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Purpose: The aim of this study was to quantitatively analyze of the differences in determining the gross tumor
volume (GTV) for hepatocellular carcinoma (HCC) radiotherapy using multi-phase contrast-enhanced magnetic
resonance imaging (CE-MRI) and provide a reference for determining the GTV for radiotherapy of HCC.
Methods: This retrospective study analyzed 99 HCC patients (145 lesions) who underwent MR simulation. T;-
weighted imaging (T;WI), contrast-enhanced T;WI (CE-T;WI) at 15, 45s, 75 s, 150 s, and 20 min after contrast
agent injection were performed, comprising a total of six imaging sequences. The GTVs identified on different
sequences were grouped and fused in various combinations. The internal GTV (IGTV), which was the reference
structure, was obtained by the fusion of all six sequences. Mean signal intensity (SI), volume, shape, and fibrous
capsule (FC) thickness among GTVs were compared.

Results: (1) The mean SI value of GTV.p1w1, GTV.155-GTV._20min in patients with transarterial chemoembolization
(TACE) was lower by 14.09 % (GTV.r1wp) to 31.31 % (GTV.155) compared with that in patients without TACE.
Except for GTV.r1wi, the differences in SI values between the two groups for other GTVs were statistically sig-
nificant (p < 0.05). (2) The volumes of GTV.71w1, GTV.155-GTV_20min ranged from 32.66-34.99 cm®. The volume
differences between GTV.455 and the other GTVs were statistically significant (p < 0.05), excluding the GTV.r1wr.
(3) Compared with the IGTV, the change trend of GTV volume reduction rate is consistent with that of dice
similarity coefficients (DSC). (4) In the CE-T;WI sequences (except for CE-T1WL;ss), FC measurement was
possible in 39.31 % of lesions (57/145), with the largest mean thickness observed at 75 s.

Conclusion: Although single-phase CE-MRI introduces uncertainty in HCC GTV determination, combining
different phases CE-MRI can enhance accuracy. The CE-T1WL4ss should be routinely included as a necessary
scanning sequence.

1. Introduction component of comprehensive HCC treatment protocols [3,4].

Accurate determination of gross tumor volume (GTV) is crucial for

Hepatocellular carcinoma (HCC) is one of the most prevalent ma-
lignant tumors, with a five-year survival rate of only 18 % [1]. Treat-
ment modalities for HCC include a variety of approaches, such as
surgery, transarterial chemoembolization (TACE), radiotherapy, liver
transplantation, chemotherapy, and biologically targeted therapy [2].
Advancements in precision radiotherapy technology have significantly
improved the efficacy of HCC radiotherapy, making it an indispensable
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achieving high-quality irradiation in HCC radiotherapy. The precise
delivery of radiation dose is directly influenced by the precision of GTV
determination, thereby impacting treatment efficacy and the risk of
radiation-induced liver disease (RILD). Therefore, accurate determina-
tion of GTV is fundamental assurance for improving the efficacy of
radiotherapy and reducing the occurrence of RILD [4,5]. Unclear tumor
boundary imaging can influence radiotherapy accuracy for HCC [6,7].
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A common approach to determining GTV in HCC radiotherapy is the
fusion and registration of computed tomography (CT) and magnetic
resonance (MR) images [5,8]. However, CT has certain limitations, such
as low soft tissue resolution, unclear tumor boundary imaging, and the
large impact of patient respiratory motion, posing challenges in accu-
rately determining the HCC GTV [9]. In contrast, utilizing MR for GTV
determination offers advantages such as the absence of ionizing radia-
tion, high soft tissue resolution, detailed anatomical display, and various
tumor motion management methods [10,11]. This method has become a
key auxiliary method for determining GTV in HCC. Multi-phase
contrast-enhanced magnetic resonance imaging (CE-MRI) exhibits
distinct characteristics in displaying HCC boundaries at different phases
after injecting contrast agent [12]. This study aims to conduct a quan-
titative analysis to compare the differences in HCC GTV determination
using multi-phase CE-MRI. The primary objective is to establish a robust
foundation for accurately determining HCC GTV.

2. Materials and methods
2.1. Case selection and general information

This retrospective study included 99 patients diagnosed with HCC
who underwent initial radiotherapy at Shandong First Medical Univer-
sity Affiliated Cancer Hospital from August 2021 to March 2023, with a
total of 145 lesions examined (detailed information is available in
Table 1). Among them, there were 81 males and 18 females, with an age
range of 18-82 years and a median age of 58 years. Patients were
divided into groups based on whether they had received TACE treatment
within the past three months: 41 patients (66 lesions) were included in
the TACE group and 58 patients (79 lesions) in the without TACE group.

Inclusion criteria: (1) HCC confirmed by pathological biopsy; (2)
first-time radiotherapy; (3) availability of MR contrast-enhanced T;-
weighted imaging (CE-T;WI) enhanced at 15,45, 75 s, 150 s, and 20
min post-contrast agent injection. Exclusion criteria: patients with se-
vere liver cirrhosis.

This study was approved by the Ethics Review Committee of the
Shandong Cancer Hospital, and all patients provided informed consent
before participation. (Ethical code SDTHEC 201903032).

2.2. Simulation

2.2.1. CT simulation

For 4D-CT simulation achieving in a free-breathing state, all patients
were immobilized using a vacuum-lock bag in the supine position with
their arms above their heads using a Philips Brilliance Big Bore CT

Table 1
Basic information of patients.
n (%)
Total n = 99

Age (y)

Median (range) 58 (18-82)
Sex

Male 81 (81.82 %)

Female 18 (18.18 %)
Treatment history

None 11

Surgery 28

TACE 78

Targeted therapy 14

Targeted therapy combined immunotherapy 22

Systemic chemotherapy 4
Delayed scanning specific time average (range)

150 s 164.48 (146-185)

20 min 20.45 (16-25)
Tumor diameter (cm) 3.17 +£1.77

Note: The tumor diameters in the table were measured on CE-T;WI 45; images
after contrast agent injection.
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locator (Philips, Amsterdam, Netherlands) [13].

2.2.2. MR simulation

After CT simulation, patients remained in the same position for MR
simulation using a GE 3.0 T superconducting MR scanner (Discovery
750 W, GE Healthcare, Chicago, IL, USA). Six imaging sequences were
obtained using T;-weighted imaging (T;WI), CE-T{WI at 155, 455, 75,
150 s, and 20 min after intravenous injection of a paramagnetic contrast
agent (Gadolinium diethylenetriaminepentaacetic acid, Gd-DTPA), as
shown in Fig. 1. The CE-T;WI sequences were named CE-T{WI 155, CE-
T]WI_455, CE-T]WI_755, CE-T]WI_]SOS and CE-T1WI_20min.The Tl plain scan
was replaced by T;WI.

The parameters of the MR scanning sequence were as follows: TR =
5.2 ms, TE = 2.7 ms, FOV = 42-50 cm, matrix = 296 x 256 mm, layer
thickness = 3.0 mm, layer spacing = 0 mm. The respiratory state was
end-expiration breath-holding (EEBH). The CE-T;WI sequence used the
MR injection system (MEDRAD Spectris Solaris EP, Bayer, Leverkusen,
Germany) and Gd-DTPA at a dose of 0.2 mL/kg, administered at a rate of
2 mL/s. After injection of Gd-DTPA, samples were rinsed with 20 mL of
normal saline.

2.3. HCC GTV determining and naming

Lesions on T;WI were defined as masses with low-to-medium signal
intensity (SI). CE-T{WL 15, displayed a high SI and a relatively lower SI
between CE-T1WI 455 and CE-T1WILygmin, as shown in Fig. 2.

All MR images were imported into MIM Maestro software (version
7.1.7, Cleveland, OH, USA). A radiation oncologist determined the GTV
manually using T;WI and CE-T; WL 155-CE-T; W1 0min images, which was
subsequently reviewed and revised by two additional radiation oncol-
ogists. In cases of disagreement among the three doctors, consensus
discussions were held to establish the final determination of GTVs. They
were labeled GTV-T]WI; GTV.]SS, GTV.455, GTV.755, GTV_1505 and GTV.
20min, espectively. In addition, a 1 em® region of liver tissue surrounding
the lesion, excluding large vessels such as the hepatic artery, hepatic
vein, portal vein, and bile duct system, was defined as normal liver
tissue, and its SI was measured.

2.4. Fusion and naming of HCC GTV with different sequences

After determining the lesions, GTVs from the same lesion were fused
in various combinations-from doubles to sixes-resulting in 57 fused
GTVs. The fusions were named based on the following rules: the fused
GTV of the TWI and CE-T1WL;5; was named the GTV.t1wr, 155- The fused
GTV of the T1WI, CE—T1WI_155 and CE—T1WI_455 was named GTV.le[, 15s,
45s- Analogously, the six sequence GTVs were fused into the internal GTV
(IGTV), serving as the reference standard.

2.5. Obtaining statistical indicators

Statistical analysis was conducted on multiple aspects, including the
mean SI of single-sequence HCC GTVs and normal liver tissue, volumes
of all GTVs (63), Dice similarity coefficients (DSC) and volume reduction
rates were compared with the IGTV (62). The DSC is defined in Equation
(1), and the volume reduction rate is expressed in Equation (2).

~ 2(|GTV_| N |GTV_oral])

DSC = 1
|GTV _y| + |GTV_total| @

GTV—totul - GTV—x

the volume reduction rate =
GTV—mml

(2)
Note: GTV 4 represents single-sequence GTV or fused GTV.
2.6. Measurement of HCC fibrous capsule (FC) thickness

The CE-T1WI455-CE-T1WI omin for all lesions determined whether
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Fig. 2. Schematic diagram of different MR imaging sequences of a patient with HCC A: T;WI; B-F: CE-T;WI at 155, 45 s, 75 s, 150 s, and 20 min after the intravenous
injection of Gd-DTPA.

the presence of FC, and the maximum FC thickness was measured,
taking the mean of three measurements as the final FC thickness.

significance was set at p < 0.05.

2.7. Statistical analysis

All data was analyzed using IBM SPSS statistical software (version
25.0; Armonk, NY, USA). Wilcoxon tests determined the mean SI of the
GTVs and normal liver tissues, volume and FC thickness. Statistical

Table 2
Comparison of the mean SI between GTV and normal liver tissue.

Mean SI of HCC

Mean SI of LIVER

Without TACE With TACE Difference (%) p-value With TACE Without TACE Difference (%) p-value
GTV.11w1 407.21 + 201.04 349.85 + 141.08 14.09 0.205 456.14 + 174.75 390.46 + 154.17 16.82 0.015
GTV 55 766.34 + 293.36 526.38 + 242.52 31.31 <0.001 649.29 + 283.75 582.87 + 216.13 11.39 0.270
GTV 455 953.98 + 342.69 716.24 + 255.68 24.92 <0.001 949.62 + 292.61 881.26 + 266.13 7.76 0.385
GTV.756 932.65 + 343.65 716.79 + 241.30 23.14 <0.001 930.75 + 276.90 845.06 + 276.39 10.14 0.131
GTV 1505 883.68 + 323.86 705.46 + 234.91 20.17 0.002 879.76 + 274.37 799.99 + 264.05 9.97 0.116
GTV.20min 772.32 £ 254.16 661.28 + 245.84 14.38 0.010 738.25 + 236.31 708.47 + 200.93 4.20 0.621
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3. Results
3.1. Comparison of mean SI of GTV and normal liver tissue

3.1.1. Comparison of mean SI of GTV and normal liver tissue in patients
without TACE

The mean SIs of the GTV in patients without TACE showed an
increasing trend followed by a decreasing trend over time, and GTV 45
had the highest mean SI (953.98 + 342.69), as shown in Table 2. The
mean SI ratios between HCC GTV and normal liver tissue across different
sequences were 1.03-1.33. It can be seen that CE-T{WI 5, had the
highest mean SI ratio, as shown in Fig. 3.

The differences in the mean SI of normal liver tissue among the six
single-sequence were statistically significant (p < 0.05). Furthermore,
statistically significant differences were observed in the mean SI of
different HCC GTVs (p < 0.05), with exceptions for GTV_ 155 and GTV.

20min-

3.1.2. Comparison of mean SI of GTV and normal liver tissue in patients
with TACE

The mean SIs of GTV in patients with TACE showed an initial in-
crease and then a downward trend, and the decrease was smaller than
patients without TACE. Among them, GTV_ 755 exhibited the highest
mean SI (716.79 4 241.30), as shown in Table 2. The mean SI ratios of
HCC GTV and normal liver tissue for the six single-sequence images were
0.76-0.90. CE-T1WlL2omin had the highest mean SI ratio, as shown in
Fig. 3.

The mean SI of normal liver tissue showed statistically significant
differences among the other sequences (p < 0.05). The mean SI differ-
ences between other GTVs were statistically significant (p < 0.05),
except for GTV 455 and GTV 755, GTV_1505; GTV.755 and GTV.150s.

3.1.3. Comparison of the mean SI between GTV and normal liver tissue in
patients with TACE and those without TACE

In all contrast-enhanced phases, the mean SI value of HCC GTV in
patients with TACE group was significantly lower than that in patients
without TACE group. The difference in the mean SI value of GTV ranged
from approximately 14 % at the minimum between T;WI and CE-T; WL
20min t0 @ maximum of 31.3 % in CE-T{WIL 5. The differences in the
mean SI value of the normal liver tissue between in patients with TACE
group and without TACE group were not statistically significant, except
for T;WI sequence.

The mean SI value of normal liver tissue in patients with TACE group
was 4.20 % (CE-T1{WIL2gmin)-16.82 % (T;WI) higher than patients
without TACE group (as shown in Table 2). Among these differences,
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Fig. 3. Trend of the mean SI ratio between GTV and normal liver tissue in
patients with TACE and those without TACE.
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only the difference observed in T;WI sequence between the two groups
was statistically significant (p < 0.05). The mean SI ratios of patients
with TACE group were 24.23 %, 51.14 %, 34.84 %, 41.66 %, 37.03 %
and 19.68 % lower than those of patients without TACE group at T;WI
and CE-T1WL 155-CE-T1;WLoomin Sequences, respectively. The differences
in mean SI ratios between the two groups across different sequences
were statistically significant (p < 0.05).

3.2. Comparison of GTV volumes of different sequences

3.2.1. Comparison of single-sequence GTV volumes

The mean volume of HCC GTV determined through single-sequence
MR imaging is the smallest in the GTV . ggmin (32.66 + 51.75 cm®) and
largest in the GTV. 455 (34.99 + 53.57 cm®) (p < 0.05). The mean volume
of the IGTV is (51.90 + 72.52 c¢m®). The mean volume of a single-
sequence GTV was reduced from 43.45 % to 49.11 %, compared to
IGTV. The lowest volume reduction rate was observed for GTV 455, while
the highest was observed for GTV_3omin, as shown in Fig. 4 and Fig. 5.

The volume differences between GTV_r1w; and GTV.155; GTV 45 and
GTV_155-GTV 20min; GTV.20min and GTV.7ss, GTV_ 1505 were statistically
significant (p < 0.05). All volume differences between the six single-
sequence GTVs and the IGTV were statistically significant (p < 0.05).

3.2.2. Comparison of fused GTV volumes

The smallest mean volume among the fused GTVs was observed in
GTV 756, 1505 (38.75 + 58.88 cm®), while the largest was found in GTV.
T1WI, 15s, 45s, 150s, 20min (51.09 + 71.73 cmg), see Appendix for details.
Fused GTVs showed a volume reduction ranging from 2.64 % to 33.65 %
compared with the IGTV. The fused GTV with the smallest volume
reduction rate was GTV.riwi, 15s, 45s, 150s, 20min (2.64 & 3.30 %), while
the largest is GTV.7s55, 1505 (33.65 £ 16.51 %), see Appendix for details.
Compared with the IGTV, the differences between all fused GTVs were
statistically significant (p < 0.05). Fused GTVs with a reduction rate of
less than 5 % are GTV-TlWI, 15s, 45s, 150s, 20min (2.64 + 3.30 %) and GTV.
TIWI, 15s, 455, 755, 20min (3.80 £ 4.54 %).

3.3. Comparison of GTV shapes of different sequences

Compared with the IGTV, the DSCs of single-sequence GTV ranged
from 0.657 to 0.706. GTV 45, had the largest DSC (0.706 =+ 0.152), while
GTV_20min displayed the smallest (0.657 + 0.160). The DSC of the fused
GTVs ranged from 0.785 to 0.986, with GTV-T]WI, 15s, 45s, 150s, 20min
having the largest DSC (0.986 + 0.018) and GTV_.yss, 1505 the lowest
(0.785 £ 0.130), see Appendix for details. The change in patterns of all
GTV DSCs corresponded to the volume reduction rate pattern. A total of
9 fused GTVs had DSC > 0.95 (Fig. 6).

3.4. Comparison of HCC FC thickness between different sequences

FC was observed in 107 lesions (107/145, 73.79 %). However,
ranging from CE-T{WI 455 to CE-T1WILyomin, FC was detected in only 57
lesions (57/145, 39.31 %). The mean FC thickness measured 0.245 +
0.061 mm, 0.283 + 0.067 mm, 0.281 + 0.079 mm, and 0.274 + 0.084
mm, respectively, with the maximum at CE-T; WL s, as shown in Fig. 7.
The differences in HCC FC thickness between CE-T;WI 45 and CE-T; WL
758s CE-T1WI_45S and CE-T1WI_1505, and CE-T]WI_453 and CE-TlWI.gomjn
were statistically significant (p < 0.05).

4. Discussion

MR has obvious advantages in determining HCC GTV, but there is an
issue of insufficient GTV boundary imaging in single-phase MR, and it is
uncertain to rely solely on single-phase MR to determine the GTV. This
study employed a combined scanning method using T; plain scan and
multi-phase CE-MRI sequences to optimize the imaging advantages
across temporal aspect [14]. Multi-phase T{WI reflects functional
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Fig. 4. A. Depicts the volume change trend of a single sequence GTV. B. Illustrates the trend in volume reduction rate of a single sequence GTV compared to IGTV. C.

Shows the trend in shape change of a single sequence GTV compared to IGTV.

Fig. 5. Diagram illustrating the volume differences of GTV across different MR sequences and IGTV of a HCC patient A: T;WI; B-F: CE-T; WL 15,-CE-T;WLomin after

the intravenous injection of Gd-DTPA.

changes in tumor blood vessels and tissues [15]. Further, this procedure
can depict imaging and dynamic changes in contrast agents within
tumor tissues and FC.

To enhance the local control rate of radiotherapy for HCC, it is
necessary to fully consider whether the tumor boundary is fully visual-
ized during GTV determination [16]. Hence, this study used the IGTV
derived from six fused MR imaging sequences as the reference standard.

The difference in the blood supply between normal liver tissue and
HCC forms the biological basis for multi-phase CE-T;WI scanning. In this
study, the mean SI ratio of the GTV and normal liver tissue in patients
without TACE was the highest at CE-T;WL ;5. At the same time, the
significant decrease at CE-T;WI 45, mean SI ratio confirms the typical
performance of HCC in “fast in and fast out” in dynamic contrast
enhanced MRI (DCE-MRI) [17]. However, the volume of GTV_ 54 is
47.08 % smaller than that of IGTV. When using GTV ;55 as a reference for
determining GTV for HCC radiotherapy, it is essential to exercise caution
and consider CE-T;WI images from other sequences.

In this study, the volume of GTV 455 was significantly larger than that
of other single-sequence GTVs. During this period, based on the SI of
HCC and normal liver tissue in the arterial phase, the SI of HCC increases
significantly slower in the portal venous phase. Meanwhile, the sur-
rounding normal liver tissue, influenced by the contrast agent in the
portal system, exhibits a significantly faster increase in SI. Consequently,
the contrast between the tumor and normal liver tissue decreases. This
may be a reason that the GTV 455 is closest in size and shape to the IGTV,

despite having the thinnest FC at this time.

During the analysis of the volume and shape of single-sequence GTV,
it was observed that both the volume reduction rate and DSC variation
amplitude of GTV and IGTV were basically consistent. After injecting
contrast agent, the volume of GTV initially exhibited an increase before
subsequently decreasing, with the decline commencing at 45 s. This
indicates that the penetration and outflow of the contrast agent are in a
dynamic process. The turning point observed at 45 s may be attributed
to the contrast agent reaching a dynamic equilibrium state, followed by
transitioning into an outflow phase. This is supported by the downward
trend in HCC SI observed in patients without TACE group.

The SI of HCC after TACE was notably reduced compared with that in
patients without TACE. This decline in SI can be attributed to the
compromised blood supply to the tumor post-TACE embolization, which
restricts the entry of contrast agents into the tumor. Consequently, the
tumor exhibits liquefaction and necrosis, resulting in a relatively lower
SI. After tumor atrophy and necrosis, the compression of the portal vein
system is reduced. Consequently, blood flow in the portal vein increases,
resulting in a higher SI of the normal liver tissue than in patients without
TACE. At the same time, the SI contrast of tumor boundary imaging after
TACE decreased compared with preoperative.

GTV.7s5, 1505 had the highest reduction rates among the fused GTV
volumes, displaying a 9.8 % improvement over GTV 455 This finding
indicates that fused GTVs can significantly reduce errors caused by
single-sequence GTVs. Among the fused GTVs, GTV_t1wi, 15s, 45s, 150s,
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Fig. 6. Fused GTVs with DSC > 0.95.

Fig. 7. A HCC patient: measurement of FC thickness across different MR sequences. A: T;WI; B-F: CE-T; WL 15,-CE-T;WLoomin after the intravenous injection of

Gd-DTPA.

20min had the smallest volume reduction rate (only 2.64 %), while DSC
was the largest (0.99), which was closest to the IGTV. This outcome
aligns with Duan et al.’s [18] conclusion, indicating that determining
the GTV in multi-sequence MR images helps reduce inter-observer
variability. The results of this study demonstrated the consistency of
the changes in the volume and shape of the fused GTV, confirming that
the combination of different phases of MR can significantly make up for
the deficiencies of single-phase MR in GTV determination and improve
the accuracy of GTV determination, which is consistent with the results

of the study by Cheung et al. [4].

In addition, when determining GTV, it was found that when the
absolute value of volume change is the same and the tumor volume is
smaller, the determination error has a more significant impact on the
accuracy of determination.

The novelty of this study lies in the quantitative analysis of differ-
ences in determining HCC GTV using multi-phase CE-MRI sequences.
We comprehensively considered dynamic changes in SI within HCC GTV
and normal liver tissue. This study confirmed that combining different



K. Meng et al.

sequences can improve the accuracy of GTV determination. The main
limitation of this study is that it only focused on determining the impact
of HCC GTV without examining dosimetry and clinical outcomes in
depth. Additionally, multi-phase CE-MRI acquisition extends the pa-
tient’s scanning time, resulting in decreased tolerance.

In summary, HCC patients who received TACE showed lower tumor
SI on MR T;WI contrast-enhanced scans compared to those who did not
receive TACE. The GTV volumes determined from different phases
varied significantly. Among the six scanning phases, the CE-T;WI 454
sequence demonstrated clear advantages in depicting tumor volume and
shape, while the CE-T{WIyss sequence exhibited the largest FC thick-
ness. Utilizing multi-sequence MR scans can enhance the accuracy of
GTV determination in HCC patients.
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