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Abstract 

Liver function may be negatively affected by radiation for treatment of hepatic malignancy. 

Pretreatment blood cytokine levels are biomarkers for prediction of toxicity and survival after 

external beam radiation therapy. We hypothesized that cytokines may also predict outcomes 

after radioembolization, enabling a biomarker-driven personalized approach to treatment. 

Methods: Pre-therapy blood samples from patients enrolled on a prospective protocol 

evaluating 90Y radioembolization for management of intrahepatic malignancy were analyzed for 

two cytokines selected based on prior studies in stereotactic body radiotherapy (SBRT), soluble 

tumor necrosis factor receptor 1 (sTNFR1) and hepatocyte growth factor (HGF), via enzyme-

linked immunosorbent assay (ELISA), and key dosimetric parameters were derived from post-

treatment 90Y PET/CT imaging. Toxicity was defined as a change in albumin-bilirubin score 

(ALBI) from baseline to follow up [3-6-month post-treatment (ΔALBI)]. Associations of cytokine 

levels, dose metrics, and baseline liver function with toxicity and overall survival were assessed. 

Results: Data from 43 patients treated with 90Y radioembolization for primary [48.8% (21/43)] or 

secondary [51.2% (22/43)] malignancy were assessed. Examined dose metrics and baseline 

liver function were not associated with liver toxicity; however, levels of sTNFR1 (p=0.045) and 

HGF (p=0.005) were associated with liver toxicity in univariate models. Cytokines were the only 

predictors of toxicity in multivariable models including dose metrics and prior liver directed 

therapy. sTNFR1 (HR 12.3; CI 3.5-42.5, p<0.001) and HGF (HR 7.5; CI 2.4-23.1, p<0.001) 

predicted overall survival, and findings were similar when models were controlled for absorbed 

dose and presence of metastatic disease. Conclusions: Pretreatment cytokine levels predict 

liver toxicity and overall survival. These pathways can be targeted with available drugs, an 

advantage over previously studied dose metrics and liver function tests. Interventions directed 

at the TNF alpha axis should be considered in future studies for prevention of liver toxicity, and 

HGF should be explored further to determine whether its elevation drives toxicity or indicates 

ongoing liver regeneration after prior injury. 
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Introduction 

Radioembolization with microspheres containing 90Y is an established approach for 

treatment of malignancies involving the liver (1). A pretreatment 99mTc-macroaggregated 

albumin (MAA) scan is used to assess for enteric and pulmonary shunting prior to treatment 

with glass microspheres administered to achieve a dose to the targeted liver of 80-150 Gy (2). 

This approach currently relies on calculations that include perfused liver mass and pulmonary 

shunt fraction, but recent data suggest that the use of more personalized dosimetry can result in 

improved response rates with low rates of toxicity (3-7). 

Side effects of radioembolization have been well-characterized and include lung toxicity, 

GI toxicity, and hepatotoxicity (8).  Multiple studies have found that baseline liver function and 

dosimetry predict hepatotoxicity after radioembolization, suggesting that both should be 

considered for risk reduction (6,7,9,10). In contrast, our group and others have previously found 

that uninvolved liver absorbed dose is not correlated with toxicity (11,12). Though there remains 

some debate as to the importance of dose for toxicity prediction, it is important to consider other 

factors that show promise for prediction of liver toxicity following SBRT that might be applied to 

benefit patients receiving radioembolization. 

Studies of liver toxicity after SBRT have shown that pretreatment levels of HGF and 

sTNFR1, predict hepatic injury after treatment (13-15). Additionally, baseline cytokine levels and 

inflammation-related lab values predict overall survival, suggesting even broader potential 

application of pretreatment lab-based studies (14,16). However, the linkage between these 

markers and overall survival has multiple potential explanations (e.g. relationships between 

markers and baseline liver status, risk of liver toxicity, local disease progression, systemic 

disease, and/or comorbid conditions). We have previously proposed that select cytokines 

portend an inflammatory state that could be targeted with the goal of reducing toxicity following 

radiation (13). Prior studies of hepatotoxicity and survival following radioembolization have 

focused on dose-metrics and liver function assessment, but some have considered blood 
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cytokine levels (17-19). To date, no study has simultaneously considered dose metrics, liver 

function, and biomarkers. We hypothesized that hepatotoxicity and overall survival after 90Y 

radioembolization may be predicted by baseline cytokine levels and that these biomarkers might 

guide personalized treatment. 

 

Materials and Methods 

Study Population, Sample Collection, and Storage 

 Individuals with hepatic malignancy slated to receive treatment via 90Y radioembolization 

(TheraSphere; BTG International Ltd.) at University of Michigan University Hospital (3/2017- 

2/2020) who met eligibility criteria (ability to undergo imaging, follow-up at the University of 

Michigan, and informed consent) were enrolled prospectively onto an Institutional Review 

Board-approved research study (UMCC 2016.090; HUM00118705) that included a blood draw 

and 90Y PET/CT imaging. Participants provided written informed consent. Blood samples were 

collected before radioembolization; serum and plasma were prepared and stored (−80°C) until 

analysis, which was performed in 3/2020 in one batch after the last patient was enrolled. 

 

Treatment 

 Prior to 90Y treatment, each patient underwent an Tc-99m MAA scan to assess for 

shunting. The treating team adhered to standard guidelines for delivery of 80-150 Gy to the 

entirety of the treated liver lobe (40/43 lobar treatments; 3/43 selective treatments). Dose 

selection but not treatment strategy (selective vs lobar) depended upon disease histology, lung 

shunt, and baseline liver function. To achieve target doses, administered activities 0.5-12.6 GBq 

were delivered using microspheres with specific activity 107-1542 Bq/sphere. 
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Imaging and Segmentation 

 Post-treatment 90Y PET/CT imaging reconstruction, registration, and segmentation was 

as described previously (12) and is summarized here. PET/CT imaging was performed within ~ 

2 hours (average 2.5 h, range 1 – 5 h) of radioembolization with acquisition time ~30 min over a 

field encompassing the liver and portions of the thorax. Lesion contours segmented on 

pretreatment diagnostic CT or MRI by an experienced radiologist (RK) were transferred to 90Y 

PET/CT following rigid registration (MIM Software, Cleveland, OH) with fine adjustment of 

location, guided by PET and CT, when mis-registration was evident. A total of 1-5 lesions >2 ml 

were segmented per patient. For the current study, liver segmentation was performed on CT of 

PET/CT using deep learning-based tools (MIM Software, Cleveland, OH). The liver volume 

minus the sum of segmented lesions (including a 1 cm expansion zone around each lesion to 

account for PET resolution) constituted the nontumoral liver volume that included the non-

injected lobe. (Figure 1). 

 

Dose variables 

 Voxel dosimetry was performed by coupling the quantitative 90Y PET/CT images with 

explicit Monte Carlo radiation transport as described previously (12). Voxels within lesions and 

non-tumoral liver were scaled by volume-dependent recovery coefficients for a mean value 

partial volume correction (12). The following liver dose metrics were collected for the entire 

nontumoral liver volume: mean liver physical absorbed dose (MLD), mean liver biologically 

effective dose (BED; =2.5 Gy; cell repair constant=0.28 h-1 (6)), mean liver biologically 

equivalent dose to radiation delivered at 2 Gy/fraction (EQD2), maximum dose to the coldest 

xx% (DCxx), and maximum dose to the coldest 700cc (DC700cc). DCxx and DC700cc were 

expressed as biologically effective dose for BEDCxx and BEDC700cc, respectively (20). As a 

surrogate for macroscopic non-uniformity, we calculated (DC10 – DC90)/DC50 and DC10 – 

DC90. Some patients received multiple treatments. When time between treatment was ≤90 
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days, dose values were generated using the summed PET/CT dose map from both treatments 

(Supplemental Figure 1). In this case, prior to summation the two dose maps were aligned 

based on a CT-CT rigid registration (MIM Software, Cleveland, OH) with manual fine-tuning. 

Summation of dosimetric data for treatments given ≤90 days apart was performed because it 

was felt that 90 days constitutes a first portion of the radiation response likely lasting at least 7 

to 9 months as shown in the radiation induced liver injury literature and in studies of hypertrophy 

following radioembolization  (21,22). Therefore, it is less likely that this 90-day period would be 

sufficient for significant recovery to occur prior to the second injury. Dose metrics from the first 

treatment were used if time between treatments was >90 days. 

 

Toxicity assessment 

 Previous work has established ALBI score [0.66 × log10Bilirubin (µmol/L) – 0.085 × 

Albumin (g/L)] as a measure of liver function (23). The difference between ALBI score at 

baseline and a follow up assessment at 3-6 months was defined as ΔALBI. A positive ΔALBI is 

indicative of worsening liver function, considered the toxicity outcome in the current work. 

Additionally, relevant laboratory-based assessments were collected using Common 

Terminology Criteria for Adverse Events version 5 (CTCAE) within six months of treatment for 

alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, and total bilirubin. 

 

Cytokine quantification 

 HGF (serum)and sTNFR1 (plasma) were quantified in appropriate specimens using 

Quantikine ELISA kits (R&D Systems, Minneapolis, MN): DRT100 (TNF-RI) and DHG00B 

(HGF). Assays were performed according to manufacturer recommendations without 

variation. Following assay development, absorbance data were collected and analyzed using a 

Synergy HT plate reader and Gen5 software, respectively (BioTek Instruments, Winooski, VT). 

Cytokine concentrations were determined through comparison to standards. 
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Statistical Methods 

 Correlations among the nontumoral liver dose metrics were measured using Pearson’s 

correlation coefficient (ρ). Cytokine values were log transformed due to outliers. Univariate 

associations of ΔALBI and each of the dose metrics, HGF, and sTNFR1 were assessed using 

scatter plots. Based on the scatter plots, linear trends were identified. Univariate linear models 

with dose metrics, cytokines, or baseline disease factors were constructed. Multivariable models 

using the cytokines, dose metrics, and clinical factors were constructed. The association 

between cytokines and overall survival (OS) was assessed. Kaplan-Meier curves of OS 

stratified by median values of each cytokine were constructed and compared using the log-rank 

test. Univariate Cox proportional-hazards models were fit to quantify the effect of cytokines on 

risk of death. Harrell’s c-index was used to quantify the predictive accuracy of survival models. 

Analyses were completed using R version 4.0.3. 

 

RESULTS 

Overview 

 Data were available from 43 patients with median age 65.0 years (Range: 37.0, 82.0) 

treated with 90Y radioembolization for hepatocellular carcinoma [37.2% (16/43)], 

cholangiocarcinoma [11.6% (5/43)], or metastatic [51.2% (22/43)] malignancy (Table 1). Most 

patients [62.8% (27/43)] had a pre-treatment Child-Pugh score of 5. Toxicity outcome 

assessments included 34/43 (79.1%) patients with available ΔALBI. The median follow-up for 

toxicity was 6.0 months. Most patients [82.4% (28/34)] had positive ΔALBI, signifying worsening 

liver function. Six-month CTCAE grade toxicity data for liver-associated laboratory studies are 

provided in Supplemental Table 1. Median follow-up for survival was 10.9 months, and 25/43 of 

patients died during follow-up. 
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Absorbed dose and toxicity 

 Dose metrics are summarized in Table 1. Assessments included evaluation of 

relationships between dose metrics themselves and relationships between dose metrics and 

ΔALBI. Strong pairwise correlations were noted for MLD, BED, and EQD2 (ρ>0.8, Supplemental 

Table 2). BEDC10, BEDC30, BEDC90, and BEDC700cc were also strongly correlated with 

DC10, DC30, DC90, and DC700cc, respectively (ρ>0.96, Supplemental Table 2). Simple linear 

fits demonstrated greatest positive associations between three dose metrics in particular (MLD, 

DC700cc, and DC90) and ΔALBI (Supplemental Figure 2); however, none of these associations 

were statistically significant (Table 2). Only MLD and DC90 were selected for multivariable 

modeling because 1) strong relationships were noted between dose metrics and 2) the 

identification of a subset of metrics, including MLD and DC90, with the strongest associations 

with ΔALBI. The effect of dose heterogeneity on toxicity was also examined, and neither of two 

measures of dose uniformity that we evaluated, (DC10 – DC90)/DC50 or DC10 – DC90, were 

associated with toxicity (Table 2). 

 

Cytokines and toxicity 

 Higher baseline levels of sTNFR1 and HGF were associated with a larger ΔALBI (Fig. 

2A, 2B). Formal models were constructed to characterize relationships between cytokine levels 

at baseline and toxicity as measured by ΔALBI. Baseline HGF (p=0.005) and sTNFR1 (p=0.045) 

were significantly associated with greater liver toxicity (Table 2). Metastatic disease, baseline 

ALBI score, baseline cirrhosis, number of prior liver-directed therapies, and number of prior 

systemic therapies were not significantly associated with toxicity. 

 After discovering that a subset of the selected cytokines predicted toxicity, multivariable 

toxicity models incorporating select dose metrics, cytokines, and clinical covariates were 

constructed (Table 3). When models were adjusted for baseline ALBI score, receipt of prior 

liver-directed therapy, and either MLD or DC90, HGF (p<0.002) and sTNFR1 (p<0.030) were 



9 
 

significant predictors of toxicity. Models with DC700cc demonstrated similar findings 

(Supplemental Table 3). Relationships among cytokines were assessed to determine if they 

provide independent information. Baseline HGF and sTNFR1 were positively correlated 

(ρ=0.50, Supplemental Table 4); when a multivariable toxicity model including all three 

cytokines was constructed, only HGF was significant (Supplemental Table 5). 

  

Cytokines and overall survival 

 After determining that cytokine levels were associated with toxicity, we examined 

cytokines for prediction of overall survival. Baseline sTNFR1 (p=0.010; Fig. 3A) and HGF 

(p=0.011; Fig. 3B) above the median for each cytokine were associated with worse survival. 

Median OS was 33.3 months (95% CI [10.9, NA]) and 10.9 months (95% CI [5.9, NA]) for those 

with baseline sTNFR1 concentration below vs. above the median, respectively (Table 4). 

Median OS was 33.3 months (95% CI [10.9, NA]) and 9.8 months (95% CI [6.4, NA]) for those 

with baseline HGF concentrations below vs. above the median, respectively (Table 4). 

 Continuous models found that elevated levels of sTNFR1 (HR 12.3, p<0.001, c-

index=0.71) and HGF (HR 7.5, p<0.001, c-index=0.69) were significantly associated with 

increased risk of death (Table 5). No dose metrics predicted survival (Supplemental Table 6). In 

multivariable models adjusting for DC90 or MLD and metastatic disease, sTNFR1 and HGF 

were strong predictors of survival (p<0.001). 

 

Discussion 

 In the current study, we show that baseline elevations in HGF and sTNFR1 levels predict 

liver toxicity and overall survival after 90Y radioembolization for management of hepatic 

malignancy, validating our previous findings in setting of SBRT (13,14). Levels of these soluble 

signaling molecules appear to be more important for prediction of toxicity than radiation dose 

and even baseline liver function in patients with both primary and secondary hepatic 
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malignancy. With additional studies, these biomarkers could be used to guide patient care in the 

pretreatment setting by providing valuable prognostic information regarding both toxicity and 

overall survival. As signaling through both entities is targetable, our findings support future trials 

of interventions in the pretreatment setting for prevention of hepatotoxicity after 

radioembolization. 

 Many have implicated TNFα as a potential mediator of inflammatory signals that result in 

liver injury (24,25). TNFR1 is a ubiquitously expressed plasma membrane-associated molecule 

that transduces extracellular signals into the intracellular environment (26). The soluble form of 

TNFR1 (sTNFR1) is released constitutively, but sTNFR1 shedding increases with exposure to 

TNFα (27-29). Elevated sTNFR1 levels are associated with liver inflammation (30).  Two key 

preclinical studies linked radiation to liver injury mediated by the TNFα axis. First, when 

hepatocytes were irradiated in the presence of TNFα, higher levels of apoptotic cell death were 

observed (31). Second, hepatocyte apoptosis was prevented in irradiated cells when they were 

treated with antisense oligonucleotides against TNFR1 in the presence of TNFα (32). Therefore, 

sTNFR1 represents a stable analyte for assessment of TNFα signaling that has previously been 

linked to liver toxicity after SBRT (13) and for the first time has been linked to liver toxicity 

following 90Y radioembolization in the current study. 

 HGF was also predictive of liver toxicity following SBRT, as previously shown by our 

group and others (14,15). The mechanism through which one might explain these relationships 

is less clear. c-MET, the major downstream signaling target of HGF, is a receptor tyrosine 

kinase (33), and HGF signaling through this molecule is mitogenic, driving regeneration after 

liver injury or resection (34-36). However, there is some disagreement in the literature as to 

whether c-Met promotes hepatocyte recovery or fibrosis (37,38). HGF-MET signaling has also 

been linked to unfavorable tumor characteristics, including metastasis and invasion (33).  

 Our finding that sTNFR1 and HGF predicted liver toxicity following 90Y radioembolization 

presents multiple potential opportunities for personalized medicine. FDA-approved small 
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molecule inhibitors targeting the TNFα axis and c-Met, the signaling partner of HGF  (39,40), 

should be considered in future clinical trials for prevention of toxicity. The fact that these 

signaling entities (sTNFR1 and HGF) might be targeted for potential therapeutic gain constitutes 

a major advantage over biomarkers or scores that can only direct treatment adaptation or 

avoidance. However, further study of HGF is needed prior to targeting this entity to ensure that 

HGF is driving toxicity and not simply elevated in setting of liver recovery (18). 

 The impact of dose on liver toxicity after radioembolization has been widely discussed in 

the 90Y literature (6). We did not note associations between dose and toxicity, though others 

have shown the presence (10) and absence (11,12) of such relationships. One explanation for 

this difference is that our sample included a nearly even mixture of those with primary and 

secondary malignancy with generally good liver function. Additionally, our sample size was 

small. Despite our findings, we encourage continued efforts toward more personalized 

dosimetry to balance disease control and toxicity given positive results in recent studies (5,9). 

 Relationships between signaling molecules and overall survival are more difficult to 

explain than the toxicity relationships reviewed above. It is important to consider non-liver and/or 

non-oncologic disease states along with liver disease, cancer status, and treatment toxicity as 

potential explanations for both increases in cytokines and worse survival. Regardless of the 

potential mechanistic explanations, these relationships are significant and should be evaluated 

in future studies with the goal of applying their prognostic power to guide clinical decision-

making. 

 There are several weaknesses of this work that we would like to note. The study is 

relatively small and was conducted at a single institution, suggesting that analyses may have 

been underpowered and that a limited number of treatment scenarios might have been 

captured. Though care was taken in registration of images and segmentation, it is not possible 

to eliminate the impact of misregistration on dosimetric calculations. The impact of 

misregistration and the use of rigid registration for dose accumulation are limitations of the 
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study.  Though beyond the scope of this study, additional studies are needed to determine the 

value of deformable registration for Y90 and if changes in technique (e.g. higher exposure, use 

of contrast) of the CT of PET/CT are necessary to yield accurate deformable maps from a 

diagnostic quality scan to CT of PET/CT that is performed without contrast and with low mAs. 

Respiratory motion effects might also impact dosimetric calculations, though mean nontumoral 

liver dose, which is the dose metric we focus on in the current paper, has been shown to be 

insensitive to respiratory motion up to 4 cm in a simple phantom study (41). Furthermore, 

although we evaluated macroscale level heterogeneity indices, the impact of dose deposition 

non-uniformity at the microscale level (42,43) was not evaluated due to the challenges of doing 

this with resolution capabilities of PET. Despite these limitations, this study validates prior work 

in SBRT demonstrating the importance of cytokines for toxicity prediction after liver irradiation. 

When combined with prior work demonstrating relationships between disease response and 90Y 

PET dosimetry (12), the findings of the current study hold great promise for personalized 

treatment planning. This study will inform larger clinical studies in the SBRT and 

radioembolization spaces to select and validate biomarker cut points to facilitate their use in 

patient selection and to test approaches to directly target processes driving liver damage in 

those at higher risk for toxicity. 

Conclusions 

HGF and sTNFR1 levels prior to 90Y radioembolization predict both post-treatment 

hepatotoxicity and overall survival. These findings support larger studies to identify cutoffs for 

signaling molecules, a clinical trial of TNF axis inhibitors for prevention of liver toxicity, and 

further preclinical examination of the relationship between HGF and liver toxicity. These data will 

facilitate the development of novel biomarker-based approaches for prediction and intervention 

to address hepatotoxicity after radioembolization, an improvement over using only dosimetry 

and liver function assessments that have been the focus of hepatotoxicity prevention efforts to 

date. 
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Key Points 

QUESTION: Do baseline cytokine levels predict liver toxicity and/or overall survival in those 

treated with 90Y radioembolization for hepatic malignancy to enable a novel biomarker driven 

personalized approach to treatment? 

PERTINENT FINDINGS: Pretreatment HGF and sTNFR1 levels predicted liver toxicity and 

overall survival, while 90Y PET/CT-derived absorbed dose metrics did not. 

IMPLICATIONS FOR PATIENT CARE: With further study and validation, HGF and/or sTNFR1 

might be used for pretreatment patient stratification or treatment adaptation to avoid toxicity. 

Interventional trials of TNFα axis modifying agents and c-MET inhibitors should be considered. 
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TABLES 

Table 1. Summary of patient characteristics, radiation dose, and outcomes. Continuous factors 

summarized as Median [Min, Max] and categorical factors summarized as # (%).   

Variable  Summary 

N 43 

Age at 90Y (years) 65.0 [37.0, 82.0] 

Female gender 17 (39.5) 

White race 38 (88.4) 

Baseline cirrhosis  16 (37.2) 

Cancer details – 

  Primary  21 (48.8)  

  HCC  16 (37.2) 

  Metastatic 22 (51.2) 

Treatment history – 

  Prior liver-directed therapy 15 (34.9) 

  Prior systemic therapy 26 (60.0) 

  Two 90Y treatments 14 (32.6) 

Baseline liver scores – 

  Child-Pugh – 

    5 
    6 
    7 
    8 
    9  
    Unavailable 

27 (62.8) 
11 (25.6) 

1 (2.3) 
N/A 

1 (2.3) 
3 (7.0) 

  MELD-NA 9.0 [6.4, 18.7] 

  Baseline ALBI  -2.70 [-3.38, -1.28] 

Dose metrics (Gy) – 

  Mean Dose  50.2 [1.2, 132.1] 

  Mean BED  145.1 [1.3, 770.5] 

  DC10 0.9 [0.0, 40.0] 

  DC90 128.7 [1.7, 345.1] 

  DC700cc 15.7 [0.2, 203.1] 

Baseline cytokines (pg/mL) – 

  sTNFR1  1736.5 [924.4, 5518.0] 

  HGF 2557.7 [1328.1, 6876.2] 

Outcomes – 

  Toxicity follow-up (months) 6.0 [3.0, 6.0] 

  ΔALBI (n=34) 0.3 [-0.3, 1.9] 

  Positive ΔALBI (n=34) 28 (82.4) 

  Overall survival follow-up (months) 10.9 [1.2, 41.8] 

  Number deaths 25 (58.1) 
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Table 2. Univariate linear models for ΔALBI.  

Model Covariate Coefficient R2 95% CI LB 95% CI UB p-value 

1 MLD 0.001 0.004 -0.004 0.006 0.737 

2 BED 0.000 0.0001 -0.001 0.001 0.951 

3 DC10 0.001 0.0002 -0.017 0.018 0.940 

4 DC30 -0.001 0.001 -0.009 0.007 0.866 

5 DC90 0.001 0.028 -0.001 0.003 0.348 

6 DC700cc 0.001 0.004 -0.002 0.003 0.734 

7 DC10-DC90 -0.001 0.029 -0.003 0.001 0.333 

8 (DC10-DC90)/DC50 0.001 0.013 -0.002 0.005 0.524 

9 Log(sTNFR1) 0.477 0.119 0.029 0.925 0.045 

10 Log(HGF) 0.572 0.222 0.201 0.944 0.005 

11 # Pre-90Y Liver Therapies -0.020 0.002 -0.171 0.130 0.792 

12 Cirrhosis 0.195 0.044 -0.122 0.513 0.236 

13 Metastatic -0.082 0.008 -0.400 0.236 0.615 

14 Baseline ALBI Score 0.014 0.0001 -0.385 0.413 0.947 

15 Baseline Child-Pugh = 6 0.077 0.005 -0.307 0.462 0.696 

Baseline Child-Pugh = 7 -0.006 -0.968 0.956 0.990 

16 # Pre-90Y Systemic Therapies -0.087 0.042 -0.232 0.058 0.247 

  



20 
 

Table 3. Multivariable linear models for ΔALBI.  

Model Covariate Coefficient 95% CI LB 95% CI UB p-value 

1 MLD 0.003 -0.002 0.008 0.319 

Log(sTNFR1) 0.622 0.099 1.145 0.027 

Baseline ALBI Score -0.166 -0.583 0.251 0.442 

Prior Liver Directed Therapy -0.026 -0.362 0.311 0.883 
 

2 MLD 0.003 -0.001 0.008 0.181 

Log(HGF) 0.709 0.285 1.133 0.003 

Baseline ALBI Score -0.143 -0.514 0.229 0.458 

Prior Liver Directed Therapy 0.079 -0.246 0.405 0.636 
 

3 DC90 0.002 -0.0004 0.004 0.124 

Log(sTNFR1) 0.628 0.132 1.125 0.019 

Baseline ALBI Score -0.081 -0.493 0.331 0.702 

Prior Liver Directed Therapy -0.034 -0.359 0.290 0.837 
 

4 DC90 0.002 -0.00003 0.004 0.064 

Log(HGF) 0.706 0.306 1.106 0.002 

Baseline ALBI Score -0.045 -0.414 0.324 0.813 

Prior Liver Directed Therapy 0.065 -0.245 0.375 0.686 
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Table 4. Median OS estimates in months, 95% CI, and number (%) deaths by median values of 

each cytokine.  

Cytokine Median OS (months) 95% CI LB 95% CI UB # Deaths % Deaths 

sTNFR1 ≤ Median 33.3 10.9 NA 10 45.5 

sTNFR1 > Median 10.9 5.9 NA 15 71.4 

HGF ≤ Median 33.3 10.9 NA 9 40.9 

HGF > Median 9.8 6.4 NA 16 76.2 
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Table 5. Univariate and multivariable Cox proportional-hazards model results for OS.  

Model Covariate HR 95% CI LB 95% CI UB p-value c-index 

1 Log(sTNFR1) 12.27 3.54 42.53 <0.001 0.71 

2 Log(HGF) 7.48 2.42 23.08 <0.001 0.69 

3 MLD (Gy) 0.99 0.98 1.01 0.403 0.58 

4 DC90 (Gy) 0.99 0.99 1.00 0.383 0.55 

5 Log(sTNFR) 18.76 4.95 71.14 <0.001 0.71 

Metastatic 2.27 0.87 5.93 0.093 

DC90 (Gy) 0.99 0.99 1.00 0.521 

6 Log(HGF) 15.32 3.93 59.74 <0.001 0.72 

Metastatic 2.98 1.01 8.81 0.049 

DC90 (Gy) 0.99 0.99 1.00 0.516 

7 Log(sTNFR) 19.32 5.12 72.86 <0.001 0.70 

Metastatic 2.36 0.92 6.05 0.075 

MLD (Gy) 0.99 0.98 1.01 0.348 

8 Log(HGF) 15.60 4.05 60.14 <0.001 0.72 

Metastatic 3.22 1.05 9.90 0.042 

MLD (Gy) 0.99 0.98 1.01 0.426 
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Figure 1. Example (A) baseline MR and (B) 90Y PET/CT following treatment (3.2 GBq) are 

shown. Lesion contours (green) defined on MR and applied to co-registered PET/CT.  Non-

tumoral liver (red) accounts for 1 cm expansion around lesions to address PET resolution. (C) 

dose map and (D) DVH are provided for treatment with MLD 24 Gy and DC90 48 Gy. 
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Figure 2. Scatterplots of log-transformed (A) sTNFR1 and (B) HGF vs. ΔALBI. Solid red line 

represents simple linear fit.  
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Figure 3. Kaplan-Meier curves for OS stratified by median value of (A) sTNFR1 and (B) HGF 

with log-rank p-value.  
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Supplemental Table 1. Six-month CTCAE liver toxicity grade outcomes for 34 patients 
with measures available at six months per CTCAE v5.0.  

CTCAE Grade AST ALT Alkphos Total Bilirubin 
0 10 16 11 22 
1 17 16 18 3 
2 5 1 3 6 
3 1 N/A 2 3 
4 1 1 N/A N/A 
Total 34 34 34 34 

 

 

Supplemental Table 2. Correlation (ρ) matrix for healthy liver dose metrics among 43 
patients with measured cytokines and uncensored for systemic focal therapy. All doses 
are measured in Gy.  

 MLD BED EQD2 DC10 DC30 DC90 DC700cc BEDC10 BEDC30 BEDC90 BEDC700cc 
MLD 1.00 0.83 0.83 0.69 0.80 0.83 0.75 0.67 0.76 0.75 0.68 
BED 0.83 1.00 1.00 0.39 0.49 0.73 0.58 0.37 0.45 0.72 0.53 
EQD2 0.83 1.00 1.00 0.39 0.49 0.73 0.58 0.37 0.45 0.72 0.53 
DC10 0.69 0.39 0.39 1.00 0.96 0.33 0.55 1.00 0.97 0.27 0.47 
DC30 0.80 0.49 0.49 0.96 1.00 0.41 0.63 0.95 0.99 0.34 0.55 
DC90 0.83 0.73 0.73 0.33 0.41 1.00 0.56 0.32 0.38 0.97 0.53 
DC700cc 0.75 0.58 0.58 0.55 0.63 0.56 1.00 0.54 0.61 0.55 0.97 
BEDC10 0.67 0.37 0.37 1.00 0.95 0.32 0.54 1.00 0.97 0.26 0.46 
BEDC30 0.76 0.45 0.45 0.97 0.99 0.38 0.61 0.97 1.00 0.32 0.54 
BEDC90 0.75 0.72 0.72 0.27 0.34 0.97 50.55 0.26 0.32 1.00 0.52 
BEDC700cc 0.68 0.53 0.53 0.47 0.55 0.53 0.97 0.46 0.54 0.52 1.00 

 

 

Supplemental Table 3. Multivariable linear models for ΔALBI with cytokines, baseline 
ALBI score, receipt of prior liver directed therapies, and additional dose metrics 
(DC700cc) as covariates. 

Model Covariate Coefficient 95% CI LB 95% CI UB p-value 
1 DC700cc (Gy) 0.002 -0.001 0.005 0.286 

Log(sTNFR1) 0.645 0.112 1.178 0.024 
Baseline ALBI Score -0.192 -0.616 0.231 0.380 
Prior Liver Directed Therapy 0.001 -0.346 0.347 0.998 

 
2 DC700cc (Gy) 0.003 -0.0004 0.005 0.095 

Log(HGF) 0.776 0.340 1.211 0.002 
Baseline ALBI Score -0.187 -0.559 0.184 0.331 
Prior Liver Directed Therapy 
 

0.136 -0.200 0.471 0.434 

 



 

Supplemental Table 4. Correlation (ρ) matrix for cytokines.  

 HGF TNFR1 
HGF 1.00 0.50 (p=0.001) 
sTNFR1 0.50 1.00 

 

 

 

Supplemental Table 5. Multivariable model for ΔALBI with multiple cytokines. 
Covariate Coefficient 95% CI LB 95% CI UB p-value 
     
Log(HGF) 0.488 0.042 0.933 0.040 
Log(sTNFR1) 0.177 -0.329 0.683 0.498 

 
 

 

Supplemental Table 6. Univariate Cox proportional-hazards model results with dose 
metrics as covariates for OS. All doses are measured in Gy.  

Model Covariate HR 95% CI LB 95% CI UB p-value c-index 
1 MLD 0.99 0.98 1.01 0.403 0.58 
2 BED 0.99 0.99 1.00 0.132 0.62 
3 EQD2 0.99 0.99 1.00 0.132 0.62 
4 DC10 0.98 0.93 1.03 0.381 0.55 
5 DC30 0.99 0.97 1.01 0.435 0.54 
6 DC90 0.99 0.99 1.00 0.383 0.55 
7 DC700cc 0.99 0.99 1.01 0.673 0.55 
8 BEDC10 0.99 0.95 1.02 0.393 0.55 
9 BEDC30 0.99 0.99 1.01 0.415 0.54 
10 BEDC90 0.99 0.99 1.00 0.192 0.55 
11 BEDC700cc 0.99 0.99 1.00 0.710 0.55 

 

 



 
Supplemental Figure 1. Example images for a patient who had two 90Y treatments. A) 
90Y PET/CT for a 2.2 GBq treatment to R Lobe and B) 90Y PET/CT for a 0.7 GBq 
treatment to L Lobe 5 weeks later, co-registered to A. The lesion contours 
corresponding to the R and L lobe treatments are indicated in blue and green 
respectively and the non-tumoral liver is indicated in red. C) Dose map and D) DVHs 
from the two treatments with combined mean absorbed dose to heathy liver of 37 Gy 
and DC90 100 Gy. 

 



 
Supplemental Figure 2. Scatterplots of dose metrics (A) MLD, (B) BED, (C) EQD2, (D) 
DC10, (E) DC30, (F) DC90, (G) DC700cc, (H) BEDC10, (I) BEDC30, (J) BEDC90, and 
(K) BEDC700cc vs. change in ALBI. Solid red line represents simple linear fit. 


