al.) who received 
110 Gy on total healthy liver tissue and 180 Gy on tumor 
tissue, and one case of liver abscess who received 83 Gy on 
total healthy liver tissue and 693 Gy on tumor tissue), and 
grade 5 in one patient (fatal REILD, who received 128 Gy on 
total healthy liver tissue and 211 Gy on tumor tissue) [12].

The relationship between absorbed dose in treated healthy 
liver tissue and any biochemical toxicity of grade 3 or 4 was 
not significant in logistic regression analysis (OR = 1.01, 
95% CI [0.985–1.038]; p = 0.409). For biochemical toxicity 
of grade 2 or higher, the relationship was also not significant 
(OR = 1.02, 95% CI [0.995–1.047]; p = 0.121). From both 
models, all tested variables were excluded. The bootstrap-
corrected AUC for predicting toxicity grade 3 or 4 was 0.55 
(bootstrapped 95% CI [0.46–0.82]), and the bootstrap-cor-
rected AUC for predicting toxicity of grade 2 or higher was 
0.68 (bootstrapped 95% CI [0.49–0.88]).

Survival

In survival analysis, 30 patients were included, and five 
patients were censored. Median overall follow-up time in 
all patients was 18 months (IQR [7; 33]). Median overall 
survival was 19.3 months (95% CI [12; 34.3]), and 1-year 
survival probability was 0.64 (95% CI [0.49; 0.85]).

Mean tumor dose was not significantly associated with 
overall survival in Cox-PH analysis as a continuous vari-
able after correcting for confounding by tumor volume 
and age (HR per 100  Gy = 0.76, 95% CI [0.43; 1.33]). 
Using the cut-off value of 150 Gy (determined based on 
the Youden’s index in logistic regression and the median 
tumor-absorbed dose for responding tumors), median over-
all survival differed significantly (OS<150 Gy = 12.0 months, 
OS>150  Gy = 29.9  months) according to log-rank test 
(p = 0.018). However, after correcting for confounding by 
tumor volume and age in Cox regression analysis, the HR 
for the cut-off of 150 Gy on overall survival was 0.42 (95% 
CI [0.16; 1.12], p = 0.082; Fig. 4). Disease progression 
according to RECIST 1.1 was also significantly negatively 
associated with overall survival while correcting for tumor 
volume (HR 3.64, 95% CI [1.01; 13.1], p = 0.048; Fig. 4). 

Table 3   Response rates at 3-month follow-up

Response categories as observed in patients 3  months after their 
treatment (patient based response), with the response category of all 
selected tumors of the respective patients specified in the last column

Patient-based 
response

Related 
tumor-specific 
response

Overall response category
  Complete response 0 CR 0

PR 0
SD 0
PD 0

  Partial response 4 (13%) CR 1
PR 12
SD 6
PD 0

  Stable disease 17 (55%) CR 2
PR 16
SD 53
PD 1

  Progressive disease 10 (32%) CR 0
PR 7
SD 20
PD 10

Fig. 2   Dose–response relationship, per-lesion analysis. Boxplot 
showing the relationship between tumor-absorbed dose and response 
on tumor level. PD, progressive disease; SD, stable disease; PR/CR, 
partial response/complete response
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Objective response at patient level occurred in four patients, 
and was therefore not tested. Tumor grade was a signifi-
cant predictor of survival (p = 0.025), but tumor volume 
(p = 0.084), liver tumor burden > 25% (p = 0.182), planned 
MIRD dose of > 100 Gy (p = 0.330), and whole liver treat-
ment (p = 0.163) did not impact overall survival (Table 5).

Discussion

The currently presented data show that response of NET 
liver tumors is dependent on tumor-absorbed dose after 
glass 90Y-radioembolization in patients with metastatic NET, 
in line with the AHARA concept (“as high as reasonably 
achievable”). A geometric mean absorbed dose of 170 Gy 

was found in tumors that showed response, as opposed to a 
geometric mean dose of 67 Gy found in tumors that showed 
disease progression and 101 Gy in tumors that remained 
stable in size. Based on the logistic regression analysis, we 
propose to perform 90Y-glass radioembolization with an 
absolute minimum planned tumor-absorbed dose of 150 Gy, 
which according to the presented data leads to increased 
response and survival benefit. A cut-off of > 200 Gy is 
even more desirable, as true negative rate for response then 
increases to more than 80%.

Radioembolization has improved over the years in terms 
of patient selection, targeted dose selection, tumor target-
ing, and prevention of liver tissue damage, and now evi-
dent dose–response relationship may be seen as both the 
result from and the incentive for these improvements. In 

Fig. 3   Performance and 
calibration charts for predicting 
response in tumors. A Receiver 
operating characteristic curve 
depicting the accuracy of the 
log-transformed dose in predict-
ing response. B Calibration plot 
showing moderate calibration of 
the model used to construct the 
ROC-curve

A) B)

Table 4   Hepatic and clinical 
toxicity within 3 months after 
treatment according to CTCAE 
5.0

Newly identified toxicity in patients within 3 months after treatment, compared to baseline
* Excluding biochemical toxicity
REILD radioembolization-induced liver disease

Biochemical toxicity 0 1 2 3 4 5
  AF 19 9 6 1 0 0
  ALAT 22 10 2 1 0 0
  Alb 28 5 1 1 0 0
  ASAT 18 14 2 1 0 0
  Bili 31 1 0 3 0 0
  GGT​ 18 8 3 5 1 0

Clinical toxicity
  Abdominal pain 16 16 3 0 0 0
  Diarrhea 33 2 0 0 0 0
  Fatigue 12 16 7 0 0 0
  Fever 28 6 1 0 0 0
  Loss of appetite 28 7 0 0 0 0
  Malaise 30 4 1 0 0 0
  Nausea 22 13 0 0 0 0
  Pain, other 32 2 1 0 0 0
  Weight loss/gain 32 3 0 0 0 0
  REILD* 32 0 0 1 0 1
  Liver abscess 34 0 0 1 0 0
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improving efficacy of radioembolization, optimizing dosim-
etry is of utmost importance. This has already been demon-
strated in earlier studies on dose–response relationship after 
glass 90Y-radioembolization for hepatocellular carcinoma 
(HCC) and colorectal cancer [2, 4, 8, 10]. In NET patients, 
a dose–response relationship after radioembolization has 
been demonstrated for resin 90Y-radioembolization [3]. In 
the study by Chansanti et al., tumor dose was significantly 
associated with both short-term and long-term response 
according to mRECIST, and an optimal cut-off of 193 Gy 
was proposed. However, their cohort was rather small (15 
patients and 55 tumors). Furthermore, response was assessed 
using mRECIST, while in their cohort, 20% of tumors were 
hypovascular. Most notably, their results were based on dose 
estimation on pre-treatment 99mTc-MAA SPECT/CT, while 
the currently reported results were extracted from 90Y PET/

CT. It is well known that absorbed dose estimation using 
99mTc-MAA SPECT/CT is unreliable [13–15]. The room for 
improvement in estimating the tumor-absorbed dose using 
99mTc-MAA is underlined by the significantly better per-
formance of 166Ho-scout as planning procedure [16, 17]. It 
is therefore frequently debated whether patient dosimetry 
should be based on efficacy thresholds or on toxicity thresh-
olds [18].

Considering other types of tumors treated with glass 
90Y-radioembolization, dose–response and dose-survival 
correlation was confirmed in the dedicated DOSISPHERE-1 
study (phase 3 RCT on glass 90Y-radioembolization in HCC, 
randomizing between standard MIRD-based treatment and 
personalized dosimetry) [10]. In the study, 28 patients were 
treated with glass 90Y-radioembolization using personalized 
dosimetry, and 28 patients using MIRD. A significant dif-
ference in objective response rate was found (71% vs 36%, 
p = 0.0074). Median overall survival also differed signifi-
cantly (26.6 months vs 10.7 months, p = 0.0096). In mCRC, 
the relationship between radioembolization and metabolic 
response based on 18F-FDG PET/CT using all commercially 
available particles has been found; however, minimally 
effective tumor dose differs per particle used [2, 19, 20]. In 
the study by Alsultan et al., 85 tumors in 31 patients with 
colorectal liver metastases were treated with glass 90Y-radi-
oembolization. They found a significant dose–response rela-
tionship with a 94% higher tumor-absorbed dose in tumor 
with complete metabolic response, and a 74% higher tumor-
absorbed dose in patients with partial metabolic response, 
compared to tumors that progressed after three months. 
Furthermore, tumor-absorbed dose was a good predictor 
for response, with a c-statistic of 0.88. Concerning dose-
toxicity analysis, no relationship of healthy liver dose and 
clinical toxicity was found, but linear regression showed that 

A) B)

Fig. 4   Survival curves for mean tumor dose and disease progression, 
per-patient analysis. A Difference in survival between patients receiv-
ing an overall average tumor-dose above or below 150 Gy. B Differ-

ence in survival between patients with progressive disease and stable 
disease (SD) or response (PR)

Table 5   Hazard ratios in Cox-PH regression analysis

Independent variables were individually tested. The following possi-
ble confounders were included in the model: tumor volume and age
FU follow-up, HR hazard ratio

HR (95% CI) p-value

Mean tumor dose (per 100 Gy) 0.85 (0.49–1.4) 0.507
Mean tumor dose > 100 Gy 0.10 (0.02–0.49) 0.003
Mean tumor dose > 150 Gy 0.36 (0.11–1.1) 0.086
Progressive disease at 3 m FU 6.9 (1.2–38.0) 0.025
NET grade 0.045

  Grade 1 ref
  Grade 2 0.48 (0.11–2.2)
  Grade 3 4.8 (0.58–39.5)

Whole liver treatment 1.89 (0.54–6.6) 0.315
MIRD planned average dose > 100 Gy 0.47 (0.16–1.4) 0.177
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biochemical toxicity was related to healthy liver-absorbed 
dose. To date, no prospective studies using personalized 
dosimetry in mCRC have been conducted yet. Finally, Cheng 
et al. recently showed a dose–response relationship in chol-
angiocarcinoma patients treated with either resin or glass 
90Y-radioembolization. A minimum tumor-absorbed dose of 
150 Gy to achieve tumor response with a specificity of 80% 
was found for glass microspheres, but a considerably lower 
minimal dose of 54 Gy was found for resin microspheres 
[4]. Comparing studies on different types of tumors imposes 
problems. Dose thresholds for response can likely not be 
translated to neuroendocrine tumor patients, as response 
rates to radiation and tumor aggressiveness are important 
factors that account for differences in outcome.

From the presented data, a relation between healthy liver 
tissue dose and toxicity was not identified. However, because 
short-term hepatic toxicity did frequently occur in our study, 
and previously reported dose-toxicity relationships have 
been identified, be it in colorectal cancer and hepatocellu-
lar carcinoma patients, a positive relationship is still likely 
[19]. It is therefore difficult to propose a healthy tissue dose 
limit that physicians should adhere to, based on the current 
data. Overall, grade 3/4 hepatic toxicity was rather limited 
(8/35 procedures in total). Concerns have been raised on the 
application of radioembolization in low-grade NET patients 
by several small reports, discussing late cirrhotic changes 
years after treatment [21, 22]. However, scientific evidence 
on occurrence of long-term effects of radioembolization is 
sparse, and current available studies lack important clinical 
and dosimetric parameters to really understand and reliably 
interpret these concerns [23]. Additionally, morphological 
cirrhotic changes are often described on imaging studies, 
whether this negatively affects patient’s clinical condition 
and subsequent treatments remain largely unknown. In 
a large retrospective series on radioembolization in NET 
patients, many subsequent treatments following radioem-
bolization have been safely applied, so this particular issue 
needs additional clarification [6].

In NET, peptide receptor radionuclide therapy (PRRT) 
using 177Lu-DOTATATE is often considered the first choice 
in treating inoperable metastasized NET after progres-
sion under somatostatin analogues. The NETTER-1 study 
(phase 3 RCT randomizing between long-acting octreotide 
or long-acting octreotide and 177Lu-DOTATATE) showed 
an objective response rate after PRRT of 18%, compared 
to reported response rates of up to 50% after resin 90Y-radi-
oembolization [6, 24, 25]. This statistic raises the question 
whether it is justifiable to prioritize liver-directed therapies 
in patients with liver-only or liver-dominant disease. The 
benefits of an increased response rate may potentially out-
weigh the drawbacks of limited damage to the liver by radi-
oembolization in these cases, even more so when perform-
ing personalized dosimetry. As PRRT has several systemic 

side effects (mainly bone marrow depression) that are not 
present after radioembolization, utilizing PRRT may best 
be postponed until extra-hepatic metastases develop or 
progression is observed after radioembolization. Moreo-
ver, there is currently no data advocating against early uti-
lization of radioembolization, and radioembolization is no 
contra-indication for PRRT. Radioembolization is mostly 
advocated as one of multiple locoregional therapy options 
to be used in patients with predominant liver disease or sta-
ble extrahepatic disease, optionally in conjunction with sys-
temic treatment. In current European guidelines (i.e., 2016 
ENETS Consensus Guidelines and the 2020 ESMO Clinical 
Practice Guidelines), radioembolization is briefly mentioned 
as viable treatment for hepatic metastases of NET [26, 27]. 
Both guidelines propose the use of locoregional therapies 
including radioembolization in early disease stages, but 
a more specific recommendation is not made due to the 
lack of evidence. The preference for bland embolization, 
chemo-embolization, or radioembolization remains subject 
of scientific debate [5, 28–31]. Toxicity profiles seem simi-
lar, while response rates are variable. One big advantage 
of radioembolization as opposed to bland embolization and 
chemo-embolization is the possibility to perform personal-
ized dosimetry.

This study has some limitations. First, a relatively small 
sample size was used, due to absence of qualitatively ade-
quate follow-up imaging in some patients and overall limited 
number of glass 90Y-radioembolization treatments carried 
out in NET patients. However, due to per-tumor analysis, a 
rather adequate sample size was achieved through mixed-
model analysis, from which conclusions on patient level 
could be inferred. Secondly, a relationship between clinical 
toxicity and healthy liver tissue dose could not be studied 
due to infrequent occurrence of events and absence of clear 
measuring tools. Thirdly, RECIST 1.1 was used as the pri-
mary endpoint for response. mRECIST criteria would be 
more suitable for hypervascular tumors, but in the current 
dataset, many tumors could not reliably be measured accord-
ing to mRECIST or due to missing multiphase contrast-
enhanced CTs at baseline or follow-up. Finally, a relatively 
small follow-up time was chosen, so that long-term response 
and toxicity could not be evaluated.

Even though the data presented in this study shows a sig-
nificant correlation between dose and response on tumor 
level in NET, a correlation on patient level between tumor 
dose and response and survival needs to be studied in larger 
cohorts. The power of such studies needs to be sufficiently 
large, to accommodate for large variance in patient and 
tumor characteristics, inherently present in NET patients. 
Given the clear dose–response relationship, attention needs 
to be primarily focused on personalized dosimetry, both 
in research and in clinical practice. However, in patients 
with extrahepatic disease and bulky intrahepatic disease, 
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combination therapies (radioembolization + systemic treat-
ments) are worth investigating. As shown by the post hoc 
analysis of the NETTER-1 study, bulky liver disease results 
in a poorer outcome, representing a large portion of patients 
in daily practice, whom in theory may benefit from an addi-
tional “treatment boost” to liver disease. Whether the com-
bination should entail somatostatin analogs, everolimus, 
chemotherapy (e.g., CAPTEM) or PRRT, remains a matter 
of scientific debate in light of limited scientific evidence 
[32–36].

In conclusion, this study presents the first evidence of 
a dose–response relationship in neuroendocrine tumor 
liver metastases treated with glass 90Y-radioemboliza-
tion. Both on tumor level and patient level, a higher 
tumor-absorbed dose resulted in higher response rates. 
We propose to perform 90Y-radioembolization proce-
dures with an absolute minimum planned mean tumor-
absorbed dose of 150 Gy.
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