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OPEN | ate course adaptive radiotherapy
based on tumor volume reduction
decreases Gastrointestinal
toxicity for abdominal lymph
node metastasis of hepatocellular
carcinoma

HuameiYan*, Zhenghuan Li%*“, Nuoya Li**, Huaying Yan?, Xianyu Guo!, Manya Wu?,
Fantu Kong?, Jie Dong?, Meihai Deng?*’ & Xiangying Xu**

This study aimed to quantify tumor volume reduction during radiotherapy for abdominal lymph
node metastases (LNM) of hepatocellular carcinoma (HCC) and assess the potential benefits of
late-course adaptive radiotherapy. Forty HCC Patients with abdominal LNM treated from January
2021 to March 2024 received radiotherapy in combination with targeted therapy orimmunotherapy.
Second simulation scan was performed during the fourth week of radiotherapy. Two-thirds of patients
underwent redesigned radiotherapy plan as the test group, while remaining patients continued
with the original plan as the control group. Dose-volume metrics for organs at risk and toxicities
were compared. At the time of second scan, median radiotherapy dose administered to all patients
was 38.0 Gy. Mean tumor volume reduction was 56.20cc (95% Cl 35.20-77.21cc) and 29.65% (95% ClI
24.49%-34.80%). Irradiation dose and volume to stomach, small intestine, colon, liver, and kidneys
were significantly reduced in test group. Meanwhile, gastrointestinal toxicities were notablely
decreased, including dyspepsia (P =0.018), nausea (P=0.013), vomiting (P=0.041), and diarrhea
(P=0.040). Tumor regression during radiotherapy for abdominal LNM of HCC is significant. A second
simulation scan performing when the irradiation dose reaches approximately 40 Gy and applying
adaptive radiotherapy in the late course can enhance irradiation accuracy and reduce toxicities.
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Abbreviations

HCC Hepatocellular carcinoma
LNM Lymph node metastasis
GTV Gross tumor volume
CTV Clinical target volume
PTV Planning target volume

OARs Organs at risk
IGRT Image-guided radiotherapy

BED Biologically effective dose
ORR Objective response rate
LCR Local control rate

CR Complete remission
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PR Partial remission

SD Stable disease

PD Progressive disease

oS Overall survival

PFS Progression free survival

TRAEs Treatment-related adverse events

Hepatocellular carcinoma (HCC) is one of the most prevalent tumors that seriously threaten human health!.
China bears a disproportionately high burden of HCC, accounting for approximately half of global cases?. Over
80% of patients are diagnosed at an advanced stage, and approximately half of these have lymph node metastasis
(LNM)?. Autopsy results indicate that LNM occurs in 26-37% of advanced liver cancer®. The prognosis for
advanced HCC remains poor, with a median survival of less than one year. Therefore, finding new treatment
methods is particularly important for advanced HCC. With advancements in radiotherapy equipment and
technology, the effectiveness of radiotherapy for HCC has improved continuously. In recent years, radiotherapy
has become one of the important treatment modalities for HCC>®. There have been reports on the effectiveness
and safety of radiotherapy for LNM of HCC”*. Radiotherapy can alleviate symptoms such as pain, obstruction,
compression, or bleeding, and control tumor progression, thereby improving the quality of life.

Radiotherapy planning is typically based on CT simulation scan images obtained before radiotherapy.
However, with the effective implementation of radiotherapy, tumors may shrink to varying degrees and change
position, resulting in changes in the dose distribution of the initial radiotherapy plan®. Therefore, quantifying
changes in tumor volume from baseline to the late-course of radiotherapy and assessing whether to redesign the
radiotherapy plan to improve efficacy and reduce side effects are the focus of clinical attention.

In this study, patients with abdominal LNM of HCC underwent radiotherapy were included to explore the
degree of tumor volume regression during radiotherapy. The aim is to optimize radiotherapy plan during late-
course radiotherapy, and discuss the potential benefit of late-course adaptive plans compared to the original plans
by dose-volume relationship comparisons, providing clinical evidence for late-course adaptive radiotherapy in
HCC.

Methods

Patients

Patients with abdominal LNM of HCC treated at our hospital from January 2021 to March 2024 were included.
Inclusion criteria: (1) Age > 18 years, male or non-pregnant, non-lactating female. (2) Performance status score
of 0-2. (3) HCC diagnosed clinically or pathologically according to the Chinese National Health Commission
guidelines for primary liver cancer®. (4) LNM was pathologically proven or clinically detected via radiological
findings: short axis diameter of contrast-enhanced lymph node > 1 cm; lymph node capsule invasion; or clustered
lymph nodes fused in the lymphatic drainage area. (5) Completion of radiotherapy for LNM according to the
treatment plan. Exclusion criteria: (1) History of previous radiotherapy at the same site. (2) Prior interventions
such as ablation for the same LNM. (3) Incomplete pre-treatment and follow-up data. Initially, 48 patients with
abdominal LNM of HCC were identified as potential candidates. Eight patients did not meet inclusion and
exclusion criteria. Ultimately, 40 patients were enrolled in this study. Informed consent was obtained from all
participants included in the study.

All patients underwent comprehensive pre-treatment examinations. Within one week before radiotherapy,
they completed medical history collection, physical examination, performance status score, Child-Pugh score,
laboratory tests. Imaging exams were conducted within one month before radiotherapy to confirm the diagnosis
of HCC with LNM.

Treatment

All patients underwent initial enhanced CT (Siemens, Germany) simulation scan (Scanl) with a slice thickness
of 5 mm. The scanned images were imported into the treatment planning system (Monaco, V5.11, Elekta,
Sweden). The gross tumor volume (GTV) was defined on the enhanced CT as the visible metastatic lymph
nodes. The clinical target volume (CTV) was delineated by expanding the GTV outward by 2-5 mm!?, with
appropriate adjustments based on the position of surrounding organs at risk (OARs), and no irradiation of
lymphatic drainage areas. The planning target volume (PTV) was created by expanding the CTV outward by
5-10 mm. The prescribed radiation dose ranged from 52 to 66 Gy, administered in 20-33 fractions, depending
on the tolerance of OARs. The radiotherapy plan aimed to ensure that 95% of the PTV received the prescribed
dose, with dose uniformity ranging from 95 to 110%. OARs included the stomach, small intestine, colon, liver,
kidneys, and spinal cord, with delineation extending 5 cm above and below the PTV. Dose constraints for OARs
followed the Chinese guidelines for the diagnosis and treatment of primary liver cancer.

The initial radiotherapy plan (Plan1) was jointly confirmed by the physicist and physician before execution.
Image-guided radiotherapy (IGRT) was delivered using a linear accelerator (Elekta, Sweden) once daily, five
times per week. IGRT was performed at least once a week by a cone-beam computed tomography device (Elekta,
Sweden), with treatment errors kept within 5 mm.

A second simulation scan (Scan2) was performed during the fourth week of radiotherapy. The GTV, CTV,
PTV, and OARs were re-delineated. Two-thirds of the patients (27 patients) were randomly selected for the
redesign of the second radiotherapy plan (Plan2), while one-third (13 patients) continued with the original
plan (Planl). Radiotherapy of 27 patients was adjusted according to Plan2 until the total prescribed dose was
delivered.

Scientific Reports |

(2025) 15:17477 | https://doi.org/10.1038/s41598-025-02363-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Targeted therapy and/or immunotherapy were administered during and after radiotherapy up to 2 years, or
until intolerable adverse events, or disease progression occurred. For those patients with disease progression,
systemic therapy was adjusted based on oncologist recommendations and patient preferences.

Follow up

Physical examination was conducted weekly during radiotherapy and systemic therapy, with dynamic monitoring
of symptoms, signs, and treatment-related adverse events (TRAEs). Blood tests, including routine blood work,
liver and kidney function tests, and coagulation function tests, were performed weekly. Tumor markers were
monitored every 2-4 weeks, then every 3 months. One month after completing radiotherapy, enhanced CT or
MR scan were conducted to evaluate the tumor response. Subsequently, efficacy and TRAEs were assessed every
3 months. Overall survival (OS) was calculated from the start of radiotherapy to the date of death or the last
follow-up. The last follow-up data of surviving patients, death data of deceased patients, or the last available data
before loss to follow-up were considered as endpoint data.

Assessments

Efficacy assessments were based on the modified Response Evaluation Criteria in Solid Tumors (RECIST)
version 1.1. The treatment response of LNM was defined as the best tumor response observed during follow-
up. Results were independently interpreted by two researchers, with discrepancies resolved through discussion.
Response evaluation was confirmed 4 weeks after the initial assessment. The objective response rate (ORR) was
defined as the proportion of patients achieving complete remission (CR) and partial remission (PR) among the
total enrolled patients. The local control rate (LCR) referred to the percentage of patients who achieved CR, PR,
or stable disease (SD). Progression free survival (PFS) was defined as the time from the date of radiotherapy
to the first evidence of definitive disease progression. Infield progression free survival (infield-PFS) referred
to the time from the start of radiotherapy for LNM to the appearance of progressive disease or new lesions in
the irradiated field, or death, whichever occurred first. TRAEs were prospectively assessed by two independent
physicians using the Common Terminology Criteria for Adverse Events (CTCAE) version 5.0. Gastrointestinal
toxicities (e.g., dyspepsia, nausea) were documented weekly during treatment and follow-up, with severity
graded objectively (Grade 1-5). Acute toxicity was assessed during radiotherapy and up to 3 months after, while
late toxicity was assessed from 3 months to 1 year after radiotherapy.

Statistical analysis

The data cutoff date was July 31, 2024. All statistical analyses were performed using SPSS 25.0 statistical analysis
software (IBM Corp, Armonk, USA). Continuous variables were expressed as Mean = standard deviation
(SD) or median (P25, P75) and analyzed using two independent samples or paired T-tests, or rank-sum tests.
Categorical variables were described as frequency (percentage) and analyzed by chi-square tests. Survival curves
were estimated using the Kaplan-Meier method and compared using the log-rank test. All statistical tests were
two-sided, with a significance level set at P< 0.05. Confidence intervals were set at 95%.

Results

Patient characteristics

The clinical characteristics of 40 patients at baseline were listed in Table 1. The whole cohort consisted 35 males
(87.5%) and 5 females (12.5%), with an average age of 54.58 +10.94 years (range 29-79). Of these patients, 92.5%
(37/40) patients had a history of hepatitis B, while none had a history of hepatitis C. One patient (2.5%) had a
history of parasitic infection, 8 patients (20.0%) had a family history of cancer, 9 patients (22.5%) had a history
of alcohol consumption, and 16 patients (40.0%) had a history of smoking. Child-Pugh Class A and B patients
accounted for 82.5% (33/40) and 17.5% (7/40) of the cohort, respectively. All patients were classified as BCLC
Stage C for HCC.

Tumor volume reduction

In the initial simulation scan (Scanl) prior to radiotherapy, the average GTV1 and PTV1 were 191.64 +152.90 cc
and 423.20 £235.77 cc, respectively (Table 2). The second simulation scan (Scan2) conducted during the fourth
week of radiotherapy, with a median irradiation dose of 38.0 Gy (range 30.0-44.0 Gy), and a median biologically
effective dose (BED) of 45.6 Gy (range 36.0-52.8 Gy). In Scan2 during radiotherapy, the average GTV2 and
PTV2 were 135.44 +128.17 cc and 324.05 +200.14 cc, respectively. Rescan results showed a significant regression
in the volume of metastatic lymph nodes (P< 0.001), as shown in Table 2. Figure 1 illustrated the reduction of
GTV. AGTYV represented the absolute volume difference between GTV1 and GTV2, and AGTV% represented
the percentage reduction in GTV, which was calculated as AGTV% = (GTV1 - GTV2)/GTV1. The mean AGTV
was 56.20 cc (95% CI 35.20-77.21 cc), ranging from 1.53 to 337.10 cc; and the average AGTV% was 29.65% (95%
CI 24.49%-34.80%). Patients received a median total irradiation dose of 60.0 Gy (range 52.0-60.0 Gy), and a
median total BED of 72.0 Gy (range 62.4-75.0 Gy).

Comparison of dose-volume relationship of OARs

Twenty-seven patients were randomly selected to form the test group, where their radiotherapy plans were
redesigned. The dose-volume relationships of OARs in the initial radiotherapy plan (Planl) and the second
radiotherapy plan (Plan2) for these 27 patients were recorded. The remaining 13 patients constituted the control
group. There was no difference in baseline clinical characteristics between two groups, as shown in Table 1. The
average GTV1 of the test group was greater than that of the control group, 219.13 +167.73 cc versus 134.18
+98.61 cc, but the difference was not statistically significant (P= 0.100). Tumor reduction was more pronounced
in the test group compared to the control group, with an average AGTV of 72.73 £73.18 cc versus 21.87 +22.92
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Entire cohort | Test group | Control group | t/x2
Characteristics (n=40) (n=27) (n=13) value | P
Age (years) 54.58 £10.94 | 52.96 £10.65 | 57.92 £11.19 —-1.36 | 0.183
Sex 2.75 1 0.097
Male 35 (87.5%) 22 (62.9%) 13 (37.1%)
Female 5 (12.5%) 5 (100.0%) 0(0.0%)
HBsAg (IU/mL) 1.56 | 0.211
Negative 3(7.5%) 3(100.0%) 0 (0.0%)
Positive 37(92.5%) 24 (64.9%) 13 (35.1%)
HBV DNA (IU/mL) 0.30 | 0.581
<100 24 (60.0%) 17 (70.8%) | 7 (29.2%)
>100 16 (40.0%) 10 (62.5%) 6 (37.5%)
Cirrhosis 0.76 | 0.385
Absent 9 (22.5%) 5 (55.6%) 4 (44.4%)
Present 31 (77.5%) 22 (71.0%) 9 (29.0%)
Ascites 0.81 | 0.369
Absent 34 (85.0%) 22 (64.7%) | 12 (35.3%)
Present 6 (15.0%) 5(83.3%) 1(16.7%)
Hepatic encephalopathy 0.11 | 0.736
Absent 36 (90.0%) 24 (66.7%) | 12 (33.3%)
Present 4 (10.0%) 3 (75.0%) 1(25.0%)
AFP (ng/ml) 0.37 | 0.542
<400 25 (62.5%) 16 (64.0%) | 9 (36.0%)
>400 15 (37.5%) 11 (73.3%) 4(26.7%)
CA19-9 (U/ml) 0.99 | 0.321
<35 34 (85.0%) 24 (70.6%) 10 (29.4%)
>35 6 (15.0%) 3 (50.0%) 3(50.0%)
CEA (U/ml) 1.97 | 0.16
<5 35 (87.5%) 25 (71.4%) 10 (28.6%)
>5 5 (12.5%) 2 (40.0%) 3 (60.0%)
Child-Pugh Score 29 |0.407
5 24 (60.0%) 14 (58.3%) 10 (41.7%)
6 9 (22.5%) 7 (77.8%) 2 (22.2%)
7 4(10.0%) 3 (75.0%) 1(25.0%)
8 3(7.5%) 3 (100.0%) 0(0.0%)
Systemic treatment 2.75 | 0.432
Targeted therapy + Immunotherapy | 35 (87.5%) 22 (62.9%) 13937.1%)
Targeted therapy 2 (5.0%) 2 (100.0%) 0 (0.0%)
Immunotherapy 2 (5.0%) 2 (100.0%) 0 (0.0%)
Absent 1(2.5%) 1 (100.0%) 0 (0.0%)

Table 1. Clinical characteristics of hepatocellular carcinoma with lymph node metastasis. Abbreviations: HBV,
hepatitis B virus; AFP, alpha fetal protein; CA 19 -9, carbohydrate antigen 19 —9; CEA, carcinoembryonic
antigen.

Mean £SD (n=40) AGTV (cc) AGTV% (%)
Scanl Scan2 Difference and 95%CI | Difference and 95%CI | t value | P

GTV (cc) | 191.64 £152.90 | 135.44 £128.17 | 56.20 (35.20 ~77.21) 29.65 (24.49 ~34.80) 5.41 <0.001
PTV (cc) | 423.20 £235.77 | 324.05 £200.14 | 99.15 (68.18 ~130.13) | 22.61 (18.12 ~27.10) 6.47 <0.001

Table 2. Tumor volume reduction of hepatocellular carcinoma with lymph node metastasis. Abbreviations:
GTYV, gross tumor volume; PTV, planning target volume.
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Fig. 1. Gross tumor volume reduction after radiotherapy in whole cohort of hepatocellular carcinoma with
lymph node metastasis.

Fig. 2. CT scan and radiotherapy plan for a 57 years old man with abdominal lymph node metastases of
hepatocellular carcinoma. (A) initial simulation scan; (B) second simulation scan; (C) initial radiotherapy plan;
(D) second radiotherapy plan.

cc (P=0.020), and an average AGTV% of 34.10% +15.71% versus 20.41% +13.14% (P= 0.010). Figure 2 showed
a patient who underwent a redesigned radiotherapy plan with significant lymph node shrinkage following 40
Gy/20 fractions of radiotherapy.

The dose-volume difference of OARs between Planl and Plan2 in test group was analyzed using a paired
design T-test. V20 represents the volume that received irradiation dose of 20 Gy. Statistics show that the volume
of OARs received irradiation dose in Plan2 have all decreased to varying degrees, as shown in Table 3. Specifically,
for the stomach, significant reductions were observed in the maximum irradiation dose (Dmax) (P = 0.025), V20
(P=10.004), V30 (P=0.011), V45 (P=0.001), and V50 (P= 0.001). For the small intestine, reductions were seen
in Dmax (P=0.041), V30 (P=0.006), V45 (P= 0.004), and V50 (P= 0.004). For the colon, significant reductions
were noted in Dmax (P=0.001), V20 (P< 0.001), V30 (P< 0.001), V45 (P=0.007), and V50 (P=0.017). For the
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Mean +SD (n=27)

Planl Plan2 Difference and 95%CI tvalue | P
Stomach
Dmax (cGy) |5992.09 £1271.62 | 5659.82 +£1381.00 | 332.22 (44.77 ~619.68) 2.38 0.025
V20 (%) 65.11 £27.52 57.22 £28.23 7.89 (2.72 ~13.06) 3.13 0.004
V30 (%) 41.64 £24.65 33.17 £25.66 8.47 (2.07 ~14.87) 2.72 0.011
V45 (%) 13.77 £14.26 9.74 £12.95 4.03 (1.90 ~6.17) 3.88 0.001
V50 (%) 8.81 £9.92 6.29 £9.17 2.52(1.10 ~3.94) 3.66 0.001
Small intestine
Dmax (cGy) | 6416.89 £172.93 | 6230.65 +£458.00 | 186.24 (8.53 ~363.95) 2.154 0.041
V20 (%) 33.52+16.75 30.22 +£16.38 3.30 (-0.03~ 2.04) 2.035 0.052
V30 (%) 19.50 £9.84 16.19 £9.43 3.30 (1.03 ~5.58) 2.985 0.006
V45 (%) 7.28£3.91 531+3.91 1.97 (0.70 ~3.24) 3.188 0.004
V50 (%) 5.06 £3.05 3.57+£2.80 1.49 (0.51 ~2.47) 3.138 0.004
Colon
Dmax (cGy) |5672.27 +1025.38 | 5107.42 £1143.88 | 564.84 (242.99 ~886.69) 3.61 0.001
V20 (%) 32.25+13.65 24.34 +12.98 7.91 (4.01 ~11.81) 4.17 <0.001
V30 (%) 12.63 £8.25 7.79 £6.54 4.84 (2.50 ~7.18) 4.25 <0.001
V45 (%) 1.70 £1.47 1.08 £1.48 0.61 (0.18 ~1.05) 2.92 0.007
V50 (%) 0.88 £0.97 0.55+0.97 0.33 (0.06 ~0.60) 2.54 0.017
Kidney L
Dmean (cGy) | 1339.03 +674.30 | 1197.15+613.47 | 141.88 (53.49 ~230.27) 3.30 0.003
V20 (%) 22.26 £21.35 15.58 £18.21 6.68 (2.00 ~11.35) 293 0.007
V30 (%) 6.27 £8.74 5.01 £8.32 1.25 (-0.01 ~ 2.52) 2.03 0.052
Kidney R
Dmean (cGy) | 1516.80 £639.70 | 1394.45 £562.54 | 122.35 (39.19 ~205.52) 3.02 0.006
V20 (%) 26.48 +18.27 23.20 £16.82 3.28 (0.77 ~5.78) 2.69 0.012
V30 (%) 12.28 £12.42 8.03 +8.18 4.26 (0.67 ~7.84) 2.44 0.022
Liver
Dmean (cGy) | 2084.14 +829.62 1938.66 +804.30 145.48 (59.82 ~231.14) 3.49 0.002
V20 (%) 47.50 £21.52 42.99 £20.90 4.51(1.85~7.17) 3.49 0.002
V30 (%) 26.55+14.19 22.40 £13.59 4.15(1.51 ~6.74) 3.30 0.003
Spinal cord
Dmax (cGy) ‘ 3633.79 +852.10 ‘ 3509.76 + 883.93 ‘ 124.03 (~105.44 ~ 353.51) ‘ L11 ‘ 0277

Table 3. Comparison of dose-volume relationship of organs at risk for abdominal LNM of HCC.
Abbreviations: LNM, lymph node metastases; HCC, hepatocellular carcinoma; D, max irradiation dose;

D, ..,» mean irradiation dose; V., refers to the volume that received 20 Gy irradiation dose.

left kidney, there were decreases in mean irradiation dose (Dmean) (P= 0.003) and V20 (P= 0.007), while for
the right kidney, reductions were observed in Dmean (P = 0.006), V20 (P= 0.012), and V30 (P= 0.022). For the
liver, Dmean (P= 0.002), V20 (P= 0.002), and V30 (P=0.003) all decreased.

Toxicity

Treatment-related toxicities emerged post-treatment, and overall tolerance was favorable. TRAEs occurring
during and after radiotherapy were summarized in Supplementary Tables 1 and Table 4, recorded according to
the most severe TRAE and categorized by severity. The primary TRAEs included hematologic toxicities such
as neutropenia, lymphocytopenia, thrombocytopenia, and anemia. Hepatic impairment, marked by elevated
alanine aminotransferase, aspartate aminotransferase, total bilirubin, and hypoproteinemia, was the second most
common TRAE. The third group of TRAEs comprised radiation-induced gastrointestinal toxicities including
dysphagia, dyspepsia, nausea, vomiting, diarrhea, abdominal distension, abdominal pain, gastroduodenal ulcer,
and gastrointestinal hemorrhage. Most gastrointestinal toxicities were mild to moderate.

Compared to the control group, the test group exhibited no significant differences in hematologic toxicity
and hepatic impairment (Supplementary Table 1). However, there was a significant reduction in gastrointestinal
toxicities, including dyspepsia (P= 0.018), nausea (P= 0.013), vomiting (P= 0.041), and diarrhea (P= 0.040),
as shown in Table 4. A decreasing trend was observed for dysphagia and gastroduodenal ulcers, though these
differences were not statistically significant (P= 0.056 for both).

Tumor response and survival analyses
With a median follow-up time of 12.0 months (range 4.0-37.0 months), CR, PR, and SD were achieved in 7
(17.5%) patients, 28 (70.0%) patients, and 3 (7.5%) patients, respectively. For the entire cohort, the ORR was
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Gradel | Grade2 | Grade3 | Grade4 | Grade5 | Zvalue | P
Dysphagia -1.92 0.056
test group (n=27) 1(3.7%) |0 0 0 0
control group (n=13) 2(15.4%) [ 1(7.7%) |0 0 0
Dyspepsia -2.36 0.018
test group (1= 27) 7(25.9%) | 0 0 0 0
control group (n=13) 6 (46.2%) | 2 (15.4%) | 0 0 0
Nausea -2.47 0.013
test group (n=27) 8(29.6%) | 1(3.7%) |0 0 0
control group (n=13) 5(38.5%) | 4(30.8%) | 0 0 0
Vomiting -2.05 0.041
test group (n=27) 7(25.9%) |2(7.4%) |0 0 0
control group (n=13) 7 (53.8%) | 2 (15.4%) | 0 0 0
Diarrhea -2.06 0.040
test group (n=27) 3(11.1%) | 0 0 0 0
control group (n=13) 4(30.8%) |1(7.7%) |0 0 0
Abdominal distention -1.64 0.100
test group (n=27) 9(33.3%) |2(7.4%) |0 0 0
control group (n=13) 4(30.8%) | 3(23.1%) | 1(7.7%) | 0 0
Aabdominal pain -1.07 | 0.286
test group (n=27) 8(29.6%) |2(7.4%) |0 0 0
control group (n=13) 5(38.5%) | 2(15.4%) | 0 0 0
Gastroduodenal ulcer -191 0.056
test group (n=27) 1(3.7%) |1(3.7%) |0 0 0
control group (n=13) 2(15.4%) |2 (15.4%) | 0 0 0
Gastrointestinal hemorrhage -0.54 | 0.592
test group (n=27) 1(3.7%) |0 0 0 0
control group (n=13) 1(7.7%) |0 0 0 0

Table 4. Treatment-related Gastrointestinal toxicities assessed using CTCAE v5.0 criteria. Notes:
gastroduodenal ulcer and gastrointestinal hemorrhage were late toxicities.

87.5% (35/40) and the LCR was 95.0% (38/40). The median OS and PFS were 16.0 months (95% CI 10.2-21.8)
and 15.0 months (95% CI 9.6-20.4), respectively. The median infield-PFS was not reached.

Subgroup analysis revealed that patients with AGTV% > 30% (median PFS not reached) had a longer PFS
(P=0.047) compared to those with AGTV% < 30% [median PES of 12.0 months (95% CI 6.7-17.3 months)], as
shown in Fig. 3A. PFS was not associated with GTV1 (P= 0.454), GTV2 (P= 0.254) and AGTV (P=0.995). OS
showed no correlation with GTV1 (P=0.322), GTV2 (P=0.173), AGTV (P= 0.403), or AGTV% (P= 0.623).

Although AGTV% was more pronounced in the test group compared to the control group, and the survival
data (OS and PFS) in the test group were better, these differences were not statistically significant. The median
OS was 19.0 months (95% CI 1.8-36.3 months) in the test group versus 16.0 months (95% CI 10.5-20.5 months)
in the control group (P=0.897). The median PFS was 15.0 months (95% CI 7.7-22.3 months) versus 12.0 months
(95% CI 7.8-16.2 months) (P= 0.833). Neither group reached the median infield-PFS, as illustrated in Fig. 3B
and C, and 3D.

Discussion

Lymph node metastasis in HCC presents significant treatment challenges, often resulting in poor prognosis and
short survival times. While local resection of a single metastatic lymph node can improve survival rates, surgical
resection remains technically demanding, particularly when multiple metastatic lymph nodes are located in
the abdominal cavity or retroperitoneum, where complete removal is difficult*. Radiotherapy offers notable
advantages due to its non-invasive nature and reduced impact on vital organs, making it particularly suitable
for metastatic lymph nodes in challenging locations such as the abdominal cavity, retroperitoneum, or near the
diaphragm, where surgery or ablation may not be feasible! 12,

Advancements in radiotherapy technology have demonstrated substantial benefits for treating HCC with
LNV, including improved LCR and survival outcomes, along with reduced adverse events. Lee et al.!* reported
that intensity-modulated radiation therapy for HCC with abdominal LNM achieved a median OS of 8.1 months.
Zhang et al.” found that IGRT resulted in a median OS of 15.3 months, a one-year OS rate of 69%, and relatively
mild toxicity. Since 2020, Asian researchers have extensively studied the role of stereotactic body radiotherapy
for metastatic HCC®!4, with one-year PES rates ranging from 22 to 47%, two-year OS rates from 29 to 67%,
and two-year LCR from 90 to 91%, Acute toxicities of grade 2 or higher ranged from 20 to 26%. A series of
studies indicated that radiotherapy is an effective treatment option for patients with LNM of HCC. In our study,
IGRT was used to treat abdominal LNM of HCC, achieved an ORR of 87.5%, an LCR of 95.0%, and median
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Fig. 3. Survival curve of hepatocellular carcinoma with lymph node metastasis treated with radiotherapy. (A)
progression free survival analysis by subgroup of AGTV%; (B) overall survival; (C) progression free survival;
(D) infield progression free survival.

OS and PES of 16.0 and 15.0 months, respectively, with predominantly grade 1-2 gastrointestinal toxicities,
demonstrating effective tumor control and safety.

Radiotherapy is a crucial treatment modality for malignant tumors; however, surrounding organs inevitably
receive radiation, leading to potential damage. Radiation-induced gastrointestinal, liver, and kidney injuries
are the significant factors limiting the irradiation dose for abdominal tumors, impacting patient quality of life
and treatment progress. Most abdominal metastatic lymph nodes of HCC are adjacent to the gastrointestinal
tract. Previous studies using 3D-conformal radiotherapy often failed to adequately protect surrounding
OARs, resulting in high incidences of gastrointestinal complications. It has been reported that the incidence
of radiotherapy-induced gastroduodenal ulcers and gastrointestinal bleeding can be as high as 22-30.7% and
20-22%, respectively!>1®,

Radiotherapy plans are typically based on pre-treatment CT simulation scans, which may not account for
tumor shrinkage or positional shifts during the 6- to 7-week treatment course. Tumor volume and location
changes can lead to dose distribution deviations. Research indicates that tumor volumes can significantly
shrink and shift, particularly when doses exceed 40 Gy'” during the entire radiotherapy process. Continuing
treatment based on pre-radiotherapy plans may lead to substantial deviations in the actual dose received by
the tumor'®. Therefore, it is essential to adjust the radiotherapy plan according to the tumor regression pattern
during the radiotherapy process. Timely adjustment of the radiotherapy plan is an important means to ensure
the optimization of treatment. Currently, there is increasing research on adjusting the radiotherapy plan based
on tumor regression patterns, but it has mainly focused on thoracic tumors such as lung cancer and esophageal
cancer, with limited data on HCC.

Ostheimer et al.' reported that an average tumor volume reduction of 48.2 cc when re-planning after
administering a radiation dose of 40-50 Gy for non-small cell lung cancer (NSCLC). Ding et al.?® found that
after 40 Gy irradiation for stage III NSCLC, tumor volumes regressed in 84 (96.6%) patients and increased in 3
(3.4%) patients. The mean GTV and PTV reduction was 38% (range —13%~95%) and 30% (range —5%~95%).
Fox et al.?! quantified the tumor volume reduction occurring during a course of radiotherapy for NSCLC. Two
repeat CT scans were performed at a nominal dose of 30 Gy and 50 Gy. The median GTV reduction was 24.7%
(range —0.3%~61.7%) at the first repeat scan and 44.3% (range 0.2%~81.6%) at the second repeat scan. These
results demonstrate that substantial tumor regression occurs at irradiation doses approximating 40 Gy, validating
the rationale for adaptive replanning at this threshold. HCC was known to be a radiation-sensitive tumor??,
and tumor may also significantly shrink during radiotherapy for LNM, although relevant studies are scarce.
According to the research experience from shrink field radiotherapy studies of NSCLC, our study conducted a
second CT scan during the fourth week of radiotherapy course. The median radiation dose was 38.0 Gy, and the
average absolute tumor volume reduction (AGTV) was 56.20 cc (95% CI 35.20-77.21), while the relative tumor
volume reduction (AGTV %) was 29.65% (95% CI 24.49%—34.80%). These results were similar to those found
in other tumors and demonstrate the necessity of late-course shrink field adaptive radiotherapy for HCC. This is
the first study to support the practice of performing repeat CT scans when the irradiation dose reached around
40 Gy during radiotherapy for abdominal LNM of HCC, to evaluate changes in tumor volume.

Changes in the shape and size of the tumor target area during radiotherapy inevitably affect the dose
distribution to the surrounding OARs. Xiao et al.? reported that the dose volume of lung, esophagus, heart
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and spinal cord could be effectively reduced by re-designing plan at approximately two-thirds of the total dose
(approximately 40 Gy) during radiotherapy for NSCLC. They considered that late- course adaptive radiotherapy
may be an effective way to reduce the dose volume to the OARs, thus reducing radiation toxicity in patients with
NSCLC. Ramsey et al.>* showed that during the course of radiotherapy for NSCLC, the V20 of the ipsilateral lung
could be reduced by 17-23% after the adaptive radiotherapy plan. Zhang et al.”® reported that repeat CT scan
and re-designing plan after the initial radiotherapy plan was implemented to 40 Gy/20 Fx for esophageal cancer,
contributed to lower irradiation dose and volumes for the V20 of lung, V30 of heart, and Dmax of spinal cord.
In this study, the changes of dose-volume relationship of major OARs including stomach, small intestine, colon,
liver and kidney were analyzed after re-scanning and re-planning during late-course radiotherapy of abdominal
LNM in HCC. The results showed a significant reduction in the irradiation dose to the gastrointestinal tract,
liver, and kidneys. This indicates that late-course shrink field adaptive radiotherapy for abdominal LNM of
HCC would better protect OARs, compared to initial radiotherapy, which preliminarily confirming its clinical
application value. Follow-up observations after radiotherapy revealed a significant reduction in gastrointestinal
toxicities, including dyspepsia (P= 0.018), nausea (P= 0.013), vomiting (P= 0.041), and diarrhea (P= 0.040).
This further proved that re-designing plan after tumor shrinkage during radiotherapy for abdominal LNM of
HCC could reduce the irradiation dose to OARs and subsequently decrease the occurrence of radiation-induced
toxicities.

We found that AGT V% was associated with PFS. Additionally, compared to control group, patients in the test
group who underwent late-course shrink field adaptive radiotherapy did not experience a worse prognosis of
OS, PFS, and infield-PFS. Previous study indicated that irradiation dose was related to prognosis®®. In the future,
we will conduct prospective controlled studies with larger sample size to further confirm whether late-course
adaptive radiotherapy of HCC could escalate the irradiation dose to the target area, subsequently enhance local
control of tumor, and consequently prolong survival, in addition to reduce toxicities.

Conclusions

Tumor volume may significantly shrink during radiotherapy for abdominal LNM of HCC. Performing a second
CT scan when the irradiation dose reaches around 40 Gy and implementing shrink field adaptive radiotherapy
during the late-course can addresses the issues of tumor shrinkage and displacement, improve the irradiation
accuracy, meanwhile significantly reduce the irradiation dose and volume of OARs, and consequently minimize
radiation-induced toxicities.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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