
S
G
P
In

K
M
M
Is
an

*D
M

In
T
m
th
m
de
w
at
lim
co
co
liv
se
m

www.transonc.com

Trans la t iona l Onco logy Volume 12 Number 7 July 2019 pp. 889–894 889
erum Levels of Hepatocyte
rowth Factor and CD40 Ligand
redict Radiation-Induced Liver
jury1,2,3
U

Ad
Ce
E-
1P
An
2F
In
Th
th
3T
Re

©
op
nc
19
ht
yle C. Cuneo*, Theresa Devasia†, Yilun Sun†,
atthew J. Schipper*,†, David Karnak*,
ary A. Davis*, Dawn Owen*, Mary Feng*,
sam El Naqa*, Latifa Bazzi*, Randy Ten Haken*

d Theodore S. Lawrence*

epartment of Radiation Oncology, University of Michigan
edical School, Ann Arbor, MI, USA; †Biostatistics,
niversity of Michigan Medical School, Ann Arbor, MI, USA
Abstract
BACKGROUND: Declining liver function is a concerning side effect associated with radiation therapy. Biomarkers
of liver toxicity would be useful in personalizing therapy. METHODS: As part of two prospective clinical trials
examining adaptive radiation therapy, we collected serum samples from patients receiving liver radiation. We
performed a screen of 22 cytokines using a multiplex assay then used ELISA to quantify the cytokines of greatest
interest. Subjects were split into screening and validation cohorts. Toxicity was defined as an increase in Child-
Pugh score of 2 points or greater within 6 months. Logistic regression models were used to estimate the
relationship between our toxicity endpoint and serum cytokine concentrations. RESULTS: Our initial screen (46
subjects, 11 events) identified hepatocyte growth factor (HGF), CD40L (CD154), and eotaxin (CCL11) as potentially
predictive of toxicity. We then tested these markers in an expanded patient cohort (104 subjects, 18 events) with a
batch correction due to varying age of the samples which confirmed that high HGF and low CD40L were
associated with a subsequent decline in liver function following radiation therapy. Multivariate analysis factoring in
baseline Child-Pugh score and mean liver radiation dose demonstrated that HGF and CD40L were potentially
predictive of toxicity (HGF OR 4.3, P = .009; CD40L OR 0.5 P = .06). Additionally, higher than median baseline
HGF levels (1.4 ng/ml) were significantly associated with decreased survival following liver radiation (27.1 vs 14.5
months, P = .03). CONCLUSIONS: Our study identifies high HGF and low CD40L as potential markers of liver
toxicity following radiation therapy.
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troduction
he management of patients with hepatocellular carcinoma or liver
etastases is a challenge given the sensitivity of the liver to locoregional
erapies. Patients often develop new lesions over time and receive
ultiple treatment courses. As their disease progresses, it is common to
velop worsening liver function due to tumor burden and/or
orsening of their chronic liver disease. Radiation therapy is effective
controlling liver cancer locally and regionally; however, its use is
ited in patients with large tumors or poor liver function due to
ncern for toxicity [1,2]. We have previously developed normal tissue
mplication probability models to predict the risk of radiation-induced
er disease over a population of patients with either primary or
condary liver cancer [3,4]. The limitations of a population-based
odel are that patients who have a natural tolerance to radiation will be
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dertreated and patients with increased sensitivity are at a higher risk of
mplications than the model may predict. Therefore, biomarkers of
er sensitivity to radiation would be useful to individualize treatment.
The techniques for liver radiation have rapidly evolved over the past
cade. Historically, fractionated courses, sometimes to the whole liver,
ve been studied and a number of predictors of radiation induced liver
sease (RILD) have been established [5–7]. Currently, stereotactic body
diation therapy is the predominant external beammethod used to treat
er tumors. Cases of RILD from stereotactic body radiation therapy
BRT) are rare for patients with small lesions and good liver function;
wever, in patients with tumors greater than 4 cm or with poor baseline
er function, injury following liver irradiation is commonly seen [8,9].
Serum cytokines and related blood based biomarkers have the
tential to predict toxicity prior to clinical manifestations [10,11].
ollowing radiation therapy, a complex series of changes occurs in the
er which, over several weeks to months, may lead to a decline in
er function. In this study, we analyzed serial serum samples from
tients undergoing liver radiation for primary and metastatic liver
ncer to determine markers of radiation-induced liver toxicity.

ethods

linical Trial Design
Samples for the study were collected from two prospective phase II
ials of adaptive liver radiation (NCT01522937, NCT02460835).
he clinical trial schema is shown in Figure 1. In the first clinical trial,
tients with primary liver cancer or liver metastases received a split
urse of adaptive liver radiation therapy. In the first part of their course,
e dose was determined using an NTCP model, with most patients
ceiving 10-12 Gy per fraction [12]. Baseline and midtreatment liver
nction assessments were used to individualize the second part of
eatment [13]. In the second clinical trial, patients were also treated
ing an adaptive split course of radiation therapy; however, only
tients with hepatocellular carcinoma were eligible, and patients with
mors larger than 5 cm received treatment over 20 fractions.

adiation Therapy
Patients were simulated with contrast-enhanced CT and MRI
ans. Controlled breath hold techniques were used if possible. For
gure 1. Clinical trial schema. Patients included on this study were treat
eatment was administered initially; then 1 month later, the remaining t
-green retention. Serum samples were collected at baseline and 1 m
ee-breathing patients, a 4DCT was acquired to generate an internal
rget volume. Expansion of the GTV to PTV was typically 5 mm in
e axial dimension and 8 mm superior and inferior. Most patients
ere treated to 28-55 Gy in three to five fractions. A range of doses
as used as subjects were enrolled on an adaptive SBRT protocol.
daptation was performed after 60% of the course was delivered
sed off indocyanine (IC)-green clearance. A small percentage of
tients were treated with fractionated image guided radiation
erapy. Fractionated patients received up to 60 Gy total over 20
eatments using stereotactic treatment techniques with a 1-month
eak after the 12th fraction as described above.

pecimen Collection
All specimens were prospectively collected under an institutional
view board–approved protocol after informed consent was
tained. Blood was obtained from each subject at baseline and
month after the initial course of radiation as shown in Figure 1.
rum and plasma were isolated from whole blood using a centrifuge
d stored at −80 °C until analysis.

oxicity Endpoints
For this analysis, we defined liver toxicity as an increase in Child-
ugh score of 2 points or greater within 6 months of receiving liver
diation. Child-Pugh score includes a combination of albumin,
lirubin, INR, ascites, and encephalopathy. Scores were prospec-
vely acquired for each patient at baseline and 1, 3, and 6 months
ter the start of radiation.

ytokine Analysis
Serum cytokine levels were analyzed using a Luminex Screening
ssay (R&D Systems, Minneapolis, MN). Twenty-two cytokines
ere initially selected based on their potential role in liver disease and
diation injury. Forty-six of the 84 patients from the first clinical trial
ere selected for the initial screen including all of the patients who
d a decline in Child-Pugh score (n = 11) and randomly selected
ntrol patients who did not experience a decline in Child-Pugh
ore. The cytokines that were found to be predictive of toxicity were
en tested in a validation set including the remaining patients from
ed on two prospective phase 2 studies. Two-thirds of the planned
hird of treatment was delivered with a dose adjustment based off
onth. Toxicity was assessed at 1, 3, and 6 months.
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Table 1. Patient Characteristics

Screening Validation Combined

N 46 58 104
Age (median) 64 62 63
Cirrhosis
Yes 34 (74%) 42 (72%) 76 (73%)
No 12 (26%) 16 (28%) 28 (27%)

Child-Pugh score
b7 35 (76%) 43 (74%) 78 (75%)
7-8 10 (22%) 13 (22%) 23 (22%)
N8 1 (2%) 2 (3%) 3 (3%)

Diagnosis
HCC 40 (87%) 47 (81%) 87 (84%)
Other 6 (13%) 11 (19%) 17 (16%)

Treatment
SBRT (3-5 fractions) 46 (100%) 53 (91%) 99 (95%)
Fractionated 0 5 (9%) 5 (5%)

# Prior therapies
0 11 (24%) 16 (28%) 27 (26%)
1 9 (20%) 11 (20%) 20 (19%)
N 1 26 (57%) 31 (53%) 57 (55%)

Ta le 2. Results from Initial Cytokine Multiplex Screen

Baseline Midtreatment Change

P AUC P AUC P AUC

IL .48 0.54 .67 0.55 .61 0.55
IP .27 0.62 .31 0.59 .54 0.56
M P1 .95 0.51 .51 0.58 .70 0.53
VE F .86 0.58 .71 0.51 .43 0.56
CC 22 .54 0.50 .62 0.52 .56 0.68
TR ILR2 .61 0.52 .55 0.61 .10 0.63
IL a .66 0.53 .29 0.61 .63 0.52
CX L5 .64 0.54 .60 0.55 .20 0.63
IL I .91 0.55 .31 0.68 .17 0.65
H .09 0.70 .02 0.84 .59 0.65
CD 0L .02 0.83 .08 0.86 .56 0.65
CC 11 .03 0.87 .25 0.67 .12 0.65
IL II .34 0.60 .12 0.65 .34 0.63
FG 2 .44 0.48 .35 0.52 .89 0.52
G F .93 0.55 .88 0.65 .90 0.55
G CSF .41 0.56 .29 0.62 .67 0.52
Fr talkine .81 0.54 .78 0.51 .31 0.53
G .48 0.56 .14 0.65 .27 0.58
IL .44 0.58 .33 0.50 .33 0.66
IL .40 0.58 .66 0.55 .11 0.75
TN a .17 0.63 .20 0.60 .65 0.52
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r first clinical trial (n = 38) and all patients on the second clinical
ial (n = 20).

atistical Methods
Cytokine values were log-transformed for all analyses, unless
herwise stated. Logistic regression models were used to estimate the
lationship between the binary toxicity endpoint and serum cytokine
ncentrations. Primary analyses were based on separate screening
d validation sets. We also performed overall analyses of the
mbined dataset. In this larger dataset, we were able to assess
hether the cytokines significantly improved toxicity prediction
yond what is possible using baseline Child-Pugh score and mean
er dose. Additional clinical factors including baseline IC-green
earance, portal vein thrombosis, age, sex, number of prior liver
erapies, and local progression were considered, but Child-Pugh
ore and mean liver dose were identified as the most statistically
gnificant predictors of toxicity using stepwise variable selection. In
mbined analyses, we also adjusted for possible “batch effects” and
mple age (the time from sample collection to processing) by
nstructing linear regression models of baseline and 1-month
tokine values as a function of sample age and batch. Residuals from
ese models were taken to be the new cytokine values, as they
presented the remainder of the cytokine that could not be explained
batch and sample age. Using the batch and sample age corrected
tokine values, the change from baseline to 1 month was calculated.
Overall survival was calculated from the time of starting radiation
death or last follow-up. All subjects were split into two cohorts for
ch cytokine marker based on the median value for a reference. The
aplan-Meier method was used to determine overall survival based on
is reference value. The log-rank test was used to compare overall
rvival curves between patients with low versus high cytokine
pression. Additionally, we used a Cox proportional-hazards model
r overall survival that incorporated baseline Child-Pugh score with
tch and sample age adjusted cytokines as covariates. All analysis was
rformed using SAS version 9.4 software.

esults

atient Characteristics
The characteristics of the patients included in the screening and
lidation cohorts are shown in Table 1. Overall, the two cohorts
ere balanced in respect to baseline patient characteristics. The
reening and validation cohorts had a similar median age of 64 and
, respectively. Approximately three-quarters of patients in both
horts had cirrhosis. Seventy-six percent of the screening cohort and
% of the validation cohort had a Child-Pugh score of 6 or less at
seline. Seventy-six percent of the screening cohort and 72% of the
lidation cohort had received prior liver-directed therapy. Over 95%
the patients on this study received SBRT.

itial Cytokine Screen with Luminex Multiplex Assay
An initial screen of 22 cytokines potentially associated with
diation and/or liver toxicity was performed on 46 patients (11
xicity events) using the Luminex Multiplex Assay (R&D
iosystems). Results from this screen including areas under the
rve (AUC) and P values are shown in Table 2. Baseline,
idtreatment (1 month), and the change between the two time
ints were analyzed for each cytokine. Univariate analysis found that
seline HGF (AUC 0.70, P = .09), CD40L (AUC 0.83, P = .02),
d Eotaxin (CCL11) (AUC 0.87, P = .03) were potentially
sociated with toxicity, defined as an increase in Child-Pugh score
2 or more points within 6 months. Midtreatment HGF (AUC
84, P = .02) and CD40 ligand (CD40L) (AUC 0.86, P = .08)
ere also potentially predictive of toxicity. IL-8, IP-10, MCP-1,
EGF, CCL-22, TRAILR2, IL-2Ra, CXCL5, IL-1RI, IL1-RII,
F-2, GCSF, GM-CSF, Fractalkine, GROα, IL-10, IL-1a, TNFα,
d TGFβ were not associated with a two-point or greater change in
hild-Pugh score.

reening Set ELISA for HGF, CD40L, and Eotaxin
After identifying HGF, CD40L, and Eotaxin (CCL11) as
tentially predictive of liver toxicity, we next performed ELISA to
ore accurately quantify serum levels of these markers in all subjects.
univariate analysis of our original screening set using the ELISA
ta was consistent with the results from our multiplex assay. Low
vels of CD40L and high levels of HGF were associated with a
bsequent worsening in Child-Pugh score in our screening cohort
b
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Table 3. Results Screening ELISA Assay for CD40L, HGF, and Eotaxin

Univariate Predictor OR 95% CI P Value

CD40L baseline 0.470 (0.201-1.098) .081
CD40L 1 month 0.278 (0.086-0.897) .032
Change CD40L 0.625 (0.244-1.597) .33
HGF baseline 6.970 (1.048-46.363) .045
HGF 1 month 7.817 (1.140-53.596) .036
Change HGF 2.297 (0.031-168.244) .70
Eotaxin baseline 0.570 (0.135-2.407) .44
Eotaxin 1 month 0.999 (0.172-5.806) 1.00
Change eotaxin 3.526 (0.403-30.827) .26

Ta

CD
CD
Ch
H
H
Ch
Eo
Eo
Ch

Table 4B. Multivariate Analysis of Combined Dataset Using Batch Adjustment.

OR 95% CI P Value

CD40L baseline 0.629 (0.337-1.175) .15
Baseline CP 1.391 (0.931-2.078) .11
MLD 1.004 (0.931-1.083) .92
HGF baseline 1.732 (0.812-3.691) .16
Baseline CP 1.336 (0.795-2.244) .27
MLD 1.012 (0.930-1.103) .78
Eotaxin baseline 1.244 (0.405-3.827) .70
Baseline CP 1.450 (0.976-2.155) .066
MLD 1.008 (0.938-1.085) .82
CD40L 1 month 0.499 (0.241-1.035) .062
Baseline CP 1.293 (0.793-2.108) .30
MLD 1.029 (0.951-1.113) .48
HGF 1 month 4.282 (1.435-12.775) .009
Baseline CP 1.257 (0.752-2.101) .38
MLD 1.011 (0.935-1.093) .79
Eotaxin 1 month 1.666 (0.496-5.594) .41
Baseline CP 1.514 (1.001-2.290) .049
MLD 1.015 (0.941-1.095) .70

CP, Child-Pugh; MLD, mean liver dose.

HGF<Median OS 27.1 mo  
HGF<Median OS 14.5 mo
Wilcoxon p value 0.035
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able 3). The odds ratio for baseline CD40L was 0.47 (95% CI
201-1.098, P value = .081), and the odds ratio for 1-month
D40L was 0.28 (95% CI 0.086-0.897, P value = .032). The odds
tio for baseline HGF was 6.97 (95% CI 1.05-46.36, P value =
45), and for 1-month HGF, it was 7.82 (95% CI 1.14-53.6, P
lue .036).

alidation Set ELISA for HGF, CD40L, and Eotaxin
We next analyzed HGF, CD40L, and Eotaxin in our validation
hort consisting of the original 46 subjects and an additional 58
bjects. Our initial intention was to analyze the 58 unique subjects
one; however, due to an age-related batch effect (Supplemental
igures 1 and 2), we incorporated a batch correction factor.
dditionally, we sought to assess whether the cytokines added to
e predictive ability of the standard clinical factors: baseline Child-
ugh score and mean liver dose. We therefore combined all patients
04 subjects, 18 events) for the validation set, as each individual set
as too small to perform this analysis on. For the combined cohort,
edian HGF at baseline and 1 month was 1.4 ng/ml and 1.7 ng/ml,
spectively. Median CD40L at baseline and 1 month was 1500 pg/
l and 1608 pg/ml.
On univariate analysis of the combined dataset with batch
rrection, 1-month (midtreatment) HGF was found to be predictive
toxicity with an odds ratio of 4.49 (95% CI 1.54-13.1, P = .006).
ow baseline CD40L and 1-month CD40L were also borderline
sociated with liver toxicity with odds ratios of 0.57 (CI 0.32-1.04, P
lue = .07) and 0.50 (CI 0.25-1.01, P value = .05; Table 4A). The
x plots for CD40L in the combined dataset at baseline and
month are shown in Supplemental Figure 3.
Our multivariate analysis included the baseline variables Child-
ugh score and mean liver radiation dose with an adjustment for the
tch effect. In this analysis, 1-month CD40L and HGF were
sociated with toxicity. One-month HGF was the strongest
edictor, with an odds ratio of 4.28 (95% CI 1.44-12.78, P value
.009). One-month CD40L also was borderline predictive, with an
ble 4A. Univariate Results for All Patients Using Adjustment for Batch Effect

OR 95% CI P Value

40L baseline 0.573 (0.316-1.041) .068
40L 1 month 0.503 (0.250-1.014) .055
ange CD40L 0.947 (0.504-1.780) .87
GF baseline 1.742 (0.820-3.701) .15
GF 1 month 4.490 (1.541-13.080) .006
ange HGF 1.131 (0.604-2.117) .70
taxin baseline 1.259 (0.396-4.000) .70
taxin 1 month 1.910 (0.594-6.137) .28
ange eotaxin 2.391 (0.593-9.638) .22

Fi
th
no
m

ds ratio of 0.50 (CI 0.24-1.0, P value = .06, Table 4B). Baseline
hild-Pugh score and mean liver dose were not predictive of toxicity
these models, suggesting that cytokines may be better predictors of
diation-associated liver injury than the standard clinical factors of
se or baseline liver function. Eotaxin was not associated with
xicity in our multivariate model.

elationship Between Cytokines and Survival
We next analyzed the ability of cytokines to predict survival in
tients receiving liver radiation. The median value for the entire
hort (1.4 ng/ml) was used to stratify patients into a low– or high–
rum HGF group for Kaplan-Meier analysis. For all patients, high
seline HGF was associated with shorter survival after liver SBRT,
ith a median overall survival of 14.5 months in patients with high
GF versus 27.1 months in patients with low HGF (P = .035,
igure 2). We then used a Cox model with baseline Child-Pugh and
tch/age-adjusted cytokines for survival analysis. In this model, 1-
onth HGF values were associated with decreased overall survival
ith a hazard ratio of 1.75 (per log pg/ml, P = .032). Additionally,
seline and 1-month values of eotaxin were also correlated with
erall survival in the Cox analysis (Table 5).
Time (Months)

O
ve

ra
ll

gure 2. Kaplan-Meier survival analysis of all patients included in
e study. Patients were split into two cohorts based off whether or
t they had a serum HGF level greater than or less than the
edian value for the cohort.
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Table 5. Cox Proportional Models for Overall Survival

Variable Hazard Ratio P Value

CD40L baseline 0.876 .122
HGF baseline 1.370 .125
Eotaxin baseline 1.808 .018
CD40L 1 month 0.907 .568
HGF 1 month 1.748 .032
Eotaxin 1 month 1.887 .010
Delta CD40L 1.128 .458
Delta HGF 1.074 .790
Delta eotaxin 1.204 .555

Results displayed in table are from Cox proportional models fit to both screening and validation
subjects where all cytokines were batch-corrected. All models adjusted for baseline Child-Pugh and
were fit separately for each cytokine at each time point.
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iscussion
this study, we identified serum cytokines associated with toxicity
d survival in patients receiving liver radiation. We found that high
GF and low CD40L were potentially associated with an increase in
hild-Pugh score following treatment. We initially selected HGF and
D40L from a dataset enriched for patients who had toxicity and
en performed a confirmatory analysis in a validation cohort. The
sults from the confirmatory analysis were consistent with our initial
dings. We also carried out a multivariate analysis using a combined
taset and found that high HGF was associated with toxicity and
creased survival. These models were adjusted for baseline Child-
gh score and mean liver radiation dose. These findings suggest that
gh HGF and low CD40L are associated with declining liver
nction following liver radiation therapy.
The major limitation of our study was the batch effect present in
r screening and validation cohorts. The screening samples were
der than the validation samples, which likely explained this finding.
o account for this, we applied a batch correction in our multivariate
alysis of all samples. This batch correction was not applied to each
dividual set, and both sets independently showed a relationship
tween HGF and CD40L on toxicity.
We previously presented results on a preliminary analysis of HGF
d CD40L using our screening cohort [14]. More recently,
dependent results using samples from a phase II study including
patients with hepatocellular carcinoma or intrahepatic cholangio-
rcinoma have been presented supporting our findings [15]. In this
udy, high baseline HGF was associated with an increase in Child-
gh score and decreased overall survival, consistent with the findings
our screening and validation cohorts. These studies taken together
pport the use of HGF as a biomarker of liver toxicity and overall
rvival.
HGF is the primary ligand for the receptor tyrosine kinase c-MET
6]. As the name infers, HGF plays an important role in liver
generation [17–20]. Following surgery, HGF levels increase in
der to promote regeneration [21,22]. Additionally, HGF-MET is
own to be associated with tumor invasion and metastasis [23].
hat is not clear from our study is if patients with high serum HGF
e more prone to liver toxicity given the aggressiveness of their
derlying disease or if this is a marker of poor liver function.
CD40L (also known as CD154) is a member of the tumor necrosis
ctor family of cytokines. It can be platelet derived or present on a
bset of T cells [24,25]. Prior studies show 95% of circulating
D40L is platelet derived; however, these studies did not specifically
amine patients with chronic liver disease. In our study, low levels of
D40L were predictive of toxicity. Low platelet counts are associated
ith poor liver function in patients with advanced cirrhosis. There
as no association between platelet count and serum CD40L
ncentration in our study.
CD40L potentially has a protective role in the liver. This hypothesis
supported by the natural history of patients with X-linked
munodeficiency with hyperimmunoglobulin M (XLIHM), a rare
netic disorder where patients are deficient in CD40L. In an
servational study, 12 out of 16 patients with XLIHM who lived
yond 20 years developed liver disease [26]. This study suggests that
D40L plays a protective role in the liver. Additionally, studies using
netically engineered mouse models of CD40L deficiency have
ggested a protective role of this cytokine in the liver. Villeneuve et al.
d CD40L-deficient mice a fatty diet and observed that these mice
veloped fatty liver disease significantly earlier than wild-type mice
7].
Prior studies have identified an association between cytokine levels
d radiation toxicity. A study by Anscher et al. in breast cancer
tients receiving bone marrow transplants revealed that TGFβ levels
rongly correlated with veno-occlusive disease and idiopathic
terstitial pneumonitis [28]. In our study, we did not find an
sociation between TGFβ and liver injury following SBRT; however,
r toxicity endpoint was change in Child-Pugh score and not veno-
clusive disease, which is rare following liver SBRT given the small
rget volume. Preclinical studies have also focused on the role of
NFα and liver injury [29]. Mouse models show that blocking
NFα protects the liver from radiation-induced apoptosis. We did
t see a relationship between TNFα and liver injury, likely because
e examined cytokine markers 1 month following treatment and
NFα is upregulated much earlier than this. Furthermore, TNFα is
ry labile and maybe difficult to detect in peripheral blood. Future
udies focusing on more stable TNFα-related proteins will be needed
better understand the role of this cytokine and its related pathways
liver injury.
A biomarker of liver toxicity would be very useful clinically.
tients identified as high risk for radiation-induced liver toxicity may
nefit from alternative liver-directed therapies or have their radiation
se reduced accordingly. Adapting therapy would likely be most
eful in patients with a high tumor burden and/or poor underlying
er function. Additionally, the potential prognostic value of HGF
ay be useful for selecting patients for liver directed therapy and for
ratifying patients in future clinical trials.
The patients included in our analysis were treated on two adaptive
er radiation trials (NCT01522937, NCT02460835). These studies
ed IC-green clearance, a dynamic functional blood test, to
termine and adjust radiation dose during a split course of liver
diation. Although, IC-green is an effective marker of liver function
0], the resources required to perform this assay limit its use in many
stitutions, whereas quantifying HGF and other cytokines from
rum and plasma samples uses straightforward assays that centers can
rform with standard equipment and blood collection protocols. In
r future studies, we plan to incorporate HGF and other blood-
sed biomarkers into our predictive models of radiation associated
er toxicity.
ppendix A. Supplementary data
Supplementary data to this article can be found online at https://
i.org/10.1016/j.tranon.2019.04.003.
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