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Background and Objective: It is unclear if stereotactic body radiation therapy (SBRT)
or transarterial chemoembolization (TACE) is better for the treatment of inoperable
early-stage hepatocellular carcinoma (HCC). This study aimed to retrospectively compare
the efficacy of SBRT to TACE in patients with inoperable Barcelona Clinic Liver Cancer
(BCLC)-A stage HCC.

Materials and Methods: In this multi-institutional retrospective study, a total of 326
patients with inoperable BCLC-A stage HCC were enrolled. Totally, 167 patients initially
received SBRT and 159 initially received TACE. Overall survival (OS), local control (LC),
intrahepatic control (IC), and progression-free survival (PFS) were evaluated in univariable
and propensity-score matched analyses.

Results: There was a smaller median tumor size in the SBRT group than in the TACE
group (3.4cmyvs. 7.2cm, P < 0.001). After propensity score matching in the selection of
95 patient pairs, SBRT had better LC, IC, and PFS than TACE but showed comparable
OS. The accumulative 1-, 3-, and 5-year OS rates were 85.7, 65.1, and 62.8% in the
SBRT group and 83.6, 61.0, and 50.4% in the TACE group, respectively (P = 0.29). The
accumulative 1-, 3-, and 5-year PFS were 63.4, 35.9, and 27.5% in the SBRT group and
53.5, 27.4, and 14.2% in the TACE group, respectively (P = 0.049). The accumulative
1-, 8-, and 5-year LC were 86.8, 62.5, and 56.9% in the SBRT group and 69.3, 53.3,
and 36.6% in the TACE group, respectively (P = 0.0047). The accumulative 1-, 3-, and
5-year IC were 77.3, 45.9, and 42.4% in the SBRT group and 57.3, 34.1, and 17.7% in
the TACE group, respectively (P = 0.003). On multivariate analysis, treatment (SBRT vs.
TACE) was a significant covariate associated with local and intrahepatic control (HR =
1.59; 95% Cl: 1.03-2.47; P = 0.04; HR = 1.61; 95% CI: 1.13-2.29; P = 0.009).
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Conclusions: SBRT was an alternative to TACE for inoperable BCLC-A stage HCC
with better local and intrahepatic control. Controlled clinical trials are recommended to
evaluate the actual effects of this novel regimen adequately.

Keywords: hepatocellular carcinoma, SBRT, TACE, Barcelona Clinic Liver Cancer Stage A, overall survival

INTRODUCTION

Patients with early-stage hepatocellular carcinoma (HCC) are
candidates for potentially curative treatment options, such
as liver transplantation, liver resection, and radiofrequency
ablation, and they have a 5-year survival rate of 40-70% (1).
However, some patients with Barcelona Clinic Liver Cancer
(BCLC) stage A disease refuse to undergo surgery, or the
procedure may be deemed too high risk for them. There is
an urgent clinical need for a more effective therapy for HCC.
Transarterial chemoembolization (TACE) is an established local
treatment for patients with unresectable and non-transplantable
stages of HCC with compensated liver disease and without
extrahepatic spread (2, 3). Although the aforementioned
conditions define BCLC stage B disease, TACE can also be applied
to those with earlier-stage (BCLC stage A) disease who are not
considered for surgery or ablation (4, 5).

Stereotactic body radiation therapy (SBRT) is an advanced
external beam radiation therapy technique that delivers large
ablative doses of radiation and low fractionation (6). There
is increasing evidence (primarily from non-randomized
controlled trials) supporting the clinical application of SBRT
as a non-invasive treatment in patients with unresectable or
recurrent HCC (7-10). SBRT can provide encouraging outcomes
comparable to those associated with curative treatment options,
including liver resection and radiofrequency ablation (11-13).
Several studies have reported good clinical outcomes using
SBRT in HCC with or without TACE (14-17). However, few
comparative studies have analyzed the use of SBRT vs. TACE in
BCLC-A stage HCC. In this retrospective study, we aimed to
compare the long-term survival rates after SBRT and TACE in
patients with early-stage HCC who were ineligible for resection
or ablation therapies.

MATERIALS AND METHODS

Patients

Datasets from January 2009 to January 2017 from two different
institutions with a tertiary-A hospital in the Guangxi region of
China, Cancer Hospital and Rui Kang Hospital, were used in this
study. All cases of TACE were collected from Cancer Hospital,
and cases of SBRT were collected from Rui Kang Hospital.

The eligibility criterion was the presence of BCLC stage
A HCC in patients who were not considered for surgery, or
refused to undergo surgery and/or local radiofrequency ablative
therapies, and received SBRT or TACE as initial treatment.
HCC diagnosis was established based on histopathology or
according to the clinical criteria for HCC diagnosis (18).
Exclusion criteria were as follows: (a) recurrence after other

treatments, (b) intrahepatic cholangiocellular carcinoma, (c)
gallbladder cancer, (d) liver metastases, and/or (e) prior history
of conventional abdominal radiotherapy. All hospital charts and
patients’ documents were carefully reviewed.

Transarterial Chemoembolization (TACE)

A French catheter (4 F—5F) was inserted into the abdominal
aorta through the right femoral artery using the Seldinger
technique. Selective arteriography of the hepatic artery was
carried out for tumor location. Hepatic angiography was
performed for the detection of any obvious tumor staining in
the remaining liver. Subsequently, an emulsion of oxaliplatin
or lobaplatin or cisplatinum (20-100 mg), pharmorubicin or
pirarubicin (10-40 mg), and lipiodol (2-15ml) was infused
via the catheter (15, 19). The effect of TACE was evaluated
by computed tomography (CT) at the 1-month follow-up.
Treatment was repeated one to six times (median, 3) at 3-6-week
intervals in the TACE group.

Stereotactic Body Radiation Therapy

(SBRT)

SBRT was performed as described (7, 11, 20). Briefly, gross
tumor volume was outlined under the fusion image of CT
and magnetic resonance imaging (MRI) by comparing different
imaging phases, and the gross tumor volume was expanded by
0-5mm for the formation of the planning target volume (PTV).
SBRT was implemented using a CyberKnife system (Accuray
Inc., Sunnyvale, CA, USA). A 28-50 Gy dose of radiation was
delivered in one to five fractions on consecutive days at the 55-
80% isodose line that covered at least 97% of the planning target
volume. Fractionation schedules and total doses were chosen
according to the tumor size and dose-volume constraints of the
organs at risk.

Response Evaluation and Follow-Up

The evaluations included laboratory tests and imaging with
contrast-enhanced CT and/or MRI at 1 month after the
procedure and every 3-6 months thereafter. The laboratory
examinations assessed levels of alanine transaminase (ALT),
aspartate transaminase (AST), prothrombin time, levels of
total bilirubin, albumin, and alpha-fetoprotein. The modified
Response Evaluation Criteria in Solid Tumors guideline was
used to describe changes in the treated areas (21). Local
recurrence/progress was defined as the reappearance of
radiologic hallmarks of HCC for in-field-treated PTV lesions
and/or progressive increase in tumor sizes during follow-up.
Intrahepatic recurrence was defined as the reappearance of
radiologic hallmarks of HCC (hypervascularity in the arterial
phase with washout in the portal venous or delayed phases)
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and out-field-treated (PTV) lesions in the whole parenchyma
of the liver. For progressive increase in tumor sizes without
typical CT/MRI characteristics, diagnosis was confirmed
by histopathology.

Statistical Analysis

R version 3.6.1 software (2019 Microsoft Corporation) was used
for the statistical analysis. P < 0.05 was considered statistically
significant. Kaplan-Meier curves with the log-rank test were
used to calculate patients’ overall survival (OS), local control
(LC) rate, intrahepatic control (IC) rate, and progression-free
survival (PFS). In addition, accumulative overall survival (OS)
was calculated starting from the date of the first treatment to
death from any cause, with patients censored at the end of
the study (April 11, 2019). Accumulative PFS was calculated
starting from the date of the first treatment to the date of any
tumor recurrence, progression, or death or the date of censoring.
Accumulative LC was calculated starting from the date of the
first treatment to the date of local tumor failure or the date of
censoring. Accumulative IC was calculated starting from the date
of the first treatment to the date of intrahepatic tumor failure or
the date of censoring.

Variables without associations between each other by chi-
squared/Mann-Whitney tests (Figure S1). We use univariate
and least absolute shrinkage and selection operator (LASSO)
to identify non-associated predictive variables that contribute
toward the final multivariate. The report concordance index gives
an indication of the predictive fit (Figure S2).

To reduce selection bias and potential confounding effect of
treatment, a 1:1 nearest neighbor matching that pairs patients
who have the closest propensity scores was performed to
create a balanced cohort. The logit of the propensity score for
matching was used with a caliper of 0.2 times its standard
deviation as recommended by Austin (22), based on the potential
confounding variables including age, gender, ALBI score, ALT,
tumor size, and alpha-fetoprotein (AFP) levels. Only patients
who were matched were included (Figure S3).

RESULTS

Patients

During the study period from January 2009 to January 2017, 326
patients with BCLC stage A HCC, who were not considered for
surgery and/or radiofrequency ablative therapies were enrolled
retrospectively. A total of 167 patients initially received SBRT, and
159 initially received TACE. Some variables differed between the
groups, including age, ALT levels, tumor size, ALBI score, and
AFP level. After propensity score matching, 95 paired patients
were selected from the SBRT and TACE groups. There was
no significant difference between the groups, and the balance
of variables in the matched cohorts was markedly improved
(Table 1).

SBRT vs. TACE

This study was concluded on April 11, 2019. The median follow-
up time was 35.0 months in the SBRT group and 32.0 months
in the TACE group. A total of 50 cases died, and 117 cases were

right-censored, including 31 cases lost to follow-up, while 86
cases were still alive at the end of the study in the SBRT group. On
the other hand, 66 cases died, and 96 cases were right-censored,
including 41 cases lost to follow-up, while 55 cases were still alive
at the end of the study in the TACE group. During the follow-up
period, the total local and intrahepatic recurrence after SBRT was
lower than that after TACE (69/167 vs. 98/159, P = 0.037).

Before propensity score matching, the accumulative
OS (Figure 1A), PFS (Figure 1B), LC (Figure1C), and IC
(Figure 1D) at 12, 36, and 60 months were better in patients
undergoing SBRT than in those undergoing TACE (Table 2). The
accumulative 3-year OS was 64.7% in the SBRT group and 51.0%
in the TACE group (P = 0.005, HR = 1.71, 95% CI: 1.17-2.51).
The accumulative 3-year PFS was 38.1% in the SBRT group and
27.6% in the TACE group (P = 0.0005, HR = 1.62, 95% CI:
1.22-2.16). The accumulative 3-year LC was 63.1% in the SBRT
group and 50.2% in the TACE group (P = 0.0008, HR = 1.93,
95% CI: 1.29-2.88). The accumulative 3-year IC 49.6% in the
SBRT group and 33.5% in the TACE group (P < 0.0001, HR =
2.14, 95% CI: 1.54-2.96).

After propensity score matching in the selection of 95 well-
pairs patients, we found no statistically significant difference in
OS (Figure 2A); patients in the SBRT group had better long-term
PFES (Figure 2B), LC (Figure 2C), and IC (Figure 2D) than those
in the TACE group (Table 2). The accumulative 3-year OS was
65.1% in the SBRT group and 61.0% in the TACE group (P =
0.55, HR =1.17, 95% CI: 0.7-1.96). The accumulative 3-year PES
was 35.9% in the SBRT group and 27.4%, in the TACE group (P
=0.081, HR =1.37,95% CI: 0.95-1.97). The accumulative 3-year
LC was 62.5% in the SBRT group and 53.5% in the TACE group
(P =0.0219, HR = 1.81, 95% CI: 1.08-3.04). The accumulative
3-year IC was 45.9% in the SBRT group and 34.1% in the TACE
group (P =0.01, HR = 1.70, 95% CI: 1.12-2.58).

Multivariable Cox Analysis

Cox proportional hazards models accounting for clustering
were used to compare the two treatment groups. The selection
of influencing factors, which were considered for multivariate
analysis, was based on LASSO analysis (Table 3). Multivariable
cox regression analysis of OS (Figure 3A) showed that three
independent predictors were size (HR = 1.12; 95% CI, 1.06-
1.17; P < 0.001), ALBI score (HR = 2.01; 95% CI: 1.46-2.77;
P < 0.001), and AFP level >400 (HR = 1.84; 95% CI: 1.12-
3.02; P = 0.02). Multivariable cox regression analysis of PFS
(Figure 3B) showed that three independent predictors were size
(HR = 1.09; 95% CI: 1.05-1.14; P < 0.001), age (HR = 0.99; 95%
CI: 0.98-1.00; P = 0.05), and AFP level >400 (HR = 1.52; 95%
CI: 1.50-2.17; P = 0.03). Multivariable cox regression analysis of
LC (Figure 3C) showed that three independent predictors were
size (HR = 1.06; 95% CI: 1.01-1.12; P = 0.02), gender/male (HR
= 2.69; 95% CI: 1.18-6.17; P = 0.02), and treatment (SBRT vs.
TACE) (HR = 1.59; 95% CI: 1.03-2.47; P = 0.04). Multivariable
cox regression analysis of IC (Figure 3D) showed that four
independent predictors were size (HR = 1.10; 95% CI: 1.05-
1.14; P < 0.001), gender/male (HR = 1.84; 95% CI: 1.06-3.21;
P =0.031), AFP level >400 (HR = 1.61; 95% CI: 1.06-2.46; P
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TABLE 1 | Patient and treatment characteristics for different treatment groups.

Before propensity matching

After propensity matching

Factor Level SBRT TACE p-value SBRT TACE p-value Test
Number of patients 167 159 95 95
Gender Male 141 (84.4%) 139 (87.4%) 0.44 83 (87%) 84 (88%) 0.82 Pearson’s chi-squared
Age, median (IQR) 56 (47, 65) 52 (44, 61) 0.007 55 (45, 63) 52 (44, 63) 0.31 Wilcoxon rank-sum
Age >/=60 70 (41.9%) 49 (30.8%) 0.037 36 (38%) 29 (31%) 0.28 Pearson’s chi-squared
HBV Positive 145 (86.8%) 141 (88.7%) 0.61 83 (87%) 84 (88%) 0.82 Pearso’s chi-squared
Negative 22 (13.2%) 18 (11.3%) 12 (13%) 11 (12%)
Thil, median (IQR) 13.3 (9.3, 20.1) 14.4 (9.3, 21.5) 0.48 13.4 (9.7, 20.5) 14.9 (9.3, 22.4) 0.52  Wilcoxon rank-sum
Albumin, median (IQR) 37.9 (34.5, 41.7) 38.7 (34.2, 42) 0.63 37.6 (34.4,41.8) 39.3(33.9, 42.3) 0.26 Wilcoxon rank-sum
ALT, median (IQR) 31 (21, 44) 44 (35, 82) <0.001 35 (23, 50) 39 (82, 60) 0.1 Wilcoxon rank-sum
AST, median (IQR) 31 (21, 50) 35 (24, 53) 0.13 36 (23, 52) 31 (22, 43) 0.24 Wilcoxon rank-sum
PT, median (IQR) 13.2 (12.5, 14) 13.1(12.3, 14.4) 0.97 18.1(12.5,14.1)  13.3(12.4, 14.8) 0.41 Wilcoxon rank-sum
Size, median (IQR) 3.4 (2.4,5.2) 7.2(4.2,12.1) <0.001 4.5(3,6.7) 5(3,7.1) 0.6 Wilcoxon rank-sum
Size status 1-6cm 123 (73.7%) 53 (33.3%) <0.001 53 (566%) 49 (562%) 0.47 Pearson’s chi-squared
5-10cm 40 (24.0%) 54 (34.0%) 38 (40%) 38 (40%)
10-19.5cm 4 (2.4%) 52 (32.7%) 4 (4%) 8 (8%)
ALBI score, median (IQR) —2.519 (-2.802, —2.511(—2.878, 0.88 —2.515(—2.761, —2.530 (—2.967, 0.5 Wilcoxon rank-sum
—2.179) —2.127) -2.127) —2.088)
ALBI grade 1 73 (43.7%) 64 (40.3%) 0.48 41 (43%) 40 (42%) 0.29 Pearson’s chi-squared
2 88 (562.7%) 85 (53.5%) 51 (54%) 47 (49%)
3 6 (3.6%) 10 (6.3%) 3 (3%) 8 (8%)
Child-Pugh score 5 105 (62.9%) 118 (74.2%) 0.2 59 (62%) 70 (74%) 0.24 Pearson’s chi-squared
6 32 (19.2%) 21 (13.2%) 17 (18%) 11 (12%)
7 18 (10.8%) 9 (5.7%) 12 (13%) 5 (5%)
8 5 (3.0%) 4 (2.5%) 3 (3%) 3 (3%)
9 7 (4.2%) 7 (4.4%) 4 (4%) 6 (6%)
Child-Pugh class A 137 (82.0%) 139 (87.4%) 0.18 76 (80%) 81 (85%) 0.34 Pearson’s chi-squared
B 30 (18.0%) 20 (12.6%) 19 (20%) 14 (15%)
AFP 0-7 58 (34.7%) 35 (22.0%) 0.013 28 (29%) 22 (23%) 0.61 Pearson’s chi-squared
>7-100 50 (29.9%) 42 (26.4%) 23 (24%) 28 (29%)
>100-400 20 (12.0%) 22 (13.8%) 15 (16%) 12 (13%)
>400 39 (23.4%) 60 (37.7%) 29 (31%) 33 (35%)

ALBI, albumin-bilirubin; AFR, alpha fetoprotein; TACE, transarterial embolization; SBRT, stereotactic body radiation therapy; PT, prothrombin time; AST, aspartate aminotransferase; ALT,

alanine aminotransferase.

= 0.027), and treatment (SBRT vs. TACE) (HR = 1.61; 95% CI:
1.13-2.29; P = 0.009).

In our matched cohort, multivariable cox regression analysis
showed that ALBI score was the only independent predictor of
OS (HR = 1.84; 95% CI: 1.23-2.76; P = 0.003). Tumor size was
the only independent predictor of PFS (HR = 1.12; 95% CL:
1.06-1.19; P < 0.001). Treatment (SBRT vs. TACE) was the only
independent predictor of LC (HR = 2.19; 95% CI: 1.27-3.77; P
= 0.005). Treatment (SBRT vs. TACE) and tumor size were two
independent predictors of IC (HR = 1.99; 95% CI: 1.30-3.04; P
=0.001; and HR = 1.09; 95% CI: 1.02-1.16; P = 0.014).

In the SBRT cohort, multivariable cox regression analysis
showed that AFP level and ALBI score were two independent
predictors of OS (HR = 1.34; 95% CI: 1.04-1.73; P = 0.02;
and HR = 2.84; 95% CI: 1.72-4.71; P < 0.001). The included
influencing factors were not prognostic factors for PFS, LC,
and IC.

In the TACE cohort, multivariable cox regression analysis
showed that tumor size was an independent predictor of OS (HR
= 1.09; 95% CI: 1.04-1.13; P < 0.001). Tumor size and age were
two independent predictors of PFS (HR = 1.84; 95% CI: 1.23-
2.76; P = 0.003; and HR = 0.97; 95% CI: 0.95-0.99; P < 0.001).
Age was an independent predictor of LC (HR = 0.97; 95% CI:
0.95-0.99; P = 0.02). Tumor size and age were two independent
predictors of IC (HR = 1.10; 95% CI: 1.05-1.15; P < 0.001; and
HR = 0.98; 95% CI: 0.96-0.99; P = 0.04).

Complications and Mortality

Both treatment regimens have their own specific complications.
In the TACE group, TACE-related deaths occurred in 2 (1.3%) of
159 patients after the initial TACE. The cause of death consisted
of hepatic failure in one patient and liver abscess in the other. In
the SBRT group, treatment-related deaths occurred in 2 (1.2%)
of 167 patients after SBRT due to hepatic failure. Complications
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FIGURE 1 | Before propensity matching, SBRT vs. TACE. (A) overall survival; (B) progression-free survival; (C) local control; (D) intrahepatic control.

were graded according to the National Cancer Institute Common
Terminology Criteria for Adverse Events version 4.03. The most
common grades of acute complications in all groups were <3.
Fever, hepatic pain, and increased levels of ALT or AST (>3-
fold) were the three most common TACE-related complications.
Fatigue, nausea, and vomiting were the three most common
SBRT-related complications. Elevated Child-Pugh score was
common TACE or SBRT-related hepatotoxicity (41 score: 28/159
vs. 20/167, P = 0.22; and +2 score: 8/169 vs. 17/167, P = 0.11).
Most of the complications and hepatotoxicity were reversed by
conservative and supportive treatment.

DISCUSSION

SBRT was shown to be an alternative option for patients with
inoperable BCLC stage A disease. Our propensity match-based
analysis after locoregional therapy for 326 inoperable patients
with BCLC stage A disease in China, where hepatitis B virus
(>86.8%) was predominant, suggests that patients undergoing
SBRT have a similar OS to those undergoing TACE, with excellent
local and intrahepatic control and PFS. On multivariate analysis,
treatment (SBRT vs. TACE, HR = 1.59; 95% CI: 1.03-2.47; P
= 0.04; HR = 1.61; 95% CI: 1.13-2.29; P = 0.009) and tumor
size (HR = 1.06; 95% CI: 1.01-1.12; P = 0.02; HR = 1.10; 95%

CIL: 1.05-1.14; P < 0.001) were significant covariates associated
with local and intrahepatic control. SBRT does not seem to
compromise the measured survival outcomes after TACE. Sapir
et al. (23) also reported that 209 patients with 287 HCC tumors,
and 28 of these cases with portal vein branch thrombosis (BCLC-
C), were treated with TACE (n = 84) or SBRT (n = 125) in
western countries, where hepatitis C virus (70%) and alcohol
abuse (20%) were the main cause of HCC. It was also found
that SBRT can be an alternative to TACE for local HCC with
one to two tumors and provided better LC, with no difference
in OS. The 1- and 2-year OS were 74.1 and 34.9% after SBRT,
and 75.3 and 54.9% after TACE, respectively. The 1- and 2-year
LC were 47.1 and 22.9% after TACE compared to 96.5 and 91.3%
after SBRT, respectively. The 1- and 2-year intrahepatic controls
were better for patients after SBRT than after TACE (56.5, 26.9%
vs. 35.9, 10.7%, respectively), favoring SBRT significantly (HR
= 3.55, 95% CI 1.94-6.52, P < 0.001). In addition, higher
AFP, previous treatment status, and branch thrombosis were
significant covariates associated with intrahepatic control in
multivariate analysis. Shen et al. compared the local control
and overall survival between SBRT (n = 46) and TACE (n =
142) in medium-sized (3-8 cm) HCC in Taiwan. The 3-year
local control rate was 73.3% for the SBRT group and 63.0%
for the TACE group. Multivariable analyses also identified the
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TABLE 2 | The accumulative OS, PFS, and local and intrahepatic control of different treatment groups.

Before propensity matching

After propensity matching

Months SBRT TACE HR 95% CI P SBRT TACE HR 95% CI P
(O8] 12 86.0% 77.3% 1.79 1.05-3.03 0.031 85.7% 83.6% 1.19 0.57-2.49 0.65
36 64.7% 51.0% 1.71 1.17-2.51 0.005 65.1% 61.0% 117 0.7-1.96 0.55
60 57.3% 43.8% 1.69 1.17-2.46 0.0046 62.8% 50.4% 1.19 0.79-2.14 0.3
PFS 12 65.9% 47.5% 1.82 1.30-2.57 0.0003 63.4% 53.3% 1.46 0.93-2.28 0.092
36 38.1% 27.6% 1.62 1.22-2.16 0.0005 35.9% 27.4% 1.37 0.95-1.97 0.081
60 26.7% 12.4% 1.71 1.30-2.25 0.0001 27.5% 14.2% 1.44 1.01-2.04 0.037
LC 12 85.1% 67.2% 1.79 1.05-3.03 0.0031 86.8% 69.3% 1.93 1.18-3.18 0.0035
36 63.1% 50.2% 1.93 1.29-2.88 0.0008 62.5% 53.5% 1.81 1.08-3.04 0.0219
60 59.3% 35.6% 2.04 1.38-3.01 0.0002 56.9% 36.6% 1.93 1.18-3.18 0.0084
IC 12 77.8% 49.6% 2.94 1.99-4.32 0.0001 77.3% 57.3% 2.33 1.39-3.93 0.0016
36 49.6% 33.5% 2.14 1.64-2.96 0.0001 45.9% 34.1% 1.7 1.12-2.58 0.01
60 42.9% 15.1% 2.32 1.69-3.17 0.0001 42.4% 17.7% 1.85 1.23-2.77 0.0021
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FIGURE 2 | After propensity matching, SBRT vs. TACE. (A) overall survival; (B) progression-free survival; (C) local control; (D) intrahepatic control.

independent predictors for local control as treatment modality
(SBRT or TACE), gender (female vs. male), and recurrence HCC
status (recurrence or primary diagnosis). After propensity score
matching analysis, patients in the SBRT group also had better
local control (3-year of 77.5 vs. 55.6%; P = 0.007) and OS (3-year

OS of 55.0 vs. 13.0%; P < 0.001) than those in the TACE group.
However, there was no difference in local control and OS between
SBRT and TACE in newly diagnosed HCC cases. Sapisochin et al.,
in a retrospective study, reported that SBRT, RFA, and TACE
were evaluated to have similar effectiveness in bridging therapy
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TABLE 3 | Univariable and multivariable Cox analyses for OS, PFS, and local and intrahepatic control.

os PFS
Univariable Multivariable Univariable analysis Multivariable
analysis analysis analysis
Factor Level N n HR P 95% HR P 95% n HR P 95% ClI HR P 95% ClI
Cl Cl
Age 326 116 0992 0.297 0.977 1.007 216 0.980 0.001 0969 0.991 0.990 0.050 0975 0.999
Gender Female 46 17 1.000 27 1.000 1.000
Male 280 99 1.005 0986 0.600 1.682 189  1.331 0.165 0889 1994 1190 0410 0.790 1.790
HBV Positive 268 102  1.000 194 1.000 1.000
Negative 58 14 0.905 0.726 0.517 1.683 22 0.720 0.146 0.4683 1120 0.7560 0.210 0.480 1.180
AFP 0-7 93 26 1.000 1.000 57 1.000 1.000
>7-100 92 33 1.446 0.160 0.864  2.421 1550 0.100 0.920 2.620 59 1.146  0.467 0.794 1653 1.260 0.230 1.260 0.230
>100-400 42 15 1.477 0229 0.782 2.791 1.660 0.120 0.870 3.150 27 1.338 0.216 0.844 2121 1390 0.170 0.870 2.210
>400 99 42 2.041 0.004 1249 3333 1.840 0.020 1.120  3.020 73 1.796  0.001 1264 2552 1502 0.030 1.040 2.170
PT 326 116 1.165 0.001 1.061 1.279 216 1.086 0.402 0.954  1.125
Thil 326 116 1.003 0419 0996 1.010 216 0.998 0.663 0.991 1.006
Albumin 326 116 0937 0.000 0.908 0.966 216 0.985 0.204 0.962  1.008
AST 326 116 1.003 0.170 0.999  1.007 216 1.008 0.053 1.000  1.006
ALT 326 116 1.003 0.034 1.000 1.007 216 1.008 0.030 1.000 1.005 1.000 0.929 0.997  1.003
Child-Pugh socre 326 116 1.294 0.001 1.116 1.499 216 1.098 0.142 0.969 1.243
ALBI score 326 116 1.9833 0.000 1.430 2.613 2.010 0.000 1.460 2.770 216 1159  0.229 0.911 1.476
Tumor size 326 116 1.120 0.000 1.073 1.168 1.120 0.000 1.060 1.170 216 1.107  0.000 1.072 1.143  1.090 0.000 1.046 1.140
Treatment SBRT 167 50 1.000 1.000 104 1.000 1.000
TACE 159 66 1723 0.004 1.192 2490 1.080 0.710 0.710 1.660 112 1.723  0.000 1314 2258 1220 0210 0.890  1.660
LC HC
Univariable Multivariable Univariable analysis Multivariable
analysis analysis analysis
Factor Level N n HR P 95% HR P 95% n HR P 95% CI HR P 95% CI
Cl Cl
Age 326 105 0980 0.014 0964 0996 0990 0.120 0.970  1.000 167  0.977  0.000 0.965 0.990 0.990 0.104 0970  1.000
Gender Female 46 6 1.000 1.000 14 1.000 1.000
Male 280 99 3112 0.007 1364 7.100 2.690 0.020 1.180 6.170 153 2.102  0.008 1215 3.636 1.840 0.031 1.060 3.210
HBV Positive 268 95 1.000 1.000 153  1.000 0.610 0.082 0.240 1.070
Negative 58 10 0690 0.265 0.360 1.325 0.680 0.250 0.350 1.310 14 0.595 0.063 0.344  1.029
AFP 0-7 93 30 1.000 42 1.000 1.000
>7-100 92 29 1106 0.698 0.663  1.846 44 1.237 0.328 0.808 1.896 1.360 0.175 0.870 2.110
>100-400 42 11 0.921 0.816 0.462 1.839 23 1598 0.073 0.957 2668 1.660 0.060 1.980  2.800
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FIGURE 3 | Multivariable cox analyses of all patients. (A) overall survival; (B) progression-free survival; (C) local control; (D) intrahepatic control.
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Unlike the mechanism by which TACE works, radiotherapy
has the advantage of directly damaging the tumor cells. On
subgroup analysis, tumor diameter has a great influence on TACE
survival time and intrahepatic control, while tumor diameter
has little effect on SBRT. SBRT can also provide encouraging
outcomes comparable to radiofrequency ablation (12, 35, 36).
In our previous study, SBRT can provide encouraging curative
outcomes comparable to liver resection for small HCC. The
5-year OS rates were 70.0 and 64.4% in the SBRT and liver
resection groups, respectively (11). In the current study, we found
that SBRT was superior to TACE, providing better local and
intrahepatic control. In recent years, there have been several
reports on the combination of TACE and SBRT, suggesting
that the combination may yield better outcomes than TACE
alone. Jun et al. reported that SBRT-TACE is superior to TACE
regarding LC in patients with one or two small HCC lesions
(37). Kimura et al. found that TACE+SBRT was not better than
SBRT alone in small HCC cases (38). It may be concluded
that SBRT has a radical curative effect in these selected HCCs.
Additional multi-institutional prospective studies are warranted
for the investigation of the real effects of SBRT. The TASABR
randomized controlled trial is underway and will compare

SBRT vs. re-TACE for HCC patients who had an incomplete
response after initial TACE (39). A randomized phase 2 trial
(NCT02182687), designed to compare TACE or SBRT as a bridge
to transplant with the primary outcome as time to first additional
intervention, is underway. Another phase 2 trial (NCT02470533),
which targets patients with one to three tumors and assesses time
to any progression after SBRT or after DEB-TACE, is ongoing.
Our findings also need to be verified prospectively in HCC
patients with BCLC-A stage who are not considered for surgery
or have refused to undergo surgery and/or local radiofrequency
ablative therapies.

This study has some limitations. First, this was a retrospective,
non-randomized study, and the follow-up period was not
lengthy, and this could have obscured late effects. Second, it
is difficult to eliminate selection bias. Some variables differed
between the groups; therefore, propensity score matching was
applied at a 1:1 ratio to reduce selection bias and potential
confounding effects of treatment. We also used the albumin-
bilirubin score instead of the Child-Pugh score to reduce
subjective errors. However, the bias of selection factors cannot be
completely avoided. Controlled clinical trials are recommended
to evaluate the actual effects of this novel regimen adequately.
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Third, we cannot account for differences between the two groups
that are not known, such as the experience of institutions,
patient’s financial condition, and benefit of second-line treatment
after recurrence.

In conclusion, SBRT was an alternative to TACE for
inoperable BCLC-A stage HCC with excellent local and
intrahepatic control. Controlled clinical trials are recommended
to evaluate the actual effects of this novel regimen adequately.
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Which Is Better for Liver SBRT:
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DCAT and VMAT for Liver Tumors
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Chul Won Choi*

Department of Radiation Oncology, Dongnam Institute of Radiological and Medical Science, Busan, South Korea

Stereotactic body radiotherapy (SBRT) is currently well-adopted as a curative treatment
for primary and metastatic liver tumors. Among SBRT methods, dynamic conformal arc
therapy (DCAT) and volumetric-modulated arc therapy (VMAT) are the most preferred
methods. In this study, we report a comparison study measuring the dose distribution
and delivery efficiency differences between DCAT and VMAT for liver SBRT. All patients
who were treated with SBRT for primary or metastatic liver tumors with a curative aim
between January 2016 and December 2017 at DIRAMS were enrolled in the study. For
all patients, SBRT plans were designed using the Monte Carlo (MC) algorithm in Monaco
treatment planning system (version 5.1). The planning goals were set according to the
RTOG 0813, RTOG 0915, and RTOG 1112 protocols. A plan comparison was made on
the metrics of dose volume histogram, planning and delivery efficiency, monitor unit (MU),
and dosimetric indices. PTV coverage was evaluated using the following: Dmean, D95%,
D98%, D2%, D50%, Dmax, V95%, heterogeneity index (HI), and conformality index (ClI).
For DCAT and VMAT, respectively, the Dmean Was 5942.8 4+ 409.3 cGy and 5890.6 +
438.8 cGy, D50% was 5968.8 4 413.1 cGy and 5954.3 + 405.2 cGy, and Cl was 1.05
+ 0.05 and 1.03 £ 0.04. The D98% and V95% were 5580.0 + 465.3 cGy and 20.4 +
12.0mL for DCAT, and 5596.0 + 478.7 cGy and 20.5 4+ 12.0 mL for VMAT, respectively.
For normal liver, V40, V30, V20, V17, V5, Dmean, Dmax Were evaluated for comparison.
The V30, V20, and V10 were significantly higher in DCAT; other parameters of normal
livers showed no statistically significant differences. For evaluation of intermediate dose
spillage, D2¢m(%) and R50% of DCAT and VMAT were 45.8 + 7.9 and 5.6 + 0.9 and 45.1
+ 6.7 and 5.5 + 1.2, respectively. Planning and delivery efficiency were evaluated using
MU, Calculation time, and Delivery time. DCAT had shorter Calculation time and Delivery
time with smaller MU. MU was smaller in DCAT and the average difference was 300.1
MU. For liver SBRT, DCAT is an effective alternative to VMAT plans that could meet the
planning goals proposed by the RTOG SBRT protocol and increases plan and delivery
effectiveness, while also ignoring the interplay effect.

Keywords: liver cancer, SBRT (stereotactic body radiotherapy), VMAT (volumetric modulated arc therapy), Monaco
TPS (treatment planning system), DCAT (dynamic conformal arc therapy)
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DCAT and VMAT Plans Comparison

INTRODUCTION

Stereotactic body radiotherapy (SBRT) 1is currently well-
adopted as a curative treatment for primary and metastatic
liver tumors, especially for patients who are inoperable or
undergoing systemic therapy (1-4). SBRT can be performed
by various methods, including 3D conformal radiotherapy
(3DCRT), intensity modulated radiotherapy (IMRT), dynamic
conformal arc therapy (DCAT), volumetric-modulated arc
therapy (VMAT), Tomotherapy, and CyberKnife. However,
VMAT and DCAT are the most preferred methods (5-7). Both
VMAT and DCAT are types of rotational radiotherapy, with
each system having its own advantages and disadvantages. VMAT
is typically considered superior to DCAT in terms of dose
distribution since it has better target coverage. However, DCAT
has potential advantages over VMAT in practical use. Reasons
to consider DCAT instead of VMAT (8, 11) are as follows:
(1) There is a concern about missing the target when VMAT
is used for a moving target. Even if DCAT does not cover
all targets of irregular movement, at least DCAT might offset
this concern for the effect of MLC interplay since the target
remains inside the open field with minimal modulation for the
entire treatment. (2) VMAT requires a higher degree of quality
assurance. (3) There is less concern with calculation accuracy
for DCAT in an area of variable densities. (4) DCAT offers
quicker plan and delivery times. (5) DCAT demands less monitor
unit (MU) to deliver the same dose as VMAT. Furthermore,
segment shape optimization (SSO) could supplement DCAT
to maintain its inherent advantages while achieving results
similar to VMAT. SSO is offered by the Monaco treatment
planning system (TPS) (IMPAC Medical Systems, Inc., Maryland
Heights, MO; a subsidiary of Elekta AB, Stockholm, Sweden)
to improve plan quality by smoothing and clustering segments
and optimizing beam weights and shapes. If DCAT for liver
tumors is not inferior with regard to dose distribution and
satisfies RTOG guidelines, DCAT could be a better option
for SBRT plans than VMAT. Here, we report a comparison
study measuring the dose distribution and delivery efficiency
differences between DCAT and VMAT. Suggestions are offered
for improved plan technique in primary and metastatic liver
tumor radiotherapy.

MATERIALS AND METHODS

This study was approved by the institutional review board
of the Dongnam Institute of Radiological and Medical
Sciences (DIRAMS).

Patient Selection

All patients who were treated with SBRT for primary or
metastatic liver tumors with a curative aim between January 2016
and December 2017 at DIRAMS were enrolled in the study.
Patients with palliative aims, such as SBRT for portal vein tumor
thrombosis, were excluded. All plans were built based on the
prescribed dose at that time of treatment.

Contouring

The target volumes and organs at risk (OARs) of all included
patients were reviewed and re-contoured by one radiation
oncologist. Gross target volume (GTV) was determined by
merging the re-drawn tumor volumes for each phase of the
four-dimensional computed tomography (4DCT). Clinical target
volume was same as GTV, and plan target volume (PTV)
was established with 3-8 mm expansion of the GTV. The
total volume of the liver, heart, stomach, and duodenum were
contoured. Other OARs were partially drawn as needed for
treatment planning.

Treatment Planning

For all patients, SBRT plans were designed using the MC
algorithm in Monaco TPS (version 5.1). Beam modeling of
the MONACO TPS was performed by beam of Elekta Infinity
linear accelerator (Elekta AB, Stockholm, Sweden). All plans were
designed using a photon beam of energy 6 MV with nominal
dose rate 600 MU/min. To accompany the prescription and
dose criteria, constraints of the plan optimization were adjusted
depending on the size and location of the tumor. However,
the plans were developed with the same constraints to allow
comparison of the DCAT plan with the VMAT plan for each
patient. After planning optimization, all plans were normalized to
95% of the PTV coverage with the prescribed dose. The physical
parameters for each plan are shown in Figure 1. Each application
of DCAT was planned as a single arc with non-constant dose rate
and SSO applied. The VMAT plan was designed using a dual arc
with a maximum 150 control points per arc and 1.0 cm minimum
segment width. The arc length of both plan types was the same,
with a range of 360° rotating from 180° in increments of 10°
without couch rotation using fluence-smoothing parameters in
medium mode. The final dose calculation was performed using a
calculation grid resolution of 2.0 mm and a statistical uncertainty
of 3% per control point. Physical parameters such as calculation
grid resolution, statistical uncertainty, arc length, number of arcs,
increment, number of control point/arc, and fluence-smoothing
parameters were identical for each case in the same type of plan.
The planning goals were set according to the RTOG 0813, RTOG
0915, and RTOG 1112 protocols.

Statistics

Statistical analysis was performed using the SPSS 18.0 program.
Data normality was assessed using the Shapiro-Wilk test.
Student’s paired t-test and the Wilcoxon signed-rank test were
used, respectively, for parametric and non-parametric data
analyses (9).

RESULTS

Patient Characteristics

Twenty-five patients with a total of 31 lesions were enrolled.
Two patients had 3 lesions, and 2 patients had 2 lesions,
simultaneously. In one patient with 3 lesions, 2 of the lesions
were located close to each other and were combined into a single
PTV. Among the 25 patients, 17 had hepatocellular carcinomas
(HCGCs), 8 had metastatic liver cancers, and 7 had received
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FIGURE 1 | Physical parameters for DCAT and VMAT plans. (A) Sequencing parameters. (B) Calculation parameters.

previous radiotherapy (RT). A total of 30 plans for each arm were
made and evaluated for comparison. The prescribed SBRT dose
was 4,800-6,000 cGy in 4 or 5 fractions. The characteristics of the
patients are summarized in Table 1.

Dose Distribution

All DCAT and VMAT plans were optimized with an identical
optimization protocol, and all except 4 patient plans achieved the
planning goals. According to plan type, the dose distribution and
DVH for the same patient are shown in Figures 2, 3, respectively.
Four patients’ plans could not reach the objectives due to
close proximity to OARs and some goals were compromised
according to the physician’s discretion to comply with the
dose constraints.

PTV coverage was evaluated using the following: mean
dose (Dmean), D95%, D98% (near-minimum absorbed dose),
D2% (near-maximum absorbed dose), D50%, maximum point
dose to 0.035mL (Dpax), V95%, heterogeneity index (HI),
and conformality index (CI). Among the evaluated parameters,
Dmean, D98%, D50%, V95%, and CI showed statistically
significant differences between DCAT and VMAT. The Dmeans
D50%, and CI were higher, and D98% and V95% were lower
in DCAT than in VMAT. For DCAT and VMAT, respectively,
the Dmean Was 5942.8 + 409.3 c¢Gy and 5890.6 + 438.8 cGy,

D50% was 5968.8 £ 413.1 c¢Gy and 5954.3 £ 405.2 cGy, and
CI was 1.05 £+ 0.05 and 1.03 £ 0.04. The D98% and V95%
were 5580.0 + 465.3 c¢Gy and 20.4 £ 12.0mL for DCAT,
and 5596.0 £+ 478.7 c¢Gy and 20.5 £ 12.0mL for VMAT,
respectively. The data for PTV dose distribution are presented
in Table 2.

For normal livers (liver volume minus GTV), V40, V30,
V20, V17, V5, Dmean> Dmax were evaluated for comparison. The
V30, V20, and V10 were significantly higher in DCAT; other
parameters of normal livers showed no statistically significant
differences. Dpax, maximum dose to 1 mL (Djpr), maximum
dose to 2mL (Dam1), and Dyean were assessed for OARs such
as the duodenum, stomach, small bowel, large bowel, spinal
cord, heart, and esophagus. For the duodenum, all assessed
parameters show statistically significant differences. Dmax, DimL>
and Dyp,p, were higher in DCAT, but the Dyyean was lower than in
VMAT. For both the stomach and heart, Dyax, DimL, Dami, were
significantly higher in DCAT. The dose data for OARs that show
statistically significant differences are listed in Table 3 and entire
data in Supplementary Table 1.

The maximum dose to any point >2 cm away from the PTV
in any direction (D2cm) and the ratio of the volume of 50% of
the prescription dose isodose to the volume of the PTV (Rsgy)
are reported for evaluation of intermediate dose spillage and to
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TABLE 1 | Patient characteristics.

Patient no. Lesions Primary cancer Previous RT to Location GTV (mL) PTV (mL) Prescribed dose  Fractions
Liver (cGy)
1 1 HCC - S4 5.1 20.1 5,200 4
2 1 HCC - S7 1.0 14.0 6,000 4
3 1 HCC + S7 5.4 19.2 5,400 4
4 1 HCC + S8 4.2 16.0 5,000 5
5 1 Cervix - S6 1.9 10.8 4,800 4
6 1 HCC - S5 7.7 15.9 6,000 4
7 1 HCC - S7/8 74 24.5 6,000 4
8 1 HCC - S7/8 10.6 31.4 6,000 4
9 1 HCC - S7 221 53.5 6,000 4
10 1 HCC - S7 8.7 31.9 6,000 4
11 3 Pancreas - S8, S4, S6 3.5,6.9, 3.1 23.3,23.2, 14.1 5,400 4
12 3 HCC - LLS, S4/8 1.1,1.2,21 24.3,19.4 5,400 4
13 1 HCC + S8 7.9 14.3 6,000 4
14 1 HCC - S6 6.2 22.7 6,000 4
15 1 HCC - S8 1.5 37.4 6,000 4
16 1 HCC - S7 1.6 11.6 6,000 4
17 1 HCC + S4 3.7 15.5 6,000 4
18 1 Rectum - S7 0.4 6.4 6,000 4
19 1 Cervix - S4 7.6 229 6,000 5
20 1 Rectosigmoid + S4/8 24.0 58.7 5,000 4
21 2 Rectosigmoid - S8, S6 20,12 10.9,7.7 6,000 4
22 2 Colon + S5, S5 1.6,1.7 114,115 6,000 4
23 1 HCC - S5 4.0 1.5 6,000 4
24 1 HCC - S4 4.2 16.7 5,000 5
25 1 Rectosigmoid + S8 3.0 14.9 6,000 4

No., number; RT, radiotherapy; GTV, gross target volume; PTV, planning target volume.

scrutinize the fall-off gradient beyond the PTV extending into
normal tissue structures. The D, (%) and Rsge, of DCAT and
VMAT were 45.8 £ 7.9 and 5.6 £ 0.9, and 45.1 + 6.7 and 5.5 &+
1.2, respectively. The differences were not statistically significant.
The Dy (%) and Rsgo, data for all patients are shown in Table 4.

Efficiency

We also evaluated plan and delivery efficiency using MU, the
elapsed time to make a plan (Calculation time), and the estimated
delivery time (Delivery time). The MU of DCAT and VMAT were
2440.5 &+ 346.5 and 2741.4 £ 417.5, respectively, and the average
difference was 300.9 £ 340.4. Calculation time for DCAT and
VMAT was 14.4 £+ 7.5 min and 29.0 & 14.2 min, and delivery time
was 3.6 & 0.5min and 4.5 £ 0.7 min, respectively. All efficiency
parameters analyzed showed statistically significant differences
(Table 5).

DISCUSSION

For plan comparison, we used 1 arc for DCAT and 2 arcs
for VMAT. One-arc and 2-arc plans with both DCAT and
VMAT were used for some patients to verify the ideal number
of arcs for each method. Dose distribution in DCAT showed
little improvement from increment of arc numbers. In contrast,
VMAT showed better results with 2 arcs than with 1 arc. For

comparison with the best plans, 1 arc in DCAT and 2 arcs in
VMAT were used.

In this study, couch rotation was not used due to
disadvantages of couch rotation. Even though the use of couch
rotation can help improve dosimetric parameters, couch rotation
should be used with caution because the theoretical advantage
could be offset by errors caused by an increase in treatment time
and position changes.

As expected, VMAT was superior to DCAT to build SBRT
plan with better plan quality. However, although there were some
statistically significant differences between DCAT and VMAT
plans, we could not assert if VMAT was better than DCAT
with only dose distribution in the absence of consideration for
actual use. As mentioned above, DCAT has several advantages
over VMAT that could offset the better dose-distribution of
VMAT. Unless the differences of dose distribution and plan
quality are substantial, DCAT could be reckoned prior to VMAT
for SBRT in some specific cases. There are concerns regarding
missing the targets in highly modulated treatment plan for
moving targets such as liver tumors. Liver tumors might not
only move up and down but also move sideways and twist.
Moreover, liver tumors tend to grow in a relatively circular
shape and this suggests that DCAT would be as appropriate
as VMAT to achieve adequate target coverage in liver tumors.
That is the one of reason why we should consider DCAT for
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FIGURE 2 | The dose distribution for the same patient was shown in axial, coronal and sagittal planes according to the plan type. (A) DCAT. (B) VMAT.
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FIGURE 3 | Comparison of DVHs between DCAT and VMAT plan for the same patient.
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TABLE 2 | PTV coverage.

TABLE 4 | Dogryo) and Rspg, for all cases.

DCAT VAMT Avg. p-value
difference
(DCAT -
VMAT)
Dmax (CGy)  6199.1 &£ 419.1  6177.7 £+ 428.4 21.4 £ 959 0.231
Dmean (CGy) 5942.7 + 409.3  5890.6 + 438.8 52.2 £ 194.3 0.015
D95% (cGy) 5678.4 + 4252  5680.9 + 421.3 —25+ 126 0.050
D98% (cGy) 5580.0 + 465.2  5596.0 + 478.7 —16.1 £ 44.9 0.005
D2% (cGy) 5981.1 £ 1100.8 6126.0 £ 434.2 —145.0 + 960.2 0.289
D50% (cGy) 5968.8 + 413.1  5954.3 + 405.2 14.5 £ 73.6 0.042
V5% (mL) 235+ 18.6 23.5 + 18.6 -0.1+£0.7 0.022
HI 1.08 + 0.04 1.07 £ 0.04 0.01 £ 0.02 0.062
Cl 1.05 + 0.05 1.08 + 0.04 0.02 + 0.03 0.003
Avg., average; Cl, conformality index; HI, heterogeneity index; PTV, planning

target volume.

TABLE 3 | Statistically significant differences in OARs.

DCAT VMAT Avg. difference
(DCAT - VMAT)
V30 (mL) 65.9 + 34.4 62.1 £29.8 3.8+92
V20 (mL) 133.7 £ 65.4 125.6 + 65.4 81 +17.2
V10 (mL) 346.2 £ 196.7 3189 +£ 165.3 27.3 £ 48.4
Duodenum Dmax (cGy)  627.6 + 1065.3 615.82 + 1046.7 11.8 £ 119.1
Duodenum D1 (cGy)  478.9 + 757.1 461.7 £ 7241 17.2 £ 123.6
Duodenum Doy (cGy)  395.3 + 620.4  378.5 + 581.6 16.8 £ 136.1
Duodenum Dpean (cGy)  85.6 + 118.8 88.2 + 130.3 —2.6 +£ 56.7
Stomach Dmax (cGy) 1067.2 £ 1042.6  968.0 + 1046.4 89.1 £ 191.3
Stomach Dy (cGy) 913.3 £829.5 826.6 £ 796.0 86.7 £ 178.4
Stomach Do (cGy) 8559 +£ 7558  775.0 £ 708.4 80.9 £ 176.9
Heart Dmax (CGy) 1439.7 + 1589.5 1361.8 &+ 1553.6 77.9 + 185.2
Heart Dy (cGy) 1250.4 + 1354.3 1175.3 &+ 1326.4 751 + 176.8
Heart Do (CGy) 1167.8 + 1233.6 1095.0 + 1214.6 72.8 £ 174.0

Avg., average, Dmean, mean dose; Dmax, maximum dose.

liver tumors during SBRT if the differences between DCAT
and VMAT are comparable. In addition, complex interplay
between MLC motion, jaw movement, gantry rotation, and
target motion during free-breathing treatments with VMAT
could cause considerable dose discrepancies (7, 10). Our results
indicated that several dosimetric parameters were significantly
better in VMAT plans. However, DCAT also met the plan goals
proposed by the RTOG SBRT protocol and the dose distribution
differences were small enough to accept DCAT as a method of
SBRT instead of VMAT.

Dyem(%) and Rsgy values are originally proposed for lung
SBRT but not for the liver. However, we wanted to manage
and minimize spillage dose and hence, Djcm) and Rsgy
were evaluated. D, (9) achieved the suggested goal except in
1 case. In this 1 case where the Djcy(g) Was not achieved,
the tumor was located near the duodenum and Djcpy(g) Was
compromised to obtain acceptable dose distribution to the

Case No. PTV (mL) Dacm(e) Rs02%
DCAT VMAT DCAT VMAT

1 20.1 43.3 459 4.7 4.3
2 14.0 41.8 43.2 5.3 4.9
3 19.2 42.3 42.6 4.5 4.6
4 16.0 42.2 44.5 5.8 5.6
5 10.8 425 42.3 5.8 5.3
6 15.9 43.1 42.5 5.7 5.0
7 24.5 43.1 43.9 4.6 4.4
8 314 459 434 5.1 4.2
9 53.5 49.1 48.1 4.3 4.0
10 31.9 44.8 46.5 4.5 4.5
11 23.3 43.8 44.3 5.3 4.9
12 23.2 41.8 42.0 4.8 5.1
13 141 50.5 49.7 5.8 6.2
14 24.3. 51.0 51.2 5.6 6.0
15 19.4 46.2 42.7 5.6 4.5
16 14.3 41.0 41.6 5.9 6.0
17 22.7 42.6 43.2 5.0 4.8
18 37.4 44.3 45.0 4.2 4.1
19 11.6 4114 41.3 6.2 6.4
20 15.5 41.6 415 5.6 5.7
21 6.4 40.6 40.0 8.0 8.8
22 22.9 83.8 76.7 7.4 6.0
23 58.7 52.1 50.0 5.5 4.7
24 10.9 48.1 45.8 6.8 7.2
25 7.7 47.6 47.3 7.7 8.1
26 1.4 425 39.7 5.8 6.2
27 1.5 42.0 40.2 5.7 6.5
28 15.7 44.4 42.4 5.5 5.4
29 14.9 47.4 44.7 5.8 6.0
30 13.9 41.9 1.7 5.9 6.1

No., number; PTV, planning target volume.

TABLE 5 | Calculation time, Delivery time, and MU.

DCAT VMAT Avg. difference
(DCAT - VMAT)
Calculation time (min) 144+ 75 29.0 + 14.2 —14.6 + 15.2
Delivery time (min) 3.6 +05 45+ 0.7 -09+06
MU 2440.5 +£ 3404 27414 £ 4175 —300.9 £+ 340.4

Delivery time and MU for 1 fraction of stereotactic body radiotherapy.
Avg., average, MU, monitor unit.

duodenum. Meanwhile, Rsgq, failed to meet the goal in 12 cases.
This might be due to the different prescription goals for liver and
lung PTV in RTOG protocols. To clarify the reason why Rsgq, is
hard to achieve, we tested dose spillage through CT scans with
lung and liver density and there was no significant difference
according to tissue densities. Stathakis et al. recently published
the study of dosimetric comparison between VMAT and DCAT
in SBRT for the lung and liver (10). In that study, Rsg, seemed to
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reach the desired goal; however, there appeared to be calculation
errors in their R50 values. Though differences in protocols make
it difficult to achieve R50 in the liver, there is still a need to
evaluate controlling dose spillage outside the PTV.

In terms of efficiency, DCAT had shorter calculation times and
delivery times with smaller MU. Since calculation time changes
variably depending on the number of programs running on the
TPS at the same time, measurement of accurate time for planning
is not available. Nevertheless, calculation time is generally 2-
3 times longer in VMAT, and DCAT could allow for quicker
plans. Shorter delivery times would help patients maintain
treatment postures and to control breathing which would reduce
target misses during RT. Therefore, DCAT should be considered
preferential to VMAT in patients with poor breathing or poor
coordination. MU was smaller in DCAT; the average difference
was 300.1 MU. The use of smaller MU would reduce both the
load on the LINAC machine and concerns about leakage through
the multi-leaf collimator. In addition, DCAT could help conserve
resources, which might be important to institutions with many
patients but limited resources.

Before SBRT, some patients receive prior surgery or RT and
would need stricter dose control to avoid severe toxicities. VMAT
would be more appropriate in such patients for minimizing the
dose to OARs, although the dose differences are small. Moreover,
since DCAT is not recommended for constructing plans for
multiple lesions, VMAT should be considered when SBRT is
administered for multiple lesions simultaneously. However, if
multiple lesions are treated separately, DCAT should be given
the priority.

As noted above, DCAT might be more advantageous than
VMAT for liver SBRT with exception to specific cases. Although
the method of treatment is at the physician’s discretion, the
physician needs to understand the pros and cons of each
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Radiofrequency ablation (RFA) can be a favorable option for patients with colorectal
liver metastasis (CRLM). However, current reports about the therapeutic efficacy of liver
resection (LR) and RFA for colorectal liver metastasis (CRLM) still remain controversial,
especially for solitary CRLM. Therefore, this meta-analysis was performed to evaluate
the therapeutic efficacy between LR and RFA for solitary CRLM. First, a comprehensive
search for published studies was conducted using PubMed, the Cochrane Library
Central, and Web of Science. Each study was reviewed and data extracted. In this
meta-analysis, 10 studies (11 study arms) were finally included. The meta-analysis was
performed using risk ratio (RR) and random effect model or fixed effect model, in which
95% confidence intervals (95% CI) for RR were calculated. The primary outcomes were
disease-free survival (DFS) and overall survival (OS) at 1, 3, or 5 years plus complication
rate. The results showed that patients treated by LR achieved better PFS and OS
than those by RFA, but subgroup analysis and meta-regression displayed that the
efficacy of RFA was equivalent to that of LR in solitary CRLM, when conditions were
limited to tumors of <3cm and fewer synchronous metastasis in the publication years
2011-2018. Meanwhile, RFA achieved lower complication rates when compared with
LR. In conclusion, although patients treated by RFA cannot achieve better PFS and OS
than those by LR, RFA can be considered a viable treatment option for solitary CRLM,
with potentially lower complication rates.

Keywords: liver resection, radiofrequency ablation, colorectal liver metastasis, therapeutic efficacy, meta-analysis

INTRODUCTION

Colorectal cancer has become one of the most common human malignancies, affecting nearly 1
million individuals in the world every year (1, 2). When the colorectal cancer was diagnosed, up
to half of the patients developed colorectal liver metastases (CRLM) (3). Colorectal liver metastasis
significantly affects overall survival (OS), which has become the leading cause of cancer-related
mortality in patients with colorectal cancer; the median OS for patients with untreated CRLM is
4.5-12 months (4, 5). Currently, liver resection (LR) is considered as the most effective treatment
approach for CRLMs. However, only 10-30% of the cases are considered eligible for surgical
resection because of general health status, anatomical location, disease extent, hepatic function
reservation, or comorbidities (6-8).
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Radiofrequency ablation (RFA), as a common minimally
invasive treatment modality, has been widely used in clinical
practice for the local control of liver tumors, and previous reports
have demonstrated that thermal ablation had an advantage
over surgical resection in being less invasive for hepatocellular
carcinoma (HCC) (<3 cm); therefore, it can also be an alternative
option for patients with unresectable CRLM (9-14). Although
RFA has established its role in the management of HCC as a
safe, well-tolerated, and less invasive procedure, there has been
no consensus on the therapeutic efficacy of RFA for those patients
with CRLM, especially for solitary lesions (15-18).

In recent years, several studies about solitary CRLM reported
a comparable OS and complication rates for RFA vs. LR. These
results have led to the discussion that RFA should be favored over
LR due to its less invasive and easily repeated procedure, yet RFA
for patients with unresectable CRLM has been labeled inferior
to LR for patients with resectable CRLM according to previous
studies (17, 19). However, these results should be interpreted with
caution because of the apparent selection bias.

Along this line, this study analyzed the existing literature
comparing the therapeutic efficacy and safety of RFA and
LR for patients with solitary CRLM by conducting a meta-
analysis and analyzed the factors influencing prognosis to
evaluate noninferiority or inferiority of RFA for patients with
unresectable CRLM.

METHODS

Literature Search

The QUOROM guidelines were followed for conducting the
meta-analysis. The systematic literature search was performed
independently by two of the authors using PubMed, Web of
Science, and the Cochrane Library Central. No restriction was set
for the date of publication. Only studies on humans and in the
English language were considered for inclusion. The following
Medical Subject Heading terms (MeSH) search headings were

» « » <«

used: “radiofrequency ablation,” “resection,” “surgical treatment,”
surgery, “hepatectomy,” “colorectal tumor,” “colorectal
neoplasm,” “colorectal cancer; “liver; “hepatic,” “metastases,’

and “metastasis.” The computer program Endnote X7 was used
for reference management.

Inclusion Criteria

For inclusion in the meta-analysis, the study had to fulfill
the following criteria: (1) the comparative studies of clinical
outcomes between RFA and LR for solitary CRLM; (2) the studies
reporting at least 1-year disease-free survival and 3- or 5-year
overall survival of each treatment group; (3) the studies clearly
document indications for RFA and HR; (4) when more than one
study were reported by the same research, the one of higher
quality or the most recent publication was included.

Exclusion Criteria

The following studies (cohorts) were excluded: (1) the original
studies lacking the comparative results about the clinical
outcomes of RFA and LR; (2) those studies published in the form

of review articles (including meta-analysis), abstracts, comments,
letters, editorials, and case reports.

Data Extraction

Data extraction was performed independently by Wu Hao and
Jiang Binbin, and in the case of discrepancy, the decision
was made by a discussion with a third author (Yan Kun).
For literatures with no clear survival data, data extraction
was performed in the survival curve from primary literature
by the Engauge digitizer software. The following parameters
from each study were extracted: (1) the first author, the
year of publication, study design; (2) the baseline oncological
characteristics of patients including tumor size, tumor count,
study period, primary lymph nodes, adjuvant chemotherapy,
timing of metastasis; and (3) the outcome of the trials including
1-year disease-free survival (DFS), 3- and 5-year overall survival
(OS), and complications.

Statistical Analysis

All analyses were performed using the STATA statistical software
package version 12.0 (STATA Corp., College Station, Texas,
USA). Calculation for dichotomous variables was carried out
using the estimation of risk ratio (RR) with a 95% confidence
interval (95% CI). The pooled effect was calculated using either
the fixed effects model or the random effects model. The
heterogeneity among the included studies was evaluated by the 12
statistics and Chi-squared test. In addition, the heterogeneity was
considered to be present if the I2 was more than 50%. Sensitivity
analysis was performed to evaluate the stability of the results
by subgroup analysis and meta-regression analysis. Evidence of
publication bias was evaluated using the Begg’s test. Two-sided
P < 0.05 was considered statistically significant.

RESULTS
Selection of Trials

After initial screening, 11 potentially relevant clinical study
cohorts were identified. Of them, two study cohorts were
from the same medical center, the latest one with the most
comprehensive information was enrolled. Thus, a total of 10
study cohorts (11 study arms) with sample size ranging from
29 to 226 have been enrolled (Figurel) (2, 15-18, 20-24).
Among them, 690 patients underwent LR, and 347 patients
underwent RFA. A detailed information of the included studies
is summarized in Table 1.

Efficacy

With observable interstudy heterogeneity, patients in the RFA
group had slightly inferior 1-year PFS (RR: 0.77, 95% CI: 0.630-
0.940, P = 0.009, I2 = 86.0%, Ph = 0.000) (Figure 2A, Table 2), 3-
year OS (RR: 0.860, 95% CI: 0.760-0.980, P = 0.021, I = 40.6%,
Ph = 0.078) (Figure 2B, Table 2), and 5-year OS (RR: 0.66, 95%
CIL:0.52-0.85, P = 0.001, I> = 55.7%, Ph = 0.012) (Figure 2C,
Table 2) when compared with patients in the LR group.
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Complications

Eight of the included studies compared the complications
between the RFA group and the LR group. The incidence
of postoperative complication was significantly lower in the
RFA group than that in the LR group (RR: 0.340, 95% CI:
0.230-0.510, P = 0.000, I> = 32.4%, Ph < 0.170) (Figure 2D,
Table 2).

Subgroup Analysis and Meta-Regression

Considering an existing difference among the studies and
the differences among participants could contribute to overall
heterogeneity among the included studies; the subgroup analysis
was used to examine possible relationships between the study
characteristics and 1-year PFS, 3-year OS, and 5-year OS.
The subgroup analysis underlined several variables that could

Search in PubMed, Cochrane Library and
Web of Science databases: 1017 articles

for initial evaluation

56 articles for full text evaluation

A4

Not comparative studies and irrelevant

topics: 961

N

40 articles including comparative results

A4

o Articles published in forms of review
articles and comments: 11
o Studies did not report the comparative

results about the therapeutic value: 5

\ /2

11 comparative studies for solitary lesion

Studies did not report comparative reports

of RFA and LR for solitary lesion: 29

N

10 studies (11 study arms) included in the

meta-analysis

Studies with overlapping study: 1

FIGURE 1 | The flowchart describing the selection and exclusion of the existing literature. RFA, radiofrequency ablation; LR, liver resection.

Frontiers in Oncology | www.frontiersin.org

25

November 2020 | Volume 10 | Article 561669


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Hao et al.

RFA vs. LR for Solitary CRLM

TABLE 1 | Characteristics of the included studies.

References Publication = Geographic Tumor size RFA method AC SM Complications = Sample size  Reason of
year location (RFA/LR, cm) (RFA/LR)  (RFA/LR) (RFA/LR) (RFA/LR) (RFA/LR)
Oshowo et al. (15) 2003 European 3/4 perc 23/17 14/4 1/2 25/20 1,2,4
Aloia et al. (25) 2006 American 3/3.5 intra 24/99 18/74 NA/NA 30/150 2,3
Berber et al. (26) 2008 American 3.7/3.8 intra 30/63 5/15 2/28 42/90 2,4
Hur et al. (17) 2009 Asian 2.5/2.8 NA 22/37 7/24 0/6 25/42 1,2,3
Kim et al. (21) 2011 Asian 1.71.4 NA 90/114 9/104 4/26 99/127 56,7
Kim et al. (21) 2011 Asian 3.6/4.8 NA 14/50 1/34 1/3 14/56 56,7
Ko et al. (22) 2014 Asian 2.02/3.59 perc 8/6 5/3 NA/NA 17/12 4,6
Lee et al. (27) 2015 Asian 1.8/1.7 intra 26/52 19/47 5/28 29/63 2,3
McKay et al. (24) 2009 American 3.0/4.1 intra NA/NA NA/NA 8/22 19/37 2,8
Takahashi et al. 2018 American 1.81/1.91 intra NA/NA NA/NA NA/NA 25/63 3
(28)
White et al. (29) 2007 American 2.4/2.7 perc 11/20 5/17 1/4 22/30 9

RFA, radiofrequency ablation; LR, liver resection; AC, adjuvant chemotherapy; SM, synchronous metastasis; Perc, percutaneous RFA; Intra, intraoperative RFA.
Reason of RFA: 1, close to major vessel; 2, prohibitive comorbidity; 3, inadequate liver remnant; 4, extrahepatic disease; 5, difficult anatomical location; 6, multiple metastasis; 7, severe
cardiovascular or pulmonary disease; 8, proximity to critical structures; 9,0ther reasons with no eligible for liver resection.

A Study %
[} RR (95%C1) Weight
A.Oshowo (2003) —— 102(085,123) 1157
Aloia, T. A (2006) e 088(067,1.15) 1042
Berber, Eren (2008) — 044(030,065) 853
Hyuk Hur (2009) —.— 088(0.73,106) 1160
Kim, K. H1 (2011) Fa 088(0.71,1.09) 1124
Kim, K. H2 (2011) _— 041(018,096) 384
Ko, (2014) —0—-— 055(029,1.06) 534
Lee, H (2015) 3 101(093,1.01) 1257
McKay, A (2009) . 089(075,105) 1178
Takahashi, H (2018) —»—— 082(054,125) 815
White, R. R (2007) _ 031(0.16,063) 496
Overall (I-squared = 86.0%, p = 0.000) <> 077(063,094)  100.00
NOTE: Weights are from randorn effects analysis |
157 " 638
C Study %
[} RR (95% CI) Weight
A. Oshowo (2003) —.—.— 023(005,098) 249
Aloia, T. A (2006) — 033(0.17,064) 813
Berber, Eren (2008) il 083(054,126) 1228
Hyuk Hur (2009) —4——-— 048(022,103) 680
Kim, K. H1 (2011) |- 101(078,130) 1594
Kim, K. H2 (2011) —_— 062(026,148) 563
Ko, 5 (2014) —+-—- 053(025,1.13) 683
Lee, H1(2015) i 091(062,134) 1311
McKay, A (2009) : 034(0.11,103) 401
Takahashi, H (2018) --4-— 084(059,1200 1373
White, R. R (2007) — 055(034,089)  11.03
Overall (I-squared = 55.7%, p = 0.012) 0 066(0.52,085)  100.00
NOTE: Weights are from random effects analysis |
T

T
0532

B Study

A.Oshowo (2003)
Aloia, T. A (2006)
Berber, Eren (2008)
Hyuk Hur (2009)
Kim, K. H1 (2011)
Kim, K. H2 (2011)
Ko, S (2014)

Lee, H (2015)
McKay, A (2009)
Takahashi, H (2018)
White, R. R (2007)

Overall (I-squared = 40.6%, p = 0.078)

%
RR (95% CI) Weight

095(055,163)  3.88
073(0.53,1.01) 1229
058(0.39,0.85) 1274
093(065,132) 688
095(0.79,115) 2394
046(0.19,1.07) 445
079(0.44,145) 298
091(0.71,1.18) 1002
065(039,1.08) 582
088(0.72,1.09) 1029
1.09(0.89, 1.34) 6.72

0.83(0.75,0.92) 100.00

D Study

A. Oshowo (2003)
Berber, Eren (2008)
Hyuk Hur (2009)
Kim, K. H1(2011)
Kim, K. H2 (2011)
Lee, H (2015)
McKay, A (2009)

White, R. R (2007)

195

Overall (I-squared = 32.4%, p =0.170)

%

RR (95% Cl) Weight

040(0.04,410) 262
015(0.04,061) 2099
013(001,217) 577
020(0.07,055) 2684
133(015,1187) 141
039(0.17,090) 2080
071(039,128)  17.59
034(0.04,284) 399

0.34(0.23,0.51) 100.00

00747

FIGURE 2 | Pooled analysis comparing the survival rate between RFA and LR groups. (A) Pooled analysis comparing the 1-year PFS rate. (B) Pooled analysis
comparing the 3-year overall survival (OS) rate. (C) Pooled analysis comparing the 5-year OS rate. (D) Pooled analysis comparing the complication rate.

T
134

affect overall heterogeneity and influence the results of this
meta-analysis. Namely, these were the publication years 2011-
2018, geographic location (Asian), tumor size for RFA (<3 cm),
and adjuvant chemotherapy [the percentage of patients with

adjuvant chemotherapy (PAC); PACrgs > PACRr] in 1-year
PFES; the geographic location (Asian), tumor size for RFA
(<3 cm), and adjuvant chemotherapy (PACrpa < PACiR) in 3-
year OS; the publication years 2011-2018, geographic location
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TABLE 2 | Subgroup analysis and meta-regression.

Analysis n Weight HR (95%CI) P 2 Ph Pr
1-y PFS 11 100% 0.77 (0.63-0.94) 0.009 86.0% 0.000
Publication year 0.823
Year (2003-2010) 41.87% 0.86 (0.79-0.95) 0.002 77.9% 0.000
Year (2011-2018) 58.13% 0.97 (0.90-1.05) 0.453 56.8% 0.055
Geographic location 0.902
Asian 66.80% 0.96 (0.89-1.03) 0.283 58.3% 0.048
American 22.76% 0.79 (0.70-0.90) 0.000 77.3% 0.001
European 1 10.45% 1.02 (0.85-1.23) 0.817 - -
Tumor size for RFA 0.014
<3cm 97.16% 0.95 (0.89-1.00) 0.071 54.5% 0.025
>3cm 2.84% 0.43 (0.30-0.62) 0.000 0.0% 0.885
RFA methods 0.517
Percutaneous 14.93% 0.91 (0.76-1.08) 0.285 84.3% 0.002
Intraoperative 5 85.07% 0.95 (0.88-1.02) 0.129 78.0% 0.001
Adjuvant chemotherapy 0.406*
PACgra > PAC R 85.58% 0.96 (0.89-1.03) 0.224 77.2% 0.001
PACgra < PACLR 14.42% 0.80 (0.68-0.95) 0.012 78.4% 0.010
Synchronous metastasis 0.485*
PSMgra > PSM(g 19.12% 0.94 (0.81-1.10) 0.451 44.7% 0.164
PSMrra < PSMr 80.88% 0.93 (0.87-1.00) 0.051 83.9% 0.000
3-y 0S 11 100% 0.86 (0.76-0.998) 0.021 40.6% 0.078
Publication year 0.710
Year (2003-2010) 43.8% 0.88(0.77-1.01) 0.065 55.6% 0.046
Year (2011-2018) 56.2% 0.90 (0.80-1.02) 0.093 0.0% 0.558
Geographic location 0.781
Asian 44.52% 0.91 (0.80-1.05) 0.187 0.0% 0.565
American 52.78% 0.87 (0.77-0.99) 0.031 64.0% 0.025
European 1 2.7% 0.95 (0.55-1.63) 0.841 - -
Tumor size for RFA 0.024
<3cm 93.6% 0.92 (0.84-1.01) 0.086 0.0% 0.561
>3cm 6.4% 0.56 (0.39-0.79) 0.001 0.0% 0.623
RFA methods 0.101*
Percutaneous 33.89% 1.04 (0.87-1.25) 0.666 0.0% 0.579
Intraoperative 5 66.11% 0.81(0.71-0.92) 0.001 26.1% 0.247
Adjuvant chemotherapy 0.210*
PACgra > PACLR 65.38% 0.85 (0.75-0.96) 0.10 40.9% 0.133
PACgra < PACLR 34.62% 1.02 (0.86-1.22) 0.791 0.0% 0.511
Synchronous metastasis 0.516*
PSMgra > PSMir 15.96% 0.79 (0.61-1.01) 0.061 0.0% 0.734
PSMrra < PSMr 84.04% 0.93 (0.83-1.04) 0.200 53.3% 0.057
5-y OS 11 100% 0.66 (0.52-0.85) 0.001 55.7% 0.012
Publication year 0.031
Year (2003-2010) 31.52% 0.55 (0.43-0.75) 0.000 37.8% 0.154
Year (2011-2018) 68.48% 0.90 (0.75-1.07) 0.217 0.0% 0.479
Geographic location 0.183
Asian 55.71% 0.88 (0.72-1.06) 0.184 32.3% 0.206
American 43.31% 0.67 (0.64-0.83) 0.000 55.4% 0.062
European 1 0.98% 0.23 (0.05-0.98) 0.047 - -
Tumor size for RFA 0.631
<3cm 85.7% 0.77 (0.66-0.90) 0.001 61.1% 0.008
>3cm 14.3% 0.78 (0.53-1.15) 0.207 0.0% 0.550
(Continued)
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TABLE 2 | Continued

Analysis n Weight HR (95%CI) P 2 Ph Pr
RFA methods 0.323"
Percutaneous 21.66% 0.51 (0.34'0.75) 0.001 0.0% 0.536
Intraoperative 5 78.34% 0.76 (0.62-0.93) 0.009 57.5% 0.052
Adjuvant chemotherapy 0.296*
PACgra > PAC|R 6 78.34% 0.84 (0.71-1.01) 0.059 62.3% 0.021
PACgra < PACLR 21.66% 0.53 (0.37-0.75) 0.000 0.0% 0.962
Synchronous metastasis 0.039*
PSMgra > PSM(g 11.47% 0.38 (0.24-0.61) 0.000 0.0% 0.508
PSMgra < PSMir 88.53% 0.84 (0.71-1.00) 0.050 35.3% 0.172
Complications 8 100% 0.34 (0.23-0.51) 0.000 32.4% 0.170

PAC, the percentage of patients received with adjuvant chemotherapy in RFA group or LR group; PSM, the percentage of patients with synchronous metastasis in RFA group or LR
group; HR, hazard ratio; Cl, confidence interval; Ph, P value of Q-test for heterogeneity test; Pr, P-value of meta regression analysis; (*) refer to the subgroup analysis and meta-regression
analysis for patients reported relevant results; the influencing factors marked by the bold values in Pr column were regarded as the reason of heterogeneity by meta-regression analysis.
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FIGURE 3 | Subgroup analysis comparing the survival rate between RFA and LR groups. (A) Subgroup analysis for tumor size in the 1-year PFS. (B) Subgroup
analysis for tumor size in the 3-year OS. (C) Subgroup analysis for publication year in the 5-year OS. (D) Subgroup analysis for the percentage of patients with

(Asian), tumor size for RFA (>3 cm), adjuvant chemotherapy
(PACRga > PACiR), and synchronous metastasis (the percentage
of patients with synchronous metastasis, PSM; PSMpgpa >

PSMiRr) in 5-year OS (Figures 3A-D, Table2). In addition,
to further confirm the reason of heterogeneity, a meta-
regression analysis was performed with predefined variables.
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FIGURE 4 | Funnel plot to detect publication bias between patients in the LR and RFA. (A) Funnel plot describing the comparative analysis of 1-year PFS rate. (B)
Funnel plot describing the comparative analysis of 3-year OS rate. (C) Funnel plot describing the comparative analysis of 5-year OS rate. (D) Funnel plot describing
the comparative analysis of complication rate.

The results of the meta-regression analysis also confirmed
the obtained clarification of heterogeneity proposed by the
subgroup analysis at several aspects, such as tumor size for RFA
(Figures 3A,B, Table 2), publication year (Figure 3C, Table 2),
and the percentage of patients with synchronous metastasis
(Figure 3D, Table 2).

Publication Bias

The funnel plot did not show significant asymmetry by the
Begg’s test in 1-year PFS (Pr > |z| = 0.016) (Figure 4A), 3-
year OS (Pr > |z| = 0.073) (Figure 4B), 5-year OS (Pr > |z| =
0.016) (Figure 4C), and complication rates (Pr > |z| = 1.000)
(Figure 4D).

DISCUSSION

This meta-analysis examined published data and evidence
obtained from relevant clinical trials to provide pooled estimates
regarding the treatment efficacy between RFA and LR in

CRLMs. In the present meta-analysis, the results found that
patients with CRLMs who were treated by LR achieved better
survival outcomes than those who were treated by RFA.
However, RFA outperformed LR in terms of fewer perioperative
complication rates.

In the meta-analysis, the inferior survival outcomes of RFA
could be explained as follows. First, RFA patients in the
included studies were not eligible for liver resection because of
poor health status, prohibitive comorbidity, extrahepatic disease,
multiple metastasis, inadequate liver remnant, etc. The poor basic
condition may shorten the overall survival for patients with
CRLMs. Second, there were several complex characteristics for
tumors treated with RFA, such as close to the major vessel, larger
lesion size, and difficult anatomical location. These characteristics
increased the possibility of incomplete ablation for tumors, which
would further accelerate the risk of tumor recurrence after RFA.

Because of the significant heterogeneity among the included
studies, subgroup analysis and meta-regression were carried
on. Considering the previously mentioned fact that incomplete
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ablation resulting from larger tumor size induced the expansion
of tumor-initiating cells (16, 30), a subgroup analysis was
performed for the influence of tumor size on RFA outcomes.
The results showed that RFA patients with no more than a
3-cm tumor can achieve equivalent outcomes when compared
with LR patients. In addition, the data from the meta-
regression also displayed that the tumor size had an obvious
influence on the significant heterogeneity in 1-year PFS and
3-year OS. According to the influence of tumor size on
HCC outcomes, the reason for this may be explained by
patients with smaller lesions achieving a higher ablation success
rate, which can reduce the tumor recurrence attributed to
hypoxia-driven acceleration of tumor growth occurring in the
transition zone and the stimulated outgrowth of perilesional
micrometastases (31, 32).

In contrast to the previous meta-analysis, this study also added
the subgroup analysis about the publication year. Subgroup
analysis showed that RFA patients in the publication years
2011-2018 had better survival than that in the publication
years 2003-2010 and was identical when compared with LR
patients in publication years 2011-2018. In addition, the meta-
regression process in 5-year OS also further confirmed the
subgroup analysis results. The results, to some extent, may
be due to continuous improvement in the technical accuracy
and performance of RFA in accordance with the learning
curve for the treatment of CRLM, and the improvement
process may be consistent with that in HCC treatment.
In the past decades, RFA techniques have rapidly worked
their way into clinical guidelines for the treatment of HCC,
especially solitary small HCC. The international guidelines
have shifted from surgical resection to minimally invasive
percutaneous local ablation for small HCC (14, 33-35). Taken
together, it will be possible that the therapeutic efficacy in
the future will be better with the maturity of RFA technology
in CRLM.

Meanwhile, to validate the effect of synchronous liver
metastases on RFA therapeutic efficacy, this study also created
an additional subgroup analysis and meta-regression. The results
showed that synchronous liver metastases had a negative effect
on the RFA therapeutic efficacy through subgroup analysis and
meta-regression, which may be explained by cancer biology.
According to the previous studies, the results showed that
synchronous liver metastases have less favorable cancer biology
and expected survival, and data from the corresponding registry
showed that 5-year survival rates were shorter with synchronous
than with metachronous CRLMs (36, 37). Yet, no biological
marker has been identified that distinguishes synchronous
metastases from metachronous metastases. Therefore, further
research for biological markers is of significant importance for
achieving better outcomes.

In addition, one of the results worth considering in the
subgroup analysis was the finding that the Asian population
can achieve better outcomes than the western population for
RFA patients. Although, to the best of our knowledge, no
exact evidence could be found to explain this, considering
this observation, we propose the existence of a certain genetic
variation among different ethnic groups. This was consistent

with the fact that genome-wide polymorphism data have clearly
established differences in allele frequency among continental
regions (38). For the influence of gene mutation on CRLM,
previous studies had demonstrated that KRAS mutation was
associated with worse disease-free and overall survival following
CRLM resection (39-41). However, previous reports showed that
CRLM patients in Asian countries have similar KRAS mutation
frequency when compared with those in western countries,
and the morbidity and mortality of colorectal cancer in Asian
countries were different from those in Western countries (42—
44). Considering these facts, the result related to certain ethnic
groups should only be used to generate a hypothesis that other
genes, except the KRAS gene, may affect the outcomes for CRLM
patients, which will be investigated in future research.

Of course, this meta-analysis has several limitations. First, all
the included studies were retrospectively performed, which were
susceptible to several biases. Second, significant heterogeneity
was noticed, although the random effect model was used
to compensate for part of the interstudy heterogeneity. In
addition, the subgroup analysis in the adjuvant chemotherapy
and RFA route should be interpreted with caution, which was
mainly due to the failure of the meta-regression process to
confirm the subgroup analysis results. In addition, the high-
quality randomized controlled trails should be needed to resolve
this problem and provide us with much more sound clinical
evidences. Finally, publication bias remains to be a main
concern; the Begg rank correlation for studies that involved
comparative studies about therapeutic efficacy between RFA and
LR suggested the presence of publication bias in 1-year PFS
and 5-year OS. As we all know, articles with negative results
were much more difficult to be published, and the majority
of the included studies were from the surgery department;
thus, the therapeutic efficacy of LR may be overvalued to
some extent. In addition, although we tried to search for
more relevant studies, the included number of studies may still
be insufficient.

In conclusion, although LR was superior to RFA in
the treatment of solitary CRLM in the meta-analysis, the
subgroup analysis and meta-regression showed that the
therapeutic efficacy of RFA was equivalent to that of LR
in solitary CRLM, even when conditions were limited to
tumors of <3cm and fewer synchronous metastases in
the publication year 2011-2018. Meanwhile, RFA provided
lower rates of morbidities when compared with LR. In
addition, further explanation should be interpreted through
high-quality RCTs.
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Primary liver tumor with hepatocellular carcinoma accounting for 75-80% of all such
tumors, is one of the global leading causes of cancer-related death, especially in cirrhotic
patients. Liver tumors are highly hypervascularized via the hepatic artery, while normal liver
tissues are mainly supplied by the portal vein; consequently, intra-arterially delivered
treatment, which includes transarterial chemoembolization (TACE) and transarterial
radioembolization (TARE), is deemed as a palliative treatment. With the development of
nuclear technology and radiochemistry, TARE has become an alternative for patients with
hepatic cancer, especially for patients who failed other therapies, or for patients who need
tumor downstaging treatment. In practice, some radionuclides have suitable
physicochemical characteristics to act as radioactive embolism agents. Among them,
%Y emits B rays only and is suitable for bremsstrahlung single photon emission computed
tomography (BS SPECT) and positron emission tomography (PET); meanwhile, some
others, such as '3, %3Sm, "%®Ho, ""Lu, '®Re, and '®Re, emit both B and vy rays,
enabling embolism beads to play a role in both therapy and single photon emission
computed tomography (SPECT) imaging. During TARE, concomitant imaging provide
additive diagnostic information and help to guide the course of liver cancer treatment.
Therefore, we review the theranostic radionuclides that have been used or could
potentially be used in TARE for liver cancer and focus on the clinical benefits of
diagnostic applications, including real-time monitoring of embolism beads, evaluating
irradiation dose, predicting therapy effects, and corresponding adjustments to TARE.

Keywords: liver cancer, diagnostic performance, theranostic radionuclides, transarterial radioembolization,
nuclear imaging

INTRODUCTION

The primary liver tumor often occurs in patients with liver cirrhosis, with hepatitis virus being the
most common risk factor for liver cirrhosis (1). As the most common type of liver cancer,
hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and the second
leading cause of cancer-related mortality (2).
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Nowadays, there are many options for the treatment of liver
cancer according to the guidelines in the Barcelona Clinic Liver
Cancer (BCLC) algorithm (3). However, because of the
underlying liver dysfunction and its often-late diagnosis, only
approximately 30% of patients when initially diagnosed are
eligible for curative treatments (resection, percutaneous
ablation, etc). Additionally, due to locally advanced diseases,
poor liver function, or additional comorbidities, recurrence or
metastasis are common after major curative treatment. Hence,
various palliative treatments are considered for intermediate-
advanced stage liver cancer, especially in inoperable cases.
Taking advantage of the fact that the tumor is supplied by the
hepatic artery while the surrounding normal liver tissue is mainly
supplied by the portal system, transarterial radioembolization
(TARE) appears as one of the attractive treatment options.

TARE intra-arterially delivers therapeutic radioactive agents to
the tumor, which can achieve embolization of the feeding artery and
radiation killing effect on tumor cells simultaneously during the
treatment of liver cancer. Different from external radiotherapy,
TARE limits systemic irradiation and preserves the healthy liver to
a maximum extent. Additionally, the incidence of postembolization
syndrome in TARE is relatively rare and mild compared to TACE
(transarterial chemoembolization). TARE has been demonstrated to
be feasible in treating patients at different stages or with postoperative
recurrence, and serves as a downstaging strategy prior or as a bridge
to transplantation (4). Meanwhile, TARE is an alternative treatment
for those may be contraindication to other treatments.

Prior to TARE, structural imaging, such as computed
tomography (CT) or magnetic resonance (MR), shows the size
and location of the tumor and its relationship with the surrounding
tissue. Besides, x-ray angiography is also vital before TARE, which
can provide the blood supply of the tumor and the travel,
distribution and variation of blood vessels. Single photon emission
computed tomography/computed tomography (SPECT/CT) is also
common imaging method during TARE. All these imaging
technologies are helpful to guide treatment planning (e.g., the
method of delivery, suitable treatment dose) and even predict
treatment efficacy. After injecting the theranostic radionuclide into
the hepatic artery, therapeutic effect is achieved by internal exposure
around the tumor. Meanwhile, real-time or post-therapeutic nuclear
imaging, such as SPECT/CT, provides information on verification of
treatment delivery, the biodistribution of radioconjugates, integral
radiation dose at tumor site and organs of interest (lung, liver,
thyroid gland, etc) and prediction of treatment outcome. Later post-
therapeutic imaging mainly observes the therapeutic effect on the
tumor and monitors other organs for complications. Furthermore,
positron emission tomography/computed tomography (PET/CT) is
also a potential imaging modality for TARE. It realizes functional
imaging before and after treatment by showing the glucose
metabolism of the tumor and sensitively finding metastasis.
Hence, imaging plays a key role in drug development and clinical
evaluation, and is conducive to developing adaptive TARE plans
according to the metabolic mode.

Theranostic radionuclides integrating imaging and treatment
during radioembolization are the most important component of
TARE for liver cancer. Based on how TARE works, radionuclides

that emit o rays are not suitable because of their pathlengths are
relatively short and thus have a limited range in tissue.
Radionuclides emiting P rays can provide substantial radiation
therapy for liver tumors due to their pathlengths ranging from
millimeters to centimeters. Meanwhile, emitted y rays are helpful
in monitoring embolization beads using nuclear imaging.
Considering the therapeutic purpose, the half-life of nuclides
ranging from one to several days is suitable, allowing the tumor
to be exposed to sufficient radiation while avoiding radiation
damage in the process of excretion. Thus far, only two *°Y based
microspheres (MSs) and '*'I-lipiodol are approved for clinical
use, while many others are still in the pre-clinical or basic
research stage. Recently, the use of additional theranostic
nuclides in TARE has been explored. Table 1 summarizes the
critical characteristics (nuclear property and imaging type) of
theranostic nuclides that have been used and those that have
shown potential in TARE for hepatic cancer. At the same time,
the theranostic effects, especially the diagnostic performance of
those theranostic radionuclides will be summarized by nuclides
and presented here. Among them, *°Y is the most important.

YTTRIUM-90

Yttrium-90, which has favorable physicochemical characteristics, is
presently the most widely used nuclide for TARE of liver cancer
clinically. Yttrium-90 is a pure  emitter and has a half-life of 64.2 h.
The average energy of 3 emission is 0.937 MeV with a mean tissue
penetration of 2.5 mm. High energy, short tissue penetration
distance and relatively short half-life make *°Y a suitable nuclide
in TARE. Compared with other radionuclide compounds, *°Y-
labeled MSs (*°Y-MSs) are already clinically available for liver
cancer in some countries. The two currently commercially
available *°Y-MS products are glass MSs (TheraSphere) and resin
MSs (SIR-Spheres). Because of the different physical and chemical
properties, the treatment dose calculation for *°Y-MS TARE differs
significantly according to the MS type (5).

Blood supply and hepatic collateral circulation of tumor are
essential for the efficacy and safety of treatment. Current clinical *’Y-
MS BS SPECT (bremsstrahlung single photon emission computed
tomography) is hindered by image quality, while **Y-MS PET is
extremely challenging due to low activity concentrations in the lungs
and the low positron yield of *’Y. Hence, ™ Tc-MAA (Technetium-
99m macroaggregated albumin) is a surrogate of *°Y for pre-
treatment imaging, Intra-arterially delivery of **™Tc-MAA is able
to simulate the distribution of therapeutic drugs in the liver, by
measuring the radiation intensity of cancerous and non-cancerous
liver tissue respectively, the ratio of tumor/non-tumor (T/NT) can be
calculated more accurately (6). That provides a quantitative index for
evaluating the abundance of tumor blood supply and the ability of
cancer tissue to absorb therapeutic drugs through hepatic artery.
Patients should undergo **"Tc-MAA examination before *°Y-MS
TARE, which offers important preprocedural information. In **™Tc-
MAA SPECT/CT, **™Tc-MAA (4-5 mCi) is injected into the
hepatic artery to assess extra-hepatic depositions and lung
shunting, and can provide the calculation of the lung shunt
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TABLE 1 | Major radionuclides used for radioembolization of hepatocellular carcinoma.

Radionuclides

a0y

Emission and energy (MeV)

B 2.28 (100%) 2.7d
N4

B 1.71 (100%)
N4

B 0.607 (99%)
v 0.364 (1%)
B2.12(71.6%)
1.96 (25.1%)

v 0.155 (15%)

B 1.84 (50.5%)
1.74 (48.7%)
v0.081 (6.2%)
0.00138(0.93%)
B 0.176 (12.2%)
0.497 (78.6%)
0.384 (9.1%)
v0.113 (6.4%)
0.208 (11%)

B 0.81 (20%)
0.71 (30%)
0.64 (50%)
v0.1083 (28%)
B 2.13 (70%)
1.98 (26%)
v0.155 (16.2%)
0.633 (1.6%)

32p 14.3d

3 8.04d

185Re 169 h

166HO

177y 6.7d

1585m 46.3h

18634 3.8d

Half-life

Maximum tissue penetration (mm) Imaging type
12 BS SPECT/
PET
7.9 BS SPECT/
PET
2 SPECT
11 SPECT
8.7 SPECT/MR
2.2 SPECT
3 SPECT
4.5 SPECT

absorbed dose, which guides dosimetry to avoid radiation
pneumonitis. Moreover, accurate superselective angiography
should be performed to evaluate the targeted vascular territory and
anatomic variants or extra-hepatic vessels should accept
prophylactic embolization, which can avoid ectopic embolization
of non-targeted organs. However, the concordance between *™Tc-
MAA and *°Y-MSs remains controversial. Many studies have
reported both similarity (7) and differences (8) between o9me
MAA and *°Y-MSs uptake. The inconsistent concordance may be
due to several factors (the different size, shape, and number of MAA
relative to microspheres, flow dynamics during delivery, etc), for
which the post-therapy images of *°Y-activity distribution is
considered appropriate to determine the tumor dose-response.
Apart from SPECT/CT, CT or MR imaging are also be used to
assess the volume, location, and relationship with surrounding
hepatic tissues of the tumor before TARE.

*MTc-MAA scanning and superselective angiography are
often performed before *°Y-MS TARE to guide dosimetry,
although accumulating evidence has improved the safety and
efficacy of using radioembolization with *°Y-labeled resin or glass
MSs for the management of hepatic tumors (9). A study of 1,652
patients (1,124 TACE, 528 *°Y-TARE) showed that *°Y-MS TARE
increased the 2-year overall survival (OS) rates relative to the
observational subgroup and resulted in better objective response
(OR) rates than treatment with TACE. Furthermore, a lower risk of
adverse events was observed in °Y-TARE than in TACE (10). Many
studies have demonstrated that *°Y-MS TARE is an effective choice
and results in significantly fewer severe adverse events when
treating HCC patients with portal vein thrombosis (PVT), which
is a contraindication for most traditional therapies (11).

For post-treatment imaging, compared with the majority of the
radionuclides used in TARE, *°Y is a pure B emitter and lacks
discrete-energy photon emissions, such as 7y rays and/or
characteristic fluorescence x-rays (12). The [ particles emitted by
PY produce secondary bremsstrahlung radiation, which may be
imaged to locate the *’Y-MSs. Commonly, BS SPECT is used after
radioembolization to exclude extra-hepatic activity deposition and to
assess intra-hepatic MSs distribution. Ahmadzadehfar et al.
performed BS SPECT/CT imaging on 188 patients who accepted
*%Y-MS TARE 24 h prior, to assess the capability of BS SPECT/CT in
detecting and positioning of extrahepatic accumulation
(gastrointestinal complications). Gastroduodenoscopy served as
reference standards. The results showed that the positive predictive
values, sensitivity, specificity and the accuracy of BS SPECT/CT were
100, 87, 100, and 99%, respectively (13). Furthermore, BS SPECT/CT
after radioembolization is beneficial to evaluate tumor dose-response
characteristics and predict treatment response for the management of
patients (14). Potrebko et al. demonstrated that voxel-based
dosimetry for °°Y microsphere therapy allows for quantitative
quality assurance of the delivered treatment using deformable
image registration, calculated isodose distributions, and dose-
volume histograms (DVHs). Since B-radiation emitted by *°Y
interacts with body tissues resulting in bremsstrahlung radiation,
SPECT/CT has traditionally been regarded as the gold-standard
modality to image the biodistribution of this radionuclide.
However, the limitations of the BS SPECT image are poor spatial
resolution (11-15 mm) and limited quantitative accuracy because of
the low photon yield and continuous nature of the BS X-ray
spectrum. The absence of some correction techniques leads to a
further reduction in the image contrast. Many efforts have been
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made to improve BS SPECT/CT imaging qualitatively and
quantitatively, in which Monte Carlo simulation is frequently
accepted. However, it is not commercially available and cannot be
easily implemented clinically (15).

Interestingly, the *°Y decay process is of a very small branching
to the excited state of stable **Zr. The internal pair production
(positron) generated during the decay scheme of *°Y allows
quantitative monitoring on itself via PET (16, 17). Compared
with BS SPECT, *Y PET imaging provides better image quality
in contrast and resolution (4-5 mm). Elschot et al. quantitatively
demonstrated that the image quality of PET was superior to that of
BS SPECT for the assessment of *°Y-MS distribution after
radioembolization in a study of estimated liver dose distributions
in 5 patients (18) (Figure 1B). The Figure 1A showed that the PET-
based CDVH (cumulative dose-volume histograms) of the spherical
region-of-interest followed the true CDVH more closely than the
SPECT-based CDVH. Moreover, calculating the tumor dose on
imaging may predict the response to the treatment. A study
published in 2013 demonstrated that tumor and non-target tissue
absorbed dose quantification using *’Y PET was accurate and
yielded radiobiologically meaningful dose-response information to
guide adjuvant or mitigative action (23). The true definitions of the
minimal effective tumor dose and maximum tolerated non-tumor
dose remain challenges for each tumor and MS type, and *°Y PET
may be a potential solution.

Undoubtedly, *°Y is the most suitable theranostic radionuclide
for TARE of liver cancer so far. *°Y, as a pure B emitter, has high
energy and relatively small radiation range, which can effectively
kill tumor cells while avoiding damage to surrounding healthy
tissue, and no requiring subsequent isolation of patients is needed.
Although BS SPECT and PET can match the imaging
requirements, there are still many unsolved technological issues
restricting the accuracy of images and widespread clinical use. For
example, low true-coincidence count-rate for positron emission
results in relatively longer acquisition times for *°Y PET imaging.
Besides, standardization and uniform implementation of
reconstruction and correction techniques are urgently needed.
The necessity of specialized nuclear reactors and relatively long
transportation times to each hospital limit the use of Y.
Importantly, *°Y is still not be approved and available in many
countries, such as in China. Serious complications caused by
ectopic embolization of *°Y-MS may also occur, which needs
high attention in clinical application.

IODINE-131

The nuclide "'I (Ty/, - 8.04d) emits both B and 7y rays. Its B
particles have a maximum energy of 0.6 MeV and a maximum
path length in tissue of 2.3 mm. Utilizing the characteristics of
iodine lipiodol, which selectively deposits in nodules of
hepatocellular carcinoma, radioactive lipiodol accumulates in
cancer tissues and decreases irradiation damage to non-cancer
tissues. Hence, '*'I-lipiodol was often studied for TARE of liver
cancer before. In a representative clinical study of 50 patients, the
median survival of patients treated with '*'I-lipiodol was 24
weeks longer than that of the untreated group and no radiotoxic

effect was found, especially interstitial pneumonia (19)
(Figure 1C).

In addition to lipiodol, **'I can also be used to label embolism
beads, normally in the form of MSs, which are often prepared in
stepwise procedures for multiple theranostic applications. Liu
et al. incorporated hollow CuS nanoparticles into PLGA (poly
lactic-co-glycolic acid) MSs to produce HCuSNPs-loaded MSs,
which were then labeled with '*'T to form "*'I-HCuSNPs-MSs
(24). After the intra-arterial embolization with '*'I-HCuSNPs-
MSs delivered into the hepatic artery of liver tumor-bearing rats,
SPECT imaging confirmed that MSs were mainly located in liver
tumor and only minimal accumulation was detected in other
organs, particularly in the lungs. SPECT imaging findings
qualitatively manifested the success of TARE operation and
avoidance of damage potentially resulting from the leakage of
embolism beads. The follow-up SPECT scan proved that effective
embolization lasted for up to 48 h. The predictive results aided
understanding of the entire treatment process and prognosis,
which was more timely to figure out the primary outcome than
traditional follow-up diagnosis, such as blood tests and CT.

Regarding diagnostic performance, '*'I-based imaging
provides qualitative information on whole-body distribution,
including tumor accumulation, and even permits semi-
quantitative analysis (25). Becker et al. reported that 7 days
after the injection, 61% of "*'I-lipiodol was distributed in the
liver tumor, 23% was distributed in non-tumoral liver, and 16%
was distributed in the lungs, which highlighted that the clinical
toxicities of '*'I-lipiodol were more commonly affected the lungs
(20). More importantly, tumor radioactivity dosimetry helps to
define an absorbed dose threshold, especially when the
accumulation of the radioactive embolism agent was recorded
dynamically (Figure 1D). That would predict a therapeutic
effect, thus providing guidance for the subsequent therapeutic
approach and optimizing the activity to be injected.

There are still some deficiencies in the TARE transformation
of *'I. Compared to *°Y, possible extra managements are needed
for the patient’s excreta (such as urine) due to the longer half-life
of "*'I. Besides, non-therapeutic rays (y rays) with high energy
and long path length probably damage the surrounding normal
tissue. In addition, too many scattered rays produced by **' lead
to relatively low contrast and resolution of SPECT image that are
not conducive to quantitative analysis and barely suitable for
qualitative analysis. Moreover, defects in terms of in vivo stability
still exist in '*'I compounds produced using iodized oil
replacement or labeling methods.

OTHER POTENTIAL THERANOSTIC
RADIONUCLIDES FOR TARE

Rhenium-188

'%%Re is obtained from '"**W/'**Re generators in a convenient
and comparatively cheap way, and its radioactivity yield can
recover to 80% at 40 h postelution. The product of '**Re is '**Os
by B decay, with a half-life of 16.9 h. '**Re with a shorter half-life
and similar energy of B rays compared *°Y, is a promising
radionuclide proposed for TARE of hepatic tumors. Similar to
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FIGURE 1 | Examples of post-therapeutic imaging of liver tumor. (A) The dose of each ROI (regions of interest) in pre-treatment diagnostic MR (top), post-treatment
SPECT/CT (middle), and 5-week follow-up MR (bottom) for one patient with HCC (a). Dose-volume histograms of the GTV (gross target volume), necrotic region,
posterior division, and right lobe (on the right) (b). Adapted from Potrebko et al. (14). (B) CDVH of the phantom (a method of image reconstruction) background ROI
and the ROI of the 37-mm diameter sphere. Adapted from Elschot et al. (18). (C) Lipiodol tumor accretion at 1 month after intra-arterial injection: complete accretion
(49 patients): (@) complete accumulation in 5 patients (10%), (b) partial defect in 15 (31%), (c) faint accumulation in 29 patients (59%). Adapted from Gaultier et al.
(19). (D) Survival in terms of tumoural absorbed dose (threshold=280 Gy) calculated in tomographic mode. Adapted from Becker et al. (20). (E) Intra-arterial injection
of '88Re-SSS Lipiodol on hepatocellular carcinoma patients. Adapted from Delaunay et al. (21). The left shows whole-bodly scintigraphic studies (mean geometric) of
patient by (a) SPECT, (b) CT, (c) fused SPECT/CT. The right is the average biodistribution profile of patients treated '®®Re-SSS lipiodol by SPECT/CT image. (F) The

picture shows intrahepatic biodistribution of '®®Ho-microspheres on liver tumor patient by '8F-FDG PET/CT, SPECT and MR imaging (from left to right). Adapted
from Smits et al. (22).
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P11, the y ray emission of '**Re allows post-therapeutic
SPECT imaging.

Early available '®*Re embolism agents were the lipiodol
conjugates as well. '**Re-chelator mixed with lipiodol, such as
'%8Re-HDD/lipiodol, '**Re-DEDC/lipiodol, and '**Re-SSS/
lipiodol, has been tested in humans to date. Some studies
showed that TARE with '**Re-HDD/lipiodol is a safe, effective,
and promising method. Meanwhile, '**Re was also used to label
MSs as embolism beads. A study of 10 patients (3 patients with
unresectable colorectal liver metastases and 7 patients with
hepatocellular cancer), who received treatment with '**Re-
human serum albumin MSs, displayed considerable survival
rates and tolerable toxicity (26). Other reported 188Re-MSs
include '®®Re-PLGA (27), 188Re—poly(L—lactic acid) (PLLA)
(28), 188Re—glass—MSs, and '®®Re-resin-MSs.

Regarding diagnostic performance, embolization evaluation
and related dosimetry in nuclear imaging are helpful for the
treatment plan. In a study of 6 patients with unresectable HCC
who accepted intra-arterial '**Re-SSS/lipiodol, whole-body
planar scintigraphy and SPECT were used during therapy (21)
and revealed curative hepatic uptake; 90.7 £ 1.6% of radioactivity
was detected in the liver with 74.9 + 1.8% of detected
radioactivity in the tumor and 9.3 + 1.6% of radioactivity was
detected in the lungs (Figure 1E). The average T/NT uptake ratio
was 42.7 £ 7.8 on SPECT. These quantitative data provided a
definite diagnosis to conclude that '**Re-SSS/lipiodol had
satisfactory embolization characteristics, guaranteeing in vivo
therapeutic application.

Because of its short half-life, much more activities are needed
for '®®Re than *°Y to achieve a comparable therapeutic effect,
which may produce acute radiation damage to normal tissue.
Notably, '**Re labeling relies on a relatively complicated
reaction, which partially restricts the synthesis of the '**Re
embolism agents and clinical transformation.

Holmium-166

'%*Ho emits high-energy P rays, with a comparatively short half-
life (1.1 days) (29). Due to its short half-life, '%Ho is suitable for
patients in urgent need of downstaging treatment compared to
the longer radiation therapy time of *°Y. '®*Ho can be produced
by two methods, in a nuclear reactor or by neutron activation of
'%*Dy; hence its production is both fast and relatively cheap.
Additionally, its outstanding advantage over *°Y, '*'I, and '**Re
is that '°Ho is paramagnetic and emits low-energy 7y radiation,
which enables the dual MR and SPECT imaging.

'%*Ho-labeled lipiodol has rarely been reported. Das et al.
prepared radiolabeled lipiodol by dispersing '®*Ho-oxine
complex in lipiodol (30). For in vivo evaluation, the imaging
studies of '®*Ho-lipiodol revealed satisfactory hepatic retention
and insignificant uptake was detected in other major organs or
tissues except skeleton. '°°Ho-MSs were extensively studied.
Several '®Ho-MSs have been prepared so far, including glass,
resin, phosphate, and polymer MSs, and all of them have shown
good prospects for TARE, especially polymer MSs, due to the
advantage of near-plasma density, biodegradability, and
biocompatibility (31). In a phase I trial including 15 patients
with an unresectable and chemorefractory liver tumor,

'Ho-PLLA-MS TARE was implemented in four cohorts of
three to six patients, injecting 20 Gy, 40 Gy, 60 Gy, and 80 Gy,
respectively. At 6 weeks, treatment response was one patient with
partial response, seven with stable disease and seven with disease
progression (32). Similarly, '**Ho-chitosan MSs and '®°Ho-
alginate MSs (33) that were prepared for radioembolization
behaved feasibly and safely.

What is noteworthy is that, due to favorable nuclear imaging
characteristics of '°*Ho, a scout dose (250 MBq) of 186H0 is used as
an alternative before '®Ho-MS TARE, which is superior in
calculating the lung shunt fraction compared to *™Tc MAA
(34). Considering controversy over the concordance of **™Tc
MAA and *°Y-MSs, "®Ho itself can be used in pre-treatment
imaging, for which pre-treatment imaging planning dosimetry
could potentially be more accurate. Regarding diagnostic
performance, taking advantage of both SPECT and MR imaging,
the estimated radiation absorbed dose could be evaluated more
precisely in '°°Ho-complex liver radioembolization. In 2013, Smits
et al. performed a phase I clinical trial to investigate the feasibility
of quantitative imaging of '°°Ho radioembolization in 15 patients
with unresectable liver cancer based on SPECT and MR imaging
(22). The gross comparison yielded a strong correlation between
MR and SPECT imaging and moderate agreement between the
absorbed dose in each segment as evaluated based on MR and
SPECT imaging (Figure 1F). The median overall T/NT ratio was
1.4 based on SPECT (range, 0.9-2.8) and 1.4 based on MR
imaging (range, 1.1-3.1). In 40% patients (6/15), all T/NT ratios
>1, indicating that dosimetry based on '*°Ho-MS SPECT and MR
correlated well for the dose in liver segments and tumor tissue.
There is no doubt that the use of two imaging modalities allows
more informed decision making regarding treatment.

Due to the shorter half-life and lower energy of B rays of
'%*Ho compared to Y, similar to '**Re, a larger administered
doses are needed to achieve the dosimetry equivalent to that of
Y for treatment, which potentially cause acute damage to the
surrounding normal tissue.

Lutecium-177

'77Lu, a popular theranostic nuclide in clinical studies and recently
applied in many contexts, may also be the promising radionuclide
in TARE for liver cancer treatment. '”’Lu has a similar half-life to
Y but emits relatively low energy B rays, which limits the
radiation exposure to surrounding tissues. Regarding diagnostic
performance, emitted y rays are convenient for positioning
observation and radiation dosimetry. As a potential theranostic
radionuclide, '”’Lu has shown to be advantageous in peptide
receptor radionuclide therapy (PRRT) of neuroendocrine tumors
and peptide radioligand therapy (PRLT) of prostate cancers (35).
As a source for TARE, ""’Lu still has many issues that need to be
addressed in future studies. '""Lu is produced using reactor
irradiation, but few sources of supply and relatively high cost
limit its broad application now.

Samarium-153

'>Sm emits both B and 7 rays, meeting the requirements for
theranostic radionuclides. Recent studies have shown that the
absorbed doses of '*’Sm-labeled MSs in all organs can be
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controlled below 1 Gy and are safe for surrounding healthy
tissues (36). Due to limited reports, its therapeutic potential in
cancer treatment has not been widely studied, and its diagnostic
performance is still not clear.

Rhenium-186

'%°Re has an appropriate half-life and emits both 8 and y rays. At
present, '*°Re is clinically used to treat bone metastases caused
by prostate cancer, rarely used in TARE for liver cancer. Due to
its shared chemical properties and referential experience in
embolism agent development with '**Re, '*Re is likely to be
an ideal nuclide for TARE.

CONCLUSION

The incidence of liver cancer is increasing worldwide; nevertheless,
effective therapeutic options are limited, and recurrence is
common after preferred suitable treatment. Although TARE is
not included in the BCLC staging system guidelines, current
ongoing randomized clinical trials suggest that TARE is a safe,
feasible, and palliative treatment for liver cancer, especially when
other conventional treatments have failed. In some cases, where
there may be contraindications for other treatments, TARE will be
a safe and effective choice. It can achieve a similar or higher overall
survival rate and slow down the progression of the disease
compared to other routine treatments in the reported literature.
Theranostic radionuclides in TARE allow for controlled high
radiation doses to be supplied to hepatic tumors while the
adjacent liver is relatively spared. In the meantime, diagnostic
performance is attractive in the course of treatment. The
qualitative or quantitative detection of effective embolization
promotes the development of radioactive embolic agents, and
assessment of the accumulated dose can guide the course of
treatment using post-treatment partial or full body scan. In fact,
due to the differences in the supply of nuclides around the world,
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Purpose/Objective: Stereotactic body radiation therapy (SBRT) has emerged as a valid
treatment alternative for non-resectable liver metastases or hepatocellular carcinomas
(HCC). Magnetic resonance (MR) guided SBRT has a high potential of further improving
treatment quality, allowing for higher, tumoricidal irradiation doses whilst simultaneously
sparing organs at risk. However, data on treatment outcome and patient acceptance is
still limited.

Material/Methods: We performed a subgroup analysis of an ongoing prospective
observational study comprising patients with liver metastases or HCC. Patients were
treated with ablative MR-guided SBRT at the MRIdian Linac in the Department of
Radiation Oncology at Heidelberg University Hospital between January 2019 and
February 2020. Local control (LC) and overall survival (OS) analysis was performed
using the Kaplan-Meier method. An in-house designed patient-reported outcome
questionnaire was used to measure patients’ experience with the MR-Linac treatment.
Toxicity was evaluated using the Common Terminology Criteria for Adverse Events
(CTCAE v. 5.0).

Results: Twenty patients (with n = 18 metastases; n = 2 HCC) received MR-guided SBRT
for in total 26 malignant liver lesions. Median biologically effective dose (BED at o/ = 10)
was 105.0 Gy (range: 67.2-112.5 Gy) and median planning target volume was 57.20 ml
(range: 17.4-445.0 ml). Median treatment time was 39.0 min (range: 26.0-67.0 min). At 1-
year, LC was 88.1% and OS was 84.0%. Grade I° gastrointestinal toxicity °occurred in
30.0% and grade II° in 5.0% of the patients with no grade IlI° or higher toxicity. Overall
treatment experience was rated positively, with items scoring MR-Linac staff’s
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performance and items concerning the breath hold process being among the top
positively rated elements. Worst scored items were treatment duration, positioning and

low temperature.

Conclusion: MR-guided SBRT of liver tumors is a well-tolerated and well-accepted
treatment modality. Initial results are promising with excellent local control and only
mildest toxicity. However, prospective studies are warranted to truly assess the potential
of MR-guided liver SBRT and to identify which patients profit most from this new

versatile technology.

Keywords: stereotactic body radiotherapy, liver metastases, MR-guided, hepatocellular carcinoma, patient

reported outcomes

BACKGROUND AND PURPOSE

Surgical resection was one of the first local ablative treatment
options for selected patients with hepatic oligometastases (1). In
a retrospective cohort of 612 patients, resection of colorectal liver
metastases led to a remarkable long-term survival of 17% after 10
years (2). However, only up to 20% of patients with hepatic
oligometastases are initially amenable for surgery (3, 4). In case
of reduced general condition, insufficient liver function or critical
localization of the liver tumor, cryoablation, radiofrequency- and
microwave ablation as well as transarterial chemoembolization
are treatment alternatives for local therapy of both hepatic
metastases and also primary liver tumors (5, 6). Lately,
stereotactic body radiotherapy (SBRT) has been proven as a
further safe and effective non-invasive treatment option (7-10).

In case of limited tumor burden, modern radiotherapy
evolved from treatment of a whole organ to targeting specific
lesions within the organ. In the last century, irradiation of the
liver was therefore predominantly used to for palliation, due to
dose limiting toxicity together with the fear of radiation-induced
liver disease (RILD) (11-14). Nowadays, SBRT offers application
of highly conformal tumoricidal irradiation doses whilst sparing
surrounding organs at risk (OAR) due to a steep dose gradient.
However, adjacent stomach, duodenum and small bowel still
represent dose limiting OAR, which impede the goal of achieving
ablative irradiation doses (15-18). Standard image guidance with
cone beam CT scans only offers a limited soft tissue contrast
impairing differentiation between tumor lesions and
surrounding radiosensitive OAR (19). Additionally, respiratory
motion of the liver causes anatomic changes of up to several
centimeters, which can lead to inferior local control, if not
adequately accounted for (20-23). Traditionally, motion
management includes the usage of an internal target volume
(ITV) concept resulting in larger, unnecessary target volumes
which might further harm OAR (24). Advanced motion
management strategies comprise gating and tracking of the
target lesion: surface-guided (SG) SBRT uses the body surface
as a surrogate structure for image guidance including patient
positioning, intra-fraction motion monitoring and respiratory
gating (25-28), while the Cyberknife system can track invasively
implanted fiducials using frequent noncoplanar X-ray scans (29).
MR-guided radiotherapy has recently become clinically available

offering additional superior soft-tissue contrast for precise
identification of liver lesions and adjacent OAR. Furthermore,
some MR-Linac systems also enable gated dose delivery which
offers the possibility to further reduce safety margins (30).
Available literature on MR-guided SBRT for malignant liver
lesions is growing, but still limited. Especially, patient
acceptance needs to be evaluated, considering the long
treatment time of MR-guided irradiation of the liver, which is
further prolonged through online treatment adaptation (31, 32).

METHODS

The presented study is a subgroup analysis from a prospective
observational trial comprising cancer patients with liver
metastases or primary hepatocellular carcinoma (HCC), who
were referred to our institution because they were deemed
medically or functional inoperable or refused resection. Patients
were treated with ablative MR-guided SBRT at the MRIdian Linac
(ViewRay Inc., Mountain View, CA) in the Department of
Radiation Oncology at Heidelberg University Hospital between
January 2019 and February 2020. According to the guideline of the
working group “Stereotactic Radiotherapy” of the German Society
of Radiation Oncology (DEGRO), SBRT was defined as single
fraction doses >4 Gy and number of fractions <12 (33).

Treatment Characteristics

A detailed description of our treatment simulation and planning
has been published previously (31). Four of our analyzed patients
had already been previously included and published in this
referenced study. In short, treatment simulation at the MR-
Linac was performed to both acquire MR image data and to
check for patients’ compliance. Three-dimensional (3D)
simulation MR images, using the TrueFISP sequence (a steady-
state coherent MRI sequence) with an acquisition time of 17 to
25 s were obtained in deep inspiration breath-hold, followed by
planar cine-MRI in a sagittal plane to evaluate target motion
characteristics (34). For the 3D simulation MRI, in-plane
resolutions of either 1.5 x 1.5 mm” or 1.6 x 1.6 mm? and slice
thicknesses of 3 mm with varying fields-of-view were used. No
MR contrast fluid was administered. The acquired MR image
data was used as the primary image set for treatment planning.
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All patients received additional diagnostic, contrast-enhanced
MRIs for treatment planning. Furthermore, a planning CT scan
with and without contrast enhancement was performed to also
obtain data on electron density information for dose calculation.
The gross tumor volume (GTV) was delineated as the
macroscopic tumor volume on all available co-registered
planning imaging modalities, with a clinical target volume
(CTV) expansion of 5 mm and additional 3 mm for creating
the planning target volume (PTV) due to technical uncertainties.

Daily image guidance was performed for each fraction by
onboard 3D MRI using identical settings (field of view, duration,
pulse sequence, breathing instructions) as during MR simulation.
Soft-tissue based registration with the reference MR scan was
applied, always registered directly on the GTV.

Gated dose delivery in breath hold was performed. The
TrueFISP sequence was applied for real time MR-gating (cine-
MRI scan) within one sagittal slice and four frames per second. If
the liver lesion was visible on the TrueFISP sequence, the lesion
was used as the gating structure (region of interest; ROI). This
was the case in 14 of the 20 analyzed patients. Otherwise, an
anatomical surrogate structure in proximity of the target lesion
was defined as the gating target. In five patients, the nearest
surface of the respective liver segment was used for this purpose.
In one patient, a prominent adjacent liver vessel was defined as
the surrogate structure. The predefined ROI (either the GTV or
the surrogate structure) was expanded by 3 mm in every
direction, which formed the gating boundary. The irradiation
beam was automatically shut off, if the target structure (usually
the GTV) left the gating boundary, including a tolerance
threshold of mostly 3%, with a maximum of 7% in very rare
cases. During gated dose delivery, patients were offered visual
guidance via an in-room monitor displaying the live sagittal
cine-MR image with an overlay of the gating target and the
boundary. A video of this process can be found in the
supplementary material section. If an intrafractional GTV
deviation occurred and the patient could therefore no longer
keep the ROI within the boundary, a table correction including a
subsequent new MRI scan had to be performed. This procedure
was mandatory to allow for a 3D table correction, since the cine-
MRI only provides a 2D image control (in the sagittal plane). No
online treatment adaptation was performed, as this technique
had not yet been implemented, when the patients were treated.

Doses and fractionation schemes depended on the size and
localization of the hepatic lesion as well as patients’ breath holding
capability. In general, small and centrally located lesions were
treated with three fractions of 15 Gy, prescribed to the conformally
enclosing 65% isodose, while larger lesions (>5 cm) were irradiated
with eight fractions of 7.5 Gy or five fractions of 10Gy prescribed
to the conformally enclosing 80% isodose. Hepatic lesions in close
proximity to radiosensitive OAR were usually treated with ten
fractions of 5 Gy prescribed to the conformally enclosing 80%-
isodose. One hepatic metastasis was treated with twelve fractions
of 4 Gy prescribed to the conformally enclosing 95% isodose as the
patient had been treated with prior hemihepatectomy and the
lesion was diagnosed at the liver margin which had been sutured
to the small bowel.

Target coverage was comprised if required OAR dose
constraints could not be met. Applied dose constraints were
the following (for five fractions):

—esophagus: 0.5 cc <34 Gy
—stomach/intestine: 0.5 cc <35 Gy
—liver minus CTV: 2700 cc <24 Gy
—kidney: mean dose <10 Gy
—spinal cord 0.1 cc <27 Gy

—heart: 0.5 cc <29 Gy.

An in-house designed patient-reported outcome questionnaire
(PRO-Q) was used to measure patients’ experience with the MR-
Linac treatment (grades from 1-5, where 1 represents a completely
positive and 5 a completely negative experience) (31). Patients
were additionally asked, how many minutes it took to fully
mentally and physically recover after their effort during the
respective treatment session. Furthermore, our staff was
surveyed about their opinion on each patient’s treatment
performance (grades from 1-10, where 1 represents a
completely easy and 10 an almost inacceptable expenditure).

Endpoints and Statistical Methods

LC and OS were estimated starting from the first day of the
SBRT. LC was calculated based on each lesion, whereas OS was
calculated per patient. The Response Evaluation Criteria in Solid
Tumors (RECIST 1.1) was used to asses tumor response. Toxicity
was described using the Common Terminology Criteria for
Adverse Events (CTCAE v. 5.0).

In accordance with the study protocol, each patient was
specifically assessed for presence of fatigue, nausea, vomiting,
diarrhea, constipation, dyspnea, cough, skin disorder and pain.
This evaluation was performed before irradiation, at the last
treatment day and at first follow-up. Follow-up consisted of a
contrast fluid enhanced MRI or CT scan of the liver, performed
six to eight weeks after completion of the SBRT together with a
clinical examination. Further imaging follow-up was performed
every three months afterwards and consisted of a contrast fluid
enhanced CT of the thorax and the abdomen or a contrast-
enhanced MRI, but was not part of the prospective study. The
Child-Pugh score was assessed within four weeks prior to the
SBRT and at the first follow-up examination.

LC and OS were estimated using the Kaplan-Meier method.
The biologically effective dose (BED) was calculated applying the
linear-quadratic model (35). An o/ ratio of 10 was assumed for
liver metastases and HCC.

ingle d
BED(Gy) = single dose x number of fmctions(l 4 nee ose)

o/B

All statistical analyses were performed with SPSS software
(IBM SPSS Version 24.0). A p-value of <0.05 was defined
significant. The MR-Linac observational study was approved
by the Ethics committee of the University Hospital Heidelberg
(S-543/2018). Written informed consent was obtained from all
patients included into the study.

Frontiers in Oncology | www.frontiersin.org

June 2021 | Volume 11 | Article 610637


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Weykamp et al.

MR-Guided SBRT of Liver Malignancies

Two Selected Cases From Daily Routine
For providing detailed clinical inside into treatment reality at the
MR-Linac, two characteristic patients were selected for in-detail
description. Since gated dose delivery in breath hold is
challenging, as it demands a certain amount of treatment
compliance and the bore of the MR-Linac is relatively narrow
(70 cm), the oldest patient and the patient with the highest body
mass index were selected for further description.

RESULTS

Patient characteristics are described in Table 1. Median age of
the 20 patients was 61 years. Most patients had a very good

TABLE 1 | Patient characteristics (n = 20).

median age 61 range 37-78
years years
median Karnofsky Score 90% range 70—
100%
median Body Mass Index 23.8 range 18.0—
kg/m2  42.3 kg/m?
female/male 10/10  50.0%/50.0%
Hepatocellular Carcinoma 2 10.0%
Metastases 18 90.0%

n = 5 colorectal carcinoma; n = 4 breast cancer; n = 3 malignant melanoma;

n = 1 adenoid cystic carcinoma; n = 1 cholangiocellular carcinoma; n = 1 urinary
bladder carcinoma; n = 1 papillary carcinoma; n = 1 pancreatic cancer; n = 1
prostate cancer.

distant metastases present (apart from the

irradiated liver metastases)

n=0 9 45.0%
n=1-5 5 25.0%
n>5 6 30.0%
prior hemihepatectomy 1 4.7%
median Child-Pugh-Score’ 5 range 5-7
extrahepatic disease progression within four weeks 2 10.0%
before irradiation

systemic therapy within 4 weeks before 15 75.0%

irradiation

n = 10 chemotherapy; n = 3 checkpoint inhibition; n = 2 hormonal therapy
systemic therapy within 4 weeks after irradiation 11 55.0%

n = 5 chemotherapy; n = 3 checkpoint inhibition; n = 2 hormonal therapy; n = 1
targeted therapy

Adverse events before radiotherapy

1° 10 50.0%
n = 6 fatigue; n = 2 fatigue + diarrhea; n = 2 pain + cough

IN 2 10.0%
n =1 nausea; n = 1 fatigue

>|I° 0 0
Adverse events at last treatment day

|° 12 60.0%

n = 5 fatigue; n = 1 nausea; n = 1 diarrhea + nausea + fatigue; n = 1 fatigue +
dysphagia +erythema; n = 1 flatulence + fatigue; n = 1 fatigue + dyspepsia; n = 1
fatigue + nausea; n = 1 fatigue + dizziness

1N 1 5.0%
n = 1 fatigue + diarrhea

>[lI° 0 0
Adverse events at first follow-up

1° 8 40.0%

n = 3 fatigue; n = 1 pain; n = 1 fatigue + nausea; n = 1 nausea + diarrhea; n = 1
nausea + dyspepsia; n = 1 fatigue + pain

1N 0 0

>(ll° 0 0

'available data for n = 15 patients.

performance status and a non-obese body mass index. Most
irradiated liver lesions were metastases from colorectal
carcinoma. Two patients suffered from HCC. Systemic therapy
was administered in most patients before (75%) and after (55%)
radiotherapy. One patient underwent hemihepatectomy prior to
radiotherapy. Twelve patients had already complained of grades
I-1I° adverse events before starting hepatic SBRT, mostly grade
I° fatigue.

Most patients were treated with hepatic SBRT for one single
liver lesion (n = 18), while two patients had four lesions
irradiated. Median PTV size was 57.2 ml (17.4-445.0 ml).
Median dose was 50 Gy (45-60 Gy) with a calculated BED of
105.0 Gy (67.2-112.5 Gy).

Further treatment characteristics are listed in Table 2.
Figure 1 shows a characteristic treatment plan, where
maximum sparing of the neighboring small bowl and stomach
could be achieved.

Outcome

Median follow-up was 9.4 months. Estimated local control was
88.1% at 12 months (Figure 2A). All irradiated liver lesions were
stable or had a decrease in size at first follow-up (Table 2). Two
patients (10%) died during follow-up time. Estimated OS at 12
months was 84.0% (Figure 2B). Child-Pugh score (available for
n = 15 patients) did not decrease after irradiation. Figure 3
illustrates a representative patient case, where additional pre-

TABLE 2 | Irradiation treatment characteristics.

total number of irradiated liver targets per

patient
n=1 18 90.0%
n=4 2 10.0%

localization of liver targets Segment | (7.7%) Il
(23.1%) 1l (0%) IV (15.3%)
V (7.7%) VI (7.7%) VI
(23.1%) VIl (15.4%)
response to irradiation in first follow-up

examination

partial remission 15 57.6%

stable disease 1 42.4%
median  range

largest axial diameter 21 mm  8-77 mm

GTV 15.5mL 1.4-255.0 mL

CTV 36.4 mL 6.4-349.3 mL

PTV 57.2mL 17.4-445.0 mL

prescribed total dose 50 Gy 45-60 Gy

fractions 8 3-12

dose inhomogeneity 80% 65-80%

EQD2(co/ = 10) 87.5Gy 56.0-93.8 Gy

BED (o/B = 10) 105.0 67.2-112.5 Gy
Gy

monitor units per fraction 2,408.9 1,155.4-6,309.7

number of beams that are on 11 7-15

duration of the session (“on table”) 39.0 26.0-67.0 min
min

-radiation time 15.8 10.3-38.2 min
min

-pure beam on time 3.8 min  1.83-10.0 min

BED, biologically effective dose; CTV, clinical target volume; EQD2, equivalent dose at 2
Gy; GTV, gross tumor volume; PTV, planning target volume.
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Isodose Lines
Rx Dose = 50.00 Gy

Dose (Gy) Rx (%)

FIGURE 1 | MR-Linac treatment plan (10 fractions of 5 Gy prescribed to the conformally enclosing 80%-isodose) from different perspectives (I, inferior; A, anterior;
R, right) with and without isodose lines.
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FIGURE 2 | (A) Local control and (B) overall survival following MR-guided liver SBRT.

and post-radiotherapy FDG PET-CT scans were performed, Toxicity

which revealed only residual activity of the liver metastasis Acute toxicity was mild with thirteen patients describing grades
after MR-guided hepatic SBRT. Later hemihepatectomy due to ~ I-II° adverse events on the last day of radiotherapy, including
disease progression in the right liver lobe outside the irradiated =~ mostly grade I° fatigue. Six patients suffered from grade I°
area revealed complete pathological remission of the  gastrointestinal side effects and one patient was diagnosed with
irradiated lesion. grade II° gastrointestinal side effects (diarrhea). Eight patients
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complained of grade I° adverse events at first follow-up
examination, mainly fatigue. No grade III° adverse event ore
higher was reported at any time.

Patient and Staff Reported Outcome

Table 3 displays the personal subjective experience of the treated
patients. Overall treatment experience was rated positively, with
items scoring MR-Linac staff's performance and items
concerning the breath hold process being among the top
positively rated items (each median 1 point). Worst scored
elements were treatment duration, positioning and temperature
of body parts (each median 3 points). The whole treatment
processes, including breathing instructions, were challenging for
some patients, both mentally and physically. Median time to full
mental and physical recovery after the first treatment session was
20 min (range 0-360 min). Median complexity of radiotherapy at
the MR-Linac was rated as average by the staff (Table 3).

Two Selected Cases From Daily Routine

The most obese patient (187 cm, 148 kg, body mass index = 42
kg/m?* ventrodorsal abdominal diameter = 35 cm; 52 years,
Karnofsky Performance Score 70%) was treated for a single
liver metastasis of a rectum carcinoma (three fractions of 15
Gy). The duration of the treatment session (40 min; “on table”,
including patient positioning), was comparable to the study
median (39 min). Mere radiation time (16 min) was below the
median of the study cohort (22 min). Recovery time after
radiotherapy (10 min) was below the study median of 20 min.
No patient reported outcome item was rated worse than average.

FIGURE 3 | Stereotactic MR guided radiotherapy of a hepatic metastasis in a patient with pancreatic cancer (10 x 5 Gy): (A) planning CT scan (portal venous
phase); (B) online liver simulation at the MR-Linac; (C) pre-radiotherapy FDG-PET CT scan; (D) first (3 months after radiotherapy) post-radiotherapy MRI scan (liver
imaging with volume acceleration-flexible MRI); (E) second (4 months) post-radiotherapy MRI (liver imaging with volume acceleration-flexible MRI); (F) post-
radiotherapy (4 months) FDG-PET CT scan. Comment: later hemihepatectomy revealed complete remission of the radiated liver metastasis.

MR-Linac staff documented average complexity of the
irradiation process.

The oldest patient (78 years; Karnofsky Performance Score 80%;
body mass index = 30 kg/m?, no reported lung disease) was treated
for a single liver metastasis of a cholangiocellular carcinoma (three
fractions of 15 Gy). Duration of the treatment session (38 min) and
pure radiation time (21 min) were comparable to the median of the
study cohort (39 and 22 min). Recovery time after radiotherapy
(90 min) was more than four times the study median of 20 min.
Patient reported outcome items were among the worst of the study
population (treatment duration rated with 5; breath holding rated
with 4). MR-Linac staff documented maximum complexity of the
irradiation process.

DISCUSSION

In this subgroup analysis of a prospective observational study, 20
patients received MR-guided SBRT for in total 26 malignant liver
lesions at Heidelberg University Hospital from January 2019 to
February 2020. MR-guided SBRT for tumors in the abdomen was
described to be safe in a phase-I study as well as in a study by Hal
et al. with no higher-grade toxicities (36, 37). However, these
studies included patients with different abdominal malignancies.
Experience with MR-guided radiotherapy of malignant lesions of
the liver is growing, yet still scarce (Table 4). Gani et al.
published one of the first prospective studies investigating the
MR-guided liver SBRT using a high-field MR-Linac (32). Patient
acceptance was high with very low toxicity burden. As far as
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TABLE 3 | Patient (positions 1-18) and staff (position 19) reported outcome
(available for n = 18 patients).

categorical point scale
form 1-5, where 1
equals very positive and
5 equals very negative

median range
1. Overall treatment experience 2 1-5
2. Information provided by the staff 1 1-5
3. Friendliness of the staff 1 1-5
4. Duration of the treatment 3 1-5
5. Size of the MRI bore 2 1-5
6. Positioning during radiotherapy 3 1-5
7. Having to lie still 3 1-5
8. Noise in the MR-Linac 2 1-4
9. Temperature in the MR-Linac 3 1-5
10. Local temperature of body parts 3 1-5
11. Tingling sensations in fingers and toes 2 1-5
12. Breathing instructions 1 1-5
13. Breath holding 2 1-5
14. Anxiousness during treatment session 1 1-5
15. Reported time until full mental and physical 20 min 0-360 min
recovery after the radiotherapy session
16. Difficulty to hold the target with one’s own 1 1-4
breath
17. Ability to watch one’s own treatment via 1 1-2
monitor
18. Feeling of having active control over the 1 1-3

treatment duration
19. Treatment complexity from the perspective
of the staff

categorical point scale

form 1-10, where 1

equals very positive and

10 equals very negative
5 2-10

described, treatment toxicity was rather low in all larger studies
in the field. Only two grade III° toxicities were described by
Rosenberg and colleagues (40). No grade III° toxicity was
reported in our study cohort, even though patients were
prospectively evaluated for side effects.

The higher proportion of patients with HCC in the two US-
American studies can be explained by epidemiology as well as the
higher prevalence of viral hepatitis and obesity compared to
Germany (38, 40, 42). Furthermore, in our study, estimated LC
was excellent, with 88% at 1 year. However, with a median of 9.4
months, follow-up of our cohort is still rather short. One of the
previously mentioned US-American studies provided data on
treatment outcome: Rosenberg et al. reported a LC of 80% at the
median follow-up of 21.2 months (40). Furthermore, Rogowski
et al. described a local control rate of 100%, however with a median
follow-up of 5 months (41). Preliminary LC results are therefore so
far comparable to non-MRI-guided liver SBRT, as recently
described in a systematic review by Ohri et al. with a LC after 1-
and 2-years of 90 and 79% (43). Our estimated 1-year OS was
higher than described by Rosenberg et al. (84% vs. 69%) and might
be explained by the younger median age in our cohort (61 years vs.
70 years). The proportion of different primary tumors (mainly
colorectal) was comparable as well as the median prescribed
irradiation dose (Table 4). Nonetheless, Rosenberg et al. used
cobalt sources instead of a linear accelerator. Furthermore,

median PTV was nearly half the size as in our study cohort (38).
Future follow-up will show, whether these circumstances will lead to
a differing LC or OS.

An essential part of improving treatment quality at the MR-
Linac is to assess patients’ perspectives. Wearing headphones in
an MRI scanner is a common and easy procedure to cope for the
operating noise. This procedure seems to be sufficient in our
study cohort as reflected by the positive patient reported
outcome, in contrast to the room temperature. For optimal
functionality of both MRI scanner and linear accelerator, the
room temperature is leveled down. Moreover, to reduce the risk
of metal items being accidentally taken into the vicinity of the
magnetic field, patients wear hospital provided medical scrubs
during the irradiation sessions, which are rather thin. Both
circumstances explain the negative patient reported results
concerning the temperature. As a reaction to our study results,
we began to ask patients immediately before the irradiation
session, whether they tend to feel cold easily. If so, patients are
provided with additional blankets.

Surprisingly, patients were not disturbed by their own tumor
being displayed on a monitor. Correspondingly, our data reveal that
the breath hold procedure as a whole is perceived very positively by
the patients. A more difficult terrain for improvement is patient
positioning, treatment duration and the fact that patients have to lie
still on the treatment couch for a relatively long time. Devices for
patient immobilization are more challenging to be developed for the
MR-Linac because they have to be both non-magnetic and adequate
for the rather small bore (44). Treatment duration and not being
allowed to move were perceived rather negative. Our practice to
play radio music to the patients via headphones seems not to be
sufficient to guarantee full patient comfort. One must keep in mind,
that our presented patient cohort had been treated before daily
online plan adaption was implemented at our MR-Linac, which
surely further prolongs treatment duration. Patient positioning and
MR-imaging procedure consume a large amount of time. Less than
half of the treatment session is used for the irradiation process itself
(including the gating procedure). Beam-on time even accounts for
less than a tenth of the treatment duration (Table 2).

Based on the benefits mentioned above, The Lancet Oncology
recently dedicated a whole review to the high capability of MR-
guided liver SBRT. Witt and colleagues emphasized the potential of
MR-guided adaptive SBRT to become a practice changing
technology for irradiation of the liver (44). However, radiotherapy
with the MR-Linac is resource intensive in terms of personnel, time,
money and required patient compliance. Hence, it is of the utmost
importance to identify the ideal patients for receiving MR-guided
SBRT. To date, three prospective trials are going to investigate the
potential of online adaptation in SBRT for liver malignancies. An
US-American phase-I study aims to reveal the safe maximum
tolerated dose for MR-guided SBRT treatment liver metastases
through real time adaptation (45). The French phase-II RASTAF
study will investigate Adaptative MR-Guided Stereotactic Body
Radiotherapy of Liver Tumors (46). Our planned phase-II
MAESTRO trial (magnetic resonance-guided stereotactic
radiotherapy for hepatic metastases) is going to evaluate, if a
higher proportion of liver lesions can be treated with locally
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TABLE 4 | Studies on radiotherapy of liver lesions with a magnetic resonance imaging linear accelerator.

patients, characteristics, design radiation technique Toxicity LC os
Feldman et al. (38)  patients: n = 29 MRIdian Linac (ViewRay, Oakwood Village, OH) 0.35 T constraints: American Association of - -
(n =26 HCC, n = 2 cholangiocarcinoma, n = 1 step-and-shoot IMRT; utilization of gating Physicists in Medicine Task Group 101
metastatic colon cancer) 27-50 Gy prescribed to at least 95% of the PTV in three or ~ (39)
irradiated lesions n = 34 five fractions general toxicity:
median age: NA PTV margin: 5 mm n = 1 nausea and vomiting
gender: NA mean number of beams: 10.8 (range 6-16) n = 1 abdominal pain with bloody
Child-Pugh-Class: NA adaptive technique: n = 1 (3.4%) diarrhea
retrospective design average treatment time: 34 min (n = 4 deaths due to liver cirrhosis,
beam-on time: NA unrelated to radiation effect)
mean monitor units per fraction: 2,538.9 (range 1,549.1—
5,737.4)
median PTV volume: NA
Rosenberg et al. patients: n = 26 MRIdian System (ViewRay Inc., Mountain View, CA) 0.35 T  constraints: 80,4%@21m 69.0% @ 1y
(40) (n = 8 colorectal adenocarcinoma, n = 6 HCC, n =3  MRI scanner combined with 3 co-planar cobalt sources; —mean liver dose: <13 to 15 Gy, >700  (100% in case
lung, n = 2 cholangiocellular, n = 1 pancreas, n = 1 utilization of gating cm3 of liver receiving less than 15 Gy of HCC)
sarcoma, n = 1 head and neck, n = 4 others) median dose 50 Gy (range 30-60 Gy) in five fractions (6-12  (liver-GTV),
liver lesions present: 1-3 per patient Gy/fraction) —stomach and bowel: V32-33 <0.5 cm3
median age: 70 y (30-90 y) PTV margin: 2-5 mm gastrointestinal toxicity:
female: n = 9 (35%) number of beams: 12-15 [=1°: NA
Child-Pugh-Class: A (76,9%); NA (23,1%) adaptive technique: no °: 7.7%
retrospective design range of treatment time: 40-60 min >V°: 0%
range of beam-on time: 20-30 min n = 2 decrease in Child-Pugh-Class
occasional use of gadoxetic acid 20 min before treatment n = 1 significant hilar stricture
as contrast fluid n = 1 portal hypertension
median PTV volume: 98.2 cm?3 (13-2,034 cm?3)
Gani et al. (32) Patients: n = 10 1.5 T MR-Linac (Unity, Elekta, Crawley, UK) constraints: - -
(metastases of n = 5 colorectal adenocarcinoma, n = median dose 38.5 Gy to 98% of the GTV based on the UKSABR guidelines
1 esophageal, n = 1 melanoma, n = 1 cystic duct, n  internal target volume concept (Version 6.1)
=1GIST, n=1 ACC) PTV margin: 3-6 mm no increase in transaminases >I° or
no patients with Child B or Child C cirrhotic liver adaptive technique: yes gastrointestinal toxicity with the
disease range of treatment time: 26 -36min necessity of medical intervention
median age: 68y (48-86y) median beam-on time: 9.6min
female: n = 5 (50%) median PTV volume: 96.2 cm? (11.3-399.5cm?3)
sub-study of a basket phase 2 feasibility trial
(NCT04172753)
Rogowski et al. (41) Patients: n = 11 0.35T hybrid MR-Linac (Viewray Inc., Mountain View, CA, toxicity: 100% @me-dian -
Lesions: n =15 USA) 1°: 55% follow-up of 5 m
(n = 2 Cholangiocarcinoma; metastases of n = 6 mainly 12.5 Gy in three fractions >1°: 0%
neuroendocrine tumor, n = 4 colorectal PTV margin: 3-56 mm
adenocarcinoma, n = 2 sarcoma, n = 1 GIST) adaptive technique: yes
(Continued)
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> ablative doses of a biologic effective dose 2100 Gy when applying
® MR-guided adaptive compared to standard ITV-based-SBRT.

" & The main limitation of the presented study is its small sample

o ) size. It was statistically not possible to detect factors which estimate

patient acceptance. Instead, we provided a detailed description of
s the oldest patient and the patient with the highest body mass index.
% ¢ Obesity led to average treatment expenditure as rated by patient and
o i; £ staff. On the contrary, the oldest patient reported the worst negative
- @ s scores, which was in accordance with the judgement by the staff.
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o £ & o £82° £ g first place. Follow-up was rather short. Since the majority of
£ = €= S - e . . 1
S ?5 gn 2 5 o £ radiation-induced liver diseases occur within the first three to
T 8 £ < § 28 %5 ) four months after treatment, long-term toxicity might be
< = + (e2} . .
& % o) 5 2 c;. N g s underestimated to a certain degree (12).
< c e §5 & < €% = £ We demonstrated that MR-guided SBRT of liver malignancies
Ee 5 ?é g7 'ngg o & 52 @ is a resource intensive treatment method both for the patient and
o = S [aV) = . .
TG 33 g 0 § =] 5 N é the radio-oncology department. Further follow-up will reveal
o - £ S ' . a1 . .

% EE g Dq;j g & ¢ ~LEE 2 2 g = £ whether MR-guided SBRT will significantly improve clinical

g - = 2 2 s} = =2 P " ‘ )

£/ 5863 =358 _E€E é § S 52 %323 g results compared to conventional techniques. Using the body

L (&) [« ™ = E=— © . .

8 552 82389T86% EE EI70 2 surface as a surrogate parameter for image guidance, SG-SBRT
§8F S985655585_388 §EE s . . .
sl =<8 c2° & g 5 g 0T /g £E < é L= 3 might be even faster and more convenient than MR-guided
S % % % 2 ;% & > ; £ ‘%% a % % 8= % % ks SBRT. Albeit, the movement of the liver is not directly
@l ecEe S3econzZB8ecEecs2EE § monitored (25-27) and the correlation of skin to tumor is not

- 2~ % always constant especially for liver and pancreatic tumors (47,
182 - s p 48). Furthermore, Stick et al. investigated intrafractional fiducial
c 2 = 5 O IS} cpr o gs . . .
~cd Q= marker position variations during visually guided, deep-
T S £ S SO L p g y g > P
8 %(; _% g ’§ < § E inspiration breathhold (DIBH) SBRT of liver metastases and
O~ = O e . g .
- 5 8 8§ g £ 2 reported deviations of up to 10 mm. .Based on those ﬁnd.lngs,
2 5 w28 e S the colleagues concluded that for ensuring accurate dose delivery
] = = = . i e . . .
3 c cETgH S8 2 real-time monitoring during treatment, e.g. MR-guided SBRT, is
N ] e S = £ = S ) . .

g 2 = 85225 2¢ > necessary and now apply MR-guided radiotherapy for liver

3 9 5 3Eg2ui _Eo £ 49). Anoth i ight be the additional

= = S — y— = .

g ,;r\? = g o % migE<s 5 meta.tsta.ses (49). Another oPthn mig .t e t. e a 1t10r.1a

5 T8 § o8l =5>8%% 3 application of ultrasound monitoring applied during SBRT with

= N i - = . .

% % gg S E 5 2 g § ©2 c_“)j E§ ;: active breathhold control, which has been reported to reduce

s 912 859809162 o} residual motion to <5 mm in most cases (50). Fiducials enable the

] B SEQTF =

= -, » I .. S . . . .

5 § £2 5oy % g § g % S > § Cyberknife system to directly track the immediate treatment area,
. 8| 25E BL85E82553¢2 é however fiducial placement is an invasive procedure, which can
o} S cause liver trauma, bleedings or a pneumothorax (51, 52).
g S > >
’% ) I Furthermore, treatment duration of hepatic SBRT applying

T = S
© 23 3 tumor tracking at the Cyberknife might also easily exceed
M gg g 30 min. MR-guided hepatic SBRT offers a non-invasive
a % 3 o treatment alternative with direct intrafractional visualization of
= zs S the tumor hereby ensuring optimal target coverage.
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Since late February 2020, our clinic has been using online
adaptation. Daily SBRT treatment can now be prescribed to the
anatomy of the day, taking into account interfractional and even
intrafractional changes, due to organ motion (53-56). Therefore,
OAR can be superiorly spared and higher irradiation doses can
be achieved (36, 40, 54). However, online adaptation further
prolongs the duration of the treatment session and has already
needed to be omitted in a few cases during our first clinical
experience to secure compliance.

We showed that MR-guided SBRT is safe and effective, even
without online adaptation. It might be especially adequate for
selected patients with liver malignancies very close to OAR who
refuse the invasive placement of fiducials.

CONCLUSION

We demonstrated that MR-guided SBRT of malignant liver
lesions is a well-tolerated and well-accepted non-invasive
treatment modality with only mild toxicity. Moreover, we
provided insights into patient reported outcomes, which might
support patient selection for this highly promising but
nonetheless resource intensive treatment modality.
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Prognostic Factors of Survival of
Advanced Liver Cancer Patients
Treated With Palliative Radiotherapy:
A Retrospective Study

Qingling Hua'?, Dejun Zhang ", Yungiao Li?", Yue Hu’, Pian Liu', Guangqin Xiao',
Tao Zhang"* and Jun Xue™”

7 Cancer Center, Union Hospital, Tongji Medical college, Huazhong University of Science and Technology,
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Aims: Survival benefit of liver cancer patients who undergo palliative radiotherapy varies
from person to person. The present study aims to identify indicators of survival of
advanced liver cancer patients receiving palliative radiotherapy.

Patients and Methods: One hundred and fifty-nine patients treated with palliative
radiotherapy for advanced liver cancer were retrospectively assessed. Of the 159
patients, 103 patients were included for prediction model construction in training
phase, while other 56 patients were analyzed for external validation in validation phase.
In model training phase, clinical characteristics of included patients were evaluated by
Kaplan-Meier curves and log-rank test. Thereafter, multivariable Cox analysis was taken to
further identify characteristics with potential for prediction. In validation phase, a separate
dataset including 56 patients was used for external validation. Harrell's C-index and
calibration curve were used for model evaluation. Nomograms were plotted based on the
model of multivariable Cox analysis.

Results: Thirty-one characteristics of patients were investigated in model training phase.
Based on the results of Kaplan-Meier plots and log-rank tests, 6 factors were considered
statistically significant. On multivariable Cox regression analysis, bone metastasis (HR =
1.781, P = 0.026), portal vein tumor thrombus (HR = 2.078, P = 0.015), alpha-fetoprotein
(HR =2.098, P = 0.007), and radiation dose (HR = 0.535, P = 0.023) show significant
potential to predict the survival of advanced liver cancer patients treated with palliative
radiotherapy. Moreover, nomograms predicting median overall survival, 1- and 2-year
survival probability were plotted. The Harrell’s C-index of the predictive model is 0.709
(95%Cl, 0.649-0.769) and 0.735 (95%Cl, 0.666-0.804) for training model and validation
model respectively. Calibration curves of the 1- and 2-year overall survival of the predictive
model indicate that the predicted probabilities of OS are very close to the actual observed
outcomes both in training and validation phase.
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Palliative Radiotherapy of Hepatocarcinoma Patients

Conclusion: Bone metastasis, portal vein tumor thrombus, alpha-fetoprotein and
radiation dose are independent prognostic factors for the survival of advanced liver
cancer patients treated with palliative radiotherapy.

Keywords: liver cancer, palliative radiotherapy, prognostic factors, nomograms, multivariable Cox regression

INTRODUCTION

Liver cancer (LC) is one of the most common malignancies and
the fourth leading cause of cancer-related death worldwide (1).
When diagnosed with LC, about 70% patients are in advanced
stage, resulting in a poor five year overall survival (OS) rate
(approximately 5%) (2). Most advanced LC patients are
incurable (3), thereafter it is important to provide beneficial
non-curative therapies for those patients (4, 5).

Palliative radiotherapy is one of the non-curative treatments
for LC, which mainly aims to alleviate symptoms and improve
the quality of life (QoL) (3, 6). Interestingly, occasional success of
survival prolongation can be seen in patients receiving palliative
radiation. More intensive treatment regimens should be
recommended if those patients who will benefit from palliative
radiotherapy can be identified. Inversely, patients with poor
prognosis should not receive too much radiation treatment (7,
8). Therefore, it is essential to identify predictive indicators for
the survival of advanced LC patients treated with radiation,
which will be convenient for clinicians to distinguish those
patients who will benefit from palliative radiotherapy.

We performed a retrospective study to develop several
predictive factors and construct a predictive model by
analyzing the characteristics of LC patients receiving palliative
radiation. Nomograms for the survival prediction of cancer
patients have been widely used. It can help clinicians to predict
the prognosis of cancer patients by using a convenient numerical
estimation model instead of complex statistical models. In this
study, nomograms were also plotted based on the identified
predictive factors and model.

METHODS

Patient Selection

We retrospectively evaluated LC patients treated with palliative
radiotherapy in our hospital between January 2017 and July 2020
following inclusion criteria: 1) age > 18 years; 2) diagnosed by
pathology or clinical evidences; 3) palliative radiotherapy for
tumor in liver or distant metastatic sites; 4) stage IIIB-IV
according to Chinese stage system of LC. The exclusion criteria
consist of 1) curative radiotherapy; 2) metastatic tumor in liver
from other cancers. The most recent follow-up date was July 26,
2020. Included patients were divided to be analyzed in model
training phase and external validation phase. The training set
comprised 103 advanced LC patients receiving palliative
radiotherapy between November 2017 and July 2020. The
external validation set comprised 56 similar patients treated
between January 2017 and July 2020.

Clinical characteristics such as age, sex, stage, metastasis,
radiation techniques, radiation dose, toxicity and other 25
variables were collected. Toxicities were recorded in accordance
with the CTCAE (version 5.0). The primary end point was OS
that was calculated from the time of palliative radiation to the
time of death, or last follow-up (July 26, 2020). The requirement
for informed consent from the patients was waived since this
study is retrospective.

Statistical Analysis

Statistical analysis was performed by using R software packages
(version 3.6). Median follow-up time was estimated by reverse
Kaplan-Meier curves. Kaplan-Meier curves and log-rank test
were used to identify the factors associated with OS, and
statistically potential factors were confirmed by multivariable
Cox regression analysis. Proportional hazards (PH) assumption
of multivariable Cox regression analysis was checked by Kaplan-
Meier plot for category variables, while schoenfeld residuals were
calculated for continuous variables (9). To confirm the
assumption of proportionality, time-dependent covariate
analysis was used. Martingale residual was calculated to assess
nonlinearity of continuous variables. The continuous variables
will be converted to category variables if they have no linearity.
Variables with high co-linearity were not included in the same
regression model. Hazards ratio (HR) and 95% confidence
interval (CI) were calculated for each of the variables. Then,
predictive model for OS was developed by using multivariable
Cox regression analysis. After that, nomograms were constructed
based on the predictive model (10). Harrell's C-index and
calibration curves were used to assess the feasibility of the
predictive model (11). A two-tailed P value of <0.05 was
considered statistically significant.

RESULTS

Clinical Characteristics of

Included Patients

The detailed patients inclusion process was illustrated in
Figure 1. Briefly, 159 patients who met the inclusion criteria
were finally included, with a median age of 55 years (range, 24-84
years). Men accounted for 85.5% and women accounted for
14.5%. All patients were diagnosed by pathology. One hundred
and three patients were included for predictive model training,
while other 56 patients treated with palliative radiotherapy in the
same time-period were used for external validation. The median
follow-up time was 13.7 months (range: 0.7-64.2 months). The
baseline demographic characteristics of the patients were shown
in Table 1. Most patients have evident symptoms including pain,
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159 HCC patients treated with
palliative radiotherapy were included

103 patients for 56 patients for

model training external validation

}

Univariable
analysis
Multivariable Prognostic
. >
Cox regression model

FIGURE 1 | Flowchart of patients inclusion.

shortness of breath, abdominal discomfort, nausea, or fatigue.
After palliative radiation treatment, about half of patients have
improvement in symptoms. Most patients have no or grade I-II
toxicity. Grade III blood toxicity was recorded in 2 patients and
no patients have grade IV toxicity.

Univariable Cox Regression Analyses

The median OS of LC patients receiving palliative radiotherapy is
14.8months (Supplementary Figure 1). In model training phase,
thirty-one characteristics were investigated by Kaplan-Meier
curves and log-rank tests. Six factors (bone metastasis, portal
vein tumor thrombus, alpha-fetoprotein, radiation of tumor in
liver, radiation dose and biologically effective dose) were
considered potentially significant (P < 0.05) (Table 2 and
Figure 2). Patients with bone metastasis have a median OS of
9.5 months, which is shorter than patients without bone
metastasis (17.1 months). Patients with portal vein tumor
thrombus (PVTT) have a median OS of 6.8 months, while the
median OS of patients without PVTT is 15.1 months. Patients
with and without high alpha-fetoprotein (AFP) have a median OS
of 9.0 and 16.4 months, respectively. Patients with low radiation
dose (< 40 Gy) have a shorter median OS (6.6 months) than
patients with high radiation dose (240 Gy) (16.8 months).
Patients with radiation of tumor in liver have longer survival
(30.2 months) compared to patients without radiation of tumor
in liver (12.9 months). Patients with higher biologically effective
dose (BED > 60 Gy) have a better median OS (20.6 months)
compared to patients with low BED (< 60 Gy) (10.1 months).

Multivariable Cox Regression Analyses
BED was excluded in multivariable Cox regression analysis
because of the high co-linearity between BED and radiation

dose (P< 0.05). Thereafter, the remaining five variables were
included in the multivariable Cox regression model. Four factors
including bone metastasis (HR = 1.781, P = 0.026), PVTT (HR =
2.078, P = 0.015), AFP (HR = 2.098, P = 0.007) and radiation
dose (HR = 0.535, P = 0.023) have significant potential to predict
survival (Table 2). Harrell’s C-index of the predictive model is
0.709 (95%CI, 0.649-0.769), which indicates good discriminative
ability. Additionally, calibration curves of the 1- and 2-year OS of
the predictive model indicate that the predicted probabilities of
OS are very close to the actual observed outcomes
(Supplementary Figure 2). For external validation, the
Harrell’s C-index is 0.735 (95%CI, 0.666-0.804) and calibration
curves also indicate good feasibility of the predictive model
(Supplementary Figure 3).

Assessment of Robustness of Predictive
Model by Stratified Analyses

Two radiation treatment techniques including conventional
fraction and stereotactic body radiation therapy (SBRT) were
used for included patients during the study period. The OS of
these two groups of patients have no statistical difference
(Supplementary Figure 4). Stratified analyses show that
predictive model based on bone metastasis, PVIT, AFP, and
radiation dose was robust both for patients treated with SBRT or
conventional fraction radiation (Supplementary Table 1).
Metastatic tumors in different organs including liver, lung, bone,
and others were radiated. To further investigate the robustness of our
predictive model for patients with metastatic tumors in different
organs, stratified analyses were conducted and the results
demonstrate that our predictive model perform good for all
patients (Supplementary Table 1).

Nomograms for Survival

of LC Patients

Coefficients obtained from the multivariable Cox regression
model were taken to establish nomograms for median survival
time and 1- and 2-year OS probability (Figure 3). Each variable
included in the model was assigned a score by locating it to the
point scale. The total score of all the variables determines the
prediction of a patient’s outcome by drawing a vertical line from
the total score to the median survival time scale and survival
probability scale, respectively. As shown in the Figure 3, more
total score means better prognosis of patients.

DISCUSSION

To prevent LC patients receiving palliative radiation from over-
or under-treatment, survival prediction of patients should be
considered before decision making. In this study, 6 clinical
characteristics were indicated to be associated with OS of
patients according to univariable analysis, and 4 (bone
metastasis, PVTT, AFP and radiation dose) of them were
statistically significant in multivariable Cox regression analysis.

Bone metastasis often leads to skeletal-related events, such as
severe bone pain, pathological fractures, spinal cord compression
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TABLE 1 | Clinical characteristics of patients.

Clinical characteristics

Training set (n=103) N (%)

Validating set (n=56) N (%)

Sex (Male/Female)
Age at radiotherapy (< 55/> 55 years)
Tobacco (No/Yes)
Alcohol (No/Yes)
Viral hepatitis
No
B type
Other types
Cirrhosis (No/Yes)
Chinese stage (II1B/IV)
Tumor sites in liver
Left lobe
Right lobe
Caudate lobe
> 2 lobes
Diagnostic type (Pathological/Clinical)
Metastatic sites
Liver (No/Yes)
Bone (No/Yes)
Lung (No/Yes)
Others (No/Yes)
PVTT (No/Yes)
IVCT (No/Yes)
Tumor in liver (No/Yes)
AFP (Normal/High)
Early therapies
Surgery (No/Yes)
Radiofrequency ablation (No/Yes)
Intervention therapy (No/Yes)
Target therapy (No/Yes)
Chemotherapy (No/Yes)
BED (< 60 Gy/> 60 Gy)
Radiation dose (< 40/> 40 Gy)
Fraction (Conventional/SBRT)
Radiation of tumor in
Liver
Bone
Lung
Others
Target therapy combination (No/Yes)
Chemotherapy combination (No/Yes)
Toxicity
Hepatic (No/Yes)
Gastroenterological (No/Yes)
Hematological (No/Yes)

3 (85.4%)/15
49 (47.6%)/54
78 (75.7%)/25
9 (57.3%)/44

14.6%
52.4%,
24.3%,
42.7%

)
)
)
)

22 (21.4%)
76 (73.8%)
5 (4.8%)
48 (46.6%)/55 (53.4%)
95 (92.2%)/8 (7.8%)

7 (16.5%)
52 (50.5%)
1(10.7%)
23 (22.3%)

68 (66.0%)/35 (34.0%)

34 (33%)/69
55 (53.4%)/48
54 (52.4%)/49
47 (45.6%)/56
80 (77.7%)/23

96 (93.2%)/7 (6
23 (22.3%)/80
70 (68.0%)/33

67%)
46.6%
47.6%
54.4%
22.3%

8%)
77.7%)
32.0%)

)
)
)
)

7 (45.6%)/56
9 (76.7%)/24
5 (63.1%)/38
7 (84.5%)/16
)/22
)/54
)/59
)/64

( 54.4%
(
(
87 (
81 (
(
(
(

23.3%,
36.9%
16.5%
21.4%
52.4%,
57.3%
62.1%,

)

)

)

)
1 (78.6%)/2 )
9 (47.6%)/5 )
4 (42.7%)/5 )
9 (37.9%)/6 )
3 (27.29%)
28 (27.2%)
6 (25.2%)
21 (20.4%)
97 (94.2%)/6 (5.8%)
91 (88.3%)/12 (11.7%)

91 (88.3%)/12 (11.7%)
89 (86.4%)/14 (13.6%)
82 (79.6%)/21 (20.4%)

48 (85.7%)/8 (14.3%)
37 (66.1%)/19 (33.9%)
37 (66.1%)/19 (33.9%)
35 (62.5%)/21 (37.5%)

15 (26.8%)
36 (64.3%)
5 (8.9%)
26 (46.4%)/30 (53.6%)
52 (92.9%)/4 (7.1%)

0 (17.9%)
32 (57.1%)
3 (5.4%)
1(19.6%)
23 (41.1%)/33 (58.9%)

1 (37.5%)/35 (62.5%)
4 (60.7%)/22 (39.3%)
1 (55.4%)/25 (44.6%)
9 (51.8%)/27 (48.2%)
1 (55.4%)/25 (44.6%)
50 (89.3%)/6 (10.7%)
10 (17.9%)/46 (82.1%)
35 (62.5%)/21 (37.5%)

36 (64.3%)/20 (35.7%)
46 (82.1%)/10 (17.9%)
37 (66.1%)/19 (33.9%)
51 (91.1%)/5 (8.9%)
49 (87.5%)/7 (12.5%)
16 (28.6%)/40 (71.4%)
14 (25.0%)/42 (75.0%)
17 (30.4%)/39 (69.6%)

17 (30.4%)

16 (28.6%)

14 (25.0%)

9 (16.1%)
53 (94.6%)/3 (5.4%)
50 (89.3%)/6 (10.7%)

53 (94.6%)/3 (5.4%)
53 (94.6%)/3 (5.4%)
52 (92.9%)/4 (7.1%)

PVTT, portal vein tumor thrombus; IVCT, inferior vena cava thrombosis; AFP, alpha-fetoprotein; BED, biologically effective dose; SBRT, stereotactic body radiation therapy.

and hypercalcemia. Habermehl et al’s study showed that the
median OS of LC patients with bone metastasis was 4.2 months
after palliative radiation (range, 0.2-38.9 months) (6). In line
with Habermehl et al.’s study, we found that bone metastasis can
significantly reduce the OS of LC patients (HR = 1.781,

= 0.026). Moreover, about 10%-40% of LC patients have
macrovascular invasion (MVI) including portal and/or hepatic
veins when they were initially diagnosed (12-14). MVI is an
independent predictive factor of poor OS in LC patients. The
median OS of LC patients with MVT is significantly lower than
those without MVT (2-4 months vs.10-24 months). Similarly, in
our study, PVTT can significantly reduce survival of LC patients
(HR = 2.078, P = 0.015). Patients with PVTT have a median OS

of 6.8 months, which is shorter than patients without PVTT
(15.1 months). Furthermore, Elevated AFP before palliative
radiotherapy is associated with poor survival. Numerous
studies use AFP as a biomarker to predict survival of LC
patients. Czauderna et al’s study shows that high pre-
treatment AFP predicts reduced OS in LC (15). In our study,
high AFP before palliative radiotherapy also can be an indicator
of poor OS (HR = 1.098, P = 0.007). In addition, our study shows
that high radiation dose can reduce death rate of advanced liver
cancer patients (HR = 0.535, P = 0.023). Similarly, in Kong et al.’s
study, the median OS of LC patients treated with high-dose
radiation was better than that patients with low-dose
radiotherapy (42 months vs. 19 months) (16).
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TABLE 2 | Univariable and multivariable Cox regression analysis.

Characteristics Univariable (P value) Multivariable Cox regression analysis
HR 95%ClI P value

Bone metastasis (Yes) 0.000 1.781 1.070-2.966 0.026
PVTT (Yes) 0.025 2.078 1.150-3.755 0.015
AFP (High) 0.002 2.098 1.220-3.608 0.007
Radiation of tumor in liver (Yes) 0.036 1.168 0.605-2.257 0.644
Radiation dose > 40 Gy 0.000 0.535 0.311 -0.919 0.023
BED > 60 Gy 0.006 - - -

PVTT, portal vein tumor thrombus,; AFP, alpha-fetoprotein;, BED, biologically effective dose.

Overall survival Overall survival
A Prognostic factor == Bone metastasis(No) == Bone melastasis(Yes) B Prognostic factor == PVTT(No) == PVTT(Yes)
100 100
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000 ; : 000
S R R T T LI S N R S
Time (Months) Time (Months)
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Overall survival Overall survival
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FIGURE 2 | Kaplan-Meier plots of overall survival stratified by bone metastasis (A), portal vein tumor thrombus (B), alpha-fetoprotein (C), radiation dose (D),
radiation of tumor in liver (E), and BED (F).
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There are several limitations should be stated in our article.
Firstly, our findings should be interpreted with caution due to the
retrospective design of our study. Moreover, all the patients
included in our study were treated in a single hospital, which
means that potential selection bias may diminish the accuracy of
our conclusions. Secondly, difterent early therapies including
surgery, chemotherapy, Intervention therapy and targeted
therapy may increase the heterogeneity of included patients.
Thirdly, different radiation techniques including SBRT and
conventional radiation were taken to treat patients. Although our
stratified analyses indicate that our predictive model perform good
both for patients treated with conventional radiation and SBRT,
our model may fail to predict the OS of patients treated with other
radiation techniques. Fourthly, elaborative data of symptoms and
QoL was absent, leading to absence of quantitative assessment of
symptoms and QOL improvement by scale tools. Finally, several
patients received both of palliative radiation and target therapy/
chemotherapy during the study time period. According to our

0.05

01 015 02 0.250303504045050550.6065

FIGURE 3 | Nomogram for predicting the median OS (A) and 1-year/2-year survival probability (B).

univariable analysis, target therapy or chemotherapy combined
with palliative radiation have no significant effect on the OS of LC
patients compared with patients received single palliative radiation.
However, this conclusion should be further investigated in the
future because of the small number of patients (6 patients with
target therapy and 12 patients with chemotherapy).

Conclusively, four predictive factors of survival of advanced
LC patients treated with palliative radiotherapy were identified.
These factors were bone metastasis, PVTT, AFP and radiation
dose. Recommendations for an individualized palliative
radiotherapy for advanced LC patients could be made based on
these four factors.
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Background: In this study, we designed a new (Su’S) target area delineation to protect
the normal liver during liver regeneration and prospectively evaluate liver regeneration after
radiotherapy, as well as to explore the clinical factors of liver regeneration and established
a model and nomogram.

Methods: Thirty patients treated with preoperative downstaging radiotherapy were
prospectively included in the training cohort, and 21 patients treated with postoperative
adjuvant radiotherapy were included in the validation cohort. The cut-off points of each
optimal predictor were obtained using receiver-operating characteristic analysis. A model
and nomogram for liver regeneration after radiotherapy were developed and validated.

Results: After radiotherapy, 12 (40%) and 13 (61.9%) patients in the training and
validation cohorts experienced liver regeneration, respectively. The risk stratification
model based on the cutoffs of standard residual liver volume spared from at least
20 Gy (SVs20 = 303.4 mL/m?) and alanine aminotransferase (ALT=43 u/L) was able to
effectively discriminate the probability of liver regeneration. The model and nomogram
of liver regeneration based on SVs20 and ALT showed good prediction performance
(AUC=0.759) in the training cohort and performed well (AUC=0.808) in the
validation cohort.

Conclusions: SVs20 and ALT were optimal predictors of liver regeneration. This
model may be beneficial to the constraints of the normal liver outside the radiotherapy-
targeted areas.

Keywords: radiotherapy, liver regeneration, model, nomogram, hepatocellular carcinoma
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth most common
cause of cancer-related deaths worldwide (1). Advances in
technology enable more accurate and effective radiotherapy
(RT), while clinical exploration continues to expand the
indications for radiotherapy beyond the formal paradigm of
HCC. External beam radiotherapy has been used as a palliative
or radical treatment depending on the stage of HCC (2-6). In the
latest EASL-EORTC Clinical Practice Guidelines and National
Comprehensive Cancer Network Guidelines, radiotherapy is
recommended as an alternative locoregional therapy for
potentially resectable and unresectable HCC (7, 8). In
particular, a multidisciplinary team approach involving
radiotherapy is more frequently adopted for selected patients
in China and Southeast Asia (9-12).

In the past, regarding the clinical practice of radiotherapy for
liver cancer, more attention has been paid to the prevention and
treatment of radiation-induced liver injury (13-15), but no in-
depth study on liver regeneration has been conducted. Liver
regeneration after hepatectomy (16), associated with liver
partition and portal vein ligation for staged hepatectomy
(ALPPS) (17) and portal vein embolization (PVE) (18) were
beneficial to the recovery of treatment-induced liver injury. With
the gradual application of preoperative and postoperative
radiotherapy for HCC (19-23), liver regeneration after
radiotherapy will become a new focus of clinical attention for
the prevention or recovery of radiation-induced liver damage.
However, the clinical factors that influence liver regeneration
after radiotherapy are poorly understood. Therefore, in this
study, we designed a new target area delineation to protect the
normal liver of liver regeneration and prospectively evaluate liver
regeneration after preoperative and postoperative radiotherapy,
and further explored the clinical factors and established a model
and nomogram for liver regeneration after radiotherapy
for HCC.

METHODS

Patients

Patients who underwent preoperative downstaging or
postoperative radiotherapy for HCC at Guangxi Medical
University Cancer Hospital were included in the study. The
training cohort included 30 patients treated with radiotherapy
for downstaging non-surgical locally HCC before liver resection
from 2018-2019 (ChiCTR1800015350). The inclusion criteria for
radiotherapy in down-staging HCC were (1): primary local
unresectable HCC with macroscopic vascular tumor emboli
(2); One to three lesions in a single lobe; surgical resection was
expected to be performed if a descending stage of tumor or
thrombolysis (3); Child-Pugh-A or B7 class; and (4) Eastern
Clinical Oncology Group score 0-1. The exclusion criteria were
as follows: (a) prior history of abdominal radiotherapy,
(b) intrahepatic cholangiocellular carcinoma, (c) gallbladder
metastases, and/or (d) liver metastases.

The validation cohort included 21 patients treated with
postoperative adjuvant therapy for HCC with microvascular
vascular invasion or narrow margins after hepatectomy from
2017 to 2019 (NCT 02309788). Patients received adjuvant
radiotherapy according to the following criteria (1): HCC with
no preoperative radiotherapy (2); resectable lesion with narrow
margin (less than 1 cm), at the same time retaining a sufficient
residual liver tissue to maintain adequate function (3);
compensated cirrhosis or no cirrhosis (4); Child-Pugh A class
(5); ECOG score 0-1. The exclusion criteria were (1): presence of
distant metastasis (2), palliative resection with residual tumor,
and (3) non-HCC confirmed by postoperative pathology (4).
Liver failure or decompensation occurs after the surgery.

Su’S Radiotherapy Target Area Delineation
Promotes Liver Regeneration

Downstaging Radiotherapy Group

Gross tumor volume (GTV) was defined as intrahepatic tumors
and venous tumor thrombus. InterGTV (GTVi) was defined as a
Icm GTV retraction, with the aim of receiving a higher radiation
dose to overcome the radiation tolerance caused by central
tumor ischemia or hypoxia. The clinical target volume (CTV)
was obtained by adding a 0.5 cm margin to the GTV. The
planning target volume (PTV) was defined as the CTV and GTV
expansion 0.5 cm in horizontal direction and 0.5-0.8 cm head
and foot direction for setup uncertainty and respiratory motion.
GTV/GTVi areas should avoid more than 1 cm when
encountering gastrointestinal organs. The absolute normal liver
volume was calculated as the total liver minus the GTV. Liver
protected volume was defined as a normal liver segment 2.0 cm
away from the CTV, and the purpose of liver protection was to
promote liver regeneration (Figure 1A). The final radiation dose
delivered to the isocentric was 66 Gy for GTVi (4.4 or 3.3 Gy/fx),
60 Gy for PGTV (4.0 or 3.0 Gy/fx), and 45-50 Gy for PCTV (3.0-
2.5 Gy/fx) with 15 or 20 fractions (5 fractions per week).

Postoperative Adjuvant Radiotherapy Group
Adjuvant radiotherapy was started 4-6 weeks after surgery. The
postoperative tumor bed area was designated as GTVtb. The
CTV1 extends 0.5 cm on the basis of GTVtb. CTV2 extends
0.5 cm on the basis of CTV1. PTV was defined as the CTV1 and
CTV2 expansion 0.5 cm in horizontal direction and 0.5-0.8 cm
head and foot direction for setup uncertainty and respiratory
motion. GTVtb/CTV1 areas should avoid more than 0.5-1.0 cm
when encountering gastrointestinal organs. The absolute normal
liver volume was calculated as the total liver minus CTV1. The
liver protected volume was defined as a normal liver segment
2.0 cm away from CTV2 (Figure 1B), and the purpose of liver
protection was to promote liver regeneration. The final radiation
dose delivered to the isocentric was 50-60 Gy for PCTV1 (2.0-2.4
Gy/fx), 40-50 Gy for PCTV2 (2.0-2.25 Gy/fx) with 20 or 25
fractions (5 fractions a week).

All target areas were sketched in the MIM 6.8 system (MIM,
USA). The Pinnacle 3 system (Philips, Netherlands) was used to
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radiotherapy plan).

accomplish the target area dose planning (YY, USA). All patients
were treated with a linear accelerator (ELEKTA Synergy, Sweden
and ELEKTA VersaHD, Sweden). There were various dose-
volume constraints for the organs at risk. For the liver, the
normal liver volume Dy,c.n< 21 Gy, and normal liver volume
spared from at least 10 Gy (V510) was >410 mL and liver protected
Dinean < 7 Gy. For the stomach, small bowel, and duodenum, D«
was < 40-45 Gy each. For the kidneys, V15 was <1/3 V. Similarly,
for the spinal cord, D,,,x <40 Gy.

Liver Regeneration Ratio Assessment
Patients were re-evaluated 1 and 3 months after radiotherapy
and every 3-6 months thereafter. Contrast-enhanced CT and/or
MRI were performed within 2 weeks before radiotherapy and
subsequently at each follow-up visit after radiotherapy.
Laboratory examinations assessed the levels of aspartate
transaminase (AST), alanine transaminase (ALT), prothrombin
time (PT), and levels of albumin, total bilirubin, and alpha-
fetoprotein (AFP).

Liver regeneration at each re-evaluation of each patient was
performed for comparison. The CT or MRI images before and
after radiotherapy were imported into the MIM 6.8, to delineate
the hepatic parenchymal volume of the segment and lobe of

FIGURE 1 | Su’'S radiotherapy target area delineation promotes liver regeneration and evaluation of liver regeneration after radiotherapy: (A) the training cohort
(GTVi, PGTV and PCTV are shown from inside to outside, and the green part represents liver protected volume in preoperative downstaging radiotherapy plan); and
(B) the testing cohort (GTVtb, PCTV1 and PCTV2 are shown from inside to outside, and the green part represents liver protected volume in postoperative adjuvant

interest in the same manner. Liver regeneration was defined as an
increase of more than 10% of normal liver volume in the areas of
the protected hepatic segment or lobe within 1 year after
completion of radiotherapy compared to the volume of pre-
radiotherapy, and no Child-Pugh class degradation of liver
function and tumor progression was observed at the last time.
If downstaging surgery or tumor progression occurs in the areas
of interest, liver regeneration assessment is discontinued.

Variable Selection

We screened predictor variables for liver regeneration from the
following variables: (a) clinical factors: age, sex, height, weight
and hepatitis B virus (HBV) infection; (b) serum biochemical
parameters: red blood cells count (RBC), white blood cells count
(WBC), hemoglobin (HB), platelets (PLT), total bilirubin (Tbil),
albumin, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), lactic dehydrogenase (LDH), activated
partial thromboplastin time (APTT) and alpha-fetoprotein
(AFP); (c) dose-volumetric parameters: functional liver
volume, mean dose of the liver (liver-Dmean), GTV volume
(the sum of all GTVs), GTV dose and fractions; (d) dosimetric
Dataset 1: the percentage of normal protected liver volume (%)
spared from at least x Gy (Vx); and (e) dosimetric Dataset 2: the
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absolute normal liver volume (mL) spared from at least x Gy
(Vsx); (f) dosimetric Dataset 3: standard residual normal liver
volume (mL/m?) spared from at least x Gy (SVsx) (formula:
SVsx = Vsx/Body surface area). In the training cohort, the
random forest model was applied to rank these factors in
descending order of relative importance. In the preliminary
screening, factors with an area under a receiver-operating
characteristic (ROC) curve (AUC) greater than 0.6, were
considered as potential prognostic predictors. Correlation
analysis was performed to avoid overfitting. When Spearman’s
rho value was greater than 0.65 between the two dosimetric
parameters, the one with a lower correlation with liver
generation was excluded.

Calculated Values and Statistical Analysis
Continuous variables were compared using Student’s t-test or the
Mann-Whitney U-test, and categorical variables were compared
using the chi-square test. The final nomogram was formulated to
predict liver regeneration based on prognostic factors extracted
from the training cohort. For internal validation, the prediction
performance of the nomograms was measured using a
calibration curve and concordance index (C-index) to measure
internal calibration and discriminative ability. To avoid over-
optimism, bootstrap resampling (1000) resamples were applied
to correct the C-index for assessment of the nomogram
calibration performance. The prognostic model was further
validated in a postoperative adjuvant radiotherapy cohort to
ascertain its feasibility. The total points of each patient in the
testing cohort were calculated according to the established
nomogram and used as a predictor of liver regeneration. The
AUC of the ROC was used to evaluate the prediction
performance of our model using external data.

For additional analyses, the optimal cut-off value for each
selected factor of the models was obtained from the Youden’s
index in conjunction with the ROC analysis from the testing
cohort. Risk stratification was then conducted according to the
cut-off point in both the training and validation cohorts, as well
as the entire cohort. Fisher’s exact test was used to compare the
proportion of patients with liver regeneration between the
subgroups. All statistical analyses were completed using R
version 4.0.2 (2020-06-22), and a P value less than 0.05, was
considered statistically significant.

RESULTS

Baseline Characteristics
Fifty-one patients with HCC were included. The study
population was predominantly male (n= 46, 90.1%), with a
median age of 48 years (range, 21-70 years). Most of the
patients (n=37, 72.5%) were infected with CHB.

The baseline characteristics and dosimetric data of the
training (n=30) and testing cohorts (n=21) are summarized in
Table 1. All patients in the training cohort were BCLC-C stage,

including 27 patients (90%) with portal vein tumor emboli and
other 3 cases with hepatic venous thrombus, while all patients in
the testing cohort were BCLC-A (n=18, 86%) and B (n=3, 14%).
The testing cohort was characterized by lower AFP (median
23.88 vs. 1436.64 ng/ml, P=0.003), AST (median 29.5 vs. 59 U/L,
P<0.001), LDH (median 248 vs. 148 U/L, P<0.001) and APTT
(30.5 vs. 34.5 5, P=0.007), more patients infected with HBV (60%
vs. 90%, P=0.016) while fewer patients with hypoalbuminemia
(36.4 vs. 32.8, P=0.002). Patients in the testing cohort had lower
normal liver volume (median 758.75 vs. 948.32 ml, P<0.001) than
those in the training cohort. Dose-volumetric parameters,
including the volume of GTV/CTV1 (P<0.001). Vs5
(p =0.024), Vs40 (P=0.041), SVs5 (P=0.016), SVs30 (P=0.044),
SVs35 (P=0.014), and SVs40 (P=0.008) differed significantly
between the two groups, with no significant difference in the
remaining parameters.

Volumetric Data for Liver Regeneration
During the observation period of 1 year, a total of 25 patients
(49%) experienced liver regeneration in the entire cohort. The
change trends of liver regeneration after radiotherapy are shown
in Figures 2A, B.

In the training cohort of 30 patients, 9 patients underwent
surgery after radiotherapy at 3-12 months, and 5 patients at the
second evaluation node (liver regeneration 2) experienced tumor
progression in the area of interest, and the liver regeneration
assessments were therefore stopped. The mean protected hepatic
lobe and segment volume before radiotherapy was 6052 *
371 mlL, increasing to 648.7 * 345.6 mL after radiotherapy.
Liver regeneration occurred in 12 of 30 patients, yielding a liver
regeneration rate of 40%. Among them, 6, 1, 2, and 3 patients had
liver regeneration rates of 10%-20%, 20-50%, 50%-100%, and
greater than 100%, respectively.

In the testing cohort of 21 patients, 4 patients in the testing
cohort after the first evaluation node (liver regeneration 1)
experienced tumor progression in the area of interest. The mean
protected hepatic lobe and segment volume before radiotherapy was
532.5 +450.7 mL, increasing to 578.9 + 412.2 mL after radiotherapy.
Liver regeneration occurred in 13 out of 21 patients, yielding a liver
regeneration rate of 62%, which was comparable to the rate noted in
the training cohort (P =0.12). Among them, 3, 8, 2, and 0 patients
had liver regeneration rates of 10%-20%, 20-50%, 50%-100%, and
greater than 100%, respectively.

Twenty-four cases of Child-Pugh degradation were detected
within 2 weeks after radiotherapy. In the training cohort, 17
patients experienced an increase in Child-Pugh score, including
13 patients with +1 score due to decreased serum albumin levels,
3 patients with +2 scores, and 1 patient with +3 scores. In the
validation cohort, 7 patients experienced an increase of one score
in Child-Pugh score due to decreased serum albumin levels.
There was a negative correlation between the degree of liver
regeneration and the increase in Child-Pugh score (P=0.006,
analysis of variance). Over a longer observation period, 13
(51.2%) patient’s liver function gradually recovered with the
appearance of liver regeneration. Liver regeneration did not
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TABLE 1 | Information of patients in different treatment groups.

Factor

Number of patients
liver regeneration

Gender

Age, median (IQR), yrs
Height, median (IQR), cm
Weight, median (IQR), kg
GTV/CTV1 dose, Gy

Fractions

Tumor emboli

BCLC stage

Tumor size, median (IQR), cm
Child-Pugh

hepatitis B surface antigen

AFP, median (IQR), ng/mL

RBC, median (IQR), x10"?/L

HGB, median (IQR), g/L

PLT, median (IQR), x10%/L

Tbil, median (IQR), umol/L

ALT, median (IQR), u/L

Albumin, median (IQR), g/L

AST, median (IQR), u/L

LDH, median (IQR)

APTT, median (IQR)

GTV/CTV1 volume, median (IQR), mL

Liver volume, median (IQR), mL

Liver-Dmean, median (IQR), Gy

Dataset 1: Vx(%)

V5, median (IQR)

V10, median (IQR)

V15, median (IQR)

V20, median (IQR)

V25, median (IQR)

V30, median (IQR)

V35, median (IQR)

V40, median (IQR)

Dataset 2: VsX(mL)

Vs5, median (IQR)

Vs10, median (IQR)

Vs15, median (IQR)

Vs20, median (IQR)

Vs25, median (IQR)
(IQR)
(IQR)

)

Vs30, median (IQR
Vs35, median (IQR
Vs40, median (IQR
Dataset 3: SVsX(mL/m?)
SVs5, median (IQR)
SVs10, median (IQR)
SVs15, median (IQR)
SVs20, median (IQR)
SVs25, median (IQR)

Level Training group
30
No 18 (60%)
Yes 12 (40%)
female 2 (7%)
male 28 (93%)
48 (41, 58)
165 (162, 170)
57.5 (51, 70)
45 2 (6%)
50 3 (10%)
56 2 (7%)
60 23 (77%)
12 1(3%)
15 12 (40%)
20 17 (57%)
25 0 (0%)
No 0 (0%)
Yes 30 (100%)
A 0 (0%)
B 0 (0%)
C 30 (100%)
11.2 (9.3,13.7)
A 25 (83.3%)
B7 5(16.7%)
positive 29 (96.7%)
negative 1(3.3%)

1436.64 (65.67, 8446.97)
4.385 (3.85, 4.75)
129.5 (115, 141)
186.5 (135, 252)
15.9 (10.4, 23.2)
46 (28, 66)
32.85 (30.5, 34.4)
59.5 (44, 97)
248 (207, 360)

34.5 (31, 39)
829.77 (556.25, 1395.66)
758.75 (610.73, 1008.79)

15.2 (12,5, 19.5)

68.07 (58.92, 82.65)
40.99 (34.36, 53.16)
29.095 (23.26, 45.74)
24.08 (17.46, 38.55)
20.71 (14.03, 29.82)
17.445 (11.69, 25.23)
15.16 (9.8, 19.99)
12.51 (7.52, 16)

231.281 (106.039, 340.5)
440.61 (301.988, 540.796)
494,219 (408.691, 660.603)
576.736 (441.247, 726.929)
611.642 (464.236, 768.908)
626.677 (482.953, 802.44)
640.942 (499.924, 855.575)
658.308 (522.279, 889.097)

147.976 (55.9661, 204.89)
257.066 (187.943, 305.571)
208.816 (258.908, 380.281)
341.586 (288.752, 428.616)
354.403 (309.701, 480.15)

Testing group P-value
21
8 (38%) 0.12
13 (62%)
3 (14%) 0.37
18 (86%)
47 (39, 54) 0.65
165 (160, 170) 0.66
57 (52, 62) 0.61
0 (0%) 0.037
11 (52%)
0 (0%)
10 (48%)
0 (0%) <0.001
0 (0%)
4 (20%)
17 (80%)
21 (100%) <0.001
0 (0%)
18 (86%) <0.001
3 (14%)
0 (0%)
0(0,0 <0.001
20 (95.2) 0.381
1(4.8)
19 (90%) 0.86
2 (10%)
23.875 (2.9, 298.69) 0.003
4.3 (4.04,4.77) 0.87
125 (121, 136) 0.86
204 (175, 275) 0.54
10.4 (7.9, 156.8) 0.053
36 (24, 52) 0.31
36.4 (34.6, 38.2) 0.002
29 (29, 37) <0.001
148 (139, 175) <0.001
30.5 (27.4, 32.8) 0.007
54.91 (41.82, 86.39) <0.001
943.32 (852.15, 1125.03) 0.026
17.6 (13.3, 20.7) 0.44
64.01 (46.97, 78.52) 0.13
53.16 (32.51, 63.57) 0.69
39.83 (27.6, 51.3) 0.23
33.94 (23.91, 41.81) 0.12
27.31 (20.95, 37.87) 0.072
24.92 (18.03, 30.24) 0.088
20.72 (13.51, 23.17) 0.11
156.36 (11.3, 19.65) 0.15
369.948 (226.726, 451.895) 0.024
476.129 (328.414, 567.966) 0.24
595.253 (441.678, 645.371) 0.29
642.055 (500.469, 757.203) 0.23
683.681 (559.181, 818.222) 0.15
728.232 (615.237, 911.303) 0.085
766.951 (656.837, 963.722) 0.053
788.962 (686.976, 973.066) 0.041
238.205 (137.36, 305.654) 0.016
308.596 (210.072, 409.522) 0.14
353.752 (277.593, 457.307) 0.13
394.046 (339.95, 486.134) 0.085
431.839 (350.927, 513.324) 0.056
(Continued)
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TABLE 1 | Continued

Factor Level Training group Testing group P-value
SVs30, median (IQR) 361.757 (316.607, 516.365) 471.309 (384.163, 534.623) 0.044
SVs35, median (IQR) 374.189 (323.059, 528.796) 502.75 (418.129, 570.836) 0.014
SVs40, median (IQR) 385.501 (332.418, 542.123) 526.548 (440.686, 602.561) 0.008

HBV, hepatitis B virus; RBC, red blood cells count; HGB, hemoglobin; PLT, platelets; Tbil, total bilirubin; ALTa, lanine aminotransferase; AST, aspartate aminotransferase; LDH, lactic
dehydrogenase; APTT, activated partial thromboplastin time ; AFP, alpha-fetoprotein. Dataset 1: the percentage of normal protected liver volume (%) spared from at least x Gy (Vx); Dataset
2: the absolute normal liver volume (mL) spared from at least x Gy (Vsx), Dataset 3: standard residual normal liver volume (mL/m2) spared from at least x Gy (SVsx).

occur in the remaining 11 cases, of which 3 patient’s liver
function improved spontaneously within 3 months and other 8
cases remained unimproved.

Risk Group Sub-Classification Based on
ALT and SVs20

Datasets 1 and 2 had no significant correlation with liver
regeneration. Dataset 3 and clinical factors were used
separately for further analysis. According to the subgroup ROC
analysis of ALT and SVs20 in the training cohort, the AUC of
SVs20 was 0.639 (95% confidence interval [CI], 0.833-0.583)
with a cut-off value of 303.4 mL (sensitivity, 65.00%; specificity,
86.15%; Figure 3A), and the AUC of ALT was 0.690 (95% CI,
0.722-0.667) with a cutoff value of 43 U/L (sensitivity, 65.00%;
specificity, 90.77%; Figure 3B). Risk group sub-classification was
performed according to the cutoff points. As shown in Table 2, a
combination of ALT and SVs20 demonstrated clear
differentiation in the risk of liver generation between the
subgroups in the training cohort (P=0.049) and the entire
cohort (P=0.032). The proportion of patients with liver
regeneration decreased progressively with 88.9% in the high-
probability group (ALT <43 U/L and SVs20 <303.4 mL/m°), 60%
in the high-intermediate probability group (ALT 243 U/L and
SVs20 <303.4 mL/m?), 43.75% in the low-intermediate
probability group (ALT <43 U/L and SVs20 >303.4 mL/m’),
and 33% in the low-probability group (ALT>43 U/L and
SVs202303.4 mL/m°), indicating that a combination of high
ALT (243 U/L) and high SVs20 (=303.4 mL/m?) conferred the
greatest risk of poor liver regeneration.

Establishment and Assessment of the
prognostic Nomogram

To provide more convenient for clinical liver regeneration
prediction and avoid overfitting, only ALT among pre-
radiotherapy laboratory variables and SVs20 among dataset 3
parameters were found to be optimal predictors for liver
regeneration modeling. Finally, an SVs20 based nomogram
incorporating ALT and SVs20 was established (Figure 4A).
The model and nomogram showed high predictive accuracy (C-
index =0.759, Figure 4B) in the training cohort for predicting
liver regeneration. The calibration curve confirmed the
excellent calibration capability of the model, and the
probability predicted by the model was in good agreement
with the actual observed values of liver regeneration. The

nomogram performed well in external validation (C-index =
0.808, Figure 4C) with high discriminatory accuracy in the
testing cohort (Supplementary Figure).

DISCUSSION

In this study, we designed a new target area delineation to protect
the normal liver for regeneration and prospectively evaluate liver
regeneration after radiotherapy. After radiotherapy, 40% (12/30) of
cases in the preoperative downstaging group and 61.9% (13/21) of
cases in the postoperative adjuvant group experienced liver
regeneration. We further found that pretreatment ALT and
SVs20 were the optimal variables for liver regeneration modeling.
The risk stratification model based on the cutoffs of SVs20 (303.4
mL/m?) and ALT (43 u/L) was able to effectively discriminate the
probability of liver regeneration. The model and nomogram of liver
regeneration showed good prediction performance (AUC=0.759) in
the training cohort and performed well (AUC=0.808) in the
validation cohort, justifying its application values.

In the past decade, adjuvant radiotherapy has been confirmed
to provide considerably improved treatment outcomes (19, 21-
24). Neoadjuvant radiotherapy provided better overall survival
and recurrence-free survival rates compared to surgery alone (20).
Yeh et al. showed that 11% of HCCs could become resectable with
a 2-year OS rate of 67% and a median survival of 30 months (25).
Chong et al. (26) reported that 26 of 98 (26.5%) patients were
downstaged after concurrent chemoradiotherapy (CCRT)
followed by hepatic arterial infusion chemotherapy (HAIC) and
underwent subsequent curative resection. Disease-specific survival
was significantly better in the resection group after localized
downstaging. Lee et al. (27) also reported that 41 (16.9%)
patients underwent curative resection after CCRT followed by
HAIC, and the 5-year survival rate in the curative resection group
after CCRT improved significantly compared to that of the CCRT
alone group (49.6%: 9.8%, P< 0.001). Preoperative downstaging
radiotherapy may provide better control of the local tumor and
simultaneously promote liver regeneration, creating a better
opportunity for wide-margin surgery. However, the insufficient
volume of the future liver remnant (FLR) remains a serious
constraint that hinders RO-R1 resection (23). Inadequate
functional liver volume is also a major cause of liver function
deterioration after radiotherapy. Therefore, compensating for the
loss of liver mass by regeneration is of great importance, especially
in patients with large tumors and limited healthy livers (28).
Consequently, a precise radiotherapy plan based on the accurate
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FIGURE 2 | Liver regeneration growth ratio after radiotherapy: (A) the training cohort; and (B) the testing cohort.
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FIGURE 3 | The cut-off points and AUC of each optimal predictors by ROC analysis: (A) ALT; (B) SVs20.

prediction of liver regeneration is urgently needed in
clinical practice.

Previous nomogram models based on clinical factors have
focused on risk assessment, such as estimating the risk of
radiation-induced liver disease (RILD) and mortality following
radiotherapy (29-31). Choi et al. (32) showed that adjuvant
radiotherapy with a dose of 40-50 Gy in 20-25 fractions delayed
the liver regeneration process after partial hepatectomy. However,
nomogram models based on dose-volume metrics for benefit
assessment associated with liver regeneration in HCC patients
treated with radiotherapy have never been established. We found
that liver regeneration was significantly associated with domestic
dataset 3(SVs, mL/m?), but not with dataset 1 (V, %) and dataset 2
(Vs, mL). The current study identified, for the first time, SVs20 as
a key predictor for liver generation following radiotherapy with an
optimal cutoff of 303.4, suggesting that fewer constraints on the
dose of residual liver should be taken into account to promote liver
regeneration. Meanwhile, the risk of RILD following dose

TABLE 2 | Risk Group Sub-classification based on ALT and SVs20.

escalation is a major cause of liver failure after radiotherapy, and
stricter dose-limiting to the functional liver should be prioritized
in radiation planning. Based on our past experience of hepatic
toxicity following radiotherapy, V20 (dataset 1) in normal liver
volume of 48.5% as the liver tolerance predicted RILD risks well in
primary liver carcinoma patients with Child-Pugh grade A
cirrhosis after hypo-fractionated radiotherapy (15). We further
found that Vs10 >416.2 mL (dataset 2) predicted a progression of
at least 1 and Vs10>621.8 mL of at least 2 points decreased in the
Child-Pugh score after stereotactic body radiation therapy (14),
highlighting the necessity for hepatotoxicity mitigating in high-
risk functional liver areas. Functional liver avoidance with
V20 <48.5% and/or Vsl0 2416.2 mL may be used as a
radiotherapy reference in clinical practice by balancing the pros
and cons.

Among the pre-RT laboratory variables, ALT was found to have
a significant correlation with liver regeneration. ALT is well
recognized as a marker of liver injury related to liver parenchymal

Sub-classification Training cohort (n=30)

NLR, n (%) LR, n (%)
ALT<43U/L 1(16.7%) 5 (83.3%)
SVs20<303.4 mL/m?

ALT=43U/L 2 (50%) 2 (50%)
SVs20<303.4 mL/m?

ALT<43U/L 5 (62.5%) 3 (37.5%)
SVs20>303.4 mL/m?

ALT>43U/L 10 (83.3%) 2 (16.7%)

SVs20>303.4 mlL/m?

Entire cohort (n=51)

P NLR, n (%) LR, n (%) P
0.049 1(11.1%) 8 (88.9%) 0.032
2 (40%) 3 (60%)

9 (56.2%) 7 (43.8%)
14 (66.7%) 7 (33.3%)

LR, liver regeneration; NLR, no liver regeneration; ALT, alanine aminotransferase; SVs20, standard residual normal liver volume (mL/m2) spared from at least 20Gy.
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FIGURE 4 | (A) Nomogram of liver regeneration based on SVs20 and ALT; (B) The calibration curve in the training cohort; (C) The calibration curve in the testing cohort.

injury. In line with our current results, Mohapatra et al. (33)
reported that a high level of ALT predicted poor liver
regeneration following donor hepatectomy. Caldez et al. (34)
showed that ALT is hyperactivated when liver cells fail to divide
during liver regeneration, indicating that ALT not only acts as a
signal of liver damage but is also a crucial metabolic regulator
necessary to support tissue recovery. Kimura et al. (35) reported that
serum ALT levels after partial liver resection are negatively
correlated with L-ascorbic acid and L-ascorbic acid 2-Glucoside,
which stimulates liver regeneration. Similarly, Lin et al. (36) revealed
the crucial role of translationally controlled tumor protein in liver
regeneration, as well as enhancing the recovery of ALT after liver
resection in humans. Ito et al. (37) found that partially
hepatectomized rats had lower serum ALT levels and higher
recovery of remnant liver weight. Although the precise
mechanisms are not fully understood, these results strongly
indicate that lower ALT levels are associated with better liver
regeneration. This potential mechanism requires further
exploration and research.

Our study has several limitations. First, this study was
conducted in China, where HBV-associated HCC rates are
high. The applicability of this nomogram for patient cohorts in
other areas is uncertain and requires further validation. Second,
the sample size was small in this study, the reliability of the

model has been verified in two different prospective studies, and
it is still worth verifying with a larger sample size in the future.

In conclusion, this simple-to-use nomogram incorporating
ALT and SVs20 is beneficial to the constraints of the normal liver
outside the radiotherapy target area. It may provide a reference
for clinicians to make prognosis-based decisions without
complex calculations. Further validation with multicenter data
is warranted to verify its practicability in patients with HCC who
have undergone radiotherapy.
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Because of the difficulty in treating triple-negative breast cancer (TNBC), the search for
treatments has never stopped. Treatment opinions remain limited for triple-negative breast
cancer (TNBC). The current treatment approach of using photothermal therapy (PTT) is
often imprecise and has limited penetration below the surface of the skin. On the other hand,
radiation therapy (RT) has its unavoidable disadvantages, such as side effects or
ineffectiveness against hypoxic tumor microenvironment (TME). In this study, we
proposed the use of ZrC nanoparticles in conjunction with RT/PTT to enhance antitumor
and antimetastatic effect. We modified the ZrC nanoparticle with bovine serum albumin
(BSA) and folic acid (FA), sizing desirable about 100nm. The photothermal conversion
efficiency was calculated to be 40.51% and sensitizer enhancement ration (SER) was 1.8.
With addition of ZrC NPs, more DNA were damaged in y-H2AX and more ROS were
detected with immunofluorescence. In vitro and vivo, the combined therapy with ZrC NPS
showed the best effect of tumor cell inhibition and safety. Our results provide evidence that
the combination of ZrC NPs, PT, and RT is effective in of TNBC, making it a great potential
application for cancer therapy in clinic.

Keywords: sensitizer, PTT, RT, nanoparticle, breast cancer

INTRODUCTION

Radiation therapy (RT), combined with surgery and systemic chemotherapy, is the current standard of
care treatment for breast cancer (1, 2). Using high energy radiation such as X-ray or y-ray, RT directly
ionizes DNA molecules (3), or indirectly interacts with water, to form reactive oxygen species (ROS) to
induce cell apoptosis (4, 5). Compared to tumor of squamous cell origin, such as the common type of
nasopharyngeal carcinoma, breast adenocarcinoma, especially for triple-negative breast cancer (TNBC),
has lower sensitivity to X-ray radiation (6, 7). Techniques currently employed to maximize exposure of
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target volume to radiation include intensity modulated radiation
therapy and hypofractionation, but risk of acute and late adverse
events still need consideration (8, 9). How to improve the efficacy of
RT for triple-negative breast cancer is a question worth pondering.

Radiosensitizers are agents that increase efficacy of RT, and
thereby allow for lower doses of radiation and reducing toxicity
to organ at risk (10). Notably, clinical trials demonstrated the
potential of high atomic number (Z) nanomaterials as enhancer
of radiation to target cancer cells (e.g., gold (10-13), bismuth,
wolfram (14, 15), platinum, gadolinium (16)) have been
exploited. Even though developing radiosensitizers is a
promising way to increase the level of efficacy, some
difficulties, such as radiation resistance of hypoxic cancer cells,
still limit its applications in RT (14, 17). To overcome such
obstacles, combining RT with phototherapy (PT) to realize a
synergistic therapy can open new potentials (18, 19). Given the
limitations of RT alone, new efforts have explored the potential of
combining RT with phototherapy (PT), including photothermal
therapy (PTT) and photodynamic therapy (PDT), as a synergistic
approach to therapy. The photothermal nanomaterial at tumor
site creates local hyperthermia under external near infrared
(NIR) irradiation (20, 21). The in vivo hyperthermia not only
contributes to necrosis or apoptosis of cancer cells, but also
creates an oxygen-enriched environment, and in effect reduces
radiotherapy resistance (22). In combination with PT, lower dose
in RT could be sufficient to kill the tumor and simultaneously
enhance systemic antitumor immune response, while high dose
RT cause damage to immune system (23, 24). Recent evidence

has shown that radiation of X-ray and NIR can also be
immunomodulatory by altering the microenvironment of the
irradiated field (25, 26). Since RT and PT are both local
treatments as main role, the anti-tumor immunity effects could
compensate disadvantages (24, 27). Although antitumor
immunity induced by RT or PT alone is rarely sufficient to
activate systemic anti-tumor immune response, whether
combination has the potential to extend the applications
beyond a local modality is worth investigating.

It will be very significant if we can construct an ideal “all in
one” nanoparticles to act as the sensitizer for both RT and PT
that have the following characteristics: (1) good photo-thermal
conversion behavior; (2) can act as radiosensitizers to enhance
the deposition of irradiation energy; (3) can be specifically
targeted to tumors; and (4) is biodegraded (28). In this work,
we present a new multifunctional nano agent to be used in
combined PT and RT. Using BSA to modify the nanoparticles in
order to improve the biocompatibility, as well as tumor-targeted
molecule FA (ZrC-BSA-FA, ZrC NPs). Detailed therapeutic
strategy by using ZrC NPs was presented in Scheme 1. At the
first part, we characteristic ZrC NPs and then tests were
performed to see its excellent thermal storage, thermal stability,
thermal conductivity and photo-thermal conversion feature. ZrC
NPs has been an attractive candidate for PT because of its
potential as a dual-modality therapy sensitizer, its efficacy as a
radio-sensitizer is investigated here for the first time. At the third
part we performed experiments to assess the potential to
selectively treat TNBC, including vivo and vitro. To further

' Sensitizer ‘ /
N

: +F A (targeted) RT éb

%E:BS A (biocompatible)
P A H (functional)

SCHEME 1 | Scheme diagram of radiation therapy combined phototherapy process of this work.
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explain its mechanism, we performed the semiquantitative
method to detect tumor apoptosis factors/proliferative factors
of tumor. In the last part, we built tumor-bearing mouse model
of double tumors to see whether ZrC NPs with PT and RT in
mouse could activate immune response in vitfro. Our results
provide proof of concept evidence that the combination of ZrC
NPs, PT, and RT is effective for the treatment of TNBC, making
it a great potential application for cancer therapy in clinic.

MATERIALS AND CHARACTERIZATIONS

Materials
All chemicals and reagents were used as received without
further purification.

ZrC nanoparticles were purchased from Shanghai Chaowei
Nano Technology Co. Ltd and stored in a desiccator. Folic acid,
Poly (allylamine hydrochloride) (PAH, Mw= 17 500), DCFH-
DA and DPBF were purchased from Sigma-Aldrich. Bovine
serum albumin (BSA), calcein-AM, propidium iodide (PI), and
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) were obtained from Summus. All the antibodies
were purchased from Abcam. The y-H2AX antibody was
purchased from Abcam. Phospho-Histone y-H2AX (Ser139)
(20E3) Rabbit mAb and Antirabbit IgG (H+L) were provided
by Cell Signaling Technology.

BALB/c nude mouse and BALB/c mouse were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
Animals are fed sterile water and unrestricted food. They were
placed in mice room with standard conditions. All the
experimental steps adopted in this experiment conformed to
the experimental scheme approved by the Key Laboratory for
Biomedical Effects of Nanomaterials and Nanosafety (Chinese
Academy Sciences, CAS).

Surface Modification Process of ZrC
Nanoparticles

Prior to the modification, ZrC nanocrystals were heated in
NH3atmosphere at 850°C for 2 h for full nitridation. Then, the
powder was dispersed in water and underwent ultrasonic
dispersion for 20 min. The suspension was centrifuged at 4000
rpm for 5 min to remove bulk particles. The ZrCNPs were
prepared via electrostatic interaction according to our previously
published method with minor modifications. (51), (53) In brief,
ZrC(6 mg) and PAH (4 mg) were dissolved in 2 mL NaCl
solution (0.5 M) under ultrasonic dispersion for 20 min with a
mass ratio of 1: 4. Then, the sample was collected by
centrifugation (12 000 rpm, 5 min) and rinsed three times with
NaCl solution (0.1 M) to obtain ZrC@PAH.

After that, ZrC@PAH and BSA with a mass ratio of 1: 3 were
dissolved in deionized water and continuously stirred for 4 h in
an ice bath. Finally, the suspension was centrifuged, washed with
distilled water and freeze dried, obtaining ZrC@PAH/BSA.

After ZrC@PAH/BSA were prepared, they were mixed with
0.5% (wt/vol) of FA-gelatin solution and stirring at room

temperature for 24 hours. The FA-functionalized ZrC@PAH/
BSA/FA were collected by centrifugation, washed with Milli-Q
water, and redispersed in Milli-Q water for further use.

Characterizations

The nanostructural features of sample were observed on a JEOL
2100 electron microscope at 200 kV (JEOL Ltd.), including
transmission electron microscopy (TEM). The optical behavior
of the samples was measured on a spectrophotometer (U-4100,
Hitachi). TEM observation was performed using a FEI Tecnai G2
F30 system. The nanoparticles characteristics were determined
by XRD (Shimadzu XD-D1). XPS spectra (PerkinElmer PHI
5600) were used to analyze the composition and chemical
valence of the samples. The absorption spectra were performed
by Cary Series UV-Vis-NIR Spectrophotometer. The
hydrodynamic diameter was measured by a Zeta-Sizer
(Malvern Nano series). FTIR was acquired by the Excalibur
3100 (Varian). Temperature monitoring was realized with an
infrared camera (FLIR System i7).

Photothermal Test

To examine the photothermal performance of heterogeneous
ZrCNPs, different concentrations of CSA solutions were
prepared and heated with an 808 nm laser at different power.
An infrared thermal imaging camera (FLIR, A65) was applied to
record the change of temperature. The photothermal stability of
ZrCNPs was also examined by heating and cooling for 5 cycles.
For each cycle, 808 nm laser was turned on to heat the ZrCNPs
solution for 10 minutes and then switched off to allow cooling to
room temperature.

_ hS(Tmax - Tsurr) - Qd

I(1 - 1074808) W

In the equation 1, S is the surface area of the container, h is the
heat transfer coefficient, Tmax and TSurr are the equilibrium
temperature and ambient temperature of the surroundings,
respectively. Qdis is heat dissipated from light absorbed by the
quartz sample cell itself, I is the incident laser power (1.0 W cm-
2) and A808 means the optical absorbance of ZrC NPs at 808 nm.
Only the hS remains unknown. We introduced a dimensionless
driving force temperature to obtain the value of hS.

T-T
— surr 1.1
0 Tmax - Tsurr ( )
t=-7,In(0) (1.2)
ZmiC
hs == (1.3)

Equation 1.1 shows the cooling stage of the aqueous dispersion,
the cooling time t and abide by the equation 1.1, time constant
(ts) for heat transfer from the system could be determined.
Where m, Cp,I are the mass, heat capacity of water,
respectively. According to Equation S1.1, Equation S1.2 and
Equation 1.3, the value hS is obtained. The photothermal
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conversion efficiency (1) is calculated to be 20.51% according to
Equation 1.

Cell Lines and Cell Culture
4T1 cells were routinely cultured in DMEM (Corning) medium
containing 10% (v/v) FBS (Gibco), and 1% antibiotics
(penicillin-streptomycin) (Corning) in a humidified
atmosphere at 37°C including 5% CO2.

Cytotoxicity Assay

We performed MTT method to illustrate this issue. 4T1 cells and
HUVE cells were seeded into 96-well plates (1 x 104cells per
well) and co-incubated with the ZrCNPs dispersion of different
concentrations for 24 hours. Then, 20 uL (5 mg/mL) MTT
solution was introduced into each well and incubated for
another 4 hours. After that, the medium was replaced with
dimethyl sulfoxide (DMSO, 150 uL per well) for 30 min. A
microplate reader (SynergyTMHT, BioTek Instruments Inc.,
USA) was used to test the optical absorbance at 490 nm.

In Vitro Phototherapeutic Effect

To explore the optimum sensitizer dose of PTT and RT, the in
vitro cell survival rate was evaluated on 4T1 cells using a standard
MTT assay. The experiment controlled for a single variable at a
time and we draw a conclusion:

For RT, cells were treated by linear accelerator of image
guided radiotherapy, X-ray radiation set was 6MV, 4Gy and
300 Does Rate. The height of the liquid level from the underlying
cells is 1 cm. For PTT, cells were treated by 808 nm laser at power
density (2.0 W cm-2). They were divided into six groups,
including control, NIR, ZrC+NIR, X-ray, ZrC+X-ray. ZrC
+NIR+X-ray All the experiments were performed for three
times. 4T1 cells were seeded into a 35 mm culture dish (3 x
105 cells per dish) and incubated at 37°C until being nearly 90%
coverage. The culture medium containing ZrC NPs (250 ug mL-1
was added into the culture dish and incubated for 6 h). After
washing with PBS for three times, the fresh culture medium was
added into culture dish and the cells were treated. Afterward, the
cells were stained using cell doublestaining method (calceinAM
and PI) for 20 min to distinguish the living and dead cells, and
then observed immediately using fluorescence microscope
(Olympus BX53)

Cell Experiments (y-H2AX Antibody
Recognition Immunofluorescence)

The cells and anti-phospho-histone y-H2AX mouse monoclonal
antibody (dilution 1:1000) were incubated together overnight at
4°C. Next day, the sheep anti-mouse secondary antibody
(dilution 1:1000) was incubated with the cells at room
temperature for 1 h. DAPI was used to stain cells by labeling
the nuclei at room temperature for 5 min. Eventually, the Leica
SP5 confocal microscopy was used to observe the cells.

Detection of ROS

Intracellular ROS generation was detected using DPBF and
H2DCFH-DA probe, which could be oxidized to produce

fluorescent compound of DCF in the presence of ROS. 4T1
cells were seeded into a 35 mm culture dish and incubated
overnight. Afterward, the medium was discarded and cells were
incubated with fresh medium containing ZrC NPs (0.5mg mL-1)
for 4 h. The cells were then washed with PBS. Untreated cells
were used as negative control. After that, the cells were stained
with H2DCFH-DA (50 pL, 10 x 10-3m) for another 1 h.
Thereafter, the cells were washed with PBS and treated in 6
groups as above. The DCF fluorescence images were acquired by
fluorescence microscope (Olympus BX53).

Calculation of the Sensitization
Enhancement Ratio

Cell survival fraction of each group was calculated by the ratio of
the seeded cells following treatments to form colonies versus the
untreated cells as described above. Cell survival fraction and
sensitization enhancement ratio (SER) were determined by a
classical multitarget single-hit model.and the SER was expressed
with the following formulas:

SER - Dg(control group)

Dq(sensitizer group)
D, =1In(n) x Dy

S=1-(1-e™)"

where S is the survival fraction, D is the radiation dose, D, is the
mean lethal dose, and n is the extrapolation number. Where Dg;,
the quasi-threshold dose.

In Vivo Antitumor Effect

1x10° 4T1 cells were suspended in 100 uL PBS mixed with
matrix glue 1:1 (V:V), and were inoculated at the left hind legs of
female BALB/c nude mice. The tumor-bearing mice were then
divided into six groups (five mice each group) when the tumor
was about 200 mm’in size: (a) control, (b) NIR alone, (¢) ZrC
NPs+NIR, (d) X-ray alone, (¢) ZrC NPs +X-ray and (f). ZrC
NPs +NIR+X-ray. The 4T1 tumor-bearing mice from groups (c),
(e), and (f) were administrated nanomaterials intravenously, and
the other 3 groups were injected with PBS instead as control.
Immobilization scan is operated with Philips CT sim for RT. And
RT for mice was performed by Varian IX medical electron linear
accelerator immediately after PT. Then, mouse weight and
tumor growth were measured after for 14 days. The length and
width of tumor were measured with a vernier caliper daily. When
the whole experiment finished, all of the mice were sacrificed
according to the protocols of Harbin Medical University Cancer
Hospital. The tumor and major organs were removed and
weighed to calculate the therapy efficacy among six groups.

To study whether the immunity could be triggered by the
treatments and how strong it could be on suppressing distant
tumors, we designed two experiments to evaluate the therapeutic
effect as shown in Figures 6A, E. Two groups of the 4T1 tumor-
bearing mice were divided randomly: 1) control 2) ZrC treated
(ZrC+N+X). In experiment A, we built tumor-bearing mouse
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model with bilateral tumors at -13th day (n = 5 for each group),
and treated primary one (left) at day 0, leaving the other side
distant tumor to be untreated. Thereafter, the tumor volume
changes of distant tumor were recorded. The tumor growth rate
showed no significant difference between the two groups. In
experiment B, we implanted the tumor seeds on the other side of
mice post treatment and measured their growth rate. As be seen
in Figures 6B, F, although the post treatment-implanted tumor
grew not as fast as before, distant tumors on treated mice showed
more limited tumor growth rate. The logic explanation of the
study is the antitumor immune responses of host.

Immunohistochemical Examination
Immunohistochemistry (IHC) was performed according to the
instructions from manufacturer to detect the antibodies,
apoptotic factor, multiplication factor, and hypoxia factor in
tumor. The anatomical operation of the organs according to
standard histological techniques and all the tumor tissues were
frozen and then made into 4 pum thick serial sections. These
paraffin sections were used for IHC staining using standard
method. The pathologist was blinded to the identities and
analyses of the pathology slides.

Western Blot Analysis

Total protein was purified and extracted from tissues with RIPA
buffer supplemented with proteinase/phosphatase inhibitors
(Thermo, Cambridge, MA). Same amounts of total protein
were resolved by 10% SDS-PAGE, followed by transfer onto
nitrocellulose membranes (Millipore, Bedford, MA). Anti-Bax
(1:500), Bcl-2 (1:500), caspase (1:500), Ki67(1:500), HIF-
10(1:500(Abcam, USA) primary antibodies were used for
the detection

Flow Cytometric Analysis

Tumors and surrounding tissues were obtained after combined
therapy (be specific here). Phenotyping of cells was stained with
the following antibodies: FITC-CD3, PE-CD4, PC7-CD8 (BD
Phar Mingen, San Diego, CA). Flow cytometric analysis was
performed with FACS Calibur (BD Biosciences, Franklin
Lakes, NJ)

Histology Analysis

The mice were sacrificed to collect the tumors and major organs
(heart, liver, spleen, lung, and kidney), which were fixed in 4%
paraformaldehyde and embedded with paraffin. The slices of the
major organs and tumors of the mice were stained with H&E for
histological analysis. Finally, optical microscope images were
acquired by a fluorescent microscope (Olympus BX53).

Hematological Analysis

Blood (100 pL) specimen from the mice were collected and

analyzed at 14th day using automatic blood analyzer (HF3800).
Statistic calculated using “Statistical Program for Social

Sciences” software (SPSS, version 19.0) and graphpad Prism 8.

The final survival fraction curve of each group was generated via

a nonlinear fitting using Origin 8.0.

RESULT

Preparation and Characterization of

ZrC NPs

In this work, we selected ZrC nanoparticles as the sensitizer to be
used in conjunction with RT and PT. To enhance the
biocompatibility of ZrC, we alternately coated polyallylamine
hydrochloride (PAH, positively charged) and bovine serum
albumin (BSA, negatively charged) on the surface of ZrC via
electrostatic interactions. In addition, we used folic acid (FA) for
surface modification of the nanoparticles to increase tumor
targeting by enhancing the utilization of sensitizer in vivo. The
initial zeta potential of unmodified ZrC nanoparticles is 23.8 mV,
and after modification with PAH-BSA-FA, the potential changed
to 8.61 mV, -12.98 mV, and 8.47 mV. The change in zeta
potential indicates the successful surface modification. This is
also supported by the increase of their hydrodynamic size from
95.9 nm to 121.2 nm (Figure S1). To determine the dimension of
ZrC NPs in the aqueous solution, the hydrodynamic diameter of
ZrC NPs was tested via dynamic light scattering (DLS)
measurement and determined to be 89.6 + 1.6 nm (Figure S2),
which is a suitable size for further in vivo administration. The
PDI value corresponding to the DLS result is 0.187. As shown
in Figure S3, A is the ZrC powder dissolved in PBS and B is
the solution of ZrC NPs. Both solutions were allowed to stand
for six hours, and A showed observable precipitation while
no obvious change in B, indicating their better stability in
physiological solutions.

The TEM image of ZrC is presented in Figures 1A and S4,
showing that the ZrC nanoparticles are about 35 nm in size. The
high-resolution TEM (HRTEM), elemental mapping and energy
dispersive spectrometer (EDS) were used to further characterize
the material. The results demonstrate that the nanoparticles
consist of Zr and C elements, as proven by an overlay of green
(Zr) and red (C) colors in each particle. Next, the chemical
valence of the as-prepared ZrC NPs was determined via XPS
analysis Figure 1B. All reflective peaks are well matched with
standard cubic ZrC. After deconvolution, the XPS core-level of
Zr 3d orbit results disclose the presence of Zr2+, Zr3+ and Zr 4+
ions in the sample. Classically, the XRD Figure 1C pattern
reveals that all the diffractive peaks are attributable to standard
cubic ZrC (PDF#35-0784). Additionally, Figure 1D shows the
powder UV-Vis-NIR spectra of ZrC. ZrC powder exhibits strong
and broad absorption in the whole NIR window. Next, FTIR
Figure 1E spectrum was applied to detect the chemical
compositions of ZrC NPs.

Photothermal Properties of ZrC

Photothermal therapy requires photo absorption in the NIR
region and the resultant photothermal properties of photoactive
materials is particularly important. We first inspected the optical
absorption properties of the ZrC aqueous dispersion by
correlating the change in temperature with the concentration of
ZrC over an irradiation time. Different concentrations of ZrC NPs
(0.125, 0.25, 0.5 pg/mL) were heated by an 808 nm NIR laser with
various power (0.5,1,1.5,2 W cm-2) for 10 min, and the
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FIGURE 1 | (A) The TEM image and elements mappings image, (B) XPS, (C) XRD PDF:35-0784, (D) UV spectra: optical absorbance of ZrC dispersions with varied

transformation in solution temperature was recorded by an
infrared thermal imaging camera. As shown in Figure 2A, pure
water and ZrC dispersion of 0.125 mg/mL showed no significant
temperature elevation (about 10°C) after 10 min of NIR
irradiation. In contrast, the temperature of the ZrC dispersion
of 0.25 and 0.5mg/mL increased significantly. The curve in
Figure 2B reveals the relationship between temperature
increment on the nanoparticle concentration and power, the
maximal temperature reached 42.3 and 47.6°C for 0.25 and 0.5
mg/mL ZrC dispersion, respectively. The photothermal
conversion efficiency was calculated to be 40.51% (Figure 2C,
the calculation details are presented in method and material). The
optical density at 808 nm had a good linear relationship with
concentration of ZrC NPs (the inset of Figure 2C). In addition,
the temperature change of ZrC NPs solution upon NIR on/off
irradiation did not change much for five rounds. Shown in
Figure 2D, our results revealed photostability of ZrC NPs.
Moreover, ZrC also has a very high absorption in the NIR
region, which improves the infrared absorption value of ZrC
NPs to some extent. Such photothermal production and
photostability indicated that ZrC can act as an efficient
photothermal conversion agents(PTA).

Inspired by the previous study of X-PDT and PDT, we
investigated ROS production from ZrC NPs under NIR and X-
ray irradiation by using sodium terephthalic as a probe. The 1,3-
diphenylisobenzofuran (DPBF) and 2'7-dichlorofluores-cin
diacetate (DCFH-DA) probes were employed to detect the
extracellular and intracellular ROS production, respectively.
The DPBF probe for detecting extracellular ROS production
lies in its decomposition by ROS. As result, a decrement of DPBF
characteristic absorption could be observed accordingly. As

displayed in Figure 2E, the absorbance of the DPBF solution
with ZrC decreased meaningfully as irradiation time and X-ray
dose increased, suggesting that significant level of ROS was
induced by ZrC under NIR and X-ray. In contrast, the pure
water led to very limited ROS generation with the same
laser irradiation.

We examined intracellular ROS production in 4T1 cells with
the use of DCFH-DA probe, which would convert to green
fluorescent molecules after being oxidized by ROS, to detect the
presence of ROS. As shown in Figure 2F there was no observable
green fluorescence from the negative control, while a very weak
signal was observed from the NIR group and X-ray group. The
fluorescence intensity of sample irradiated by both X-ray and
NIR, contained ZrC NPs, increase 75% than that of the average
of other 5 groups, indicating the ROS producing ability of ZrC
NPs. This result is in agreement with the above-mentioned
photocurrent experiment. Therefore, the as-prepared ZrC NPs
have potential as both radiosensitizers and photosensitizers for
tumor treatment.

In Vitro Cell Cytotoxicity and
Phototherapeutic Treatment Combined
Radiotherapy

To determine the optimal nanoparticle concentration for
subsequent experiments, we investigated cytotoxicity towards
mouse breast cancer 4T1 tumor cells and normal human
umbilical vein endothelial cells (HUVECs) using standard
MTT assay. was investigated. Cell viabilities are strongly
dependent on the concentration of ZrC NPs. There were no
significant differences within or between groups and more than
80% of the 4T1 cells, and HUVECs survived when they were
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cultured with 0.5 mg/mL ZrC NPs solution (Figure 2G).
Figure 2H demonstrates the effects of different concentration
of solution on proliferation of 4T1 cells, and then MTT was
performed in 48 hours. As shown in the histogram, there was no
significant change between the groups, signifying the minimal
effect of ZrC NPs on the cells’ proliferation ability.

The cytotoxicity results suggest that the concentration of ZrC
NPs applied to tumor cells should be no higher than 0.5 mg/ml.
To detect the effective energy level of X-ray for cell experiments,
4MV, 6MV and 12MV were selected with various radiation dose
(2,4,6,8Gy). The results show 6MV group had the statistically
significant difference (about 43.47%) as demonstrated in Figure
§5. From S6, based on the obvious difference of cell surviving
fraction between sensitization of ZrC NPs (25.3% in 4Gy), 4Gy of
RT with 6MV was used for the experiment. PT, 4min with 1.5 W
cm-2 was selected, the differences of surviving fraction was
28.6%. We discovered that the final survival rate in these
conditions were about 40% after sensitization. If the single
treatment kills most of tumor cells, it will be meaningless to
combine additional treatment. Basing on these explorations, we
started to compare the killing effect of different therapeutic
methods on tumor cells. As shown in Figure 3A, a Live/Dead
kit was used to test the activity of 4T1 cells in 6 groups, in which
the living cells were stained green and dead cells were stained red.
Notably in Figure 3B, with the data analysis of MTT, ZrC NPs
played an effective role in sensitization of PT (surviving rate from
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FIGURE 2 | (A) Photothermal temperature curves of ZrC NPs aqueous dispersions at different concentrations. (B) Photothermal temperature curves of ZrC NPs
aqueous dispersions at different power of NIR laser. (C) Photothermal test of ZrC dispersion of 0.5 mg-mL-1. (NIR laser: 808 nm, 1.5 W-cm-2; inset shows plot of
time versus — In (©); The ZrC dispersion was irradiated with NIR for 10 min and left to natural cooling for another 10 min), (D)Temperature change of ZrC NPs
solution at concentration of 0.5 mg-mL-1over five laser on/off cycles. (808 nm laser irradiation, with a power density of 1.5 W cm-2. (E) DPBF degradation behavior
for ROS detection (NIR laser: 808 nm, 1.5 W-cm-2); (F) Confocal fluorescence images of reactive oxygen species (ROS) in 6 groups. (G) /n vitro cytotoxicity of
different concentrations of ZrC NPs to 4T1 cells and HUVE cells, (H) The biocompatibility of ZrC NPs on proliferation ability of 4T1 cells at different concentration (0,
0.03215, 0.0625, 0.125, 0.5 and 1 mg/ml) after incubation for 48 h. Error bars represent mean + SD. (F) The cytotoxicity of ZrC NPs on 4T1 and HUVE cells at
different concentration (0, 0.03215, 0.0625, 0.125, 0.5 and 1 mg/ml) after incubation for 24 h.

109.32% to 39.01%) while RT(from 45.71% to 38.66%), and the
combination therapy of PT/RT with ZrC NPs contributed to the
best cancer cell killing efficiency, where the cell survival dropped
to 5.16%, demonstrating the powerful synergistic PT and RT
effects in vitro. There is a result does not seem to meet
expectations that the cell surviving fraction in NIR group was
higher than the control group. This is because all the groups were
treated under the same conditions, and the room temperature
was relatively low during radiotherapy, so cell survival rates were
higher with mild PTT. The sensitizer enhancement ration (SER)
in this experiment was used to evaluate the radio sensitization
efficiency. The SER value of ZrC+N+X group was about 1.8
compared with X-ray group, further confirming that PT via ZrC
NPs can promote RT function on the cancer cells. However, ZrC
+X group’s SER is about 1.2. Analyze from these data, we found
that higher temperature around tumor induced by ZrC NPs
under NIR had obvious sensitization effect on RT while ZrC NPs
alone showed weak sensitization effect.

The radiation enhancement was confirmed to be attributed to
the process of DNA breaking. Figure 3C showed there were no
significant y-H2AX fluorescent signals in control and NIR
treated groups. Only limited y-H2AX spots in fluorescent were
detected in N(ZrC, X-ray, and X+ZrC groups. Comparing to
other groups, a very high amount of y-H2AX foci was detected in
N+X+ZrC group, indicating significant more DNA breaking due
to enhanced X-ray generation by synergistic treatment. There
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results suggest that ZrC NPs mediated synergistic treatment
provides an approach to kill cancer cells with high efficiency.
These results were consistent and demonstrated the possibility of
using sensitization of PT combined RT in tumors and leading to
DNA breakdown in tumor cells.

In Vivo Investigation Anti-Cancer Efficacy

We further investigated the in vivo photo-therapeutic efficacy of
ZrC NPs via a subcutaneous 4T1 tumor-bearing mice model.
When the tumor volume reached~200 mm3, 4T1 tumor-bearing
mice were randomly divided into six groups (n = 5 for each
group) for various treatments: group 1) Control, 2) NIR alone
(PT), 3) ZrC +NIR (PT+ZrC NPs), 4) X-ray alone (RT), 5) ZrC
+X-ray (RT+ZrC),6) ZrC+NIR+X-ray (RT+PT+ZrC NPs). The
Balb/c nude mice were intravenously (i.v.) injected with 100 uL of
PBS (group 1) or ZrC NPs (group 3, 5, 6) and then exposed to
NIR irradiation (808 nm, 1.5 W ¢cm-2 10min) or X-ray (6MV,
6Gy) at 2 h post injection for group2,3,4,5 and 6. First, the surface
temperature profiles of tumor region were recorded using an
infrared thermal camera during PT at specific points in time. As
illustrated in Figures 4A-B, the temperature of tumor site with
ZrC NPs administration rapidly increased to about 57.3°C within
10 min under NIR laser irradiation. However, the temperature of
tumor site with only NIR laser irradiation exhibited limited
temperature (from 35.5°C to 41.5°C) elevation under the same
conditions. As temperature increased very limited after 6 min and
this is the meaningful point to be sensitized, so PT’s time is settled
to be 6 min in mice treatment. Shown in Figure 4C, it is the RT
plan for mice. 14 days post-treatment for the body weight and

FIGURE 3 | (A, B) live/dead images of 4T1 cells and survival rates analysis after different type of treatment with six groups respectively: Control, NIR, N+ZrC (PT
+ZrC NPs), X-ray, X+ZrC (RT+ZrC NPs), X+N+2rC (RT+PT+ZrC NPs) in concentrations of 0.5 mg mg-mL-1and irradiated with an 808 nm laser 4min with 1.5 W cm-
2, X-ray with BMV,4Gy. Error bars represent mean + SD. P values based on Student’s t-test: ***p < 0.001. (C) Qualitative representation of DNA fragmentation with
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tumor volume. No significant difference was observed in body
weight among six groups. However, groups got X-ray irradiation
lose a little more weight, most likely due to intestinal mucosa
injury after RT when the black mice feces were noticed for about 3
days Figure 4D. To evaluate tumor response, the tumor volume
was measured in each group within 14 d. From the comparison of
group 2 and 3, group 4 and 5, it shows stronger antitumor effect in
the later groups which were injected with ZrC NPs, indicating
that ZrC NPs played a sensitizer role in both PT and RT,
respectively. The relative tumor volume of the mice treated with
RT or PT alone was slightly smaller than that in the control group,
which illustrated that RT and PT could mildly inhibit the growth
of the tumors. However, the mean tumor volume of group 6 was
the lowest in all six groups (Figures 4E-G) which indicated that
the ZrC NPs as sensitization materials enhanced PT and RT
efficacy and led to substantial better tumor control. Remarkably,
although the tumor volume recorded after treatment showed
same trend on ZrC+N group and ZrC+N+X group in the first few
days after treatment, remnant tumor tissues were noticed beneath
black scab in ZrC+N group as a common phenomenon and
showed high local recurrence rate after a week, while in ZrC+N+X
group: the interior of the tumor is dominated by residual pus and
necrotic tissue.

After PT/RT treatment, the mice show the black scars at their
original sites of tumor. To give a better visualization of the killing
of tumor, the mice were sacrificed 14 d later after therapy and
histology analysis of tumor tissues was performed via a typical
hematoxylin and eosin (H&E) method. SI.8shows massive tumor
cells necrosis in group ZrC +N and ZrC +N+X, but not in other
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FIGURE 4 | (A)The temperature curves of the tumor site after they were intravenously injected with ZrC NPs (dose 0.5 mg mL-1, 200 pL) and PBS, respectively,
and then exposed to an 808 nm NIR laser (1.5 W cm-2, 10 min); (B)Infrared thermal images of tumor-bearing mice while PT. (C) RT plan for mice. (D) The variations
in weight of mice in six groups. Error bars represent mean + SD. (E) Tumors were cut out at 14 days after treatment from five mice in each group. (F) Tumor volume
in six groups were measured after treatment. Error bars represent mean + SD. (G) Representative photos of tumor-bearing mice after 14 d treatment. (H) In control,
NIR(PT), ZrC+N (PT+ZrC NPs), X-ray (RT), ZrC+X (RT+ZrC) and ZrC +N+X (RT+PT+2ZrC NPs) groups, respectively. Protein expression measured by Western Blot of
HIF-1a/Bax/Bcl-2/Caspase-3/Ki67 and Intensity expression level of these genes.

four control groups. To provide a deep insight into the  activity is accurately regulated by the concentration of oxygen,
mechanism of tumor-growth inhibition, the expression level = meaning that the stronger Hif-1ow expressed the more severe of
of bax, bcl-2, caspase-3 which were associated with  hypoxia is. In, it showed that the protein expression of Hif-1o in
apoptosis, and proliferation related gene Ki67 were tested by  group ZrC+N was the lowest, and slightly higher in group ZrC+N
immunohistochemical analysis of tumor tissues and western blot, ~ +X while high in control/X-ray alone/ZrC NPs+X groups. The
respectively. As illustrated in Figures 4H, 5, ZrC+N+X group had  expression in group ZrC+N+X was the highest, meaning the
higher expression of bax and caspeas-3 and lower expression of =~ RT consumes oxygen in tumor microenvironment produced
bal-2, both associate with cell apoptosis. To evaluate the ability of by PT. The same expression trend of Hif-1o. showed up in
tumor proliferation, the expression of Ki67, representing the  immunohistochemical analysis. As the tumor growth inhibition
proliferation ability of cells, was examined. We found that the  rates were positive correlated to absorption doses and the
expression level of Ki67 in the combined group was lower. Also, ~ improvement of hypoxic environment can promote the
the ability of proliferation in tumor was not inhibited by any  absorption of radiotherapy (22, 29). To summarize the above
single treatment compared to sensitization therapy groups. From  experimental data in vivo, a conclusion can be drawn that the
the expression of western blot, a conclusion could be drawn that ~ combination of PT and RT with ZrC NPs alleviate hypoxia
in the groups with X-ray, the proliferation factors showed lower ~ induced resistance of RT and sensitizing tumor tissues to
expression while apoptotic factors showed higher in PTT and  absorb more doses of PT and RT, improving cell apoptosis and
combined therapy groups, owing to X-ray dose damage to the  tumor suppression rate.

DNA double-stranded structure and local heat leads to a

disruption on cell membrane permeability fist. To further verify ~ In Vivo Evaluation of Immunoassay

the previous hypothesis that the combination of PT and RT could =~ Recent studies reveal that the free radicals generated by NPs, as
sensitize RT by improving tumor hypoxic microenvironment.  well as necrotic tissue debris after PT, are capable of increasing
Hypoxia-inducible factor 1a (Hif-101) was tested by western blot ~ tumor immunogenicity, and thus making these materials
and Immunohistochemical analysis from tumor and surrounding ~ possible for cancer immunotherapy (30, 31). To study the
tissue. HIF-1at often expressed in tumors and its transcriptional ~ benefits of ZrC NPs mediated PT and RT, we explored the
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FIGURE 5 | Immunohistochemical analysis of related genes of tumor tissues from six groups of 4T1 tumor-bearing mice after treatment. Furthermore, H&E staining
on the major organs, including heart, kidney, lung, liver and spleen, disclosed no notable damages (i.e., inflammation or necrosis) of all mice (S12). Because of the
tumor targeting effect of ZrC NPs, the materials concentrate around the tumor. They result more energy deposition from NIR and X-ray interactions and protect
normal tissues while achieving the strongest tumor killing. These results showed a very promising potential which can significantly improve the limitation of single
therapy regimen by altering the tumor microenvironment, achieving a safe and efficient elimination of tumor cells.

immunity effect of the material in post treatment mice by:
1) measuring the growing rate of distant tumor on the other
side of the body 2) investigating populations of T cells, analyzed
with flow cytometry. 3) immunohistochemical analysis of
apoptosis, and proliferation related gene of the distant tumors.
The results of the distant tumor inhibition experiment showed
that the immune response induced by combined therapy an
inhibition effect on new metastatic tumor growth rate after
treatment, but had no certain effect on existing distant tumors
(32) (Figures 6A, B, E, F, §9). Besides, the first implanted tumor
could stimulate some immunity in vivo to some extent.

In addition, we verified above assumption of immune responses
further by analysis of flow cytometry. In (Figures 6C, G),
the immune cells (tumor-infiltrating cytotoxic T lymphocytes
CD8 (CD3"CD4 CD8") and helper T lymphocytes CD4
(CD3"CD4"CD8") were analyzed in untreated distant tumors
from different groups. In experiment A, CD4 and CD8 raised
slightly in ZrC treated group. Relatively, the proportion of CD8
raised more in experiment B while CD4 raised less.

Immunohistochemical analysis of bax, bcl-2, caspase-3 and Ki
67 were examined from distant tumor tissues. Shown in
Figures 6D, H. there was no obvious difference between two
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(D, H) Immunohistochemical analysis of tumor tissues.

FIGURE 6 | (A, E) Schematic illustration of A/B experiment design and measure the distant tumor volume. (B, F) Relative growth rate of distant tumor volume in two
groups. Error bars represent mean + SD. (C, G) Representative flow cytometry plots showing different types of T cells in tumor tissue from different groups of mice.

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 801352


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Jiang et al.

RT, Sensitizer, PT, Nanoparticle, Breast Cancer

groups in experiment A. However, in experiment B, similar to
caspase-3, bax showed a higher expression in the treated group
while bcl-2 showed a lower expression, indicating the enhanced
immune system which promoted cancer cell apoptosis.
Expression of Ki6 showed the following difference: higher in
control group and lower in combined therapy group, confirming
that combined treatment impacted the ability of distant
tumor proliferation.

In Vivo Safety Evaluation of ZrC NPs
Lastly, we evaluated the safety of nanomaterials for
biomedical application.

No significant abnormal behavior, such as twitching,
drowsiness, hobbling, or weight loss were observed in the mice
throughout the entire experiment period. No obvious difference
was observed in routine blood data after treatment by
nanomaterials. To further confirm the treatment safety, major
organs of mice from each group were harvested and cut into
slices for histochemical analysis through staining with H&E. As
illustrated in S12, histological study of major organs (heart, liver,
spleen, lung, kidney) showed no obvious tissue damage or side-
effect in all treatment groups. As for in the blood biochemistry
index, besides routine inspection, we measured the hepatic and
renal function markers including ALT, AST, BUN and CREA.
We separated the mice into 2 groups depending on the
application of ZrC NPs or not. One group included: 1) control,
2) NIR alone, 4) X-ray alone, the other group included:3) ZrC
+N,5) ZrC+X,6) ZrC+N+X. The white blood cell count increased
in group with ZrC NPs and that was expected as ZrC NPs are
foreign bodies in the blood that stimulate white blood cell
growth. Besides, serum biochemical examination showed
slightly increased in groups with ZrC NPs, corresponding no
noticeable renal and hepatic dysfunction induced by the
application of ZrC NPs, the results showed the slightly increase
in S13-14 All results showed that ZrC NPs are safe in vivo.

DISCUSSION

In TNBC, RT alone has limited curative effect because of the
insensitivity of cancer cells to X-ray radiation. To enhance the effect
of treatment, this work is the first to present the synthesis and
application of brand-new ZrC NPs as sensitization substance for
PT/RT combination therapy. In this way, to kill the tumor, less
does of X-ray and less time of NIR could be enough. Due to the
strong photo absorption capability in the NIR region, the
synthesized ZrC NPs can generate thermal energy and ROS
upon NIR irradiation, simultaneously enhancing RT therapeutic
effects. The combined therapy of PT and RT has shown
great potential to produce excellent antitumor outcome.
Immunohistochemistry, histopathological analysis and western
blot were utilized to demonstrate ablation mechanism of tumor.
Biocompatibility, ZrC NPs mediated therapy showed no obvious
hematotoxicity and systemic toxicity. In addition, combination
regimen makes it possible to deliver lower dose PT and RT,
relatively, which could avoid the side effects of a single, intense

treatment on patients, such as the damage for immune system from
high dose RT. Without this drawback, the combination triggered
the immune effect and induce tumor immunity for the treatment of
metastatic tumors. The investigation attempts to provide some
insight into the treatment of TNBC, not only in the sensitization of
RT, but also the multiple combinations of treatment.
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Purpose: To evaluate the potential clinical role and effectiveness of respiratory 4D-gating
F-18 FDG PET/CT scan for liver malignancies, relative to routine (3D) F-18 FDG PET/CT scan.

Materials and Methods: This study presented a prospective clinical study of 16 patients
who received F-18 FDG PET/CT scan for known or suspected malignant liver lesions.
Ethics approvals were obtained from the ethics committees of the Hong Kong Baptist
Hospital and The Hong Kong Polytechnic University. Liver lesions were compared
between the gated and ungated image sets, in terms of 1) volume measurement of
PET image, 2) accuracy of maximum standardized uptake value (SUVay), mean
standardized uptake value (SUVean), and 3) accuracy of total lesion glycoses (TLG).
Statistical analysis was performed by using a two-tailed paired Student t-test and Pearson
correlation test.

Results: The study population consisted of 16 patients (9 males and 7 females; mean age of
65) with a total number of 89 lesions. The SUV . and SUVean Mmeasurement of the gated
PET images was more accurate than that of the ungated PET images, compared to the
static reference images. An average of 21.48% (p < 0.001) reduction of the tumor volume
was also observed. The SUVnax and SUVnean Of the gated PET images were improved by
19.81% (p < 0.001) and 25.53% (p < 0.001), compared to the ungated PET images.

Conclusions: We have demonstrated the feasibility of implementing 4D PET/CT scan for
liver malignancies in a prospective clinical study. The 4D PET/CT scan for liver
malignancies could improve the quality of PET image by improving the SUV accuracy of
the lesions and reducing image blurring. The improved accuracy in the classification and
identification of liver tumors with 4D PET image would potentially lead to its increased
utilization in target delineation of GTV, ITV, and PTV for liver radiotherapy treatment
planning in the future.

Keywords: liver, 4D PET/CT, respiratory gated PET/CT, SUV, clinical protocol
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4D PET/CT for Liver Malignancies

INTRODUCTION

Positron emission tomography/computed tomography (PET/
CT) has been proven irreplaceable in providing anatomical and
functional radiological information. Fluorodeoxyglucose
fluorine-18 (F-18 FDG) PET/CT has been widely utilized for
modern oncology imaging and considered as a useful tool for
disease staging, assessment of patients’ response to drug therapy,
and detection of local recurrence or metastases (1, 2). Primary
and secondary liver malignancies typically show increased
glucose uptake and metabolism. Tumors consume FDG as a
glucose analogue and display a strong uptake in PET images (1).
Studies have shown that the sensitivity of detecting liver
malignancies with F-18 FDG PET image ranged from 90% to
95% (3-5). The acquisition of PET/CT images consists of two
parts: first, CT data are acquired by scanning the entire patient
body in a few seconds. Secondly, PET data are acquired by using
PET ring detectors; a range of 6-7 bed position acquisition is
typically used for an adult scan, and the acquisition time can be
up to several minutes per bed.

Of note, the acquired CT and PET image data are derived
from an average of multiple respiratory cycles (6). The potential
deleterious impact of respiration-induced motion of the upper
thorax on accurate image acquisition and target delineation for
radiotherapy has been well-documented in literature (6-10). In
general, respiration-induced organ motion during PET/CT
image acquisitions may cause four problems: 1) motion artifact
in CT images, 2) image misregistration between CT and PET
image data, 3) image blurring of PET uptake images, and 4) PET
reconstruction error due to CT attenuation error (9, 10). The
issues of image artifacts and image blurring result in qualitative
and quantitative inaccuracy in determination of tumor
morphology and its uptake activity in the attenuation-
corrected PET/CT images (9, 10). To improve the accuracy of
CT and PET image registration and minimize the issue of image
blurring, the respiratory gating method has been introduced. The
PET/CT scanner is equipped with a respiratory gating system
that enables image data sorting. The acquired CT and PET data
are equally separated into different respiratory phases, then each
phase data within specific respiratory cycles are used for image
reconstruction (10). Furthermore, imaging-based prognostic
markers are crucial for patients’ treatment option and survival;
metabolic parameters derived using standard uptake values
(SUV) or total lesion glycolysis (TLG) may be beneficial for
disease staging and risk stratification before surgery and
radiotherapy treatment (11, 12).

Despite the recognized issues caused by the respiration-
induced motion in thoracic imaging, studies on investigating
the impact of patients’ breathing motion in PET/CT scan for
liver malignancies, especially in a prospective clinical design, are
severely scarce in the body of literature. Indeed, determination of
the trajectory of respiration-induced liver motion is one of the
major challenges in highly precise liver radiotherapy (13). Several
studies have shown that liver tumor motion occurs primarily in
the superior-inferior (SI) direction, ranging from 5 to 50 mm
(14, 15). This respiration-induced tumor motion had adverse
influences on radiation therapy treatment planning and delivery,

including inaccurate tumors and normal tissue localization
(16-18), dosimetric uncertainty based on a static CT images
plan (16), and the requirement of increased planning target
volume (PTV) margins, potentially leading to overexposure of
the surrounding normal tissues and limiting the maximum
allowable dose that should be given to the tumors (19, 20). For
instance, Crivellaro et al. retrospectively analyzed standard 3D-
PET/CT (i.e., ungated) and liver 4D-PET/CT (i.e., gated) images
of 56 patients, hoping to investigate the added diagnostic value of
respiratory-gated 4D PET/CT in detecting and characterizing a
total of 72 liver lesions (21). They reported that an enhanced
confidence of physicians in lesion detection on the gated PET/CT
was found in 51.4% of the studied lesions, compared to the
ungated PET/CT. Besides, they also demonstrated a significantly
higher level of the SUV,,, value for liver lesions in the gated
PET, therefore improving quantitative characterization of the
lesions, in comparison to the ungated PET (21). In addition,
Michael et al. conducted a retrospective analysis on 149 cancer
patients to evaluate the impact of data-driven respiratory gating
(DDG) on PET image quality and lesion detection (22). They
reported that the issue of image blurring in PET images was
significantly lower when DDG (i.e., gated) was used, compared to
the PET images without DDG application (i.e., ungated). Besides,
boundary of organs, including liver and spleen, was rated
significantly sharper on the DDG-gated PET images than those
on the ungated PET images (22). These retrospective studies
have underlined the importance of 4D-gating PET images in
liver lesion detection.

In this study, we attempted to perform a prospective clinical
study for evaluating the potential clinical role and effectiveness of
respiratory 4D-gating F-18 FDG PET/CT scan specifically for
liver malignancies. Comparative analyses of the liver lesions
between the gated and ungated PET images were made in
aspects of 1) volume measurement of PET image, 2) accuracy
of maximum standardized uptake value (SUV,,,) and mean
standardized uptake value (SUV ,.p), and 3) accuracy of total
lesion glycoses (TLG). The success of this study would not only
consolidate evidence in previous retrospective studies but also
promote the clinical implementation of 4D-gating FDG PET/CT
scans in target delineation for liver radiotherapy treatment
planning in the future.

MATERIALS AND METHODS
Study Design and Subject Recruitment

This study was a prospective study. Ethics approvals were
obtained from the ethics committees of the Hong Kong Baptist
Hospital and The Hong Kong Polytechnic University. Patients
who received F-18 FDG PET/CT scan for known or suspected
malignant liver lesions between October 1, 2017, and December
31, 2017, were consecutively recruited in this study. Patients who
1) received previous radiotherapy, 2) were diagnosed with
diffused liver lesions on CT images, 3) were diagnosed with
benign liver lesions, 4) failed to perform respiratory gated PET/
CT scan, or 5) rejected participation of this study were excluded.
Verbal and written consents for all subjects were obtained prior
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to routine scans. The workflow of this study is explained and
summarized in Figure 1.

PET/CT Image Acquisitions

All PET/CT scans were carried out on a PET/CT 710 Discovery
scanner (GE Healthcare, Milwaukee, WI, USA). This scanner was
equipped with time-of-flight (TOF) function, lutetium-based
scintillator (LBS) PET scanner, CT detector with 64 rows, and
real-time position management respiratory-gated system (RPM,
version 1.7.5; Varian Medical Systems, Palo Alto, CA, USA). The
RPM motion tracking was set to be three-dimensional as the same
as the setup for external beam liver radiotherapy. According to the
in-house clinical protocol from the Nuclear Medicine & PET
Centre (NMPC), patients were fasted for more than 6 h before
FDG injection. The injected dose was related to patients’ body
weight with 3.7 MBq per kg, and patients were required to rest for
1 h after injection prior to image acquisition. Patients were
instructed to void before getting into the scan room.

The whole-body ungated CT images were acquired under the
following imaging parameters: 120 kVp, automatic tube current
setting (10-300 mA, noise index 12), CTDI,,: 15.68 mGy, 0.938
pitch, 0.4-s speed of gantry rotation, and 3.75-mm thickness per
slice. For the routine whole-body scan, images were obtained
from the femoral heads to base of skull during a shallow-
breathing condition. After whole-body ungated CT scan was
obtained, an additional respiratory gating liver CT scan
was acquired. The respiratory-gated CT imaging protocol was
comparable to those reported by Rietzel et al. (23) and Pan et al.
(24). The respiratory-gated CT images for the liver were acquired
with the following image parameters: 120 kVp, low-dose mA

(10-80 mA, noise index 30), CTDI,,: 104.49 mGy, 1.675 pitch,
0.4 s gantry rotation speed, and 2.5 mm slice thickness. It is
worth noting that although the CTDIvol for the gated protocol is
6.67-fold higher than that for the non-gated protocol, the
maximum tube current was drastically reduced (80 vs. 300
mA) and the pitch was approximately doubled (1.675 vs.
0.938) to reduce CT radiation exposure to the patients in this
study. Cine mode in axial slices was performed with continued
scans at the liver position with an intervening period equal to 1-
1.5 s plus the patient’s mean time of each respiratory cycle. The
infrared video camera detected the 3D displacement of two
infrared reflective markers in a plastic box which was placed
on the patient’s abdomen at the level of the umbilicus. The
respiration cycle of the patients was acquired using the RPM
system in precise temporal correlation to CT data acquisition.

The whole-body ungated PET images were obtained after the
CT scan. A total of 6-7 bed positions were required for a regular
adult; all data were collected during shallow breathing for 2 min
at each bed position. At the bed position during liver imaging,
PET data were acquired for 5 min with respiratory gating.
Similar to the respiratory gated CT image acquisition, the RPM
system was used to acquire patients’ breathing cycle.

4D-Gating and Ungated PET Image
Reconstruction

All PET raw data obtained from respiratory gated scan and
ungated scan were reconstructed using the 3D Order Subsets
Expectation Maximization (3D-OSEM) iterative reconstruction
algorithm (24 subsets, 4 iterations) to generate PET images. Details
of the image reconstruction parameters are as follows: VUE Point

Patients arrive to NMPC
and follow the standard
operating procedure
(SoP).

Patients scheduled for
PET/CT examination.

Patients who were
known for malignant
liver lesions between Jul
— Decl7 are recruited.

Investigators explain
the research
information sheet and
response to queries.

Vv

A written consent
must be obtained
before examination
start.

—>

18FDG injection
(3.7MBq/kg) and rest 1
hour before scan.

—>

Whole body respiratory
ungated PET/CT scan
for the patient is
performed.

Another set of
respiratory gated CT
scan for liver is
performed.

V

All scans finish.

—>

Patients invite to go
back the preparation
room and wait for
discharge.

Image processing —
Attenuation correction,
iterative reconstruction

(3D-OSEM)

Phase / amplitude
sorting of gated images

FIGURE 1 | Workflow diagram of patients who were included for non-gated PET/CT and respiratory-gated PET/CT studies.
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FX reconstructed method, SharpIR quantitation method, 50.0 cm
FOV, 192 x 192 matrix, Gaussian 6.0-mm filter of full width at half
maximum (FWHM), 3.27-mm thickness per slice, Z-Axis Filter:
Standard, and TOF reconstruction algorithm.

Phantom Validation of the Motion
Correction

The QUASAR™ respiratory motion phantom with 4D PET/CT
imaging insert (P/N: 500-3318) was used to validate the motion
correction before clinical implementation. The PET insert was
equipped with a 30-mm sphere which was filled with clinical
activity concentrations (injected activity: 3.5 kBq/ml, image
acquisition ~ 1 h: ~2.4 kBg/ml) of F-18 FDG (25). The sphere
was animated with a 2-cm longitudinal respiratory simulated
motion. The movement cycle was set to be 12 breaths per minute.
The RPM system was placed on the platform of the QUASAR™
phantom to acquire the movement cycles during data acquisitions.
The 4D-gating and ungated PET images were compared to static
reference PET images (respiratory motion was disabled).

Individual Phase Sorting for Respiratory-
Gated PET/CT Images

All image data sets were arranged into 10 phases based on the
temporal correlation between data acquisition on Advantage
Workstation 4.5 (GE Healthcare, Milwaukee, WI, USA) and
patients” breathing displacement motion. The 10 reconstructed
respiratory phase images were evenly divided from a full
respiratory cycle. Each CT image set was labeled based on their
phase of acquisition, e.g., CT_0%, CT_10%, CT_20%, CT_30%,
CT_40%, CT_50%, CT_60%, CT_70%, CT_80%, and CT_90%.
CT_0% corresponds to end of inspiration, and CT_50% is the
start of inspiration or end of expiration.

Attenuation Correction for Respiratory
Gated and Non-Gated PET Images

All CT images were utilized to produce an attenuation correction
map that could then be utilized to correct the attenuation effect
of 511-keV emission photon passing through the body (26). For
PET images which are respiratory gated, phase-matched
attenuation correction was carried out using the respiratory-
sorted CT images. For PET images obtained from shallow-
breathing whole-body scan (ungated scan), they were corrected
with the corresponding shallow-breathing CT image set. The
gated PET image was based on the registered (i.e., phase-
matched) gating image. When the PET/CT examination was
acquired based on the mentioned protocol, the examination is
defined as successful. Finally, all DICOM CT ima§es were
exported to a contouring workstation (MIM Maestro Y, MIM
Software Inc.) for contouring and image analysis.

Generation of Gross Tumor Volume in
Respiratory Gating PET/CT Images

For identification of respiration-induced liver tumors, the gated
PET volume was defined as the gross tumor volume (GTV). As
previously mentioned, each respiratory gated PET/CT image set
was sorted into 10 phases. In each phase image, GTVs were
automatically contoured based on the SUV threshold.

Subsequently, all delineated GTVs were verified by an in-house
radiation oncologist.

Assessment Criteria and Statistical
Analysis

Two in-house experienced radiologists who are specialized in
nuclear medicine were invited to perform image assessments; if
there is any uncertainty, consensus between two radiologists was
required. Lesions with SUV ., < 1.0 were considered as non-
malignant lesions and discarded from downstream analysis; this
threshold value was chosen based on previous studies (27, 28).
The use of the SUV threshold in tumor volume segmentation
eliminates intra-rater and inter-rater segmentation variability,
and it is worth noting that all the generated segments in this
study were approved by experienced medical oncologists with
specialty in nuclear medicine. The respiratory gated and ungated
images of liver lesions were analyzed and compared in terms of
four parameters, namely, 1) percentage change in PET volume
(Vp) and 2) percentage change on SUV .y, SUV pean, and TLG
values using the following equations:

% change in PET,,,

_ (ungated PET,, — gated PET,,) "

100 1.1
ungated PET,, (1)
% change in SUV .,
ted SUV oy — ted SUV,
_ (gated SUVimax ~ ungated SUVms) 150 (5
ungated SUV
% change in SUV ..,
_ (gated SUV ,,,, — ungated SUV 04, 100 (1.3)
ungated SUV .4,
ted TLG — ted TLG
% change in TLG = (gate ungare ) (1.4)

ungated TLG

Statistical Analysis

Statistical analysis was carried out by using SPSS statistics
software, version 28 (IBM Corporation, Armonk, NY, USA).
Mean + standard deviation (S.D.) of measurements was reported.
Variations between respiratory gated and ungated were tested
using the two-sided paired Student t-test. A p value less than 0.05
was considered as statistically significant. The correlation
between three SUV parameters and TLG were evaluated by
Pearson’s correlation coefficients.

RESULTS

Patient Characteristic

The summary of the study population is shown in Figure 2.
Twenty-five patients who were scheduled for receiving F-18 FDG
PET/CT scan for known or suspected liver malignant diseases
were recruited. Nine subjects were excluded, and the remaining
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Patient who was scheduled for F-18 FDG PET/CT scan for known or
suspected liver malignant nodules

15t October, 2017 - 31t December, 2017

(n=25)

Excluded patient (n =9)

- Previous liver RT treatment

- Subject refused

- Image breathing motion artifact
- Cine CT reconstruction failed

Study population (n = 16)

FIGURE 2 | Chart on recruitment and final study population.

study subjects (n = 16, including 9 men and 7 women) were
included. The average age of the included subjects was 65 years
(range: 41 to 84). The patient demographic and lesion
characteristic are presented in Table 1. The mean total time
for 4D PET/CT liver acquisition was 23 + 2 min (range:
18.5-28.4). All successful subjects were included to perform
image and uptake quantitative analyses (Figure 3).

Phantom Validation of the Motion
Correction

From the phantom validation experiment, we observed that the
SUV ax and SUV ,can, values of the 4D-gating PET images were
similar to the reference of static phantom images (SUV .i: 4.97
vs. 5.13, SUV jean: 2.74 vs. 3.20), while those values of the
ungated PET images were markedly decreased (SUV . 3.97
vs. 5.13, SUV ean: 2.13 vs. 3.20).

The Effect of Respiratory Gated Scan on
Liver Tumors Compared to Routine 3D
PET/CT Scan

The effects of respiratory gated scan on PET contour volume
(VP), SUV tax SUV ean, and total lesion glycolysis (TLG) for the
89 lesions are presented in Table 2. Vp (ml) was significantly

decreased by using the respiratory gating technique (from
422 + 7.46 to 3.32 + 6.78, 21.48%, p < 0.001). The SUV .
and SUV,,.., using the respiratory gated technique were
significantly improved by 19.81% and 25.53% compared to the
respiratory ungated technique. The TLG was slightly reduced
from 26.37 + 47.68 to 25.12 + 50.59 (p = 0.1812). Details on
variations of lesion volume, SUV s, SUV 11can, and TLG between
respiratory phases are displayed as Supplementary Tables 1-4,
respectively, in the Supplementary Material.

Influence of Liver Tumor’s Location on the
Effect of Respiratory Gating

Among the 89 studied lesions, 11 and 78 are located in the left
lobe and right lobe, respectively. The average lesion size was
4.95 + 5.69 ml for the left lobe and 4.12 + 7.75 ml for the right
lobe. The effect of respiratory gating on Vp, SUV 0, SUV heans
and TLG in both lobes are presented in Table 2.

In the left lobe, the results showed a significant difference
between ungated and gated images in Vp (4.95 £ 5.69 vs.
3.88 £5.62, p < 0.001), SUV 45 (9.15 £ 3.99 vs. 10.34 £ 4.70, p =
0.0049), and SUV ,¢ap, (545 £ 1.67 vs. 7.03 £ 2.84, p = 0.0034). By
contrast, ungated and gated images showed no significant difference
in terms of TLG values (24.67 + 26.72 vs. 22.28 £ 30.31, p =0.1161).
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TABLE 1 | The patient demographic and lesion characteristics.

Patient Demographic

Total subjects 16 Age (mean + S.D.) 65 + 13 (years)
Male/female 9/7 Age (range) 41-84 (years)
Lesions characteristic Primary cancer site
Total lesions 89 Ca rectum 4
Lesion size (mean + S.D.9) 4.22 +7.46 (ml) Ca colon 3
Lesions (range) 0.45 - 62.24 (ml) Ca pancreas 2
Lesion location Ca liver 2
Segment 1 2 Ca breast 1
Segment 2 8 Ca cecum 1
Segment 3 3 Ca lung 1
Segment 4 17 Ca sigmoid 1
Segment 5 15 Ca thyroid 1
Segment 6 21
Segment 7 9
Segment 8 14
AStandard deviation (S.D.).
A B
103.9 mm S -60.89 mm
48

FIGURE 3 | A 65-year-old male patient with hepatic metastasis from a primary rectal cancer. (A) Axial respiratory gated PET image (PET_0% sorted) shows two liver
lesions with an increased uptake of FDG; one of the liver lesions is contoured (in yellow), measuring 2.5 cm x 2.3 cm in diameter with SUV s« = 9.24, conforming to
liver metastasis. (B) Sagittal respiratory gated PET image (PET_0% sorted); one of the lesions is contoured (in yellow), measuring 2.8 cm in diameter with SUV yax =
9.24. (C, D) The respiratory gated PET axial and sagittal images fused with respiratory gated CT images (PET/CT_0% sorted); the high FDG uptake area is
presented in thermal color and CT images are in gray scale.
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TABLE 2 | PET volume (Vp), and SUV ax, SUVean, and TLG in non-gating and gating PET/CT.

Respiratory Ungated Respiratory Gated Percentage Change p value
Total (n = 89)
Vp (ml) 422 +7.46 3.32+6.78 21.48% <0.001
SUVnax 8.87 +4.23 10.63 £ 5.25 19.81% <0.001
SUVimean 5.56 + 1.95 6.98 £ 2.94 25.53% <0.001
TLG 26.37 + 47.68 25.12 + 50.59 -4.74% 0.1812
Lt lobe (n = 11)
Vp (ml) 4.95 + 5.69 3.88 +5.62 21.91% <0.001
SUVimax 9.15 + 3.99 10.34 £ 4.70 12.91% 0.0049
SUVinean 5.45 + 1.67 7.03 +2.84 29.00% 0.0034
TLG 24.67 + 26.72 22.28 + 30.31 -9.68% 0.1161
Rt lobe (n = 78)
Vp (ml) 412 +7.75 3.23 +7.00 21.45% <0.001
SUVimax 8.84 + 4.31 10.68 + 5.38 20.82% <0.001
SUVinean 5.57 +2.01 6.97 + 3.00 25.06% <0.001
TLG 26.61 + 50.34 25.52 + 53.27 -4.09% 0.2987

1) Values of respiratory ungated and gated were indicated as mean + standard deviation.

2) Left (Lt) lobe (Segments 2 and 3).
3) Right (Rt) lobe (Segments 1, 4, 5, 6, 7, 8).

In the right lobe, ungated and gated images in Vp showed a
significant difference (4.12 + 7.75 vs. 3.23 £ 7.00, p < 0.001),
SUV max (884 + 431 vs. 10.68 + 5.38, p < 0.001), and SUV ean
(5.57 + 2.01 vs. 6.97 £ 3.00, p < 0.001). However, there was no
significant difference between ungated and gated images in terms
of TLG values (26.61 £ 5034 vs. 25.52 + 53.27, p = 0.2987).

In the comparison of lesions between both sides of liver lobes,
there were no significant differences in Vp (3.88 + 5.62 vs.
3.24 £ 7.00, p = 0.7721), SUV ,x (10.34 £ 4.70 vs. 10.68 + 5.38,
p =0.8426), SUV ean (7.03 £ 2.84 vs. 6.97 + 2.99, p = 0.9526), and
TLG (22.28 £ 30.31 vs. 25.52 + 53.27, p = 0.8443).

The Correlation Between % Change in
SUV,,,.ax and 3 Quantitative Parameters on
PET Image (Percentage Change in Vp,
Percentage Change in SUVcan, and
Percentage Change in TLG)

There was a weak correlation between percentage change in
SUVmax and percentage change Vp (r = 0.2117, p = 0.0359)
(Figure 4), between percentage change in SUV,,,, and
percentage change in SUV .., (r = 0.4891, p = 0.0897)
(Figure 5), and between percentage change in SUV . and
percentage change in TLG (r = 0.4522, p < 0.0001) (Figure 6).

% change SUVmax

100%

80%

60%

-60%

-40%

-20%

y = -0.1356x + 0.2328).

80% 100%

% change Vp

FIGURE 4 | A correlation between % change in SUV,ax and % change in Vp by 4D PET/CT scan. A weak correlation was observed (r = 0.2117, p = 0.0359,
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FIGURE 5 | A correlation between % change in SUVyax and % change in SUV,yean A weak correlation was observed (r = 0.4891, p = 0.0897, y = 0.4815x + 0.0828).

DISCUSSION

The implementation of additional gated PET/CT liver scan in
routine PET/CT scan was successfully (92%) achieved. The
reasons for unsuccess were gated CT image motion artifact and
failure in cine CT image reconstruction. In this prospective
clinical study, the gated PET/CT image demonstrated a
reduction of image blurring on FDG uptake lesions. There was
improvement in quantitative values including Vp, SUV .y, and
SUV hean- In a gated PET/CT liver study, all scans were acquired
in only one bed position and the mean gated PET/CT acquisition
time was about 23 min. All patients were satisfied, and duty staff
had positive feedback with the workflow (29). The potential
clinical applications of the gated PET images are manifold. It
would allow physicians to determine an appropriate treatment
regimen on a patient basis by providing better appreciation of
tumor real-time trajectory in terms of both motion speed and
range. Besides, the gated PET images can be used for tumor
delineation with higher accuracy by providing better visualization
of tumor size and border. When registered with static planning
CT images, it may also allow physicians to incorporate biologic
metabolism of the tumor into target delineation, paving the way
toward biologic-guided RT (30).

Respiration-induced liver motion was prominent in the
cranial-caudal direction. 3D PET images were acquired during
multiple respiratory cycles, causing blurring of PET images,
incorrect estimation of F-18 FDG uptake volume, and
inaccurate lesion size determination. In the study of a total of 89
lesions, the gated PET illustrated a significant reduction in PET
volume by 21.48% compared to the ungated PET. Furthermore,
the gated PET images were sharper, with a more well-defined
tumor boarder. Our findings are in line with previous 4D PET/CT
studies which reported a mean reduction of 11%-45% in the gated

PET volume compared to the non-gated PET volume (31-33). In
addition, radiological information from PET/CT images is
commonly utilized in radiotherapy treatment planning,
especially when radiation oncologists delineate the gross target
volume (GTV) and clinical target volume (CTV) and estimate
tumor motion during respiration (34). The improvement of visual
diagnostic value in the gated PET/CT was also in agreement with
the finding reported by Fin et al, although PET quantitative
analysis was not described (35). Therefore, we believe that the
gated PET images could be a routine scan when liver radiotherapy
treatment is intended, especially when the treatment was
determined to be respiratory-gated (36, 37). Although additional
time for patient setup and scan is required, respiratory gated scan
can be implemented feasibly and efficiently in clinical routines.
Gated PET/CT also has a great potential for giving higher spatial
resolution and motion artifact free images, which is an essence of
future development of molecular imaging.

It is worth mentioning that recent advances in PET cameras
and Al techniques have enabled a data-driven (i.e., device-less)
approach, such as MotionFree'"'/data-driven gating (DDG), for
respiratory gating in PET images, potentially serving as an
alternative to the classical device-based gating system, such as
the Varian RPM-based approach. Both approaches have been
studied for gated PET imaging. For instance, Crivellaro et al.
retrospectively analyzed standard 3D-PET/CT (i.e., ungated) and
liver 4D-PET/CT (i.e., gated) images of 56 patients, hoping to
investigate the added diagnostic value of device-based
respiratory-gated 4D PET/CT in detecting and characterizing a
total of 72 liver lesions (21). They reported that an enhanced
confidence of physicians in lesion detection on the gated PET/CT
was found in 51.4% of the studied lesions, compared to the
ungated PET/CT. Besides, they also demonstrated a significantly
higher level of the SUV,,, value for liver lesions in the gated
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FIGURE 6 | A correlation between % change in SUVax and % change in TLG.
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A weak correlation was observed (r = 0.4522, p < 0.0001, y = 0.262x + 0.2252).

PET, therefore improving quantitative characterization of the
lesions, in comparison to the ungated PET (21). In addition,
Michael et al. conducted a retrospective analysis on 149 cancer
patients to evaluate the impact of device-less respiratory gating
(DDG) on PET image quality and lesion detection (22). They
reported that the issue of image blurring in PET images was
significantly lower when DDG (i.e., gated) was used, compared to
the PET images without DDG application (i.e., ungated). Besides,
boundary of organs, including liver and spleen, was rated
significantly sharper on the DDG-gated PET images than those
on the ungated PET images (22).

Both device-based and device-less approaches have their
advantages and drawbacks. Unlike the Varian RPM-based (i.e.,
device-based) respiratory gating technique, the device-less
approach waives the requirement of setting up the respiratory
gating device on the patient’s body which prolongs the scanning
time, making this approach appear to be more patient-friendly.
Nevertheless, the device-based system has long been considered
as a standard procedure for correcting respiratory motion-
induced uncertainties in PET images in clinics at present, and
hence, it is a more popular and widely used technique, compared
to the device-less gating technique. Furthermore, the device-
based system possesses a unique capability in achieving
breathing-synchronized RT treatment (38), while the device-
less system is not used in RT application. This feature is of high
clinical value in realizing real-time tumor trajectory, and the
treating oncologist can therefore be more confident in

delineating the internal target volume (ITV) of the tumor,
which would eventually translate to the patient’s treatment
outcome benefit. Besides, the information of real-time tumor
trajectory also allows physicians to better appreciate the speed of
the tumor motion, based on which the physicians can better
determine an appropriate treatment regimen (e.g., whether to
treat with SBRT or not) on a case-by-case basis. All things
considered, although the device-less approach appears to be
more patient-friendly, it is not presently used for radiotherapy
purposes. In the context of radiotherapy, other aspects, such as
reliability and treatment efficacy, are more important, and thus
we believe that the Varian RPM-based respiratory gating system
still plays a key role in managing liver malignancies.
Previously, gated PET/CT images were found to produce a
more accurate evaluation of FDG uptake in liver tumors that
may allow physicians to make better tumor characterization,
more personalized treatment strategy, treatment response
monitoring, and prediction of survival (9, 31, 39). In this
study, respiratory gating improved PET image measurement of
tumor SUV and metabolic volume. The SUV value is a sensitive
indicator to represent tumor metabolism or even tumor
proliferation. In our gated PET image analysis, the mean value
of SUV .« was increased by 19.81% compared to the ungated
PET image. This finding is in line with that reported by Suenaga
etal,, in which a 22% increase in SUV,,, value was reported (34).
However, the SUV . value represents the local maximum of a
region of interest, which means that it might only reflect a single

Frontiers in Oncology | www.frontiersin.org

91

February 2022 | Volume 12 | Article 789506


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Cheung et al.

4D PET/CT for Liver Malignancies

voxel value of maximum FDG uptake within the entire tumor
(40, 41). By contrast, SUV .., is another indictor to represent
the tumor’s metabolic activity as a whole. In the present study,
respiratory gating improved the mean value of SUV ..., by
25.53%. The deviation of FDG uptake results through
respiratory gating between our finding and previous studies
could be related to the following two reasons. First, the FDG
uptake in liver tumor may change with PET scan time; a delayed
gated PET acquisition protocol could result in a higher SUV
value (42, 43). In this study, all gated PET/CT acquisition was
performed after routine ungated whole-body FDG scan. Second,
as suggested by Guerra et al,, differences in tumor type, volume,
geographical region, elasticity, and motion could influence the
percentage change of the respiratory gated results (42).

In previous reports, the prognostic value of TLG on
preoperative F-18 FDG PET/CT has been widely studied for
estimating intrahepatic recurrence-free survival (IHREFS),
extrahepatic metastasis-free survival (EHMFS), and overall
survival (OS) in patients with liver malignancies (44-46).
Therefore, it is important for physicians to identify TLG and
compare clinical findings with other pathological or histological
prognostic factors. In this study, we evaluated the percentage
change in TLG when the 4D PET/CT technique was introduced.
The mean of the TLG value decreased by 4.74% in a total of 89
lesions, although no significant difference was observed. The
decrease in the tumor’s TLG values could probably be due to the
reduction in PET volume in the respiratory gated scan.

On the other hand, the correlation with percentage change in
SUV ,..x Was stronger in percentage change in SUV o, (r = 0.49)
and TLG (r = 0.45) than percentage change in Vp (r = 0.21) in
this study. These findings indicated that the 4D PET/CT scan
may provide a generally higher SUV value, which has a stronger
effect on the lesion’s uptake improvement than the effect on the
reduction of PET volume. Apart from this, we have assessed the
correlation between amplitude of motion and SUV differences
between gated and ungated images (Supplementary Figures 1, 2).
It was observed that the correlation was not strong (R = 0.4543
for SUV ean and 0.5016 for SUV,,.,). We speculated that this
finding could be probably attributed to the intrinsic property of
PET images. Unlike CT images where imaging voxels are
characterized by a well-defined absolute value of Hounsfield
unit, PET images commonly suffer from high imaging noise
and is susceptible to injection dose of the radioactive agents,
leading to a highly unstable imaging voxel intensity. In view
of this, image normalization between patients and hence
comparison of SUV values between patients are practically
challenging. Therefore, it would be difficult to obtain a high
correlation between the SUV differences and the motion
amplitude of lesion. Although we found that the correlation was
0.4543 for SUV ,can and 0.5015 for SUV,,,, we think that these
values are still considered reasonable due to the intrinsic unstable
property of PET images.

There were several limitations in the present study. First, the
patient population was relatively small, although a total of 89
lesions were studied. Future evaluation of a large cohort is
recommended to evaluate the feasibility and clinical benefits of
respiratory gated PET/CT for detection of liver malignancies.

Second, although the digital phantom was adopted for validation
in this study because of its wide-spreading application (47, 48),
further investigation on a 4D eXtended CArdiac-Torso (XCAT)
phantom is warranted to yield a more validated result. Third, the
choice of the SUV threshold value for lesion contouring might
affect the quantitative measurements in this study, although all
the final contours were verified by a nuclear medicine physician.
Lastly, this work remains to be a feasibility study in nature;
optimal settings of reconstruction parameters and function for
PET gating were not investigated in this study. Further
explorations in this regard are highly encouraged to strengthen
the clinical value of the gated PET in the future.

In conclusion, we have demonstrated the feasibility of
implementing 4D PET/CT scan for liver malignancies in a
prospective clinical study. The 4D PET/CT was found to
mitigate issues of image blurring artifact and improve the
accuracy of lesion volume on PET images. The improved
accuracy in the classification and identification of liver tumors
with 4D PET image would potentially lead to its increased
utilization in target delineation of GTV, ITV, and PTV for
liver radiotherapy treatment planning in the future.
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Background: In the past few decades, nanomaterial-mediated phototherapy has gained
significant attention as an alternative antitumor strategy. However, its antitumor success is
majorly limited to the treatment of subcutaneous tumors in nude mice. In fact, no studies
have been previously conducted in this area/field on clinically-relevant big animal models.
Therefore, there is an urgent need to conduct further investigation in a typical big animal
model, which is more closely related to the human body.

Results: In this study, niobium carbide (NbC) was selected as a photoactive substance
owing to the presence of outstanding near-infrared (NIR) absorption properties, which are
responsible for the generation of NIR-triggered hyperthermia and reactive oxygen species
that contribute towards synergetic photothermal and photodynamic effect. Moreover, the
present study utilized macrophages as bio-carrier for the targeted delivery of NbC,
wherein phagocytosis by macrophages retained the photothermal/photodynamic effect
of NbC. Consequently, macrophage-loaded NbC ensured/allowed complete removal of
solid tumors both in nude mice and big animal models involving rabbits. Meanwhile, two-
dimensional ultrasound, shave wave elastography (SWE), and contrast-enhanced
ultrasound (CEUS) were used to monitor physiological evolution in tumor in vivo post-
treatment, which clearly revealed the occurrence of the photoablation process in tumor
and provided a new strategy for the surveillance of tumor in big animal models.

Conclusion: Altogether, the use of a large animal model in this study presented higher
clinical significance as compared to previous studies.

Keywords: theranostic agent, photothermal/photodynamic co-therapy, macrophage loaded NbC, orthotopic tumor
model, CEUS/SWE
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INTRODUCTION

Cancer is regarded as a major threat to public health worldwide.
The severity of the cancer is highlighted by the absence of any
global solution (1). Cancer diseases, such as liver cancer and
breast cancer, are the leading causes of death or disability
worldwide (2, 3). In clinical practice, the poor therapeutic
efficacy of traditional antitumor therapies, like surgery,
chemotherapy, or/and radiotherapy, is primarily related to
associated side effects and inevitable secondary actions (4, 5).
Currently, cancer research is focused on the development of a
more efficient way/strategy to improve the accuracy and
controllability of oncotherapy. To achieve better treatment
outcomes in the patients, there is a need to develop novel
therapeutic techniques to surmount the aforementioned issues
(6). In recent years, phototherapy, including both photothermal
therapy (PTT) and photodynamic therapy (PDT), has emerged
as a promising alternative to traditional antitumor therapies,
primarily owing to high Spatio-temporal selectivity, low
complications, minimal damage, and deeper penetration of
near-infrared (NIR) light (7-10). Phototherapy usually acts via
light-triggered photoactive materials, resulting in the generation
of local hyperthermia (PTT) or reactive oxygen species (ROS) or
PDT to induce cancer cell death (11, 12). Thus, according to this
modality, phototherapy could assist in achieving high
spatiotemporal accuracy. Although several studies have
illustrated the advantages and superiority of PTT or PDT,
these two methods are still in the developing stage as the
antitumor effect of these methods is restricted to the mice
model (13). In a real scenario, the mice model with
subcutaneous tumor is quite different from the clinical tumor,
in terms of tumor size, depth, and physiological characteristics.
Initially, NIR-mediated phototherapy was developed as a
strategy to treat the deep-site tumor, which relied on the
excellent penetration depth of NIR. However, a limited volume
of mice and shallow subcutaneous tumors could not examine the
true advantages of phototherapy. In fact, the subcutaneous
tumor model in mice involves only a thin layer of skin, which
is almost equivalent to no barrier for the arrival of NIR. Hence,
the currently used mice models fail to evaluate the true efficiency/
potential of phototherapy. Before clinical trials, it is important to
conduct in vivo investigation/assessment in a big animal model,
but such studies are seldom done.

Rabbits are one of the most frequently used species in big
animal model studies. In fact, the subcutaneous fat layer of rabbits
is quite suitable for simulating deep-site tumors. It has been
previously reported that the VX2 carcinoma model in rabbits
exhibited great similarities to the human tumor. In fact, VX2
carcinoma could be implanted in several tissues of rabbits and
showed significant similarities to the human orthotopic tumor in
several aspects, such as vascularization and histological and
biological characteristics (14). Furthermore, the thick skin of
rabbits and subcutaneous lipid layers are expected to simulate
the treatment of deep tumors in humans, to an extreme degree.
When compared with the mice model, rabbits are more suitable
for the establishment of orthotopic xenograft tumors. In fact, the
tumor is expected to be larger in such a case. Altogether,

orthotopic tumors in rabbits appear to be more similar to the
clinical human tumor (15). However, the fast development of
tumors and the high rate of tumor recurrence in rabbits hinder the
assessment of phototherapy in a big animal model. Consequently,
no reports are currently available on big animal studies in
phototherapy. To achieve success in a big animal model, there is
a need to enhance antitumor outcomes. In this regard, synergetic
PTT and PDT treatment could exert a dual effect on the tumor,
enhancing the overall effect of phototherapy. It has been previously
reported that PDT action is generally strong in the early stage and
becomes weaker with oxygen depletion. In comparison to this,
PTT is known to be weaker in early stage and increases with
temperature elevation. Consequently, synergetic action of PTT/
PDT treatment appears to be promising for effective tumor
removal, especially in the case of single-matter-mediated
treatment. When compared with PTT/PDT system involving
multiple components, it could avoid mutual interference and
absorption mismatch between photothermal agent and
photosensitizer. Thus, the use of a photoactive material that
behaves both as a photothermal agent and photosensitizer
should be explored and used for big animal studies.

This study presented the use of a novel photoactive material
of NbC, which is a NIR-harvesting material that exhibits both
PTT and PDT effects. The study involved the use of cell cargo of
macrophages for the loading of NbC nanoparticles. The use of
macrophages could target tumors by recognizing cytokines
produced/released by cancer cells. Consequently, NbC loaded
macrophages (NbC@M) provided/ensured targeted delivery to
the tumor site, which was mediated via endocytosis by
macrophages. In this study, in order to verify the
phototherapeutic effect of the NbC@M, we designed the
experimental plan using mice with subcutaneous tumors and
rabbits with breast cancer of VX2 carcinoma, as shown in
Scheme 1. The study further used shave wave elastography
(SWE) and contrast-enhanced ultrasound (CEUS) for
orthotopic rabbit tumor detection, monitoring, and diagnosis,
and thus provided a more convincing evaluation for the
treatment outcome of PTT/PDT, which has seldom been
investigated in past. Such an evaluation of PTT/PDT outcome
holds great clinical significance (16, 17). We expect that NbC@M
mediated treatment of the tumor in rabbits could be exploited for
clinical application in humans in the future.

MATERIALS AND METHODS

Characterization of NbC Nanoparticles
Materials

NbC nanoparticles were obtained from Chaowei Company of
Shanghai. The RAW264.7 macrophages, rabbit peripheral blood
macrophages and HepG2 cells lines were obtained from the
Institute of Cancer Research affiliated to Harbin Medical
University. The dulbecco’s modified eagle medium (DMEM,
Corning), penicillin/streptomycin (Corning), phosphate buffer
saline (PBS), fetal bovine serum (FBS, Gibco) and Trypsin-
EDTA solution were purchased from Harbin Shengze
Biotechnology Co. Ltd. Calcein-AM, propidium iodide (PI),
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SCHEME 1 | Schematic illustration of NoC@M nanoparticles for targeted phototherapy of nude mice and rabbit VX2 tumor models.

PTT

and 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2, 4-
disulfophenyl)-2H-tetrazolium and monosodium salt (Cell
Counting Kit-8, CCK-8) were purchased from Beyotime
Biotechnology Co. Ltd. 1, 3- diphenylisobenzofuran (DPBF)
and 2’, 7’- dichlorodihydrofluorescein diacetate (DCFH-DA)
were obtained from Sigma-Aldrich.

Characterization

The morphologies of NbC were observed by TEM (JEOL JEM-
2100, Japan). The size distribution analysis was conducted on
Zetasizer Nano S90 (Malvern Panalytical, UK). The crystal phase
was tested by XRD (Shimadzu XD-D1). The composition and
chemical valence of NbC were measured by XPS spectra
(PerkinElmer PHI 5600). UV-vis-NIR absorptive spectra of
samples were performed on a spectrophotometer (U-4100,
Hitachi, Japan). The concentration of Nb element within cells
was analyzed by inductively coupled plasma (ICP) atomic
emission spectrometer (8300, PerkinElmer, USA). Two-
dimensional ultrasound (2D US), Color Doppler Flow Imaging
(CDFI) and contrast-enhanced ultrasound (CEUS) scans were

performed using MyLab twice system (Esaote SpA, Florence,
Italy) with LA523 probe. All the data of shave wave elastography
(SWE) were recorded by a real-time US device (Aixplorer;
SuperSonic Imagine, Aix-en-Provence, France) with 4-15 MHz
liner transducer.

Photothermal Test

0.5 mL NbC aqueous dispersion of various concentrations was
irradiated with 808 nm NIR laser (1.0 W/cm?) for 10 minutes.
The changes of solution temperature were collected by a NIR
camera (E6, FL-IR Systems, Inc, USA). The photothermal
conversion efficiency was calculated according to the
photoheating curve of the equivalent NbC.

Characterization of NbC Loaded
Macrophages

Cell Lines and Cell Culture

The RAW264.7 macrophages, rabbit peripheral blood macrophages
and HepG2 cells lines were cultured in DMEM supplemented with
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10% FBS and 1% penicillin/streptomycin in a humidified
atmosphere of 5% CO, at 37°C. Hemocytometer (Biirker-Tiirk,
Wertheim, Germany) was used for the total cell counting.

Preparation of the Macrophage-Loaded NbC
Nanoparticles

The RAW264.7 macrophages and rabbit peripheral blood
macrophages were incubated with DMEM until the cell coverage
reached about 80% ~ 90%. Then, the stale DMEM was removed
and the fresh DMEM supplemented with various concentrations of
NbC (0.125, 0.25, 0.5, 1 and 2 mg/mL) and incubated for varied
time (2, 4, 6, 12 and 24 h). After incubation, the supernatant was
removed and macrophage-loaded NbC nanoparticles were washed
with PBS twice. The macrophages were observed with inverted
biological microscope (Olympus CKX41). ICP analysis was used to
quantify the uptake amount of Nb content in the macrophage cells.

Detection of ROS

DPBF solution with NbC or NbC@M was respectively placed in a
quartz tube, and then irradiated with 808 nm NIR laser (1 W/cm?)
for 10, 20, 40 and 60 min. Then, absorbance at 420 nm was
determined by U-4100 spectrophotometer. In order to detect
intracellular reactive oxygen species (ROS), HepG2 cells were
divided into five groups, including untreated control (group 1),
cells incubated with NbC@M (0.2 mg/mL) for 4 h (group 2), 808
nm NIR laser (1 W/cm?) irradiated cells (group 3), positive control
with H,0, (200 pL, 50 x 10> M) at 37 °C for 1 h (group 4), NbC@
M mediated phototherapy (group 5). After the treatments, the cells
treated in different ways were stained with DCFH-DA (50 pL, 50 x
107 M) for 1 h and then imaged on inverted biological microscope.

Cytotoxicity Assay

The standard CCK-8 assay was used to evaluate the viability of
cells. HepG2 cells (8x10” cells/well) were seeded into 96-well
plates and cultured for 12 h. NbC@M solutions of different
concentrations were then added into above wells and incubated
for another 12 or 24 h, respectively. After washed by PBS
solution for three times, 10 uL CCK-8 was added to the
samples and incubated for another 1 h. The absorbance at 450
nm was then recorded on a microplate reader (BioTek,
Winooski, VT, USA). The CCK-8 method was also applied for
analyzing the therapeutic effect of in vitro PDT, PTT, and PDT
+PTT experiments. Similarly, HepG2 cells (8x10° cells per well)
in each group were cultured in 96-well plates for 12 h. Then, 100
pL NbC@M (500 pug/mL) were added into each well and
incubated for another 12 h, respectively. All groups were
subjected to 808 nm NIR irradiation except control group.
Additional operations are needed to handle PDT and PTT
group. The process of PDT should be set in an ice bath, while
sodium azide (50 pL, 1x10”> M) was added into the medium of
PTT group before NIR irradiation.

Phototherapeutic Effects of NbC@M

In Vitro

To evaluate the phototherapeutic effects at the cellular level,
HepG2 cells (3x10° cell/dish) were cultured with DMEM
medium containing NbC or NbC@M (2 mL, 250 pug/mL) in 35

mm culture dishes for 6 h. Redundant NbC or NbC@M was
removed by washing with PBS and then 500 pL fresh DMEM
medium was added into each dish. Then, above resultant cells
were irradiated with 808 nm NIR laser (1 W/cm?) for 2, 5, and 10
min. Several groups were designed as controls, including
untreated cells, cells only irradiated by 808 nm NIR laser (1
W/cm?), and incubated with NbC or NbC@M. Finally, dead and
live cells were labeled by Calcein-AM (1 pg/mL, 200 pL) and PI
(20 pg/mL, 200 pL) for 20 min, and then washed with PBS. The
fluorescence visualization images were imaged on Olympus
BX53 microscope.

Phototherapeutic Effect of NbC@M in
Nude Mice and Rabbits Tumor Model

In Vivo Phototherapy on Mice

All experimental female Balb/c nude mice were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd.
HepG2 cells were digested and dispersed in DMEM to form a
uniform suspension, which were then injected into the
subcutaneous tissue of the upper left hind leg of nude mice to
establish tumor-bearing mice model (tumor size is about 150
mm?). Then, tumor-bearing mice were randomly divided into
four groups (n = 5 for each group): group 1 (100 uL PBS was
injected intravenously as control), group 2 (808 nm NIR
irradiation for 10 min, 1 W/cm?), group 3 (NbC@M was
injected intravenously) and group 4 (intravenous injection of
NbC@M plus 808 nm NIR irradiation for 10 min). NbC@M (100
pL) was injected intravenously into nude mice at a concentration
of 1 mg/mL in the group 3 and 4, respectively. In the group 2 and
4, 808 nm NIR irradiation (1 W/cm?) was required to irradiate
the tumor area for 10 min. Notably, the mice in the group 4
should be irradiated at 12 hours post injection of NbC@M. The
change of temperature was monitored and recorded every 30 s by
an FL-IR System E6 infrared camera. The data of tumor size and
body weight of nude mice were recorded in detail for 14 days.
The tumor volume was calculated as V = length x width?/2.
Relative body weight was designed as dividing instant weight by
initial weight (W/W,), and similarly relative tumor volume was
defined as V/V,. All the animal experiments were approved by
the criteria of the National Regulation of China for Care and the
Ethics Research Committee of Harbin Medical University
Cancer Hospital.

Rabbit VX2 Breast Xenograft Model

All of the female New Zealand white rabbits (12~14 weeks old,
2.5 ~ 3.0 kg) were purchased from animal laboratory of the
Second Affiliated Hospital of Harbin Medical University. The
VX2 tumors were surgically implanted into the left second nipple
areola edge for each rabbit. The VX2 tumor mass was obtained
from the hind limb of a donor rabbit and minced approximately
into 1 mm’ fragments, which were dispersed in normal saline to
form a suspension. Extract a small amount of suspension and
ensure that at least two VX2 tumor fragments were injected into
the designated location. Ten days after tumor implantation, the
tumors should be observed until the tumors’ volume reached up
to about 300 ~ 500 mm’.
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In Vivo Phototherapy on Rabbits

Twelve VX2 tumor-bearing rabbits were divided into four
groups randomly (n = 3 for each group), including injection of
PBS (1 mL) as control, receiving only NIR irradiation, receiving
only injection of NbC@M (1 mL, 1 mg/mL), and receiving NIR
irradiation at 8 h post-injection of NbC@M (1mL, 1 mg/mL). For
the real-time thermal imaging, tumor regions were irradiated by
an 808 nm laser with a power density of 2 W/cm? for 20 min, and
then monitored with an infrared imaging device (FL-IR System
E6). All injections of PBS or NbC@M are performed through the
posterior auricular vein.

Ultrasound on Mice and Rabbits

Ultrasound tests as a general term, including two-dimensional
ultrasound (2D US), Color Doppler Flow Imaging (CDFI), SWE
and CEUS, were completed by two radiologists with more than
five years of experience. After confirming the tumor area and
applying enough ultrasonic coupling gel during SWE process, the
probe was kept in a stable position with no pressure for about 3
seconds and was vertical to better reduce compression artifacts.
A suitable region of interest (ROI) and scale ruler were identical
for the elastographic quantitative analysis (SWE,,.x and
SWE can). CEUS examinations were performed with
intravenous vein injection of SonoVue (Bracco SpA, Milan,
Italy) followed by a saline flush. 100 uL SonoVue was injected
into the caudal vein for mice, while 1 mL SonoVue was injected
into the posterior auricular vein for rabbits. Video clips of the
examinations, including the process of enhancement and
washout, were immediately recorded over a time period of 1
min after injection of SonoVue.

Histological and Blood Biochemistry Analysis

To perform histological analysis, all the mice and rabbits were
sacrificed at 14™ day after treatment. Hematoxylin and eosin
(H&E) staining of major organs including heart, liver, spleen,
lung, kidney was done for histopathologic analysis. Slices were
observed by a digital microscope (magnification: x100; DM3000;
Leica, Germany). The blood (20 nL) of mice were collected and
tested at 14™ day after treatment by automatic blood analyzer
(HF-3800).

RESULTS AND DISCUSSION

Characterization of NbC Nanoparticles

In this study, NbC nanoparticles were employed as photoactive
material for phototherapy. The morphological features of these
nanoparticles were assessed using transmission electron
microscopy (TEM). As shown in Figure 1A, TEM
micrographs revealed that NbC nanoparticles were ~10-30 nm
in size. However, the aggregation of particles appeared to be a
concern. Dynamic light scattering (DLS) results showed that the
average hydrodynamic size of NbC nanoparticle was 255 nm
(Figure 1B), which was bigger as compared to TEM
measurements. This further verified the aggregation of the

nanoparticles. The crystal phase and crystallinity of the
powdered sample were characterized by X-ray diffraction
(XRD). As shown in Figure 1C, all the diffractive peaks were
consistent with JCPDS No. 65-7964 of NbC species, and no
impurities were reported. XPS survey on core-level of NbC’s 3d
orbit revealed the presence of two spin-orbit coupling doublets,
corresponding to Nb*" and Nb*" ions, after fitting (Figure 1D).
The aforementioned results further verified the purity of
NbC nanoparticles.

Following this, the optical absorbance of NbC nanoparticles
was examined. The results of the same are shown in Figures 1E, F.
Spectroscopy measurements showed that powdered NbC
exhibited strong and wide photoabsorption in the range of 300-
2000 nm. Consequently, powdered NbC covered the biological
window of 700-1200 nm that is normally used for phototherapy
(Figure 1E). Meanwhile, the absorbance of an aqueous solution of
NDbC presented a similar wide optical absorption band, and the
absorbance was positively correlated to the concentration of NbC
(Figure 1F). Next, the photothermal conversion effect was
assessed. As shown in Figure 1G, aqueous solution of various
concentrations of NbC exhibited a sharp temperature increment
under 808 nm of NIR irradiation, with a safe power density of 1
W/cm?, when measured in contrast to deionized (DI) water
control that usually involves a slight temperature elevation only.
Thus, the higher the concentration of the sample, the higher was
the temperature elevation. To measure photothermal conversion
efficiency, the curve of temperature change was assessed for 20
min (Figure 1H), which involved 808 nm (1W/cm?) irradiation
for 10 mins and natural cooling for the next 10 mins. According to
the previously reported method (18, 19), the value of
photothermal conversion efficiency () for NbC was evaluated
to be 47.5% (Figure 1I), which was much higher as compared to
the most commonly used PTT agent. This evidence indicated that
NbC exhibited excellent photothermal properties, and thus could
be used for PTT treatment of tumors.

Characterization of NbC Loaded
Macrophages

In this study, macrophages were used as bio-cargo for targeted
delivery of NbC to the tumor site. First, the payload capability of
macrophages towards NbC, mediated via endocytosis, was
assessed. Briefly, NbC nanoparticles were incubated with
macrophages to form an NbC@M complex, under different
incubation times and NbC concentrations. Following this,
uptake of NbC by macrophages was studied as a function of
incubation time and concentration of NbC using inductively
coupled plasma mass spectrometry (ICP-MS) measurement. The
micrographs for macrophages before and after loading of NbC
are shown in Figures 2A, B. These micrographs clearly
demonstrated the endocytosis of NbC by macrophages. The
quantitative assessment further confirmed that optimal
incubation conditions involved incubation time of 12 h and
NbC concentration of 0.1 mg/mL (Figures 2C, D), wherein
macrophages exhibited the best performance in terms of
endocytosis. Interestingly, when the concentration of NbC was
too high, the intracellular content of NbC was significantly
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FIGURE 1 | Characterization of the NbC nanoparticles. (A) TEM image. (B) The hydrodynamic size of NoC measured by the dynamic light scattering (DLS). (C) X-ray
diffraction pattern of NbC. (D) XPS spectra of Nb 3d orbit). (E) Powder absorbance of NbC. (F) Absorbance of NbC aqueous dispersion. (G) Photothermal heating
curves of the NbC aqueous dispersion with different concentrations under NIR laser irradiation (808nm, 1W/cm?). (H) Heating and cooling curves of NbC dispersion. (I)
Plot of time versus the negative natural logarithm of the driving force temperature.

reduced, which might be contributed by surpassing the
maximum amount of macrophage endocytosis that ultimately
leads to cell death. Altogether, macrophages acted as an ideal
drug carrier. The study next assessed whether macrophage
loading affects the photothermal behavior of the nanoparticles.
As shown in Figures 2E, F, no significant differences were
recorded in the temperature rising trends for equivalent NbC
and macrophage-engulfed NbC (NbC@M), which indicated that
endocytosis of the nanoparticles by macrophages did not confer
any effect on the photothermal capacity of NbC.

Phototherapeutic Effects of NbC@M

In Vitro

The present study aimed to use NbC both as a photothermal
agent for PTT and a photosensitizer to generate reactive oxygen
species (ROS) for the PDT (20). Two methods were used to
detect the production of ROS. The first method involved the use

of a DPBF probe, which could be decomposed by ROS, resulting
in a decrement in its typical absorption peak at 420 nm. Thus, for
the evaluation of ROS levels, loss of DPBF absorption could be
measured using spectrophotometry. As shown in Figure 3A,
NbC@M, and NbC could mediate faster and higher DPBF loss as
compared to the control group, which indicated significant
production of ROS under the effect of 808 nm NIR irradiation.
Moreover, the degradation curve of DPBF for NbC@M and NbC
were nearly similar/same, which further suggested that
macrophage loading conferred no detrimental effect on
photosensitive properties of NbC. Following this, another
probe, 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
was employed for the detection of intracellular ROS levels.
Principally, ROS can oxidize non-fluorescent DCFH-DA to
produce green fluorescent 2°,7’-dichloroflorescein (DCF),
which can be used to determine the levels of ROS in cells in
terms of visual fluorescence. When compared with other control
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FIGURE 2 | (A) Micrograph of macrophages and (B) NoC nanoparticles loaded macrophages. The influence of (C) concentration and (D) incubation time on
intracellular NoC content in macrophage by ICP-MS measurement. (E) Thermography image and corresponding (F) photo-heating curve of the equivalent NoC and
macrophage-engulfed NoC (NbC@M).

groups, bright green fluorescence was observed in the NIR-
excited NbC@M group, which was found to be similar to the
fluorescence observed in the positive control group that
comprised of H,O, treated samples. These results indicated the
generation of ROS within the cells (Figures 3B-F). Therefore,
the phagocytosis by macrophages incurred no effect on PTT and
PDT generated by NbC@M, under NIR irradiation.

The biocompatibility of NbC@M was examined using CCK-8
assay, wherein low cytotoxicity of NbC@M was recorded in HepG2
cells without irradiation. The cell viability was recorded to be over
85% and 80% after 12 h and 24 h of incubation, respectively, even
at the concentration of 2 mg/mL (Figures 4A, B). Following this,
in vitro phototherapy evaluation was performed under NIR

irradiation. In the view of the dual-role of NbC that allows
simultaneous generation of ROS and hyperthermia, the use of
NbC nanoparticles might provide both PDT and PTT effects to the
cancer cells. For investigating a single contribution from PDT or
PTT, an ice bath or ROS quencher NaN; was introduced to
eliminate heat or ROS, respectively. Following this, the CCK-8
method was used to analyze the cell viability of HepG2 after
different treatments. As shown in Figure 4C, the single role of PDT
resulted in 22% of cancer cell death, while PTT incurred 64% of
cancer cell death. In comparison to this, the combination of PDT/
PTT (without the introduction of NaNj; and ice bath) showed the
best cancer cell killing effect, wherein 74% cell death was recorded.
At the same time, the killing effect of PT'T was found to be much
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better as compared to PDT. Thus, the aforementioned results
verified the synergetic action of PDT and PTT for the ablation of
cancer. Besides this, a fluorescence staining method involving
Calcein AM and propidium Iodide (PI) was used to visually
evaluate the NbC@M-triggered phototherapy effect. In particular,
live cells give green fluorescence when stained using Calcein AM,
whereas PI staining results in red staining in dead cells. As shown
in fluorescence microscopic images (Figures 4D-F, S1A-C),
control group, NbC@M treated cells, NbC treated cells, and 808
nm NIR irradiated cells exhibited green fluorescence only,
indicating that neither NIR irradiation nor NbC@M killed
HepG2 cells. In comparison to this, macroscopic cancer cell
death was confirmed in NbC@M or NbC meditated
phototherapy groups, as indicated by the presence of distinct red
fluorescence (Figures 4G-I, S1D-F). Moreover, the number of
dead cells positively correlated with the duration of irradiation. In
this study, NbC played a major role in the killing of tumor cells,
regardless of the loading in macrophages. Altogether, these results
suggested that NbC@M acted as an effective NIR-triggered
synergetic PTT/PDT agent for cancer treatment.

Phototherapeutic Effect of NbC@M in
Nude Mice Tumor Model

The excellent results for phototherapeutic properties of NbC@M
in vitro encouraged the assessment of NbC@M in vivo, wherein
HepG2 tumor-bearing nude mice were first used as a typical
animal model. Briefly, 20 nude mice were randomly divided into
four groups, namely the control group (PBS was only injected
intravenously), mice treated with 808 nm NIR irradiation, mice
treated with NbC@M injection intravenously, and mice treated
with NbC@M + 808 nm NIR irradiation. An infrared thermal

camera was used to record temperature changes at the tumor
location. As shown in Figure 5A, tumor site in group 4 exhibited
a rapid increase in temperature from 37.4°C to 61.7°C, while
group 2 displayed only a slight increase in temperature from
38.1°C to 40.5°C (Figure 5B). The only difference between
groups 2 and 4 was the presence or absence of NbC@M, which
verified the in vivo photothermal ability of NbC@M. Following
the application of phototherapy, vernier caliper and electronic
autobalance were used to monitor changes in tumor volume and
weight of mice for 14 consecutive days. Meanwhile, 2D US,
CDFI, CEUS, and SWE images and photographs for mice in all
groups were obtained on the 1%, 3™, 7" and 14" day,
respectively. During this period, no significant differences were
recorded in the bodyweight among different groups of mice
(Figure 5C). Importantly, it was observed that the volume of
tumors in groups 1-3 increased during the study, while the
tumors in group 4 were found to shrink gradually until they
completely disappeared (Figures 5D, E, S2), leaving only scars
on the skin. The scabs without blood supply were observed in
group 4 after treatment, while tumors in the other three groups
were not destroyed and retained blood vessels, and thus high
blood perfusion could be seen by CEUS (white dotted line
outline, Figure 6A) in these three groups. In contrast to this,
scabs in group 4 showed no blood perfusion area (yellow dotted
line outline, Figure 6A). In addition to blood perfusion, SWE
value for the tumor site in all groups changed continuously over
time. The SWE values for tumors in group 1, group 2, and group
3 showed a continuous upward trend, both in terms of mean and
maximum values. On the contrary, SWE values for scabs in
group 4 increased significantly on the 3™ day, but decreased on
the 7™ and 14™ day, as shown in Figures 6B, C, $3. These results
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demonstrated that the tumors in the three control groups
progressed continuously, and the use of 808 nm laser
irradiation or NbC@M alone could not ablate the tumors. In
comparison to this effective antitumor treatment was observed in
the case of NbC@M mediated PTT/PDT. The results for CEUS
and SWE showed that when compared with the control group,
the tumor area got cured and scabbed, and gradually improved.
In fact, no blood perfusion and low SWE value were observed in
this group. To evaluate in vivo toxicity of NbC@M, the main
organs (heart, liver, spleen, lung, and kidney) and blood were
extracted from mice in groups 1-4 on the 14™ day. The results
for hematoxylin-eosin (H&E) staining showed no obvious
pathological changes. Meanwhile, the hemanalysis indicated no
blood abnormalities in groups 1-4 (Figures S4, S5), which
indicated biosafety of NbC@M for phototherapy.

Phototherapeutic Effects of NbC@M in
Rabbits Tumor Model

In this study, rabbit VX2 carcinoma, a squamous epithelioid
carcinoma with rapid growth, was used to develop breast tumors
in rabbits, primarily owing to the presence of a similar tumor
microenvironment in rabbits and humans. Similar to the
aforementioned nude mice experiment, rabbits were also
divided into four groups. The occurrence of thicker skin in
rabbits made it difficult to measure tumor volume with vernier
calipers, and thus B-mode ultrasonography was used for volume
measurements. As shown in Figure 7A, the temperature changes
for NIR 808 group and NbC@M + NIR 808 group were found to
be similar to that of the nude mice experiment. In sharp contrast
to the control group, the temperature of the tumor area increased
rapidly up to 65°C in NbC@M + NIR 808 group (Figure 7B).
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And the penetration distance of NIR 880 nm laser is 10mm,
which can meet the needs of this study (21, 22). It is well known
that insufficient internal blood supply might lead to the
appearance of necrotic areas in the tumors, which could break
through the skin and drain pus (Figure 7C). Hence, it appeared
that the size of the tumors did not increase, but in reality, these
tumors were rapidly progressing. Over time, SWE values for the
tumors in control, NIR 808, and NbC@M groups increased only
slightly, while SWE values for the tumors in NbC@M + NIR 808
group increased significantly, primarily due to the presence of
scab (Figure S6). Moreover, the expanding necrotic areas in
control, NIR 808, and NbC@M groups were characterized
by abundant blood supply within the tumors and no blood
supply in the necrotic areas, as observed by CEUS. The tumor
areas in NbC@M + NIR 808 group were not enhanced, which
was different when compared with the other three groups.

The mutual confirmation of SWE and CEUS results indicated
that the tumors were completely cured by the PDT/PTT effects of
NbC@M. Furthermore, no significant pathological changes were
observed in all groups of rabbits (Figure S7), indicating
negligible biological toxicity of NbC@M. Thus, the present
study demonstrated the successful application of phototherapy
in a big animal model, involving the use of rabbits.

CONCLUSION

Altogether, this study presented the application of phototherapy,
both in mice models and large animal models of rabbits, in a
more clinically relevant manner. In particular, the study
demonstrated that NbC photoactive material exhibited
excellent NIR-harvesting performance, particularly in terms of
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hyperthermia and ROS generation. In fact, significant
photothermal and photodynamic capabilities of NbC were
retained even after loading within macrophages, which served
as a carrier for the targeted enrichment in the tumor. The SWE
and CEUS results showed that the eftect of the NbC@M-
mediated PTT/PDT method successfully cured subcutaneous
tumors in mice and orthotopic tumors in rabbits. In addition
to this, NbC@M exhibited negligible hematotoxicity and
systemic toxicity. Therefore, this study provided evidence for
the suitability of NbC@M-mediated PTT/PDT to be explored for
clinical treatment.
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Purpose: We performed a systematic review and meta-analysis to compare external
beam radiation therapy modalities for hepatocellular carcinoma (HCC) with macrovascular
invasion (MVI).

Methods: Studies were selected from online databases from the date of inception to
November 2021. The outcomes of interest were overall survival (OS), objective response
rate (ORR), and local control rate (LCR).

Results: Forty-four studies (n = 3730) were selected from 1050 articles. The pooled 1-
year OS were 60.9%, 45.3%, and 44.9 for particle radiotherapy (PRT) group, conventional
radiotherapy (CRT), and stereotactic body radiotherapy (SBRT) group, respectively; p =
0.005 and 0.002 for PRT vs. CRT and SBRT, respectively. Both the PRT group and the
SBRT group have the advantage over the CRT group in the pooled ORR. The PRT group
showed significantly higher than the CRT group (p = 0.007) in LCR. For combination
therapy, CRT plus transarterial chemoembolization can prolong survival than CRT alone
(o = 0.006 for 1-year OS; p = 0.014 for 2-year OS). Among grade > 3 complications, the
most frequent type of toxicity in CRT, SBRT, PRT group was hematological toxicity,
hepatotoxicity, dermatological toxicity, respectively.

Conclusions: Among patients with HCC with MVI, the 1-year OS and the 2-year OS were
both higher in the PRT group than in the CRT, SBRT groups. The ORR was similar
between the PRT and SBRT groups. The combination therapy based on radiotherapy is
expectable. PRT is associated with less complications than photon radiotherapy.

Keywords: radiation therapy, hepatocellular carcinoma, macrovascular invasion, portal vein tumor thrombosis,
conformal radiation therapy, stereotactic body radiotherapy, particle therapy
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EBRT for HCC With MVI

INTRODUCTION

According to the Global Cancer Statistics 2020, primary liver
cancer is the sixth most common malignancy and the third leading
cause of cancer-related death worldwide, with around 906,000 new
cases and 830,000 deaths reported in 2020. Approximately 80% of
these cases were hepatocellular carcinomas (HCCs) (1). As the
clinical manifestations are not evident, most cases of HCCs only
detected at the advanced stage. Microvascular invasion (MVI) is
common in HCC. Portal vein tumor thrombus (PVTT) occurs in
10-40% of patients with HCC (2, 3). The median survival time is
significantly lower in patients with PVTT than in those without
(4). Worse outcomes are noted when inferior vena cava thrombi
are present (5). There are several treatments for HCC, such as
transarterial chemoembolization (TACE), hepatic arterial infusion
chemotherapy (HAIC), percutaneous ethanol injection (PEIT),
and radiofrequency ablation (RFA) (6). However, a tumor
thrombus alters the blood supply route to the liver, reduces
nutrient supplement, and further reduces the liver function
reserve. Therefore, most treatments are no longer effective.
Sorafenib is one of the preferred treatments of choice for this
condition (6). However, the overall response rate of HCC with
MVT to sorafenib is low, and the associated toxicity is severe (7, 8). It
is therefore important to consider other effective treatments.

External beam radiation therapy (EBRT) is one of the
promising treatments. Previously, the tolerated liver dose was
considered to be lower than the tumor killing dose, and
therefore, this treatment could not be used for liver cancer (9,
10). However, in recent years, imaging and dose control
techniques have made great progress, with reduced toxicity to
normal liver tissue. A meta- analysis showed that the 1-year
overall survival (OS) and response rate for stereotactic body
radiation therapy (SBRT) were 43.8% and 70.7% %, respectively
(11). These data objectively reflect the therapeutic advantage of
EBRT for HCC with MVI. Recently, several high-quality studies
have reported the advantages of EBRT for unresectable HCC,
especially for particle radiotherapy (PRT), which shows the
preponderance of high response rate, high control and low
toxicity (12). However, due to the lack of PRT centers, it is
difficult to conduct a head-to-head comparison study with a large
sample size for PRT versus other EBRTs for HCC with MVIL.
Therefore, we conducted this meta-analysis to compare the
safety and effectiveness of PRT and photon therapy for HCC
with MVI. Meanwhile, it serves to update findings related to
EBRT from a previous meta-analysis (11).

METHODS

Search and Selection Criteria

This study followed the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) reporting guidelines (13).
The protocol we designed defined inclusion criteria, search
strategy, outcomes of interest, and analysis plan.

We searched Medline (Ovid), Embase, Clinicaltrials, Web of
Science, the Cochrane Central Register of Controlled Trials, and
the Cochrane Database of Systematic Reviews, from the date of
inception of each database to November 2021. The following
keywords or terms were used: “(hepatocellular carcinoma) OR
(HCC) OR (hepatoma)” AND “(external beam radiation
therapy) OR (stereotactic body radiation therapy) OR
(conformal radiotherapy) OR (particle radiotherapy)” AND
“(thrombosis)”. Additional references were acquired through
manual searches of the reference lists. No filters were used, but
only papers written in English were included.

The cohorts in the studies had to meet criteria for inclusion as
follows: 1) HCC with macrovascular invasion; 2) treatment with
EBRT; 3) reported outcomes of interest (ie., overall survival,
response rate, and adverse events). We excluded case reports
with fewer than fifteen patients, reviews, letters, and editorial
comments. If more than one available study was conducted
from the same treatment center in overlapping timeframes, the
study with the biggest group and/or highest quality of article was
selected. HCC with microvascular invasion was excluded. The
conventional radiotherapy (CRT) included three dimensional
conformal radiation therapy (3D-CRT), image-guide
radiotherapy (IGRT), intensity-modulated radiotherapy (IMRT).
SBRT and CRT are difference type of photon therapies. PRT
usually means radiotherapy using beams of protons, carbon ions,
or other charged particles. Hematological toxicity includes
leukopenia, anemia, thrombocytopenia, etc. Hepatotoxicity
includes increased ALT, AST, ALP, bilirubin, GGT level,
hypoproteinemia, etc. Dermatological toxicity refers to skin
reactions. Gastrointestinal toxicity includes nausea, vomit,
anorexia, diarrhea, etc. Objective response rate (ORR) was
defined as complete response (CR) plus partial response (PR).
Local control rate (LCR) means ORR plus stable disease (SD).

Data Extraction

The details were extracted in a standardized pilot-tested form by
two reviewers independently. A third investigator reviewed all
data entries. The lists we extracted as follows: study design,
country, study period, number of patients, patients’
characteristics (percentage of male patients, age, diameter of
lesion, Child-Pugh Class, previous treatment), interventions
(radiation dose, modality for EBRT), length of follow-up,
median overall survival, and outcomes of interest.

Statistical Analysis

We prespecified the analysis plan for this protocol. We
transformed the rates using the variance stabilizing double
arcsine transformation. Then, we pooled the transformation
rates with random-effect models and assessed heterogeneity.
Heterogeneity among studies was tested using Cochran’s Q
and the I? statistic. I* values greater than 50% indicating high
heterogeneity. Q-test was use in comparisons among groups
(11). We performed a subgroup analysis and pooled the rates of
interest outcomes for the different types of EBRT. Egger’s test
was used to detect publication bias. When textual information in
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the included study was insufficient, two reviewers independently
collected the information from the graphs using Engauge
Digitizer 11.1. P < 0.5 was considered as statistical significance.
All statistical analyses were conducted using STATA, version
15.1 (Stata Corporation, College Station, TX, USA).

Assessment of Study Quality

Because most of the studies included in our systematic review
and meta-analysis were non-comparative studies, we used the
modified Newcastle-Ottawa quality assessment scale. The
evaluation of quality was independently conducted by two
investigators. Any disagreements were resolved by a
third investigator.

RESULTS

Study Selection and Quality Assessment

The selection process is shown in detail in the PRISMA flowchart
(Figure 1). According to a previous search strategy, 1050 results
were initially identified from the online databases. After
removing duplicates, 890 records remained. Then, 770 records
were excluded after screening the titles and abstracts. Then, 76
reports were removed for various reasons, of which 34 were
excluded because of overlapping timeframes in the same center.
Finally, 44 studies were included in this meta-analysis (14-57).
The quality assessment is shown in the Supplementary Material.

Study Characteristics

The characteristics of the cohorts in the included studies were
summarized in Tables 1 and 2. Overall, 44 studies involving 3730
patients were included. 1 was Randomized Controlled Trial, 5

1050 of records identified through
database searching

890 records selected
after duplicates removed | .|
and be screened

770 excluded after screening the
title and abstract

76 of full-text articles excluded, with
reasons

-not in English n=3

-review articles n=31

-case reports(patients n<15) n=8
-overlapping timeframes in same
center=34

120 of full-text articles
assessed for eligibility

44 studies included in
quantitative synthesis

(meta-analysis)

FIGURE 1 | PRISMA flowchart.

were prospective studies, and 38 were retrospective studies.
There are 2927 patients in 33 cohorts for CRT group; 614
patients in 13 cohorts in SBRT group; 189 patients in 6
cohorts in PRT group. The median age of the patients was 56
years (range, 47-73 years) in the overall studies, 56 for CRT
group, 55.9 for SBRT group, 64.85 for PRT group. The median
lesion size was 8 cm (range, 2.5-13.8 cm). The median
percentage of previous-treatment patients was 75.6% (range
36.8%-100%) in the overall studies, 78.8% for CRT group, 79.2
for SBRT group, 67.8% for PRT group. The median percentage of
patients with a class of no less than B was 20.23% (range 0%-
41.18%) in the overall studies, 30.5% for CRT group, 13.89% for
SBRT group, 37.25% for PRT group. The median dose was 48 Gy
in the overall studies, 50 Gy for CRT group, 41 Gy for SBRT
group, 72.6 GyE for PRT group. GyE is equal to the RBE
multiplication with Gy; RBE of proton beam is 1.1; RBE of
carbon ion is 3.

Effectiveness Outcomes

A total of 52 cohorts in 44 studies were included in the data
synthesis. All valid data were extracted and are displayed in
Table 3. Pooled data shown in Table 4 and in Supporting
Information. The 1-year pooled OS for CRT, SBRT, PRT were
45.3% (n = 2669, study = 30), 44.9% (n = 592, study = 12), 60.9%
(n =189, study = 6), respectively. The 2-year OS for CRT, SBRT,
PRT were 20.4% (n = 2624, study = 29), 19.2% (n = 432, study =
8), 38.5% (n = 155, study = 5), respectively. Except pooled 1-year
OS for SBRT group, PRT group; 2-year OS for PRT group with
low heterogeneity, other pooled rates with high heterogeneity,
respectively. The PRT group showed significantly higher than the
CRT group and the SBRT group in OS (PRT vs. CRT: p = 0.005
for 1-year OS, p = 0.001 for 2-year OS; PRT vs. SBRT: p = 0.002
for 1-year OS, p = 0.004 for 2-year OS. Compared with previous
meta-analysis, the results were stable for the CRT group and
SBRT group as the increasing number of patients and
studies (11).

The ORR for CRT, SBRT, PRT were 50.4% (n = 1941, study =
26), 72.7% (n = 439, study = 10), 72.1% (n = 137, study = 4),
respectively. The LCR for CRT, SBRT, PRT were 86.8% (n =
1915, study = 25), 90.4% (n = 410, study = 9), 95.1% (n = 137,
study = 4), respectively. Except pooled LCR for PRT group; other
5 pooled rates with high heterogeneity. The CRT group showed
significantly lower than the PRT group (p = 0.006) and SBRT
group (p = 0.004) in ORR. There was no statistical significance
between PRT group and SBRT group in ORR (p = 0.956). The
PRT group showed significantly higher than the CRT group (p =
0.007) in LCR.

In recent years, several studies have shown advantage in the
combination of RT. We further compared the effects between
CRT + TACE, CRT + HAIC, and CRTal groups (CRTal
represents CRT alone). CRT + CATE group showed
statistically significant advantage in survival prolongation than
the CRT alone group (p = 0.006 for 1-year OS; p = 0.014 for 2-
year OS). Pooled ORR and LCR was not statistically significant
between three groups. Except pooled 2-year OS for CRT+TACE
group; other pooled rates with high heterogeneity.
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TABLE 1 | Characteristics of the included studies.

Study Country Study Period Type for RT Patients Age (median) Men Size Target CTC =B Dose Prior
design (n) (%) (median, (%) (median) treatment
cm) (%)
Hou et al. China R 2000- CRT 181 51.17 93.9 T111, 16.6 50 Gy 90.6
2009 TT 70
Tan et al. China R 2012- CRT 26 <=6519(73%) 85% T 22 58 Gy
2019 >65 7(27%)
Toya et al. Japan R 1999- CRT 38 67 84.2 4 T 238.7 40 Gy 78.9
2005
lgaki et al. Japan R 1990- CRT 18 70 88.9 T 55.6 50 Gy 83.33
2006
Tanaka Japan R 1999- CRT 67 65.5 (mean) 791 T 25.4  48.8 Gy (mean) 65.7
et al. 2011
Okazaki Japan R 2007- CRT 56 69.1 85.7 T 30.5 50Gy 96.4
etal. 2013
Iwamoto Japan R 2008- CRT 80 68 82.5 7.3 T 42.5 45 Gy
et al. 2016
Yu et al. Korea R 1998- CRT 281 54 88.6 T 16 30-54 Gy 86.1
2008
Rim et al. Korea R 2005- CRT 45 50 88.8 5.4 T 37.8 61.2 Gy 93.3
2011
Bae et al. Korea R 2007- CRT 47 60 79 T 34 40-45 Gy 74
2015
Huang et al. Taiwan R 1997- CRT 326 56.7 (mean) 85.3 T 60 Gy
2005
Yeh et al. Taiwan R 2004- CRT 106 57 80 T 21.7 52 Gy
2009
Pao et al. Taiwan R 2007- CRT 42 63 69 T 40.5 48.75 Gy 64.3
2018
Onishi etal. Japan R 1997- CRT+HAIC 33 63 91 7 50 Gy
2012
Kodama Japan R - CRT+HAIC 36 68 89 T 19.4 39 Gy
et al.
Han et al. Korea R 2011-  CRT+HAIC 152 56 90.1 8.8 15.8 - 36.8
2016
Tang et al. China R 2006- CRT+TACE 185 49.7 83.8 9.49 8.6 40 Gy
2008
Lu et al. China R 2008- CRT+TACE 30 58.5 70 T 33.3 40-52.5 Gy
2011
Yamada Japan P 1998- CRT+TACE 19 65.4 (mean) 789 5.2 (mean) T 31.6 60 Gy
etal. 2001
Shirai etal. Japan R 2005- CRT+TACE 19 64.8 (mean) 73.7 10.1 TT 31.6 45 Gy
2008
Yoonetal. Korea R 2002- CRT+TACE 412 52 88.1 9.5 T 343, 35.9 40 Gy
2008 TT 69
Yoonetal. Korea RCT 2013- CRT+TACE 45 55 84.4 9.8 T 45 Gy
2016
Yu et al. Korea P, P 2013- CRT+TACE+ 69 56 87 7.2 TT 8.7 47.25 GyE
2016 hyperthermia
Sugahara Japan R 1991-  PRT 35 63 80 6 T 20 72.6 GyE 60
etal. 2005
Hashimoto  Japan R 2013- PRT 34 68 79.4 4.2 81.3 GyE
etal. 2017
Komatsu Japan R 2001- PRT 31 66.7 83.9 8.3 45.2 52.8-76 GyE
et al. 2016
Sekino et al. Japan R 2005- PRT 21 73 80.9 8 T 42.9 72.6 Gy 571
2014
Lee et al. Korea R 2008- PRT 27 55 81.5 7 T 33.3 55 GyE 77.8
2011
Kim et al. Korea R 2012- PRT 41 55 85.4 5.8 T 7.3 HCC 50 Gy, 75.6
2015 TVT 30 Gy
Xi et al. China R 2010- SBRT 4 54 90.2 25 T 36 Gy -
2012
Shui et al. China R 2015- SBRT 70 53.8 84.3 T 35.7 40Gy
2017
Lou et al. China R, multi-  2008- SBRT 75 53 85 T 12 38Gy -
center 2016
(Continued)
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TABLE 1 | Continued

Study Country Study Period Type for RT Patients Age (median) Men Size Target CTC =B Dose Prior
design (n) (%) (median, (%) (median) treatment
cm) (%)
Dutta etal. India P, Pl 2017- SBRT 72 63 96 T 14 37.6 Gy
2020
Kumar et al. India R 2018- SBRT 29 56 83 8.6 4 48 Gy 100
2020
Wang etal. Taiwan P 2012 SBRT 20 68.55 60 TT 10 50 Gy
Choi et al. Korea R 2010- SBRT 24 56 83.3 T 125 45 Gy 79.2
2016
Hou et al. China R 2011- CRT 64 54.27 90.6 8.55 T 21.9 54 Gy
2014
CRT 54 54.37 79.6 7.5 TT 14.8 60 Gy
Zhaoetal. China R 2015- CRT+TACE 28 55.5 96.4 7.4 T -
2018  +Sorafenib
CRT+TACE 35 54 91.4 6.6 TT -
Li et al. China R 2000- CRT 154 47 87.7 9 TT 10.1 51 Gy
2017  SBRT 133 51 90.2 8.1 T 135 42 Gy
Nomura Japan R 2009- CRT+HAIC 18 68 (mean) 83.3 T 61.1 50 Gy
et al. 2017 CRT+HAIC 14 68.5 (mean) 100 T 35.7 50 Gy
+Sorafenib
Lin et al. Taiwan P 2002- SBRT 22 59.5 (mean) 77.3 6.5 T 45Gy
2004 CRT 21 54 (mean) 80.1 13.8 T 45Gy
Yang etal. Taiwan R 2007- SBRT 54 61 (mean) 77.8 T 35.2 45 Gy 55.6
2016 CRT 86 59.6 (mean) 75.6 T 50 51.5 Gy 38.4
Que et al. Taiwan R 2009- SBRT 18 55.39 (mean) 77.78 T 16.67 40 Gy
2016  +Sorafenib
SBRT 36 59.83 (mean)  80.56 13.89 40 Gy
Khorprasert Thailand R 2007- CRT 140 61.5 - 8.5 TT 31.65 45.8 Gy (mean) 68.1
et al. 2019 SBRT 20 55.9 - 3.9 T 20 75.9 Gy (mean)

RT, radiotherapy; CPC, Child-Pugh Class; R, retrospective; P, prospective; P ll, phase Il trial; RCT, Randomized Controlled Trial; PVT, CRT, conventional radiation therapy; SBRT,
stereotactic body radiotherapy; PRT, particle radiotherapy; TT, thrombus and tumor; T, thrombus only; SR, Surgical resection; TACE, transarterial chemoembolization; HAIC, hepatic
arterial infusion chemotherapy; GyE = RBExGy; RBE of proton beam is 1.1; RBE of carbon ion is 3.

Safety

Toxic effect events for groups showed in Table 5. For grade < 3 toxicity,
the most common type of toxicity in CRT group was hepatotoxicity
(977 events in 1007 patients), in SBRT group was hepatotoxicity as well
(152 events in 139 patients), in PRT group was dermatological toxicity
(44 events in 56 patients). For grade > 3, the most frequent type of
toxicity in CRT, SBRT, PRT group was hematological toxicity,
hepatotoxicity, dermatological toxicity, respectively. PRT group
showed advantage in avoiding hepatotoxicity than SBRT group (p =
0.003) and CRT group (p = 0.000); in avoiding hematological toxicity
than CRT group (p = 0.003). There were no statistical difference among
three groups in gastrointestinal toxicity (p = 0.112) and dermatological
toxicity (p = 0.183). Five studies definitively reported late toxic events

with total of 27 cases, 16 about gastrointestinal toxicity, 11 for
dermatological toxicity.

Publication Bias

Egger’s test showed publication biases as follows: 1-year OS
in the CRT, SBRT PRT groups (p = 0.25, 0.114, 0.390,
respectively); 2-year OS in the CRT, SBRT PRT groups (p =
0.725, 0.991, 0.224); ORR in the CRT, SBRT PRT groups
(p = 0.863, 0.609, 0.171). LCR in the CRT, SBRT PRT groups
(p = 0.872, 0.623, 0.444). 1-year OS in the CRT+TACE, CRT
+HAIC, CRTal groups (p = 0.165, 0.128, 0.676); 2-year OS in the
CRT+TACE, CRT+HAIC, CRTal groups (p = 0.401, 0.044,
0.977, respectively); ORR in the CRT+TACE, CRTal groups

TABLE 2 | Baseline characteristics of CRT, SBRT and PRT cohorts.

CRT cohorts SBRT cohorts PRT cohorts
Cohorts (n) 33 13 6
Patients (n) 2927 614 189
Median age (median, years) 56 55.9 64.85
Men (median, %) 85.15 83.15 81.2
Median Child-Pugh>B class (%) 30.5 13.89 37.25
Median radiation dose (GyE = RBExGy) 50 Gy 41 Gy 72.6 GyE
Prior treatment (median, %) 78.9 79.2 67.8

GyE = RBExGy; RBE of proton beam is 1.1; RBE of carbon ion is 3.
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TABLE 3 | Clinical results.

Study Follow up MST Type for RT Patients 1-year OS 2-year OS Responser CR PR SD PD ORR LCR
(month)  (months) (n) (%) (%) M %) (%) (%) (%) (%) (%)
Hou et al. 10 CRT 181 181 293 315 337 55 60.8 94.5
Tan et al. 14.3 8 CRT 26 23 4 26 8 31 61 39
Toya et al. 9.6 CRT 38 39.4 17.5 38 158 289 447 105 447 89.4
lgaki et al. 5.6 CRT 18 33.3 9 12 16.7 167 583 83 33.4 91.7
Tanaka et al. 9.4 CRT 67 39 9 67 75 373 239 313 4438 68.7
Okazaki et al. 5.3 6.4 CRT 56 50 0 22 44 34 22 66
Ilwamoto 13.3 CRT 80 56 26.7
etal.
Yu et al. 8 1.6 CRT 281 48.1 26.9 260 3.85 5423 27.69 1423 5808 85.77
Rim et al. 13.9 CRT 45 51.5 45 6.7 556 31 6.7 62.3 93.3
Bae et al. 8 CRT 47 15 15 47 0 40 51 9 40 91
Huang et al. 3.8 CRT 326 16.7 55
Yeh et al. 10 7 CRT 106 34.7 1Al 106 9.5 52 33 5.5 61.5 94.5
Pao et al. 4.4 6.6 CRT 42 30 19 27 148 593 259 0 741 100
Onishi et al. 12.4 CRT+HAIC 33 54.5 22 31 32 452 452 65 48.4 93.6
Kodama 9.9 CRT+HAIC 36 47 20.3 36 83 417 50 0 50 100
etal.
Han et al. 135 CRT+HAIC 152 60 29.5 152 1.3 467 342 178 48 82.2
Tang et al. 10.7 12.3 CRT+TACE 185 51.6 28.4
Lu et al. 13.02 CRT+TACE 30 62.4 20.81 30 16.7 533 20 10 70 90
Yamada et al. 7 CRT+TACE 19 40.6 10.2 19 0 579 421 0 57.9 100
Shirai et al. 9.4 10.3 CRT+TACE 19 47.4 23.7 19 0 36.8 526 105 36.8 89.4
Yoon et al. 10.6 10.6 CRT+TACE 412 42.5 22.8 409 6.6 33 46 144 396 85.6
Yoon et al. 12.8 CRT+TACE 45 53.3 26.8 45 0 289 511 20 28.9 80
Yu et al. 1.4 CRT+TACE 69 85 62.9 69 34 362 153 145 702 85.5
+hyperthermia
Sugahara 21 22 PRT 35 68 48 35 22.8 60 8.6 8.6 82.8 91.4
et al.
Hashimoto 8.4 PRT 34 55 34 15 47 35 3 62 97
et al.
Komatsu PRT 31 47 24
et al.
Sekino et al. 21 PRT 21 62 33
Lee et al. 13.2 13.2 PRT 27 55.6 33.3 27 0 55.6 37 7.4 55.6 92.6
Kim et al. 15.2 34.4 PRT 41 73.2 51.1 41 342 488 143 24 83 97.3
Xi et al. 10 13 SBRT 41 50.3 41 36.6 39 171 7.3 75.6 92.7
Shui et al. 9.5 10 SBRT 70 40 62 9.7 69.4 6.4 14.5 791 85.5
Lou et al. 10 SBRT 75 38.7 13.3 75 22.7 733 4 0 96 100
Dutta et al. 6 11.4 (mean) SBRT 72 38 10 54 0 36 42 22 36 78
Kumar et al. 8 15 SBRT 29 60 29 7 80 13 87
Wang et al. 7.4 9.6 (mean) SBRT 20 58 22 36.4 318 273 44 68.2 95.5
Choi et al. 8.4 20.8 SBRT 24 67.5 48.2 24 83 458 292 167 5441 83.3
Hou et al. 1.8 10.46 CRT 64 35.8 16 64 16 516 125 343 532 65.7
15.47 CRT 54 59.3 32 54 56 648 93 203 704 79.7
Zhao et al. 13 19 CRT+TACE+ 28 72.4 48 28 10.7 357 286 25 46.4 75
Sorafenib
141 15.2 CRT+TACE 35 77.5 16 35 0 457 314 229 45.7 774
Lietal. 31 10 CRT 154 48.1 25.1
10 SBRT 133 46.5 29.3
Nomura et al. 6.7 CRT+HAIC 18 21 6 32 9.4 50 219 187 594 81.3
49.2 CRT+HAIC+ 14 75 50
Sorafenib
Lin et al. 6 SBRT 22 14 7 71 21 0 78 100
6.7 CRT 21
Yang et al. 10.9 SBRT 54 34.9 15.3 45 111 511 3333 44 62.2 9553
4.7 CRT 86 15.7 8 59 85 254 458 203 339 79.7
Que et al. 13.22 (mean) 12.5 SBRT+ 18 55.6 17.7 18 33.33 44.44 1111 1111 77.77 88.88
Sorafenib
15.33 (mean) 7 SBRT 36 33.3 1.1 36 25 50 278 22.22 75 77.78
Khorprasert 8.2 7.9 CRT 140 39.1 16.5 119 185 555 84 176 74 82.4
et al. 11.9 SBRT 20 45 22

Red font means overall survival in 1st year; overall survival in 2nd year.
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TABLE 4 | Comparison of pooled outcomes among groups.

Groups Cohorts
(n)
1-year OS
Overall 48
CRT 30
SBRT 12
PRT 6
CRT + 7
TACE
CRT + HAIC 4
CRTal 16
2-year OS
Overall 42
CRT 29
SBRT 8
PRT 5
CRT + 7
TACE
CRT + HAIC 4
CRTal 15
ORR
Overall 40
CRT 26
SBRT 10
PRT 4
CRT + 6
TACE
CRT + HAIC 3
CRTal 14
LCR
Overall 38
CRT 25
SBRT 9
PRT 4
CRT + 6
TACE
CRT + HAIC 3
CRTal 13

Patients

(n)

3450
2669

592
189
745
239
1574
3211
2624
432
155
745
239
1529
2617
1941
439
137
557
219
1036
2562
1915
410
137
557
219

1010

P,
Heterogeneity

0.098
0.254
0.001

0.0012

0.001
0.128
0.466

0.106

0.024

0.007

0.638

0.007

2
I

871
89.1

36.6
22.9
73
72.8
90.1
84.7
81.6
72.3

441

50.9
85.2
87
781
88
68.3

68.4

79.1

7
7.7

78.4

68.9

84.6

Pooled rates (95% P P
Cl) (among three (between two groups) p, Egger’s
groups) test,

47.3 (42.3,52.4) 0.04

45.3 (38.6, 52.1) Q=11.006, p=0.004 PRT vs CRT 0.25
Q=8.060, p=0.005

44.9 (39.5, 50.3) SBRT vs CRT 0.114
Q=0.009, p=0.926

60.9 (562.6, 68.9) PRT vs SBRT Q=9.922, 0.39
p=0.002

53.2 (44.2,62.2) Q=7.856, p= 0.020 CRT+TACE vs CRT+HAIC 0.165
Q=0.351, p=0.554

48.0 (33.4, 62.7) CRT vs CRT+HAIC 0.128
Q=1.970, p=0.160

36.1(28.2, 44.3) CRT vs CRT+TACE 0.676
Q=7.612, p=0.006

21.9 (18.0, 26.1) 0.357

20.4 (15.9, 25.2) Q=11.412, p=0.003 PRT vs CRT 0.725
Q=10.353, p=0.001

19.2 (1.9, 27.5) SBRT vs CRT 0.991
Q=0.055, p=0.814

38.5 (28.2, 49.3) PRT vs SBRT 0.224
Q=8.318, p=0.004

23.2 (20.1, 26.4) Q=6.021, p=0.049 CRT+TACE vs CRT+HAIC 0.401
Q=0.106, p=0.744

21.5(18.1,31.2) CRT vs CRT+HAIC 0.044
Q=1.483, p=0.223

16.5 (10.7, 21.0) CRT vs CRT+TACE 0.977
Q=6.020, p=0.014

58.1 (52.2, 63.8) 0.151

50.4 (45.1, 55.7) Q=14.277, p=0.001 PRT vs CRT 0.863
Q=7.455, p=0.006

72.7 (58.8, 84.7) SBRT vs CRT 0.609
Q=8.424,p=0.004

72.1(57.6, 84.7) PRT vs SBRT 0.171
Q=0.003, p=0.956

45.1 (34.4, 56.0) Q=0.725, p=0.696 CRT+TACE vs CRT+HAIC 0.403
Q=0.247, p=0.619

48.4 (41.7,55.1) CRT vs CRT+HAIC -
Q=0.218, p=0.641

50.7 (43.4, 58.0) CRT vs CRT+TACE 0.142
Q=0.707, p=0.400

88.6 (85.5, 91.4) 0.654

86.8 (83.0, 90.3) Q=7.257, p=0.027 PRT vs CRT 0.872
Q=7.213, p=0.007

90.4 (82.4, 96.3) SBRT vs CRT 0.623
Q=0.645, p=0.422

95.1 (90.4, 98.5) PRT vs SBRT 0.444
Q=1.410, p=0.235

87.0 (80.7, 92.3) Q=0.962, p=0.618 CRT+TACE vs CRT+HAIC 0.408
Q=0.827, p=0.363

93.5(77.9,1.0) CRT vs CRT+HAIC -
Q=0.949, p=0.330

86.1 (79.6, 91.6) CRT vs CRT+TACE 0.599

Q=0.019, p=0.891

CRTal, CRT alone group.

Red font means 2-groups comparison in 1-year OS, 2-year OS, ORR, LCR. Subgroups for CRT, SBRT, and PRT; CRT+TACE, CRT+HAIC, and CRTal.

(p = 0.403, 0.142). LCR in the CRT+TACE, CRTal groups (p =

0.403, 0.599).

DISCUSSION

There are 44 studies about external beam radiotherapy for HCC
with MVI included in our study. The results showed PRT yields

survival prolongation compared with SBRT and CRT.
Meanwhile, PRT and SBRT both provide a higher ORR than
CRT. In addition, radiotherapy based combination therapies are
beneficial to prolong the survival of patients, especially for RT
combined with TACE.

In cases of microvascular tumor invasion, especially to the
main portal vein, the prognosis is poor. The reasons are as
follows: (1) an extensive intrahepatic metastatic spread may
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TABLE 5 | Comparison of toxic effect events for groups.

|2

Cohorts Events Total Cohorts Events Total Events rate (95%CI) p p
for <grade 3 for >grade 3 (among three groups) (among two groups)

Hepatotoxicity

CRT ihl 997 1007 13 178 1303 12.1 (6.8, 18.6) 87.7 PRT vs CRT
Q=13.059, p=0.000

SBRT 5 152 139 6 40 209 14.7 (4.8, 28.1) 80.2 Q=16.0.39, p=0 SBRT vs CRT
Q=0.198, p=0.656

PRT 2 7 68 4 2 127 6 (0, 3.8 Ihl PRT vs SBRT
Q=8.605, p=0.003

Hematological

CRT ihl 650 774 12 171 658 17.6 (7.8, 30.3) 92.7 PRT vs CRT
Q=8.58, p=0.003

SBRT 3 87 95 4 18 165 10.8 (11.2, 28.6) 88.3 Q=8.97, p=0.011 SBRT vs CRT
Q=0.50, p=0.482

PRT 3 31 103 4 3 128 2.2(0.1,6.9 455 PRT vs SBRT
Q=1.996, p=0.158

Gastrointestinal

CRT 20 879 1951 17 62 1529 2.8 (0.6, 6.1) 85.8 PRT vs CRT
Q=3.654, p=0.056

SBRT 7 141 268 6 1 193 0.1 (0, 1.8) - Q=4.374,p=0.112 SBRT vs CRT
Q=2.687, p=0.101

PRT 1 3 35 4 0 128 0 - PRT vs SBRT
Q=0.201, p=0.654

Dermatological

CRT 5 62 268 4 0 226 0 - PRT vs SBRT
Q=0.080, p=0.778

SBRT 8 2 54 2 2 54 0.15 (0, 7.8) - Q=3.396, p=0.183 PRT vs CRT
Q=1.728, p=0.189

PRT 2 44 56 4 3 121 0.1 (0, 5.8) - SBRT vs CRT

Q=2.375, p=0.123

Red font means 2-groups comparison in Hepatotoxicity, Hematological, Gastrointestinal, Dermatological. Subgroups for CRT, SBRT, and PRT.

result from shedding of HCC cells along the portal vein
thrombosis; (2) when the main portal vein is completely
blocked, liver function continues to deteriorate leading to liver
failure occurs; and (3) exacerbation of portal hypertension causes
refractory ascites and bleeding in the esophagus (58). Such
physiological changes not only reduce patient survival, but also
limit the choice of treatment. TACE is one of the standard
treatments for unresectable liver cancer, especially for BCLC
stage B tumors. However, it is contraindicated for portal vein
tumor thrombus because post-operative ischemia may cause
liver failure. At present, sorafenib is one of the first choices for
HCC with MVI (59), but it has a slow-acting effect and is unable
effectively alleviate the metastasis of liver cancer cells induced by
PVTT. Kim et al. (60) reported that the median duration of
efficacy of sorafenib alone in PVTT for liver tumor was less than
five months.

Due to the rapid thrombosis of HCC, immediate reduction of
macrovascular is important for follow-up treatment of the
primary tumor. In our study, radiotherapy achieved a high
ORR in a short time, especially SBRT and PRT. EBRT is a
promising treatment and can recanalize the portal vein in a short
time, improve nutrient supply to the liver, delay liver
decompensation, and even reduce the Child-Pugh score,
improving the survival rate. In addition, radiotherapy has a
synergistic effect with mainstream treatments for HCC. TACE
plus RT is an effective combination treatments. Radiotherapy
targets vascular invasion and re-opens the portal vein, to
facilitate conditions for TACE treatment. TACE can effectively

inhibit the intrahepatic primary tumor and prevent recurrence of
MVLI. In our study, the CRT plus TACE group and the CRT plus
HAIC group are superior to CRT group in survival (1-year OS:
53.2%, 48.0% vs 36.1%, p = 0.020; 2-year OS: 23.2%, 21.5% vs
15.5%, p = 0.049). Sorafenib, an inhibitor of RAF kinase and
VEGFR, can limit tumor cell proliferation and tumor
angiogenesis, decrease radiation-activated NF-kB and increase
radiation-induced apoptosis (61-63). RT plus sorafenib
displayed clinical benefit and safety for patients with
macrovascular invasion (23, 27). A meta-analysis showed
concurrent Sorafenib and RT significantly greater benefit in OS
than did the non-concurrent treatment, and they recommend
vascular tumor involvement as the only target of EBRT to avoid
excessive toxicities (64). It illustrated the potential of
radiotherapy in combination therapy.

Hepatocellular carcinoma (HCC) is a radiosensitive tumor
with a dose-response relationship (65). Some large clinical
studies showed that a high cumulative and per fraction dose
can significantly improve the response rate, local control rate,
and prolong survival in patients with HCC (66, 67). Dose of 40 to
45 Gy in 3 fractions or 40 to 50 Gy in 5 fractions (53 to 84 GyE)
have been demonstrated to be safe with good therapeutic effect
(65). Recently, conformal radiotherapy technique is converting
from 3D to IMRT, which can improve curative effect. IMRT
achieved higher biologically effective dose within fewer fractions
and a shorter duration of therapeutic method than 3D-CRT.
Compared with 3D-CRT, IMRT provides a survival benefit in
HCC with MVI (29). Meanwhile, a study showed median OS and
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LCR in the IMRT group were similar to those of the SBRT group
for HCC with MVI (47). However, study about IMRT for HCC
with MV s scarce, and the clinical efficacy requires more clinical
data to support. SBRT and PRT have a dose advantage over
conformal radiotherapy by delivering large doses of radiation to
the target tumor volume in a small fraction. The treatments can
be completed in a short time because of a higher biologically
effective dose. A short course of treatment is conducive due to
less interference with other therapeutic methods, reducing
toxicity. The outcomes in our study are consistent with
prevailing views about the dose-response. SBRT and PRT are
associated with higher response rates than CRT. PRT show
higher survival rates than CRT.

SBRT has made excellent progress in the field of radiation
therapy. However, due to the inherent physical characteristics of
photons, SBRT has limited advantage with respect to side effects
and liver toxicity. Based on the findings, SBRT is inferior to PRT
in avoiding hepatotoxicity. Due to its excellent physical
properties, PRT can significantly reduce dose exposure to
normal tissues when high doses are used to treat target tumors.
PRT is expected to be an ideal treatment for HCCs with high
Child-Pugh score. The dosimetric superiority of PRT was
correlated with the tumor location. A study by Gandhi et al.
showed that PRT can reduce radiation toxicity to target tumor
located in the dome and of a size >3 cm (68). Some clinical
studies have also proven the safety and efficiency of PRT in the
treatment of inferior vena cava tumor thrombi (39, 40). In our
study, PRT showed an advantage over SBRT and CRT with
respect to hepatotoxicity and hematological toxicity in > grade 3
toxic effect events.

This meta-analysis has several limitations. On one side, meta-
analysis is controversial for observational studies. It has been
known that RCTs are the most effective means of reducing bias,
and meta-analyses of RCTs provide the strongest evidence
support (69). However, randomized controlled trial of
radiation oncology is difficult to carry out. Radiation therapy
competes with other treatments. 60% of all patients with cancer
have received primarily treatments in other disciplines before
receiving radiotherapy (70). Results from RCT's cannot always be
feasible to answer clinical questions, especially in oncology.
Meta-analysis of observational studies is an effective method to
overcome the information gaps resulting from the insufficient
RCT-based data (71). Meta-analysis of observational studies with
high-quality did not show significantly different effect sizes from
those of RCT's (72). On the other side, heterogeneity is inevitable
because of the integrated information in studies with the
diversities of designs and populations. The radiotherapy
standard of HCC with MVI has not reached a consensus. Too
strict inclusion criteria can reduce heterogeneity among studies,
but cannot help to address clinical challenges in the real world.
Heterogeneity should not be seen as an obstacle to the
conclusion. Heterogeneity in meta-analysis requires statistical
evaluation and interpretation of clinical phenomena to guide
clinical decision-making and solve real-world problems (73).

CONCLUSION

When compared with SBRT and CRT groups, PRT can prolong
survival and reduces the occurrence of hepatotoxic events in patients
with HCC and MVL PRT and SBRT have advantages over CRT with
respect to the ORR. A combination treatment based on radiotherapy
can provide survival benefits to these patients. Since some of the
included studies were observational studies, high-quality
comparative studies are needed to provide reliable conclusions.
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Purpose: Tumor delineation plays a critical role in radiotherapy for hepatocellular
carcinoma (HCC) patients. The incorporation of MRI might improve the ability to
correctly identify tumor boundaries and delineation consistency. In this study, we
evaluated a novel Multisource Adaptive MRI Fusion (MAMF) method in HCC patients for
tumor delineation.

Methods: Ten patients with HCC were included in this study retrospectively. Contrast-
enhanced T1-weighted MRI at portal-venous phase (T1Wpp), contrast-enhanced T1-
weighted MRI at 19-min delayed phase (T1Wpp), T2-weighted (T2W), and diffusion-
weighted MRI (DWI) were acquired on a 3T MRI scanner and imported to in-house-
developed MAMF software to generate synthetic MR fusion images. The original multi-
contrast MR image sets were registered to planning CT by deformable image registration
(DIR) using MIM. Four observers independently delineated gross tumor volumes (GTVs) on
the planning CT, four original MR image sets, and the fused MRI for all patients. Tumor
contrast-to-noise ratio (CNR) and Dice similarity coefficient (DSC) of the GTVs between
each observer and a reference observer were measured on the six image sets. Inter-
observer and inter-patient mean, SD, and coefficient of variation (CV) of the DSC
were evaluated.

Results: Fused MRI showed the highest tumor CNR compared to planning CT and
original MR sets in the ten patients. The mean + SD tumor CNR was 0.72 + 0.73, 3.66 =
2.96,4.13 £3.98,4.10 £ 3.17, 5.25 + 2.44, and 9.82 + 4.19 for CT, T1Wpp, T2W, DWI,
T1Wpp, and fused MRI, respectively. Fused MRI has the minimum inter-observer and
inter-patient variations as compared to original MR sets and planning CT sets. GTV
delineation inter-observer mean DSC across the ten patients was 0.81 + 0.09, 0.85 +
0.08, 0.88 + 0.04, 0.89 + 0.08, 0.90 + 0.04, and 0.95 + 0.02 for planning CT, T1Wpp,
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T2W, DWI, T1Wpp, and fused MRI, respectively. The patient mean inter-observer CV of
DSC was 3.3%, 3.2%, 1.7%, 2.6%, 1.5%, and 0.9% for planning CT, T1Wpp, T2W, DWI,
T1Wpp, and fused MR, respectively.

Conclusion: The results demonstrated that the fused MRI generated using the MAMF
method can enhance tumor CNR and improve inter-observer consistency of GTV
delineation in HCC as compared to planning CT and four commonly used MR image
sets (T1Wpp, T1Wpp, T2W, and DWI). The MAMF method holds great promise in MRI
applications in HCC radiotherapy treatment planning.

Keywords: MRI fusion, tumor contrast, GTV delineation, hepatocellular carcinoma, MR-guided radiotherapy

1 INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary
liver cancer, which is among the most prominent causes of
cancer-related deaths worldwide (1). It is one of the deadliest
and most aggressive cancer types, with a general 5-year survival
of 18%, depending on the stages being diagnosed (2).

Historically, conventional radiotherapy was not the preferred
option for the treatment of liver tumors due to the risk of
radiation-induced liver damage (RILD) (3). In recent years, a
higher radiation dose can be delivered in hypo-fractionated
fractions with reduced risk of RILD owing to the adoption of
CT, MRI, and image-guided radiotherapy (IGRT) for improved
accuracy in target delineation, as well as the use of a rigid
immobilizing device for limiting patient movement and cone-
beam CT (CBCT)-based image guidance during patient setup
(4-11). Highly conformal dose to the target and sparing of the
surrounding normal tissues are believed to contribute to the
improved outcomes in HCC patients. Target delineation is
therefore a critically important step towards precise treatment
with high dose conformation, dose escalation, and eventually the
success of modern radiotherapy. Indeed, the benefits of dose
escalation in both photon and proton therapy for liver
malignancies have been demonstrated in multiple clinical trials
(12, 13).

In the current clinical practice of liver cancer radiotherapy
treatment planning, MRI has been increasingly used alone or in
conjunction with CT for tumor and normal tissue delineations
because of its superior soft-tissue contrast (9). The contours of
the target are firstly created in MR images and then transferred to
planning CT images via MRI-CT registration. However, MRI
might still be prone to inter-sequence and inter-patient
variations in image quality and tumor contrast, and potentially
inter-observer variations in tumor identification or delineation
(14-23).

To overcome these challenges, we have previously developed
a Multisource Adaptive MRI Fusion (MAMF) method that is
capable of producing a large number of fused MR images with
multifaceted image contrasts for RT applications using a limited
number of standard MR images as input (21). This method has
shown promise in enhancing the image quality of MRI in
radiotherapy treatment planning featuring application-specific
adaptation and optimization of image contrast (22). In this

study, we evaluated the potential clinical efficacy of MAMF in
gross tumor volume (GTV) delineation of HCC patients in terms
of both tumor contrast optimization and inter-observer
variability improvement.

2 METHODS

2.1 Patient Data and Image Acquisition

Ten HCC patients treated with radiotherapy at the Hong Kong
Queen Mary Hospital between 2015 and 2019 were
retrospectively recruited for this study with Institutional
Review Board approval. The distribution of the Child-Pugh
score among the enrolled patients was 7 for grade A, 2 for
grade B, and 1 for grade C. The CT scan and MRI scans of each
patient were performed within 1 week to ensure minimal
anatomical changes between scans. During planning CT image
acquisition, patients were scanned under a CT scanner
(Aquilion/LB, Toshiba, Tokyo, Japan) with a head-first supine
position in a vacuum bag with arms raised above their head. The
planning MR image acquisition was conducted under a Philips
Achieva 3T MRI scanner (Philips Healthcare, Best, The
Netherlands). The patient positioning was equivalent to that
during planning CT scanning to minimize variations in patient
anatomy between CT and MR scans. A series of four MR image
sets were acquired including T1-weighted MRI in portal-venous
phase (T1Wpp), T1-weighted MRI in 19-min delay post-contrast
(T1Wpp), T2-weighted MRI (T2W), and diffusion-weighted
MRI (DWI).

The details of the imaging protocols for CT and each MR
sequence are as follows. Planning CT: tube voltage = 120 kVp;
tube current = 50-400 mA; helical scan; field of view (FOV) =
500 mm X 500 mm; slice thickness = 3 mm. TI1Wpp and T1Wpp
MRI: pulse sequence = LAVA; 3D mode; time of repetition
(TR) = 3.86 ms; time of echo (TE) = 1.79 ms; FOV = 420 mm x
420 mm; slice thickness = 4 mm; flip angle = 12° bandwidth =
62.5 Hz/pixel. For TIW contrast enhancement, Primovist was
deployed as the contrast agent with a concentration of 0.25
mmol/ml and was injected to the patients via a rate of 1.5 ml/s.
T2W MRI: pulse sequence = FSE-XL; 2D mode; TR = 2,200 ms;
TE = 85 ms; FOV = 400 mm x 400 mm; slice thickness = 7 mm;
flip angle = 111°% bandwidth = 62.5 Hz/pixel. DWI: pulse
sequence: SE; 2D mode; FOV = 400 mm x 400 mm;
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slice thickness = 7 mm; number of diffusion directions, 3 in 1;
b-value = 500 s/mm* NEX = 8.

Respiratory motion management was performed during image
acquisitions. The planning CT images were acquired during the
end-of-exhalation (EOE) phase of the patient’s respiratory cycle
under the breath-holding technique using Varian Real-time
Position Management (RPM) (Varian Medical Systems, Palo Alto,
CA, USA) in the monitoring of the patient’s breathing motion
pattern. T1Wpp, TIWpp, and T2W MR images were acquired
during the EOE phase with patient breath-holding. DWI MR
images were acquired during the EOE phase using respiratory
navigation (Philips Bellows system) due to its longer acquisition
time. Prior to both CT and MR image acquisitions, coaching was
exercised on patients for assessing breathing stability, breathing
consistency, and breath-hold duration, in compliance with an
international guideline on stereotactic body radiation therapy
(SBRT) from the American Association of Physicists in Medicine
(AAPM) Task Group 101 (TG-101) report. The acquired MR
images were “stationary” images that represent a single phase of
the respiratory cycle of the patients, which were then used for the
generation of fused MRI using MAMEF (see Section 2.2).

2.2 Generation of Fused MRI Using
Multisource Adaptive MRI Fusion
The MAMEF technique consists of five key components: input
multiple MR, image preprocessing, fusion algorithm, adaptation
methods, and output fused MRI. For input MRI, the four original
MR image sets (T1Wpp, T1Wpp, T2W, and DWI) were imported
into the in-house-developed MAMF program implemented in
Matlab (MathWorks, Natick, MA, USA) to generate a new fused
MRI that has enhanced tumor-to-tissue contrast. For image
preprocessing, the original four MR image sets were registered
to planning CT by deformable image registration (DIR) using
MIM Maestro v6.3 (MIM Software Inc., Cleveland, OH, USA).
Image intensities were clipped by the 99.5th percentile of each
image set and normalized to values between 0 and 1. For image
fusion, a linear weighted summation fusion algorithm was used
to generate a series of fused MRIs. The fused MRI was
synthesized by the following equation:
Y; = Ty waX

i,
where Y is the fused images, X is the input MRI, w € [-1, 1] in an
interval of 0.167 is the weight coefficient for each input MRI, and
k and i are the indices of input and fused MRI, respectively.

A database of all fused MRI with input image weight coefficients
and fused image features was built for each patient. Fused image
features in this study included tumor contrast-to-noise ratio (CNR)
and liver signal-to-noise ratio (SNR), which are defined as

Tumor CNR = |Fumer ~ Hiiver [2],
OLiver
. u(Liver)
L SNR = ———— 3
iver o (Liver) 3],

where (t and o are the mean and SD of the regional intensities,
respectively. Tumor and liver represent the GTV and a nearby
homogenous liver region, respectively.

Finally, an output- or feature-driven adaptation approach was
used for the fused MRI selection. In this study, for the application
of tumor contrast enhancement and GTV delineation, tumor
CNR was set to maximum, while liver SNR was set as positive.
The optimal image set with the highest tumor CNR and a
positive liver SNR in the database was selected for each patient
automatically and exported in DICOM format for GTV
delineation. The input image weight coefficients were therefore
not fixed per imaging techniques or patient. Instead, they were
independently optimized to achieve optimal tumor CNR with a
positive liver SNR for each patient. More details of the MAMF
method could be found in previous publications (21, 22).

2.3 Gross Tumor Volume Delineation

Eclipse treatment planning workstation (version 15.6, Varian
Medical Systems, Palo Alto, CA, USA) was used for GTV
delineation. Four experienced radiation oncologists and
medical physicists were recruited from two hospitals to
delineate the GTV separately. Identical window and level
settings were used for consistency.

2.4 Data Analysis

Two main evaluation metrics were used to assess the clinical
efficacy of MAMF for GTV delineation: tumor CNR and GTV
Dice similarity coefficient (DSC). The tumor CNR was defined in
Section 2.2. Absolute values of tumor CNR were measured on all
six image sets of all patients. Tumor CNR inter-patient (IP)
mean, SD, and coefficient of variation (CV) were calculated. The
CV of CNR was defined as

0(CNR;)
—————— x 100%

CNR =
IPCV L(CNR,)

),
where i = 1 to 10 represents the patient number.

The DSC, defined as the overlap of two volumes divided by
their average, was applied to quantify consistencies in the GTV
delineation. GTV RT structures of all four observers and all six
image sets were exported from the treatment planning system to
Python for DSC calculation. The DSC was calculated between the
most experienced radiation oncologist contour, which was
defined as the reference, and each of three observer contours.
The DSC was calculated as follows:

2(|GT Ve | N |GTV;))

DSCl =
|GT Vi | + |GTV;|

[51,

where GTVp,sis the reference GTV and GTV; is one of the three
observer GTVs.

Mean, SD, and CV of the three DSCs were calculated for each
image set and each patient. The DSC inter-observer (I0) mean
and CV were defined as

DSCiromean = .u(DSCz) [6]
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where i = 1 to 3 represents the three observer contours for each
image set, and ¢ and o are the mean and SD among the three
DSCs. The DSCioean and DSCiocy were calculated for all image
sets and patients. Paired Student’s t-tests were performed for the
CNR and DSCipeqn comparisons between the six image sets.

3 RESULTS
3.1 Patient Demographic Data

Ten patients were included in the study, including seven male
and three female patients. The characteristics of the patients are
shown in Table 1. Patient age ranged from 58 to 86, and the
mean = SD age was 68.4 + 9.5 years. Ten HCC tumors were
roughly evenly distributed in different liver segments. The GTV
volume had a range of 5.9 to 83.0 cm’, and the mean + SD GTV
volume was 33.8 + 27.9 cm’.

3.2 Tumor Contrast-to-Noise Ratio

By using the MAMF method, the inter-patient mean + SD of the
optimized weight coefficients for each input imaging technique
was as follows: T1Wpp, 0.63 + 0.33; TIWpp, —0.43 + 0.21; T2W,
0.50 + 0.43; and DWI, 0.23 + 0.38. The details of the weight
coefficients for each patient are summarized in Table 2.

Figure 1 shows the comparison of tumor CNR between the
planning CT, the four original MR image sets, and the fused MR
images. Firstly, it can be observed that the fused MR images
achieved the highest mean tumor CNR (9.82 + 4.19) among all
image sets, leading to a statistically significant enhancement as
compared to that of CT (9.82 + 4.19 vs. 0.72 + 0.73, p < 0.0005),
TIWpp (9.82 +4.19 vs. 3.66 + 2.96, p < 0.005), T2W (9.82 + 4.19 vs.
4.13 £3.98, p < 0.001), DWI (9.82 + 4.19 vs. 4.10 + 3.17, p < 0.005),
and TIWpp (9.82 £ 4.19 vs. 5.25 + 2.44, p < 0.01) images. Secondly,
the inter-patient CV of tumor CNR was the lowest in the fused MR
images (42.7%), followed by T1Wpp (46.5%), DWI (77.5%), T1Wpp

TABLE 1 | Characteristics of HCC patients enrolled in this study.

Characteristic Finding

Age (yearn)* 68.4 + 9.5 (range: 58-86)
Sex

Male 7

Female 3

GTV volume (cm?)*

Tumor location
Segment 1
Segment 2
Segment 3
Segment 4
Segment 5
Segment 6
Segment 7
Segment 8

33.8 £ 27.9 (range: 5.9-83.0)

ON = =4 N = WO

HCC, hepatocellular carcinoma; GTV, gross tumor volume.
*Data: mean + SD.

(81.0%), T2W (96.2%), and planning CT (101.0%), suggesting that
the fused MR images achieved minimum tumor CNR variability
between patients. Thirdly, the planning CT images had lower mean
tumor CNR than T1Wpp (p < 0.01), T2W (p < 0.02), DWI (p <
0.005), and TIWpp (p < 0.0005).

Figure 2 shows different degrees of tumor visibility on the
central tumor plane of the planning CT, the four original MR sets
(T1Wpp, TIWpp, T2W, DWI), and the fused MR image of a
representative patient. For CT and T1Wpp images, the tumor
and adjacent normal tissue are not clearly discernible. T1Wpp,
T2W, and DWI images show improved tumor contrast. Of note,
the fused MR images demonstrated the highest tumor contrast.
These findings are in line with the results of quantitative
comparisons in terms of CNR (Figure 1).

3.3 Inter-Observer and Inter-Patient
Consistencies of Gross Tumor

Volume Delineation

Figure 3 demonstrates the inter-observer mean of the GTV
delineation DSC values (DSCiomean) Of all ten patients in each of
the six studied image sets. Firstly, the fused MR images yielded the
highest DSCiomean (0.95 + 0.02) among all image sets, leading to a
statistically significant enhancement as compared to CT (0.95 + 0.02
vs. 0.81 £ 0.09, p < 0.0005), TI1Wpp (0.95 £ 0.02 vs. 0.85 £ 0.08, p <
0.002), T2W (0.95 + 0.02 vs. 0.88 + 0.04, p < 0.001), DWI (0.95 +
0.02 vs. 0.89 + 0.08, p < 0.05), and T1Wpp (0.95 £ 0.02 vs. 0.90 +
0.04, p < 0.005). Secondly, the inter-patient CV of the DSCiomean
was the lowest in the fused MR images (2.4%), followed by T1Wpp
(4.6%), T2W (5.1%), DWI (8.5%), T1Wpp (9.3%), and planning CT
(11.8%). Thirdly, the planning CT images had lower inter-patient
mean DSCiomean 0f GTV delineations than T2W (p < 0.05), DWI
(p < 0.05), and T1Wpp (p < 0.05).

Figure 4 illustrates the inter-observer CV of the GTV
delineation DSC values (DSCjocy) of all patients in each of the
six image sets. The inter-patient mean DSCiocy was 3.3%, 3.2%,
1.7%, 2.6%, 1.5%, and 0.9% for planning CT, T1Wpp, T2W,
DWI, T1Wpp, and fused MR images, respectively. The fused MR
exhibited the lowest inter-observer variability in liver HCC
tumor delineation in the study.

Figure 5 visualizes GTV contours delineated by all four
observers on the (A) planning CT, (B) T1Wpp, (C) T1Wpp, (D)
T2W, (E) DWI, and (F) fused MR images of a representative
patient. The planning CT image (Figure 5A) showed the lowest
inter-observer consistency in GTV delineations. The four input MR
images (Figures 5B-E) showed an improved inter-observer
consistency in GTV delineation. Notably, the fused MR image
(Figure 5F) yielded the highest inter-observer consistency in GTV
delineation. This agrees with the DSCjomean and DSCiocy findings
in Figures 3 and 4, demonstrating the highest consistency of GTV
delineation between observers on the fused MR images.

4 DISCUSSION

With the rapid development in imaging and radiation treatment
techniques, modern radiotherapy can deliver high ablative
radiation dose more accurately to the tumor, leading to
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TABLE 2 | Input MRI weight coefficients for the fused MRI with optimal tumor CNR of each patient.

Patient # T1Wpp
1 0.33
2 1.00
3 0.83
4 1.00
5 0.50
6 1.00
7 0.83
8 0.17
9 0.33
10 0.33
Mean 0.63
SD 0.33

T1Wpp T2W DwWiI
-0.338 1.00 0.17
-0.66 0.66 -0.17
-0.66 0.00 1.00
-0.338 0.00 -0.17
-0.17 0.66 0.66
-0.338 -0.17 0.00
-0.33 0.33 0.17
-0.33 0.66 0.17
-0.83 1.00 0.50
-0.33 0.83 0.00
-0.43 0.50 0.23

0.21 0.43 0.38

CNR, contrast-to-noise ratio; T1Wpep, T1-weighted MRI at portal-venous phase; T1Wpp, T1-weighted MRI at 19-min delayed phase; T2W, T2-weighted; DWI, diffusion-weighted MRI.

improvement of the prognosis for unresectable HCC patients
(24-27). Regardless of the chosen radiotherapy technique
(intensity-modulated radiotherapy, stereotactic body
radiotherapy, etc.), precise tumor delineation is a must and
prerequisite for successful radiotherapy treatment. Inaccurate
tumor delineation is a major source of errors and can lead to
missing of the target during the radiotherapy delivery. It has a
significant impact on the dose to the tumor and surrounding
normal tissues. Visualization of the tumor and the tumor
boundaries within normal tissues is critical for tumor
delineation. For HCC, MRI provides superior soft-tissue
contrast and therefore more clear tumor boundaries than CT
and is a preferred modality for target delineation. MRI has been
widely used for image registration with radiotherapy planning
CT for tumor delineation in radiotherapy (28). It is an essential
clinical procedure in the detection and characterization of HCC,
with estimated sensitivity and specificity of 97.4% and 100%
(29, 30).

However, there are some limitations of the current practice of
MRI-based target delineation in radiotherapy: 1) only one set of
MR sequences with a single weighting contrast can be reviewed
at a time, making it time-consuming to review multiple sets of

17.5

15.0 A

12.5 1

10.0 A

7.51

Tumor CNR

5.0 1

2.5 o

=

CT

0.0

T1Wpp T2W DWI T1Wpe Fused MR

FIGURE 1 | Patient tumor CNR in planning CT, four original MR image sets,
and fused MRI. CNR, contrast-to-noise ratio.

MR images during target delineation; 2) tumor contrast may vary
significantly between patients and increase the variation and
therefore uncertainty in target delineation. The MAMF method,
as shown in this study, can be used to enhance MRI tumor
contrast as well as its consistency between patients. The MAMF
method is therefore a promising tool to overcome the
abovementioned obstacles of MRI-based target delineation of
HCC. To our best knowledge, this is the first study of systematic
evaluation of the clinical efficacy of the MAMF method in HCC.
It is worth noting that other challenges of MRI-based
radiotherapy also exist, such as the potential of geometry
distortion and the lack of electron density information for dose
calculation. These areas have been actively studied in the
research community (31).

With the MAMF method applied in this study, the fused MRI
demonstrated the highest tumor CNR and minimum inter-
observer variability. It implies that the detectability and
accuracy of tumor delineation of HCC could be enhanced in
fused MRI. This improvement could reduce the probability of
inaccurate GTV delineation and could affect the clinical outcomes
of patients such as tumor local control rate and survival rate.

The four original MR image sets (T1Wpp, T1Wpp, T2W, and
DWI) were used as input for the MAMF method in this study.
These images are commonly used in HCC radiotherapy
treatment planning and are typically included in routine
abdomen MR imaging protocol. Most HCC lesions can be
accurately diagnosed by T1W and T2W MR images (32), and
DWI and contrast-enhanced MRI have been shown to be useful
contributors to improve the accuracy of liver HCC diagnosis
(33-36). It is also worth noting that the proposed MAMF
method does not require all four types of MR images as input
for performing image fusion. When fewer image modalities are
applied as input, the model can be re-trained for generating the
fused MR images. Apart from this, the MAMF method is not
limited to the four studied MR sequences. Other types of MR
images, such as T2/T1-weighted MRI using MR steady-state free
precession sequences (22, 37), can also be used as input for
MAMF and provide unique contributions to the contrast
spectrum of the resulting fused MR images. The clinical
efficacy of different MRI sequences combinations for MAMF is
yet to be investigated. Besides, the fusion algorithm in the

Frontiers in Oncology | www.frontiersin.org

124

February 2022 | Volume 12 | Article 816678


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Cheung et al. MRI Fusion for GTV Delineation

Plannin-gngl..

FIGURE 2 | Tumor visibility of a representative patient on various images: planning CT, four original MR sets (T1Wpp, T1Wpp, T2W, and DWI), and fused MRI.
T1Wpp, T1-weighted MRI at portal-venous phase; T1Wpp, T1-weighted MRI at 19-min delayed phase; T2W, T2-weighted; DWI, diffusion-weighted MRI.

MAMF method is not restricted to specific treatment sites. ~ thoracic and abdominal images and cause uncertainties
Further exploration of the generalizability of the MAMF  in tumor delineation (38, 39). Tremendous efforts have
method to other treatment sites is warranted. been made to assess a patient’s respiratory motion during

On the other hand, it is worth noting that respiratory motion  radiotherapy and to mitigate its impact on accurate treatment
has been demonstrated to adversely influence the quality of  delivery (40-43). Therefore, to minimize the impact of the
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FIGURE 3 | GTV delineation inter-observer mean DSC on planning CT, four FIGURE 4 | GTV delineation inter-observer coefficient of variation (CV) of
original MR image sets, and fused MRI. GTV, gross tumor volume; DSC, Dice DSC on planning CT, four original MR sets, and fused MRI. GTV, gross tumor
similarity coefficient. volume; DSC, Dice similarity coefficient.
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FIGURE 5 | Liver tumor delineation in a representative patient, illustrating different degrees of GTV contouring inter-observer consistency on various images:
planning CT (A), four original MR sets (T1Wpp (B), T1Wpp (C), T2W (D), and DWI (E)], and fused MRI (F). GTV, gross tumor volume; T1Wpp, T1-weighted MRI at
portal-venous phase; T1Wpp, T1-weighted MRI at 19-min delayed phase; T2W, T2-weighted; DWI, diffusion-weighted MRI.

respiratory motion on the image quality, the acquisitions of the
planning CT, T1Wpp, T1Wpp, and T2W MR images were
performed during breath-holding. DWI images were acquired
during the EOE phase using respiratory navigation due to its
longer acquisition time. Intrinsically, the acquired “stationary”
MR images might still have slight variations in the anatomic
position due to potential different breathing depths (44, 45). To
tackle this, the four input MR image sets were registered to
planning CT by DIR prior to image fusion. It is worth noting that
being a group of state-of-the-art registration methods, the DIR
methods and their accuracy have been actively studied (46, 47).
Advances in the DIR methods would further improve the
accuracy of the multisource MRI fusion.

Recently, four-dimensional MRI (4D-MRI) has been an
emerging technique for studying the impact of respiratory
motion (23, 48, 49). Initial incorporation of 4D-MRI with the
MAMEF fusion method has been reported (22), suggesting that
the MAMF method could be combined with 4D-MRI for
enhanced tumor contrast and inter-observer target delineation
consistency. One limitation of the study is a relatively small
cohort size. As a feasibility study and initial evaluation, the
results have demonstrated the capability of tumor CNR
enhancements and GTV delineation consistency improvement
by the MAMF method. The proposed method can benefit from
more validation and testing in a larger cohort study before its

consideration for clinical implementation. In future studies, we
plan to use more patient cases and digital human phantoms, such
as the 4D Digital Extended Cardiac-Torso (XCAT) phantom (50,
51), to more comprehensively evaluate the robustness and
accuracy of the proposed method for mobile tumors.

5 CONCLUSION

The preliminary results in ten HCC patients demonstrated that
the fused MRI generated using the MAMF method can enhance
tumor CNR in HCC as compared with planning CT and four
commonly used MR image sets (T1Wpp, TIWpp, T2W, and
DWI). The fused MRI can also improve the inter-observer
consistency of GTV delineation. The MAMF method holds
great promises for HCC tumor delineation and radiotherapy
treatment planning.
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Background: Hypofractionated radiotherapy delivered for portal vein tumor thrombosis
(PVTT) located in the main portal vein is rarely exploited. The study aimed to evaluate the
efficacy and safety of hypofractionated radiotherapy as palliative treatment for PVTT in
cirrhotic patients with hepatocellular carcinoma.

Methods: From March 2016 to July 2020, 16 patients (mean age, 59.1 + 6.3 years; 15
men) with hepatocellular carcinoma and hepatitis virus-related cirrhosis who underwent
hypofractionated radiotherapy for PVTT (located in the main portal vein) in our institute
were retrospectively reviewed.

Results: Complete response of the PVTT was observed in 4 cases (25%) with partial
response in 7 cases (43.75%) and stable disease in 5 cases (31.25%). Symptom relief
was observed in all 7 patients suffering from ventosity. The median time to progression
was 6 months (interquartile range, IQR: 6-12 months). Eight patients (50%) failed due to
primary cancer progression, 7 patients failed due to extrahepatic metastasis, and only 1
patient failed due to PVTT progression. The median overall survival was 17.4 months
(IQR: 8-25 months). Grade I/ll anorexia/nausea was observed in 14 patients (87.5%)
and Grade I/ll leukopenia was observed in 14 patients (87.5%). No complications >
Grade Il were observed.

Conclusions: Hypofractionated radiotherapy as palliative treatment appears effective and
safe for PVTT located in the main portal vein in cirrhotic patients with advanced
hepatocellular carcinoma, yielding a high rate of tumor response. Further study is warranted.

Keywords: hypofractionated radiotherapy, portal vein tumor thrombosis, hepatocellular carcinoma,
cirrhosis, palliation
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Fang et al.

Hypofractionated Radiotherapy for PVTT

BACKGROUND

Hepatocellular carcinoma (HCC) is the third leading cause of
cancer-related death worldwide. Advanced HCC is usually the
case when the cancer is initially diagnosed due to the
asymptomatic nature of HCC. Portal vein tumor thrombosis
(PVTT) is frequent in patients with advanced HCC and has been
reported in as many as 44%-84% of patients from autopsy data
and in 31%-50% from clinical data (1). The prognosis for these
patients remains discouraging with a median survival of only 2.7
months without treatment (2).

The recommended therapeutic methods for PVTT are
systemic therapy usually with targeted drugs or recently
reported atezolizumab plus bevacizumab regimen (3-8), which
is promising while unlikely to be a cost-effective option (9).
Notably, PVIT can obstruct portal venous flow and worsen
portal hypertension (10). An approach using local therapy and
systemic agents before progression should be investigated (11).
In selected patients with good hepatic reserves, surgical resection
and radioembolization may be attempted (11-13). However,
these local therapies were either invasive or inexhaustive and
only applicable to a small range of patients.

Recently, external beam radiation therapy (EBRT) was
recommended as a non-invasive local therapeutic option for
PVTT, and promising results have been noted (12-17).
However, hypofractionated radiotherapy for PVTT located in
the main portal vein is rarely exploited (18). Hypofractionated
radiotherapy was conducted as a palliative treatment for PVTT of
the main portal vein in our institute. Here, the study aimed to
evaluate the efficacy and safety of hypofractionated radiotherapy
as palliative treatment for PVTT located in the main portal vein
only in cirrhotic patients with hepatocellular carcinoma.

METHODS
Study Design

The retrospective study complies with the Declaration of Helsinki
and was approved by our institutional review board. The written
informed consent was obtained. The documented clinical data from
March 2016 to July 2020 in our institute were retrospectively
reviewed. Cirrhotic patients with advanced hepatocellular
carcinoma who underwent hypofractionated radiotherapy for the
main PVTT only were included. The indication of hypofractionated
radiotherapy was the intent to control PVTT in the main portal vein
in cirrhotic patients with or without portal hypertension symptoms.
The contraindications of hypofractionated radiotherapy were as
follows: (i) uncontrolled intrahepatic/extrahepatic lesion; (ii) liver

Abbreviations: PVTT, portal vein tumor thrombosis; SD, stable disease; IQR,
interquartile range; HCC, hepatocellular carcinoma; EBRT, external beam
radiation therapy; TACE, transarterial chemoembolization; ECOG, Eastern
Cooperative Oncology Group; TTP, time to progression; CT, computed
tomography; MRI, magnetic resonance imaging; CTCAE, Common
Terminology Criteria for Adverse Events; BCLC, Barcelona Clinical Liver
Cancer; ESMO, European Society for Medical Oncology; OAR, organ at risk;
CR, complete response; PR, partial response; SD, stable disease; PD, progressive
disease; 3D-CRT, three-dimensional conformal radiotherapy.

function of Child-Pugh Class C; (iii) renal failure; (iv) active portal
hypertension, confirmed by upper endoscopy and the presence of
symptoms (i.e., gastrointestinal bleeding or refractory ascites); (v)
poor condition with Eastern Cooperative Oncology Group (ECOG)
score > 2 or expected life span < 1 month; and (vi) pregnancy. All
patients had signed an informed consent form for hypofractionated
radiotherapy using Gamma-knife.

Definitions

The PVTT response, symptom relief, time to progression (TTP),
overall survival, and complication after hypofractionated
radiotherapy were recorded. The PVTT response was evaluated
based on the consensus of 2 investigators according to the Response
Evaluation Criteria in Solid Tumors on the first computed
tomography (CT) or magnetic resonance imaging (MRI) image
within 3 months after hypofractionated radiotherapy (19).
Symptom relief was recorded according to the patient’s complaint
at the first-time follow-up after hypofractionated radiotherapy. TTP
was defined as the time from the hypofractionated radiotherapy
initialization until tumor progression including not only PVTT but
also any intrahepatic or extrahepatic tumor progression. Overall
survival was defined as the interval between hypofractionated
radiotherapy initialization and death from any cause.
Complications were determined by the Common Terminology
Criteria for Adverse Events (CTCAE) v4.0 (CTCA) (20).

Study Population

A total of 16 patients (mean age, 59.1 + 6.3 years; 15 men) were
included in the analysis. All the patients were clinically diagnosed
with Barcelona Clinical Liver Cancer (BCLC) stage C HCC
according to the European Society for Medical Oncology
(ESMO) Clinical Practice Guidelines (21), along with hepatitis
B (n =15)/C (n = 1) virus-related cirrhosis. The PVTTs were all
in the main portal vein (Vp4) and diagnosed by both enhanced
CT and MRI according to the Japan criterion (22). Fourteen
(87.5%) patients had portal hypertension, while only 1 (6.25%)
patient had ascites and 7 (43.8%) patients had ventosity. The
liver function of the patients was Child-Pugh stage A in 12
patients and stage B in 4 patients, all with ECOG performance
score 1. The summary of the patients is listed in Table 1. Ten
(62.5%) patients combined with previous or post-treatment for
primary tumor control. Only one patient (No. 16) received
Lenvatinib and another patient (No. 13) received anti-PD-1;
the remaining patients refused systemic therapy due to medical
charges. Two patients (Nos. 2 and 14) could not receive
transarterial chemoembolization (TACE) before radiotherapy
because of PVTT and portal vein recanalization after
radiotherapy provides TACE treatment opportunity.

Hypofractionated Radiotherapy

Hypofractionated radiotherapy was performed using a Gamma-
knife (OUR-QGD/B Version, Shenzhen Aowo Medical New
Technology Co., Ltd) loaded with Cobalt®®. All patients
underwent enhanced CT with a slice thickness of 2 mm for
detection of the lesion after placing the stereotactic frame.
Contouring of the PVTT and organ at risk (OAR) was then
conducted. The treatment plans were developed using treatment
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TABLE 1 | Summary of the 16 patients.

Patients Sex Age CP PH

10

1

12

13

14

15

16

55

66

55

47

58

63

56

64

58

58

55

51

68

71

62

58

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

Combined
treatment

Pre-TACE (PD)
Post-TACE

None

None

Pre-TACE (PD)
Post-HIFU for
primary

Pre-TACE+ RT (PR);
Post-TACE

None

None

Pre-HAIC
Pre-+post-TACE
None
Post-anti-PD-1
Pre-RFA (CR); Post-
TACE

None

Pre-TACE+
Lenvatinib

Dose/fraction

45 Gy/15F
8.8 Gy/4F
+26.4 Gy/11F
45 Gy/15F
36.4 Gy/13F
33.8 Gy/13F
25 Gy/10F
45 Gy/15F
39 Gy/13F
45 Gy/15F
39 Gy/13F
45 Gy/15F
39 Gy/13F
45 Gy/15F
45 Gy/15f
30 Gy/10F

45 Gy/15f

Symptom relief

Ventosity relief;
Ascites reduced
Ventosity relief
Ventosity relief
Ventosity relief
Without Symptom
Ventosity relief
Without symptom
Without symptom
Ventosity relief
Without symptom
Without symptom
Without symptom
Ventosity relief
Without symptom
Without symptom

Without symptom

SD

PR

CR

PR

PR

SD

CR

CR

PR

PR

CR

PR

SD

PR

SD

SD

PVTT-R

Failure

Primary cancer
progression
Extrahepatic
metastasis
Extrahepatic
metastasis
Primary cancer
progression
Extrahepatic
metastasis
Primary cancer
progression
Primary cancer
progression
Extrahepatic
metastasis
Extrahepatic
metastasis
Extrahepatic
metastasis
Primary cancer
progression
PVTT
progression
Primary cancer
progression
Primary cancer
progression
Primary cancer
progression
Extrahepatic
metastasis

TTP OS
3 69
24 313
6 205
12 250
12 176
3 77
12 442
12 174
12 164
12 146
36 40.5
3 12
6 86
6 102
6 6
6 64

Complications

None
Grade 2 anorexia/nausea

Grade 2 anorexia/nausea;
Grade 1 leukopenia
Grade 1 anorexia/nausea;
Grade 1 leukopenia
Grade 2 anorexia/nausea;
Grade 2 leukopenia
Grade 2 anorexia/nausea;
Grade 1 leukopenia
Grade 1 anorexia/nausea;
Grade 1 leukopenia
Grade 2 anorexia/nausea;
Grade 2 leukopenia
Grade 2 anorexia/nausea;
Grade 2 leukopenia
Grade 1 anorexia/nausea;
Grade 2 leukopenia
Grade 2 anorexia/nausea;
Grade 2 leukopenia
Grade 2 anorexia/nausea;
Grade 2 leukopenia
Grade 1 anorexia/nausea;
Grade 1 leukopenia
Grade 1 anorexia/nausea;
Grade 1 leukopenia
Grade 2 anorexia/nausea;
Grade 1 leukopenia
Grade 1 leukopenia

Prognosis

Died due to primary tumor progression
Died due to extrahepatic metastasis
Died due to extrahepatic metastasis
Died due to cachexia

Died due to cachexia

Died due to hepatorenal syndrome and
extrahepatic metastasis

Died due to tumor progression

Died due to liver failure and extrahepatic
metastasis

Died due to liver failure and extrahepatic
metastasis

Died due to cachexia and extrahepatic
metastasis

Alive

Alive

Died due to variceal bleeding

Alive

Died due to tumor progression

Alive

CP, Child-Pugh; PH, portal hypertension; M, male; F, female; Pre-, previous; Post-, post-Gamma-knife radiotherapy; PVTT-R, portal vein tumor thrombosis response; TACE, transarterial chemoembolization; HIFU, high-intensity focused

ultrasound; RT, radiotherapy; PD, progression disease; PR, partial response; CR, complete response; TTP, time to progression; OS, overall survival.
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FIGURE 1 | Contouring of the portal vein tumor thrombosis (PVTT) (black arrow) and organ at risk (OAR) and the treatment plans were developed.

plan systems (Shenzhen Aowo Medical New Technology Co.,
Ltd) (Figure 1). The prescription dose was individualized and
usually 30-45 Gy delivered in 10-15 fractions. The actual
dosimetry parameter of the OARs for the patient is listed
in Table 2.

Follow-Up

The patients were routinely followed within the first month, 2- to 3-
month intervals within the first 2 years, and 3- to 6-month intervals
thereafter. Enhanced CT/MRI was conducted to assess the response
of the tumor 1-3 months after hypofractionated radiotherapy.

Statistical Analysis

The data were expressed as mean * standard deviation or median
(interquartile range, IQR). The TTP and overall survival analysis
were evaluated by the Kaplan-Meier method. SPSS statistical
software (version 26.0) was used.

TABLE 2 | The actual dosimetry parameter of the OARs for the 16 patients.

Patients Stomach Duodenum Liver mean Cord Dmax
Dmax (cGy) Dmax (cGy) dose (cGy) (cGy)
1 3,604.4 2,809.4 1,445.2 507.6
2 2,709.1 3,200.6 1,167.2 669.1
3 3,098.2 2,760.6 1,203.4 612.9
4 2,908.5 3,400.7 1,156.7 709.8
5 2,657.8 2,908.7 1,321.5 700
6 3,120.6 3,320.5 899.2 601.6
7 1,600.8 3,609.5 1,006.7 907.6
8 2,099.5 2,500.8 954.5 812.9
9 1,870.5 3,509 1,207.7 615
10 2,234.9 3,621.3 1,165.5 652
11 1,866.3 3,456.7 1,098.4 602.6
12 1,504.7 2,318.9 1,149.6 737.9
13 3,5650.8 2,710.6 1,151.4 281.5
14 1,455.6 2,730.5 1,045.7 723.6
15 3,145.4 3,5679.9 987.7 908.8
16 3,5600.6 3,764.8 1,380.4 642.8

Dmax, maximum dose; OARs, organs at risk.

RESULTS
PVTT Response

Complete response (CR) was observed in 4 cases (25%), partial
response (PR) was observed in 7 cases (43.75%), stable disease
(SD) was observed in 5 cases (31.25%), and progressive disease
(PD) was not found (Figure 2). Symptom relief was observed in
all 7 patients with ventosity.

Treatment Failure and Overall Survival
The median TTP was 6 months (IQR: 6-12 months). Eight
patients (50%) failed due to primary cancer progression, 7
patients failed due to extrahepatic metastasis, and only 1
patient failed due to PVTT progression (patient no. 12).

The median overall survival was 17.4 months (IQR: 8-25
months) (Figure 3). Patients with CR/PR were associated with
longer OS (6-36 months) compared with that of SD (3-6 months).

Until January 17, 2021, 4 patients (25%) were still alive and 8
patients died due to cachexia, liver failure, primary tumor
progression, extrahepatic metastasis, hepatorenal syndrome, or
variceal bleeding.

Complications

Grade I/II anorexia/nausea was observed in 14 patients (87.5%)
and Grade I/IT leukopenia was observed in 14 patients (87.5%).
All recovered without a prolonged hospital stay. No
complications > Grade III were observed (Table 1).

DISCUSSION

In the retrospective study of 16 patients, hypofractionated
radiotherapy as palliative treatment appears effective and safe
for PVTT located in the main portal vein only in cirrhotic
patients with advanced hepatocellular carcinoma yielding a
high rate of tumor response.
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Both the response rate of PVTT and patient survival in the
present study were superior to the previously published studies
involving EBRT for PVTT (14). In an overview reported by Lee
et al. (14), the response rate of three-dimensional conformal
radiotherapy (3D-CRT) delivered to PVTT alone was about
50%-75% and that was 40%-50% when delivered to both the
PVTT and primary cancer (14). The median survival was
reported at 7-8 months for EBRT delivered to PVTT alone
and 5 months for non-responders/20 months for responders
when delivered to both the PVTT and primary cancer (14). Kim
et al. reported hypofractionated radiotherapy using helical

18 24 30 36 42 48

FIGURE 2 | Complete response in a patient with portal vein tumor thrombosis (PVTT). (A) PVTT was shown in the main portal vein (black arrow). (B) PVTT was

Percent OS

6 12 18 24 30 36 42 48

Time (month)

FIGURE 3 | The Kaplan-Meier survival curve of time to progression (TTP) and overall survival (OS) for the 16 patients with portal vein tumor thrombosis (PVTT)

tomotherapy for PVTT in 35 patients, and there was a CR in 5
patients (14.3%), PR only in 10 patients (28.6%), SD in 18
patients (51.4%), and PD in 2 patients (5.7%) (16). These
historical data were all inferior to that of the present study.
The reason for the difference may be that the PVTT located in
the main portal may benefit more from focused radiotherapy (23,
24). In the present study, the combination with other treatments,
e.g., transarterial chemoembolization in some patients (25-27),
and relative high response rate of PVTT may contribute to the
relatively long survival time of the patients (median 17.4
months), as responders seem to have significantly lived longer
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than non-responders (22.0 months vs. 5.0 months) (28, 29).
Treatment-related toxicities were reported in most studies, but
the specific toxic effect of PVTT treatment was seldom found,
and most cases were of non-specific liver toxicities or were
associated with RT-related toxicity (14). The complications in
the present study were also non-specific and all recovered
without a prolonged hospital stay.

Although hypofractionated EBRT or stereotactic body
radiotherapy (SBRT) for primary HCC targeting has been
broadly studied, the use of these regimens for PVTT treatment
has rarely been reported (14). In a multi-center analysis by Lou et al.
(17), 75 patients with HCC and inferior vena cava/right atrium
tumor thrombus who underwent hypofractionated radiotherapy
were retrospectively reviewed. The tumor thrombus completely
disappeared (CR) in 17 patients (22.7%), 55 patients (73.3%) had a
PR, and 3 patients (4.0%) had an SD, which seems superior to the
current study. Patients with inferior vena cava thrombus treated
with EBRT tend to have a better response rate and longer survival
than those with PVTT (1). A study by Wu et al. evaluated the
efficacy of 3-dimensional conformal hypofractionated radiotherapy
combined with transcatheter arterial chemoembolization for
PVTT; radiotherapy was performed at an exposure of 4-8 Gy/
time, 3 times/week, 48-60 Gy, 8-12 times, 3.0-3.5 weeks. The
objective response was 71.4%. The overall survival rates were 59.3%,
31.6%, and 26.6% at 1, 2, and 3 years, respectively, with a median
survival time of 11 months, which were similar to that reported here
and were superior to the previously published studies involving
conventionally fractionated radiotherapy for PVTT. Further study
is warranted for hypofractionated radiotherapy to evaluate the
potential benefit over conventionally fractionated radiotherapy.

PVTT is one of the treatment dilemmas that need to be
addressed for patients with HCC. With the advance in modern
radiotherapies, such as MRI-guided radiotherapy, helical
tomotherapy, or charged particle hypofractionated radiotherapy,
focused radiotherapy with precise dose carving and the high
prescription dose may be delivered and may shed light on the
fields (16, 30, 31). As indicated by the current studies, focused
radiotherapy may benefit the patients with high local control.
However, primary cancer progression, extrahepatic metastasis,
poor liver function, and related events could still be stumbling
blocks on patients’ survival improvement. In particular, for
patients with HCC and Child-Pugh class B, owing to borderline
liver function, any intervention might be offset by liver function
deterioration (32), and these patients also yield relatively poor TTP
in the present study. Though hypofractionated radiotherapy
shows acceptable toxicity in the present study, careful attention
should be paid to low-dose volumes that could potentially result in
increased liver toxicity (33). Therefore, stricter patient selection
may maximize the potential benefits of this treatment (16). In the
phase III RESORCE trial, median OS from the start of sorafenib to
death was 19.2 months and 26.0 months for patients with
sequential regorafenib treatment (34). The median OS (17.4
months) in the present study seems to approach that of
sorafenib and significantly inferior to patients with sequential
regorafenib treatment. However, only two patients in the present
study received systemic therapies (Lenvatinib and anti-PD-1) (35).

Therefore, the combination of hypofractionated radiotherapy with
a moderate systemic therapy, e.g., immune checkpoint blockade, is
warranted (7).

There are several limitations of this study. Firstly, the study is a
retrospective study with a small group of patients, which maylead to
a certain bias. Secondly, the hypofractionated radiotherapy regimen
varied for the patients and lacked a control group with
conventionally fractionated radiotherapy. Therefore, the potential
benefit of hypofractionated radiotherapy using Gamma-knife over
conventionally fractionated radiotherapy was impossible to verify
while a relatively high response rate was observed. Finally, the
PVTT diagnosis was based on an enhanced CT and MRI image
without pathological confirmation and may be biased by the
potential onset of portal vein thrombosis. However, this is
currently the accepted diagnostic regimen.

CONCLUSION

Hypofractionated radiotherapy as palliative treatment appears
effective and safe for PVTT located in the main portal vein in
cirrhotic patients with advanced hepatocellular carcinoma,
yielding a high rate of tumor response. Further study
is warranted.
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Background: The treatment of hepatocellular carcinoma (HCC) with right atrium (RA) and
inferior vena cava (IVC) tumor thrombi is challenging, with the standard treatment being
not well established. Immunotherapy plus antiangiogenic therapy is a potentially effective
treatment for patients with advanced HCC. Here, we described the case of a patient with
HCC with RA and IVC tumor thrombi who achieved a successful response from
radiotherapy and targeted therapy plus immunotherapy.

Case Summary: A 62-year-old women presented with severe bilateral lower extremity
edema identified as recurrent HCC with RA and IVC tumor thrombi based on past medical
history and computed tomography. The patient received palliative radiotherapy plus
pembrolizumab and lenvatinib treatment and was relieved of disease symptoms of
bilateral lower extremity edema. The HCC with RA and IVC tumor thrombi shrunk, and
the progression-free survival of this patient was > seven months.

Conclusion: Tumor thrombus-directed radiotherapy plus concurrent immunotherapy
and targeted therapy might be a feasible and safe approach for patients with HCC with RA
and IVC tumor thrombi.
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INTRODUCTION

Primary liver cancer is the sixth most commonly diagnosed cancer and the third leading cause of
cancer-related deaths worldwide in 2020, with approximately 906,000 new cases and 830,000 deaths
(1). Nevertheless, in China, hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-
related deaths (accounting 326,000 deaths), with 370,000 new cases in 2015 (2). HCC with a tumor
thrombus extending into the inferior vena cava (IVC) or the right atrium (RA) is rare, accounting
for 3.8% of the HCC cases (3, 4). In addition, vasculature invasion is a poor prognostic factor in
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patients with HCC (5). The median survival of patients with
untreated macrovascular thrombi is approximately five months
(6). The causes of mortality include heart failure, pulmonary
embolism, Budd-Chiari syndrome, and other events (7).

Lenvatinib and sorafenib are both multi-kinase inhibitors.
Sorafenib can simultaneously inhibit various intracellular and
cell surface kinases, including rapidly accelerated fibrosarcoma
(RAF) kinase, vascular endothelial growth factor receptor-2
(VEGFR-2), VEGFR-3, and platelet-derived growth factor
receptor-beta (PDGFR-f3). Lenvatinib and sorafenib have dual
antitumor effects. On the one hand, they can directly inhibit
tumor growth by inhibiting the RAF/MEK/ERK signaling
pathway; on the other hand, they can block VEGFR and
PDGFR. Both sorafenib and lenvatinib have survival benefits
and are recommended for managing patients with advanced
HCC (8, 9). However, the efficacy of sorafenib is limited due to
developed drug resistance.

The major neuronal allotypes of RAF, BRAF, and MEK
pathways play a key role in HCC evasion of tyrosine kinase
inhibitor (TKI) activity (10). Immune checkpoint inhibitors
(ICIs) have been approved as second-line therapy for HCC in
patients who previously received sorafenib (11). Pembrolizumab
has shown substantial antitumor activity and a favorable toxicity
profile as a second-line treatment for HCC (12). Moreover,
according to the IMbravel50 trial, atezolizumab plus
bevacizumab is recommended for treating unresectable HCC
(13). In a clinical trial (NCT03006926), 104 patients with
unresectable HCC received lenvatinib orally daily and 200 mg
pembrolizumab every three weeks (q3w), the objective response
rate was 46%, with median overall survival (OS) of 22
months (14).

Radiation therapy, especially image-guided radiation therapy,
can be used to treat liver cancer. For HCC, stereotactic body

radiation therapy (SBRT) can achieve adequate local tumor
control and survival benefits (15). SBRT plus immunotherapy
showed a 100% response in five advanced HCC patients (16).

Here, we report a case of recurrent HCC with RA and IVC
tumor thrombus that received radiation plus pembrolizumab
and lenvatinib treatment.

CASE DESCRIPTION

This case report was conducted per the CARE Guidelines (17). In
July 2021, a 66-year-old Chinese woman was hospitalized due to
severe bilateral lower extremity edema and palpitation, without
any accompanying symptoms, such as abdominal pain or
bloating. She had no history of high blood pressure, diabetes,
or hepatitis. She had been diagnosed with HCC nine years ago
and had undergone surgical resection. Postoperative pathology
revealed a highly differentiated HCC. She had received
radiofrequency ablation because of local HCC recurrence in
November 2013 and May 2014. Subsequently, the patient did
not undergo medical examination until July 2021. In July 2021,
an enhanced computed tomography (CT) showed HCC
recurrence at the junction of the anterior segment (S5/S8) of
the liver, with approximately 1.8 x 1.4 cm size. The mass
wrapped and invaded the adjacent IVC and grew into the IVC,
RA, and left renal vein. The diagnosis was HCC with RA and
IVC tumor thrombi with Barcelona clinic liver cancer (BCLC)
stage-C (Figure 1). Then, the patient received sorafenib
treatment and developed grade 4 (the US National Cancer
Institute Common Terminology Criteria for Adverse Events
[CTCAE v4.03]) skin rash and discontinued the sorafenib
treatment. Hormones and proglobulin were used to treat
dermatitis, and adverse skin reactions were reversed.

FIGURE 1 | (A) Enhanced CT revealed a mass tumor in the S5/S8 segment of the liver; (B) The tumor thrombus in the inferior vena cava; (C) The tumor thrombus
in the right atrium; (D) The tumor thrombus in the left renal vein. CT, computed tomography.
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According to a published study, radiotherapy can be used to treat
liver cancer with RA and IVC tumor thrombi (18). Moreover,
immunotherapy plus radiotherapy and antiangiogenic therapy is
a safe and effective approach for advanced HCC (19). Therefore,
we administrated radiotherapy, immunotherapy, and lenvatinib.
The patient received radiotherapy in August 2021 through
volumetric modulated arc therapy and respiratory gating
technology. The dose for HCC recurrence was 50 Gy/25
fractions and for HCC with RA and IVC tumor thrombi was
45 Gy/25 fractions (Figure 2). She simultaneously received
pembrolizumab (100 mg; 2 mg/kg, q3w) and lenvatinib (8 mg/
day). Lower extremity edema and palpitations resolved after
radiotherapy. Toxicity was well tolerated with no liver toxicity,
and grade > 3 adverse events were observed. After four cycles of
pembrolizumab plus lenvatinib treatment, the CT scan indicated
that the patient had a partial response and a decreased thrombus
according to the Response Evaluation Criteria in Solid Tumors
(RECIST) v.1.1. The HCC lesion at the junction of S5/S8 segment
disappeared, and the IVC/RA thrombus decreased in size
(Figure 3). No disease progression was observed. The patient
continued to receive the pembrolizumab plus lenvatinib
treatment (the last pembrolizumab treatment day was March
26,2022). The patient remained stable at the time of writing (> 7
months). During the treatment period, there was no grade > 3
adverse events or liver toxicity. Leukopenia (grade 2),
thrombocytopenia (grade 1), hypoalbuminemia (grade 1), and
hypertension (grade 2) were resolved using symptomatic drug
treatment. Granulocyte colony-stimulating factor was

FIGURE 3 | Sizes of RA and IVC tumor thrombi before and after 3-month
treatment. (A, C, E) Before treatment; (B, D, F) Three months after treatment.
IVC, inferior vena cava; RA, right atrium.

FIGURE 2 | Region of image-guided radiotherapy. (A) cross-sectional dose
distribution map; (B) coronal dose distribution map; (C, D) target delineation
of gross tumor volume (GTV) and planted target volume (PTV), the inner circle
line is GTV, and the outer circle line is PTV.

administered to deal with white blood loss. A CT scan was
regularly performed for every 3 months. Blood routine, liver
function, kidney function, electrolyte, thyroid function, and
pituitary function were regularly measured. The timeline
scheme of the major clinical events of the patient since HCC
diagnosis is shown in Figure 4.

DISCUSSION

In this case, the patient with HCC recurrence with RA and IVC
tumor thrombi received radiotherapy, and pembrolizumab plus
lenvatinib was administered to the patient. Partial responses after
three months of treatment were observed. The patient was
treated with (100 mg; 2 mg/kg, q3w) and lenvatinib (8 mg/day)
regularly. Blood routine, liver function, kidney function,
electrolyte, thyroid function, and pituitary function were
regularly measured. A CT scan was regularly performed for
every 3 months.

The progression-free survival (PFS) was > 7 months at the last
calculation with no grade > 3 adverse events.

The treatment of HCC with RA tumor thrombus via
progression through the hepatic veins into the IVC is
challenging (18). Treatment with sorafenib and best supportive
care (20) as well as pembrolizumab plus lenvatinib treatment has
been recommended (21). However, the prognosis of RA tumor
thrombi is poor, and the identification of safe and effective local
therapies is required. Local therapies include surgical resection
(4), microwave ablation, transarterial chemoembolization,
and radiotherapy.

A radiotherapy is an effective approach for managing
unresectable HCC, with radiographic response rates of 49-98%
and local control rates of 68-100% (22, 23). Bitterman et al.
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FIGURE 4 | The timeline scheme of the major clinical events of the patient since diagnosis. HCC, hepatocellular carcinoma; IVC, inferior vena cava; RA, right atrium;
RFA, radiofrequency ablation; P, pembrolizumab; L, lenvatinib; PR, partial response.

reported 10 patients with HCC and IVC and RA thrombi
receiving a median of 50.6 Gy radiation. The median follow-up
was 5 months, and no grade > 3 acute toxicities occurred (18).
Duan et al. reported 11 patients with IVC and RA who received
transarterial chemoembolization and 60 Gy/30 fraction
radiotherapy. Radiographic responses with no severe toxicity
were observed in all patients. The median OS was 21 months
(24). A recent review included 105 patients with HCC with IVC
and RA thrombi, with a median age of 58.7 + 12.4 years.
Different groups were classified according to their treatment
choices. The OS was 40.8% in these patients, indicating effective
radiotherapy. The major morbidity was due to intra or
extrahepatic recurrence of HCC (25). Fleckenstein et al.
reported that a patient with HCC thrombus extending into the
RA received CT-guided high-dose-rate brachytherapy; the
patient showed relieving disease symptoms and good
radiologic response (26).

Immunotherapy is a therapeutic modality in many solid
tumors. Patients with advanced HCC may benefit from ICls
(21). Anti-programmed cell death-1(anti-PD-1) therapy in 413
patients with HCC was investigated in the Keynote-240 trial. The
median OS was 13.9 months in the anti-PD-1 group and 10.6
months in the best supportive care group. The response rates
were 18.3% and 4.4% in the anti-PD-1 and best supportive care
groups, respectively. Moreover, the toxicity of ICIs was well
tolerated (27). Furthermore, Keynote-224 investigated the effect
of pembrolizumab in patients with advanced HCC, who had
previously been treated using sorafenib, and showed that
pembrolizumab might be an effective way for this group of
patients (28). Sorafenib is a molecularly-targeted drug approved
by the U.S. Food and Drug Administration (FDA) for treating
advanced HCC. The antiangiogenic agent lenvatinib is a targeted
small molecule approved for the first-line treatment of advanced
HCC. However, only approximately 30% of patients with
advanced HCC showed good treatment response after receiving
sorafenib, and many patients gradually progressed to insensitivity
or resistance to sorafenib within six months. Drug resistance
involves many signaling pathways, such as the RAF, BRAF, and
MEK pathways. Advanced HCC patients with BRAF mutations
display multifocal or more aggressive behavior with resistance to
TKI. Long non-coding RNA may play a vital role in BRAF
aggressiveness in HCC (10). Tumors grow and evolve through
constant crosstalk with the surrounding microenvironment.
Emerging evidence indicates that angiogenesis and

immunosuppression frequently occur simultaneously in
response to this crosstalk (10). Accordingly, strategies
combining antiangiogenic therapy and immunotherapy have
the potential to balance the tumor microenvironment and
improve treatment response (10). The combination of
antiangiogenic therapy with immunotherapy (atezolizumab plus
bevacizumab) was also demonstrated in the IMBRAVE 150 study
to provide a survival benefit for advanced HCC (13). Moreover,
low-dose antiangiogenic therapy and immunotherapy improved
the treatment effect in patients with breast cancer (29). Two HCC
patients with lung metastases treated with lenvatinib plus
pembrolizumab showed a good radiologic response and median
PES of > 12 months (30). The objective response rate of 29
patients receiving ICIs plus lenvatinib was approximately 25.9%,
with one patient having a complete response, 6-month OS was
62.6%, 12-month OS was 53.7%, and 6-month PFS rate was
43.5% (31).

One study included 65 patients who received lenvatinib plus
immunotherapy and 45 patients who received lenvatinib
monotherapy. Lenvatinib plus ICI provided significantly higher
OS and PES than lenvatinib monotherapy. The objective response
rate and disease control rate were significantly higher in the
lenvatinib plus ICI group than in the lenvatinib monotherapy
group. No treatment-related deaths occurred. Grade 3 or higher
hypertension and palmar-plantar erythrodysesthesia were observed
in 20% and 10.8% of the patients in the combination group and
17.8% and 4.4% of the patients in the single-agent group,
respectively (32). In another study, patients with HCC showed
complete response after lenvatinib plus pembrolizumab treatment
(33). An HCC patient with IVC and RA tumor thrombi and left
adrenal gland metastasis received transarterial chemoembolization,
immunotherapy, and subsequent radiotherapy. The patient
survived for > 34 months since the disease diagnosis (34).

The tumor microenvironment has a strong immunosuppressive
effect. Although there is considerable intratumoral heterogeneity in
tumors, various mechanisms may play an immunosuppressive
role, including altered cytokine signaling and the presence
of immunosuppressive cells. Radiotherapy for tumors can
transform an immunosuppressive environment into an
immunostimulatory environment. Ionizing radiation can also
promote both immunosuppressive and carcinogenic effects.
Regulating the immune microenvironment by radiotherapy may
involve the following mechanisms: (1) local production of
chemokines, cytokines, and other soluble factors; (2) changes in
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the tumor-associated stroma and endothelium; (3) transport or
regulation of immune cell subsets into the tumor
microenvironment (35). Radiation activates the immune system,
exerts a synergistic antitumor effect through a combination of
immunotherapy, and can increase the expression of the immune
cells (36, 37). Yttrium-90 radioembolization (Y-90 RE) plus
immunotherapy was safe and effective in patients with advanced
HCC, with an objective response rate of 31% (38). The
combination of radiotherapy and immunotherapy in patients
with HCC showed 1- and 2-year PFS of 93.3% and 77.8%,
respectively (39). A phase I trial reported that radiotherapy plus
ipilimumab had clinical benefits in 23% of patients with liver/lung
cancer (40). One study included 76 patients with HCC treated with
nivolumab. Of those patients, 54 (71.1%) received radiotherapy
before or during immunotherapy. The patients who had received
radiotherapy had significantly longer PFS and OS than patients
who had not received radiotherapy (41). Some clinical trials are
ongoing to evaluate the treatment of programmed cell death-1
antibody plus radiotherapy for advanced HCC. One clinical trial
investigated radiation plus intravenous administration of 200 mg
camrelizumab (q3w, five times since the first day of radiotherapy
until disease progression or intolerable toxicity) in advanced HCC
(https://clinicaltrials.gov/ct2/show/NCT04193696). The primary
outcome was the objective response rate, and the secondary
outcomes were OS and toxicity. Another clinical trial
investigated the efficacy and safety of SBRT followed by
immunotherapy compared to SBRT alone for HCC with portal
vein invasion after arterially directed therapy. Patients underwent
SBRT using volumetric arc therapy, and the prescribed dose was
30-54 Gy in 3-6 fractions over 1-2 weeks (https://clinicaltrials.gov/
ct2/show/NCT04167293). Further research on radiotherapy plus
immunotherapy for HCC is required.

In a recent randomized phase III trial, 91 patients with locally
advanced cervical squamous cell carcinoma were included. Of
which 43 patients received radiochemotherapy, and 48 received
chemotherapy plus Endostar (an antiangiogenic agent). The
study indicated that the completed response rate was
significantly higher in the chemotherapy plus Endostar group
than in the radiochemotherapy group (83.33% vs. 65.12%) (42).
Whether the three treatments have synergistic effects is worth
exploring. A few studies have focused on the combination of the
three treatments. A study indicated that all three treatments in
murine lung tumors could inhibit tumor growth and increase
immune memory protecting against tumor recurrence (43).

Although radiotherapy combined with antiangiogenic
therapy or immunotherapy has been extensively studied, only a
few phase III controlled studies have been successfully
conducted. Owing to the complex relationship between cancer
cells and tumors in the tumor microenvironment, combination
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Purposes/Objectives: Historically, motion correlation between internal tumor and
external surrogates have been based on limited sets of X-ray or magnetic resonance
(MR) images. With the recent clinical implementation of MR-guided linear accelerators, a
vast quantity of continuous planar real-time MR imaging data is acquired. In this study,
information was extracted from MR cine imaging during liver cancer treatments to
establish associations between internal tumor/diaphragm and external surface/skin
movement.

Methods and Materials: This retrospective study used 305,644 MR image frames
acquired over 118 treatment/imaging sessions of the first 23 liver cancer patients treated
on an MRI-linac. 9 features were automatically determined on each MR image frame:
Lung_Area, the posterior (Dia_Post), dome (Dia_Dome), and anterior (Dia_Ant) points of a
diaphragmatic curve and the diaphragm curve point (Dia_Max), the chest (Chest) and the
belly (Belly) skin points experiencing the maximum motion ranges; the superior-interior (Sl)
and posterior-anterior (PA) positions of a target. For every session, correlation analyses
were performed twice among the 9 features: 1) over a breath-hold (BH) set and 2) on a
pseudo free-breathing (PFB) generated by removing breath-holding frames.

Results: 303,123 frames of images were successfully analyzed. For BH set analysis,
correlation coefficients were as follows: 0.94 + 0.07 between any two features among
Dia_Post, Dia_Dome, Dia_Max, and Lung_Area; 0.95 + 0.06 between S| and any feature
among Dia_Post, Dia_Dome, Dia_Max, or Lung_Area; 0.76 + 0.29 between Sl and Belly
(with 50% of correlations > 0.87). The PFB set had 142,862 frames of images. For this set,
correlation coefficients were 0.96 + 0.06 between any two features among Dia_Post,
Dia_Dome, Dia_Max, and Lung_Area; 0.95 + 0.06 between S| and any feature among
Dia_Post, Dia_Dome, Dia_Max, or Lung_Area; 0.80 + 0.26 between Sl and Belly (with
50% of correlations > 0.91).
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Conclusion: Diaphragmatic motion as assessed by cine MR imaging is highly correlated
with liver tumor motion. Belly vertical motion is highly correlated with liver tumor
longitudinal motion in approximately half of the cases. More detailed analyses of those
cases displaying weak correlations are in progress.

Keywords: motion correlation, MR cine imaging, liver cancer, tumor motion, diaphragm motion, skin motion

INTRODUCTION

Internal tumor motion due to respiration compromises the
precision of radiation therapy and efficacy at delivering high
radiation doses to control the tumor while minimizing side
effects to adjacent normal tissues. Large margins have been
added to expand the clinical target volume to a much larger
planning treatment volume (PTV) (1-3). It is vital to locate
tumors and critical structures in real-time to minimize
irradiation of normal tissue (4-7). However, it is difficult to
directly track internal organ motions in real-time by common
radiation therapy equipment. X-ray based fluoroscopy imaging
delivers too much extra imaging dose with limited soft tissue
contrast (8). Implanted fiducial markers only provide locations
of limited points with the risk of side effects from fiducial
implantation and marker migration (9). Intensive studies have
been reported to identify the correlation between internal tumor
motion and external surrogates (10-23). Correlations between
internal tumor motions and external surrogates have been based
on computed tomography (CT) or magnetic resonance (MR)
volumetric image sets or dynamically updated with intermittent
X-ray or MR images during treatment. All these studies were
performed based on limited patient data. Previous reports that
focused on cine MR images to define correlations between
different surrogates have used MR images acquired over a
limited time period and outside the context of actual radiation
therapy treatment delivery. For example, Paganelli et al. reported
correlation studies between internal features and external
surrogates based on 120 frames of MR cine images over 74.4
seconds per patient (24); Yang et al. reported correlation between
diaphragm and liver tumor based on MR images within 15~30
seconds (25). It is clinically important to study the correlation
over a time period covering an entire radiation therapy treatment
from positioning patient to completing dose delivery, which lasts
for at least 10 minutes. Moreover, breathing patterns acquired at
simulation can often be different than those at time of actual
treatment. With the recent clinical implementation of MR-
guided linear accelerators, a vast quantity of continuous planar
real-time MR imaging data is acquired at 4 frames/second as part
of the radiation therapy treatment delivery process (5-7). In the
first 9-months after installation of an MR-guided linear
accelerator at our institution, 23 liver cancer patients had been
treated by stereotactic body radiation therapy (SBRT). MR cine
images were acquired for about one hour per patient. In this
study, liver tumor motion data was extracted from the treatment
MR cine imaging data to establish associations between internal
tumor/diaphragm and external surface/skin movement from the
same image sets for the entire treatment session. This would be

the first report that includes a large quantity of cine images
acquired during actual treatment for the full treatment session.
This is very different from reports in the literature, which were
based on patient data over a short period of time. With such an
enormous amount of data, patient respiratory diversity and
variation were represented by the changing respiratory pattern
over the course of a full treatment. This is different from irregular
breathing usually observed during 4D CT scans, which might be
due to irregular respiration amplitude.

METHODS AND MATERIALS

This retrospective study used patient cine images acquired during
routine stereotactic body radiation therapy (SBRT) treatments on a
low field (0.35 T) MRI-linac (MRIdian, ViewRay, Mountain View,
CA). 23 liver cancer patients (listed in Table 1) were enrolled in this
Internal Review Board (IRB)-approved (IRB #12934) study. All
patients were prescribed to 50 Gy in 5 fractions. In certain cases, one
planned fraction of treatment might be interrupted and the
remainder of this fraction of treatment would be resumed later.
In that case, one planned fraction of treatment could span multiple
sessions. 305,644 frames of MR sagittal images were acquired as a
part of the radiation therapy process.

After 3-dimensional (3D) MRI images were acquired to setup
patients for treatment, this MRI-linac continuously acquired four
sagittal MR image frames per second during treatment. Dimensions
of each frame were 100 x 100 and pixel sizes were 3.5 mm x 3.5 mm.
After a patient was positioned for treatment, an initial target
tracking structure was manually contoured on the initial
volumetric image set and a tracking boundary structure was
automatically generated as an isotropic 3 mm expansion of the
tracking structure. The treatment software routinely monitored
target motion. It deformably propagated the target tracking
structure automatically onto each newly acquired image frame.
Additionally, the tracking boundary structure was statically copied
onto each image frame. The treatment software continuously
monitored whether the detected target was within this boundary.
Treatment beam delivery would be held whenever the target was out
of the boundary by a preset percentage (5% for liver SBRT
treatment) and the beam delivery would resume when the target
moved back in the boundary. The tracking structure may be
different from the target but must represent target motion. In this
article, we regard tracking structures as targets. Targets were
mapped as red contours and target boundaries were mapped as
yellow contours (as shown in Figure 1A). They were overlaid on
grayscale MR images. Cine images were saved and exported as
videos for each treatment session. The videos have dimensions of
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TABLE 1 | List of patients with planning target volume (PTV) size and average longitudinal and lateral locations.

Patients Gender Age Diagnosis PTV (cm?) Longitudinal location (mm) Lateral location
LVO1 F 89 Secondary malignant neoplasm of bone 40 40 0.60
LV02 M 71 Liver cell carcinoma 148 69 0.70
LVO3 M 85 Secondary malignant neoplasm of liver and intrahepatic bile duct 50 106 0.45
LVo4 F 54 Liver cell carcinoma 46 61 0.58
LVO5 M 65 Liver cell carcinoma 181 49 0.66
LVO6 M 68 Liver cell carcinoma 71 69 0.47
LVOo7 M 72 Liver cell carcinoma 937 71 0.68
LVO8 M 89 Liver cell carcinoma 24 39 0.53
LVO9 F 90 Intrahepatic bile duct carcinoma 111 83 0.72
LV10 M 56 Liver cell carcinoma 63 57 0.69
LV11 M 71 Secondary malignant neoplasm of liver and intrahepatic bile duct 118 61 0.55
LVv12 M 78 Liver cell carcinoma 12 108 0.52
LV13 M 88 Intrahepatic bile duct carcinoma 121 49 0.55
LV14 M 68 Liver cell carcinoma 253 84 0.57
LV15 M 68 Liver cell carcinoma 48 89 0.31
LVv1i6 F 86 Secondary malignant neoplasm of liver and intrahepatic bile duct 29 14 0.55
LVv17 M 83 Secondary malignant neoplasm of liver and intrahepatic bile duct 231 95 0.78
LV18 M 68 Secondary malignant neoplasm of liver and intrahepatic bile duct 48 51 0.53
LV19 F 65 Liver cell carcinoma 65 20 0.53
LV20 M 78 Intrahepatic bile duct carcinoma 59 61 0.57
Lva1 F 70 Intrahepatic bile duct carcinoma 281 27 0.75
LVv22 F 76 Liver cell carcinoma 115 57 0.49
LV23 M 71 Liver cell carcinoma 60 82 0.48

Longitudinal location is the longitudinal distance between the target center and diaphragmatic dome. Lateral location is the lateral off-center ratio, which is the lateral distance between
target center and spine as a ratio of the lateral distance between inner edge of the thoracic cage and spine.

512 x 512 and pixel sizes are 0.79 mm x 0.79 mm. In-house software 3. Detect the contours of targets and target boundaries. Fill

was developed to analyze images in Matlab (MathWorks, Natic, target structures and calculate the center of mass in Posterior-

MA) following the below steps: Anterior direction (PA) and Superior-Inferior direction (SI).

PA and SI will be used throughout as referring to the target

1. Read video files and load each frame of MR images. positions in two directions. Remove contours and fill blank

2. Crop images to remove embedded borders and keep MR pixels with the average of surrounding pixels, as shown in
images only. Figure 1B.

. Dia_Ant

Dia_Post

FIGURE 1 | Sample of MR image detection. (A) Acquired image. Yellow line contoured the expected target boundary and red line contoured the detected target.
Every MR image frame had blank frame borders with information texts attached to four sides of MR images. (B) Cropped image after contours were removed. (C)
Initially detected lung based on intensity threshold. (D) refined lung structure. (E) Detected body, lung, and target contours superimposed. Dia_Dome, Dia_Post,
Dia_Ant, are Target are labeled. Coordinate system origin locates at the upper-left corner and axis directions were illustrated in green arrows. (F) Detected body and
diaphragmatic curve superimposed back to the original image.
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. Use an intensity threshold to detect the body contour on the
image.

. Use an intensity threshold in the body to detect lungs as
shown in Figure 1C. Matlab functions including hole filling,
eroding, expanding, and selection of the largest areas were
used to refine lung detection as shown in Figure 1D.
Parabolic curves were used to fit diaphragmatic curve
(upper portions). Figure 1E superimposed the lung
structures and filled target onto the body contour.

. Parabolic curve fitting results and anterior body contours were
mapped back to the original images as a record (Figure 1F).

On each frame of the cine MR treatment acquisition, in addition
to target positions PA and SI, our Matlab program automatically
determined the following four lung area features as illustrated in
Figure 1E (26): (1) Lung_Area - the total area of the detected lung;
(2) Dia_Post - the most posterior point on the patient
diaphragmatic curve; (3) Dia_Dome - the dome or apex of the
diaphragmatic curve after curve-fitting; (4) Dia_Ant - the most
anterior point of the patient diaphragmatic curve. Three more
features were determined after analyzing motion of each session.
The point on the diaphragm that experienced the maximum range
of longitudinal motion over a treatment session was selected, and its
longitudinal positions were extracted as Dia_Max. The average
Dia_Ant point per session was used to separate chest and belly
regions on the anterior body surface. The chest skin point and the
belly skin point that experienced the maximum range of vertical
motion at the chest and belly region, respectively, were selected.
Their vertical positions are Chest and Belly. Typically, respiratory
motion is usually estimated using external surrogates such as the
vertical motion of surface points on the upper abdomen. For
example, the Varian Real-time Position Management (RPM)
system uses an infrared camera to track the vertical motion of a
block placed on the patient’s anterior upper abdominal skin surface
while the Philips bellows belt system is placed around the patient’s
belly to measure pressure changes due to respiration. We searched
for the skin point with maximum motion range to simulate the

optimal external surrogate.
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A pre-analysis screening process was automatically carried
out for every session. There were certain situations when the
target tracking structure was not tracked correctly due to sudden
large target excursions. Therefore, a pre-analysis screening
process was automatically carried out for every session.
Histograms with a bin width of 3.5 mm (the pixel size of
original images) were generated for both target positions (SI
and PA) and the Belly position. A cutoff frequency was defined as
1% of the maximum frequency, which was used to determine
cutoff position thresholds on the upper and lower sides of the
target position that occurred most frequently on the histogram.
Frames falling outside of the cutoff positions were regarded as
outliers (extreme and isolated positions), and they were excluded
from correlation analysis.

Pearson correlation coefficients were calculated twice for each
pair of features among the 9 features described above for every
session. The first correlation analysis was computed over the full set
of image frames, which was designated as the breath-hold (BH) set.
The MR images were acquired during breath-hold treatment and
about half of the image frames were acquired while patients were
holding their breath. To eliminate the adverse effects of such
unbalanced distribution of motion positions, the second analysis
was performed on pseudo free-breathing (PFB) data sets, which
were generated by removing image frames identified as being at
breath-holding from the BH set. The analysis program
automatically compared the Dia_Dome position of each frame
with the Dia_Dome positions of the 3 immediately preceding and
following frames. If the Dia_Dome range was less than one pixel
(3.5 mm), this frame would be regarded as a breath-holding frame.
Figure 2 illustrated a BH set of images and its PFB set. Statistical
analyses of comparisons between BH and PFB set analysis results
were performed using Student’s f-test (1 tail, at the alpha = 0.05
significance level).

For every session, the sagittal plane to be tracked during cine
imaging was selected using the initial volumetric MRI image. The
lateral position of the selected sagittal plane was recorded for
each session. The lateral positions of the target center, spine, and
inner edge of the thoracic cage were manually detected using an

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100

Frame Number

1100 1200

Frame Number

FIGURE 2 | Sample of breath-hold (BH) data set (A) and its pseudo free-breathing (PFB) set (B).
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axial slice of the initial volumetric MRI that was located at the
center of the tracking target. Lateral off-center ratio was
calculated as the lateral distance between target center and
spine divided by the distance between lateral thoracic cage
edge and spine. The smaller the ratio, the closer to the body
midline. Average lateral off-center ratios were listed in Table 1.

RESULTS

303,123 frames of 2D MR images were analyzed in the BH set over
118 imaging sessions for 23 patients. Less than 1% of images were
excluded where the target was not correctly detected by the system.
The PFB set analysis used 142,862 of the image frames. Figure 3
illustrates selected correlation coefficients of 36 feature pairs among
the 9 features defined above for BH and PFB analyses. Figure 3
shows that correlation results of the PFB set are slightly better than
BH set analysis results. Analysis was done to compare correlation
coefficients per session. The PFB set showed slightly better
correlation coefficients among diaphragmatic features (differences
of 0.01 + 0.04 with p-value < 0.01) and similar correlation
coefficients between SI and any one of the four diaphragmatic
features (differences of 0.00 + 0.03) while the analysis using PFB set
showed better correlation coefficients between Belly and SI
(differences of 0.04 + 0.08 with p-value < 0.01). This shows that
excessive breath-holding image frames at end exhalation would
affect correlation analysis and the PFB results should be used for the
free breathing scenario.

Five lung/diaphragmatic features behave differently, and it is
essential to focus on the feature with the best correlation to
external motion. High aggregate cross correlations occur
between any two features among Dia_Post, Dia_Dome,
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Dia_Max, and Lung Area, as the left 6 groups of boxplots in
Figure 3 demonstrate. They are 0.94 + 0.07 and 0.96 + 0.06 for
BH and PFB set analyses, respectively. However, the fifth feature,
Dia_Ant, did not have high aggregate correlations with other
features. They are 0.77 + 0.23 and 0.81 + 0.17 for BH and PFB set
analyses, respectively. After reviewing the Dia_Ant results, we
found a complex intensity scheme. This may be due to the
proximity of the diaphragm to bones as well as possible effects of
ascites on the precision of identifying the proper Dia_Ant
position. Among the four features, Dia_Dome results achieved
the highest correlation with SI. This suggests that Dia_Dome is
the best landmark to represent diaphragmatic motions, which is
consistent with findings reported by Yang et al. (25). It should be
noted that the superior regions of the lungs may sometimes be
outside of the field of view. Therefore, the Lung_Area parameter
may not represent the full lung area which may degrade the
accuracy of the correlation between Lung_Area and other features.

High correlation coefficients (0.95 *+ 0.06) occurred as
combined result of all feature pairs between SI and any of
Dia_Post, Dia_Dome, Dia_Max, and Lung Area for either BH
or PFB set analyses. SI-Belly Correlation coefficients are 0.76 +
0.29 (with 50% of correlations > 0.86) and 0.80 + 0.26 (with 50%
of correlations > 0.91) for BH and PFB set analyses, respectively.
SI-Belly correlation is patient dependent and may vary in
different sessions as summarized in Table 2. To verify and
further study SI-Belly correlation variations, motion details
were compared. Particularly, patient LV13 SI-Belly correlation
coefficients varied between 0.65 and 0.98 among four sessions.
Figure 4 illustrates portions of SI and Belly results as functions of
time of the same patient, LV13, over Sessions #3 and #4. Figure 5
shows four frames selected from the two sessions of patient LV13
displayed in Figure 4. Figure 6 compares correlations with Belly
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FIGURE 3 | Boxplots of selected correlation coefficients between two of 9 parameters, PA, SI, Dia_Post, Dia_Dome, Dia_Ant, Lung_Area, Dia_Max, Chest, and

o

Belly for Breath-Hold and Pseudo-Free-Breath. Median and Average correlation coefficients are marked by horizontal line and “x” in each box, respectively.
Interquartile range (IQR) is the difference between the 3™ quartile (Q3, the upper side of each box) and the 1! quartile (Q1, the lower side of each box). The upper
whisker ends at maximum correlation coefficients while bottom whisker ends at Q1 — 1.5 * IQR. Any correlation coefficients smaller than Q1 — 1.5 * IQR are
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TABLE 2 | List of average, standard deviation (Stdev), minimum, and maximum correlation coefficients between S| and Belly for each patient.

Patient Number of Sessions Average Stdev Minimum Maximum Stdev/Average Range/Average/2
LVO1 5 0.75 0.17 0.52 0.95 0.22 0.29
LVO4 6 0.93 0.09 0.76 0.98 0.09 0.12
LV05 6 0.84 0.07 0.74 0.89 0.09 0.09
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Patients with the most linear correlations were highlighted in green. Patients with the least linear correlations were highlighted in yellow.

between the two sessions. These two sessions showed very
different internal-external motion correlations. Furthermore,
Figure 7 illustrates SI-Belly correlations for the sessions with
the lowest 20 correlation coefficients.

DISCUSSION

It should be noted that although PFB results show better
internal-external correlations, both PFB and BH are different
from natural free breathing. When patients were asked to hold

their breath at the end of exhale, their lung volumes were
generally smaller than those at the end of exhale during a free
breathing cycle. Immediately after stressful breath-holds,
patients might breathe faster than during free breathing. One
limitation of this study is that all cine images available to authors
were from breath-hold treatments. The conclusions are valid for
breath-hold treatment. In addition, if a patient always breathes
with the same respiratory pattern, the internal-external motion
correlation should be identical for PFB and free-breathing.
During PFB the patient may experience a slightly larger
motion range due to deep breath-hold relative to free
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FIGURE 4 | Target Sl and Belly motion as functions of time for Session #3 (A) and Session #4 (B) of patient LV13.
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FIGURE 5 | Images selected from two sessions of patient LV13. (A-D) were from Session #3 and (E-H) were from Session #4 as labeled in Figure 4. Target/
tracking structures are in red; boundaries of tracking structure are in yellow; curve-fitting results of diaphragmatic curves are in green; anterior skin extracted from
body contours are in blue. Frames (A=H) indicate the frames (a-h) labeled in Figure 4.

breathing. In this case, PFB results should be identical to free-
breathing results. However, stressful breath-holds might trigger
different respiratory patterns, which could alter the internal-
external correlations.

Both Chest and Belly features represent external surrogates
but behave very differently. Chest has weaker correlation in
aggregate than any other feature. If a patient only performs

chest breathing, Dia_Dome and SI would move linearly with
Chest while minimal motion of the Belly would be expected.
However, observed correlation coefficients between Chest and
Dia_Dome were 0.55 + 0.27 and 0.57 + 0.28 for BH and PFB set
analyses, respectively. Correlation coefficients between Chest and
SI were only 0.55 + 0.26 and 0.57 + 0.25 for BH and PFB set
analyses, respectively. This indicates that no patient experienced
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FIGURE 6 | Comparing correlations with Belly for Sessions #3 and #4 of patient LV13. (A) Dia_Dome as a function of Belly in Session #3; (B) Sl as a function of
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pure chest breathing, and the position of the chest during chest
breathing is not always a good surrogate for the breathing
pattern. Another reason could be that Chest experienced the
smallest range of motion among the 9 features investigated.
Motion ranges were 16 £ 6 mm, 19 + 8 mm, and 25 + 11 mm for
Chest, PA, and Belly, respectively. Small motion ranges might
result in larger uncertainties, especially when the pixel size of the
original MR images was relatively large (3.5 mm). Belly motion
showed improved correlation with both diaphragmatic and
target motions compared to Chest motion. Correlation
coefficients between Belly and Dia_Dome are 0.76 + 0.30 and
0.80 + 0.28 for BH and PFB set analyses, respectively.

One of our goals was to determine the correlation between Belly
and target motion. The correlation coefficient between Belly and SI
was 0.76 + 0.29 using the BH set. Half of the imaging sessions had
correlation coefficients between Belly and SI greater than or equal to
0.87. As listed in Table 2, 9 patients, highlighted in green, have
linear correlation between SI and Belly (with minimum correlation
coefficients > 0.81) in every imaging session. Their inter-session
correlation coefficient variations are presented by ratio of standard
deviation over average (0.06 or less) and ratio of half range over
average (0.09 or less) as listed in Table 2. Table 2 shows that more
than half (12/23) of the patients have average correlation coefficients
greater than 0.88 in their imaging sessions. The remaining patients
have average correlation coefficients less than 0.86. As highlighted in
yellow in Table 2, five patients had weak SI-Belly correlations (with
maximum correlation coefficients < 0.88) in every imaging session.
If these data were excluded as outliers, PFB correlation coefficients
between SI and Belly would be 0.89 + 0.10 for the 93 sessions of 18
patients. Except for the nine patients with high linear SI-Belly
correlations (highlighted in green in Table 2), 15 patients changed

their respiratory patterns in at least one imaging session. As an
example, Figures 4-6 compare Belly and SI motions of patient
LV13 over two different sessions. The PFB correlation coefficients
were 0.98 and 0.65 for Sessions #3 and #4, respectively. Compared
with Figures 5A and D or B and C, E-G shows that the Belly
moved while the diaphragm (Dia_Dome) and target (SI) position
remained stationary, causing a wide spread of data points along the
Belly position axis at breath-holding positions. The position of each
figure along the breathing trace were illustrated in Figure 4B. This
means that the baseline Belly position varies over a period of just 60
seconds. In the same session, the right portion of the breathing trace
displayed in Figure 4B plots a period of greater than 30 seconds
when the target moves over a range of 25 mm while the Belly moved
correspondingly but at a very different Belly baseline. More
specifically, Figure 4B illustrated a repeating trend that at breath
hold, Belly (red “+”) tended to gradually drift along the posterior
direction while SI (blue “0”) and diaphragm remained stationary.
This is a potential limitation of breath-hold studies. Patients might
change their breathing patterns relative to their normal free
breathing pattern. This deviation from normal breathing pattern
more likely happened at breath-holding phases. The PFB set was
created from the full image set by removing breath-holding frames
based on diaphragm positions and some frames with belly drifting
were removed. This resulted in a better SI-Belly correlation relative
to the full BH set analysis. It should be noted that Pt LV21 had the
least linear correlation between SI and Belly as shown in Figure 7.
Video review found that this patient’s belly was located on the
border of the MR imaging field of view (FOV) due to patient size,
and a portion of the belly kept moving in and out of imaging FOV
during treatment. As a result, the extracted Belly results won't
represent the optimal external motion.

This study utilized over 300,000 frames of images, which
recorded respiratory information, including both internal tumor/
organs and external skin motions, lasting for an average of 54
minutes per patient over different days. For lung inhalation, chest
breathing may expand the thoracic cage only while abdominal
breathing engages the belly and abdomen. A combination of
chest and abdominal breathing or even more complicated
breathing patterns may occur during radiation therapy
treatment. For example, chest breathing may be performed
while the belly/abdomen holds at different levels. Once the
respiratory pattern changed, the relationship between SI and
Belly would cease to be linear. Figure 7 indicates that several
sessions have multiple breathing patterns. This implies that an
internal-external correlation model cannot be fully determined
during a single session. It is unclear how or when a patient may
change his/her respiratory pattern. The respiratory pattern may
be interrupted by breath holding, particularly when patients were
frequently asked to adjust the breath hold level to ensure that the
target remains inside the target boundary. On the other hand,
patient body movement, such as body rolling, might result in
additional belly shift on the sagittal MR cine images, which
contributes to respiratory pattern changes. This should be more
likely to happen when the sagittal imaging plane is located
farther away from the body midline, where the lateral skin
slope becomes larger. The SI-Belly correlation coefficient is
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illustrated as a function of the lateral off-center ratio in Figure 8.
This indicates that the dispersion of SI-Belly correlation
coefficients increases with the lateral off-center ratio. Further
studies should involve 3-dimensional patient movement. Later
treatment software versions allow for acquiring cine images on
multiple planes, which would help to eliminate this kind
of uncertainty.

A hysteresis relationship or phase shift between internal (SI)
and external (Belly) features has been suggested by many reports
(2, 16, 17, 20, 23, 27). However, this was not observed from the
data acquired in this study. Figure 7 illustrates the 20 sessions
with the lowest SI-Belly correlation coefficients. The non-linear
relationship between SI and Belly could not be explained by a
hysteresis loop. As illustrated in Figures 4-6, Pt LV13 changed
respiratory patterns within a single session. Figures 4E-G show
that the abdomen was changing position even while the target
(red contour) remained stationary (within the boundary in
yellow). Generally, when a patient exhales during abdominal
respiration, the diaphragm moves superiorly and the belly moves
posteriorly, which leads to a linear relationship between SI and
Belly. However, the patient may hold either with the belly fully
(Figure 4G) or partially (Figure 4E) expanded, which leads to
uncertainty in the Belly position at a given breathing phase. As
illustrated in Figure 7, the sessions with the lowest SI-Belly
correlation coefficients demonstrated that even when looking at a
single phase (end inhalation), the Belly position would migrate
over the course of treatment, which is shown as a wide spread of
Belly positions at superior SI locations during holding-breath.
This could not be explained by hysteresis.

The linear relationship between diaphragm and target
longitudinal motion was confirmed. Correlation coefficients
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FIGURE 8 | SI-Belly correlation coefficients as a function of the lateral off-
center ratio.

between SI and Dia_Dome were 0.97 + 0.04 for either BH or
PFB set analyses. This is reasonable since the target is underneath
the diaphragmatic curve. Although this study is based on liver
cancer radiation therapy, the correlation between target and
internal diaphragmatic motion could be extended to lung
tumor motions. In addition to MR imaging, ultrasound may be
used to monitor diaphragmatic motion non-invasively. This also
suggests that tracking diaphragmatic motions using an
ultrasound technique could be used to monitor liver or lung
tumor motions efficiently (28). Chest and Belly motion can be
monitored by external surrogates, such as Varian RPM, Philips
Bellows, or optical surface imaging systems.

CONCLUSIONS

Diaphragmatic motion as assessed by cine imaging on an MRI-
linac is highly correlated with liver tumor motion, and the
diaphragmatic dome could be a good indicator of liver tumor
motion. Care should be taken when using an external skin
motion surrogate positioned at the belly, since this surrogate
only has linear correlation with liver tumor longitudinal motion
in approximately half of the cases. More detailed analyses of
those cases displaying weak correlations are under
further investigation.
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