European Radiology (2022) 32:7307-7319
https://doi.org/10.1007/500330-022-09074-x

ONCOLOGY ;.)

Check for
updates

Peritumoral abnormalities on dynamic-enhanced CT
after brachytherapy for hepatic malignancies: local progression
or benign changes?

Guanyu Chen' - Dechao Jiao? - Sheng Peng? - Xi Chen" - Yanling Zhang* - Letao Lin" - Zhihui Zhong" - Yong Li* -
Kaihao Xu? - Fujun Zhang'

Received: 30 April 2022 /Revised: 26 July 2022 / Accepted: 29 July 2022 /Published online: 18 August 2022
© The Author(s) 2022

Abstract

Objectives To determine if dynamic CT can differentiate local progression from radioactive seed-induced peritumoral reaction

(RSIPR) after brachytherapy with iodine-125 radioactive seeds (BIRS) for advanced hepatic malignancies.

Methods Enhanced CT images of seed-implanted lesions between 2006 and 2018 were retrospectively evaluated. Hounsfield units of

peritumoral parenchyma were measured and assessed quantitatively. The classification, conversion, consequences, and serological

indicators during follow-up were recorded and quantified. Statistical differences were analyzed using a Pearson y? test.

Results RSIPR was observed in 201 0f 290 (69.3%) lesions (161 patients; median age, 55 years; range, 26—79 years), while local

progression occurred in 53 lesions. The low density of local progression was much lower than that of RSIPR (p < 0.001), and the

former did not exhibit iso-/high density in the portal or equilibrium phase. Ring-like enhancement in progressive lesions was also

quite different from RSIPR. Local progression rate was lower for lesions with RSIPR than for those without RSIPR (14.9% vs

25.8%; p = 0.03), and their doses were different (397.2 Gy vs 120.3 Gy, p < 0.001).

Conclusions Radioactive seed-induced peritumoral reaction has characteristic manifestations on CT images, which is associated

with a higher dose of lesions and lower local progression rate. Notably, the enhancement pattern of local progression was distinct

from RSIPR and was clearly distinguishable on dynamic-enhanced CT.

Key Points

* Radioactive seed-induced peritumoral reaction after brachytherapy with '>’1 seeds for liver malignancies has characteristic
manifestations on CT images, which is associated with a higher dose of lesions (397.2 Gy vs 120.3 Gy, p < 0.001), as a focal
radiation injury.

* Lesions with RSIPR were less likely to develop local progression, while those without RSIPR had a higher rate of local
progression (14.9% vs 25.8%; p = 0.03).

* The enhancement pattern of local progression after brachytherapy was distinct from radioactive seed-induced peritumoral
reaction and was clearly distinguishable on dynamic-enhanced CT.
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Abbreviations

ALP Alkaline phosphatase

BIRS  Brachytherapy with iodine-125 radioactive seeds
D90 Exposure dose of 90% volume of tumor

EBRT  External beam radiation therapy

RILD  Radiation-induced liver disease

RSIPR  Radioactive seed-induced peritumoral reaction
Introduction

The most common primary liver malignancy is hepatocellular
carcinoma (HCC), which is one of the most common cancers
worldwide [1], followed by cholangiocarcinoma. In addition,
the liver is one of the most common metastatic organs, includ-
ing metastases associated with colorectal cancer, melanoma,
and pancreatic cancer [2-5].

Brachytherapy with iodine-125 radioactive seeds (BIRS)
has promising results for safety and efficacy for the treatment
of primary and secondary liver malignancies [6-9]. BIRS en-
ables the release of high-dose radiation into the tumor in a
concentrated manner, with a sharp decrease in dose outside
the target volume surface, thereby reducing damage to sur-
rounding tissues. As such, BIRS can be performed in places
where thermal ablation exposes to complications or to replace
external beam radiation therapy (EBRT) when unable to reach
the relevant dosage. Accordingly, BIRS offers another treat-
ment option in patients with advanced cancer [10-13].

Based on cost availability, seed imaging capabilities, and
dosimetric assessment accuracy, computed tomography (CT)
is recommended for routine detection of BIRS [14, 15]. CT is
widely used for the detection of local progression. Local pro-
gression can be identified as clearly enlarged lesions or new
protrusions adjacent to seeds. However, atypical enhancement
around some seed-implanted lesions might be confusing, like
rim-like arterial enhancement [16, 17], or areas of hypo per-
fusion, hindering the identification of local progression.
Progression may only become undisputable based on delayed
temporal changes of enhancement pattern or tumor growth,
missing the best time for treatment. To date, there is a paucity
of data in the literature on these equivocal abnormal imaging
changes. The objective of this retrospective study was to an-
alyze CT findings on peritumoral parenchyma and investigate
how local progression could be differentiated from a benign
reaction.

Materials and methods
Population

Patients who were diagnosed with hepatic malignancies in our
center and received BIRS from June 2006 to June 2018 were
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included in this retrospective study. The treatment process of
BIRS is described in Materials and Methods in Appendix E1.
All patients signed an informed consent form prior to treat-
ment. The Institutional Review Board of Sun Yat-sen
University Cancer Center approved this study.

Inclusion and exclusion criteria

The patient selection was random. Based on the half-life of
iodine-125, patients with pre-BIRS CT scans and more than
two upper abdominal CT scans at our center within 12 months
after BIRS were considered for inclusion. Patients who did not
receive any CT scan within 12 months after BIRS, underwent
ablation or resection soon after BIRS, and/or lacked normal
parenchyma around the lesion were excluded.

Follow-up and CT scans

Follow-up started at 1 month after BIRS. Multiphase CT scans
(i.e., plain, arterial, portal venous, and equilibrium phase)
were performed with the following parameters: 120 kVp,
150-300 mA of automatic adjustment, slice thickness of
5 mm and 1 mm, and pitch of 0.984:1. A 2.0 mL/kg non-
ionic contrast agent (Omnipaque 300, GE Healthcare) was
injected intravenously at a flow rate of 3 mL/s. Upper abdom-
inal scans were performed in the arterial phase (delay of 15—
30 s after bolus tracking), portal venous phase (delay of 60—
70 s), and equilibrium phase (delay of 180-300 s) after injec-
tion. Based on previous reports [18, 19], results of several
serological indicators tested concurrently with the CT scan
were recorded, including alanine aminotransferase (ALT), as-
partate aminotransferase (AST), total bilirubin (TBIL), alka-
line phosphatase (ALP), and Child—Pugh classification.

Imaging evaluation

All images were evaluated at the liver window (WL: 93, WW:
109) by three readers, including two senior radiologists with
more than 15 years of experience (F.Z. and D.J.) and one
radiology resident with 2.5 years of experience (G.C.). CT
attenuation values were measured with the tools of Picture
Archiving and Communication System (Centricity RIS, GE
Healthcare) as tissue density. When measuring CT attenuation
values in different months or phases, an effort was made to
select the same area at the same level to determine the average.
Considering that small differences in contrast agent adminis-
tration and image acquisition time can affect the results, a
difference of 10 HU and above was defined as a significant
difference in tissue density based on previous literature [20],
i.e., [ACT[> 10 HU. ACT was defined as the CT attenuation
value of the peritumoral abnormalities minus that of the sur-
rounding normal liver tissue, or the difference of those in
different phases, i.e., ACTp_4 referred to the CT attenuation
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value of the portal phase minus the arterial phase, and ACTy _p
was that of the equilibrium phase minus the portal phase.
When its value was positive, it meant that the peritumoral
abnormality was high density, i.e., ACTh;,, and the negative
value was low density, i.e., ACT),,,. These ACTs were all
calculated. The interval between BIRS and abnormal CT find-
ings was calculated, and the duration of abnormal CT findings
was measured. The classification, conversion, and conse-
quences of peritumoral abnormalities were quantified.

Threshold dose and relative diameter

Similar to matched peripheral dose, threshold dose was defined
as peripheral exposure dose of visible peritumoral abnormali-
ties and was measured using D90 (the exposure dose of 90%
volume of tumor). Cases with complete abnormalities were
selected, and those with minimal peritumoral tissue were ex-
cluded. CT images of the maximum abnormalities (typically at
1-3 months after BIRS) were transmitted to the treatment plan-
ning system. Abnormal areas were delineated at the liver win-
dow, and the volume and threshold dose were calculated by a
physicist with 5 years of experience (Z.Z.). For greater com-
parability, relative diameters were calculated using the size of
lesions/seed areas as a reference. Artifacts from metal seeds
occasionally interfered with our judgment of the lesion bound-
ary, and lesions occasionally contracted significantly or even
resolved completely. A seed area delineated at the bone win-
dow (WL: 350, WW: 1500) subsequently replaced the lesion
area. The maximum diameters were measured, and the relative
diameters were calculated using the following formula.

Dabn
Dl/s

Dre/ =

D, refers to the relative diameter, and D,,;,, and Dy, refer to
the maximum diameters of abnormalities and lesions/seed
areas, respectively.

Statistical analysis

The sample size was estimated using PASS 15.0 (NCSS
Statistical software) with the following parameters: power of
.90, alpha of .05. The hypothetical proportions of lesions with
or without peritumoral abnormalities when the doses are
greater than 120Gy were .75 and .05, respectively. Statistical
analyses were performed using SPSS 26.0 (IBM) or GraphPad
Prism 8 (GraphPad Software). The significance level was set
to .05. The normality test was used to assess the normality of
data and no data points were removed from the analysis.
Pearson’s x~ or Fisher’s exact test was used to compare cate-
gorical data. An independent #-test was used to evaluate the
significance of the difference in D90 between lesions with or
without peritumoral abnormalities.

Results
Patient characteristics

In total, 161 patients with 290 lesions were enrolled, including
100 men and 61 women (Table 1). Of the 237 recruited pa-
tients, 99 lesions in 90 patients were excluded based on
follow-up profiles (Fig. 1). Forty-two patients had new seed-
implanted lesions during follow-up, and 16 patients with mul-
tiple lesions had no abnormalities in all lesions. The median
age was 55 years (range, 26—79 years). In total, 1611 CT scans
were reviewed. The median number of post-BIRS CT scans
for each lesion was 4 (range, 1-20). The median follow-up
time was 9 months (range, 1-68 months) until the end of
follow-up for all lesions in June 2020.

Peritumoral parenchymal abnormalities
on enhanced CT

Abnormal peritumoral enhancement was observed in 224 of
290 lesions (77.2%), manifesting as high/low density in the
same phase, compared to the surrounding liver (Fig. 2).
Peritumoral abnormalities in 201 lesions were identified as
benign changes in subsequent scans and were considered to
be radioactive seed-induced peritumoral reaction (RSIPR);
whereas 53 lesions were identified as local progression, 30
of which initially appeared as benign RSIPR, then developed
into progressive lesions later.

Enhancement pattern of local progression

All the progressive cases had been characterized. The density
of 58.3% of them showed no significant change from the
arterial to portal phase, and 77.1% of them from the portal to
equilibrium phase, implying a lack of perfusion (Fig. 3a-b).
Of them, 38.1% enhanced from the arterial to portal phase,
while 14.5% attenuated from the portal to equilibrium phase.
Here, central densities were compared, and high-density rings
were not quantified.

Quantification of density changes in progressive lesions
was performed (Table 2). Overall, 65.9% of progressive le-
sions exhibited low density, whereas only 19.2% and 14.9%
appeared as high and iso-density, respectively. The mean of
ACThign Was 19.0 + 7.0 HU, showing no difference from that
of RSIPR (p = 0.69); while the mean of ACT),,, was —33.7
16.2 HU, which was significantly lower than that of RSIPR (p <
0.001). Progressive lesions usually exhibited two manifesta-
tions: a single density, meaning only high density or low den-
sity (49.0%, Fig. 4a), and a low density surrounded by a high-
density ring (51.0%, Fig. 4b). The latter often appeared as a
rim-like arterial enhancement. Only 8.3% of progressive le-
sions exhibited a single high density in the arterial phase, all of
which were HCC, while 82.1% of those appeared as low
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Table 1 Demographic and

clinical characteristics of patients/ Characteristic No. of patients/lesions
lesions
Total patients (lesions), n 161 (290)
Sex, patients, n
Male (%) 100 (62.1)
Female (%) 61 (37.9)
Age, patients, n
Median (range) 55 (26-79)
<35 (%) 7(4.3)
35-60 (%) 104 (64.6)
>60 (%) 50 (31.1)
Organization sources, lesions, n
Primary (%) 126 (43.5)
Secondary (%) 164 (56.5)
Histopathological types, lesions, n
Hepatocellular carcinoma (%) 96 (33.1)
Cholangiocarcinoma (%) 28 (9.7)
Melanoma (%) 30 (10.3)
Nasopharyngeal carcinoma (%) 28 (9.7)
Gastrointestinal malignancies (%) 72 (24.8)
Gynecological malignancies (%) 16 (5.5)
Others (%): pancreatic, kidney, lung, gallbladder, etc. 20 (6.9)
Child—Pugh classification before BIRS, lesions, n*
A (%) 281 (97.9)
B (%) 62.1)
C (%) 0(0.0)
Intrahepatic treatment before BIRS, lesions, n
MWA/RFA 131
TACE 76
HAIC/chemotherapy 61
Surgical resection 40
Others: PEI, CIK, radiotherapy, Solafini, etc. 43
None 40
Side effects after BIRS, no. of operations, n (n = 264)
Pain (%) 18 (6.8)
Others (%): fever, pneumothorax, biliary infection, etc. 14 (5.3)
None (%) 232 (87.9)

Abbreviations: BIRS, brachytherapy with iodine-125 radioactive seeds; MWA, microwave ablation; RFA, radio-
frequency ablation; TACE, transcatheter arterial chemoembolization; HAIC, hepatic arterial infusion chemother-
apy; PEI, percutaneous ethanol injection; CIK, cytokine-induced killer

*There were three cases with missing data

density (Fig. 3c). Almost all progressive lesions showed
hypodensity in the portal (97.6%) and equilibrium phase
(100%), similar to arterial enhancement with washout in
subsequent phases.

The median interval to local progression was 11 months
(range, 2—31 months), with a median interval of 14 months
(range, 4—27 months) for HCC, while more than 98% of ra-
dionuclides had decayed at this time, so that the local control
had been significantly diminished.
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RSIPR characteristics and classification

RSIPR enhanced significantly from the arterial to portal
phase, similar to normal liver tissue, whereby ACTp_o> +
10 HU (enhancement of normal peritumoral parenchyma
before BIRS and the RSIPR, 159 of 166 vs. 537 of 588,
respectively; p = 0.09, Fig. 3a). Normally, an attenuation or
maintenance of a similar density occurs in the equilibrium
phase, i.e., ACTy.p< — 10 HU (68.0%) or |ACTy._p|<10 HU
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389 lesions in 237 patients diagnosed with
liver malignancies underwent branchytherapy
with 125! seeds from June 2006 to June 2018
« Excluded lesions in 90 patients(n=99)
| +No CT within 12 months after implantation (n=79)
«Lesions ablated or resected soon (n=3)
*No normal liver tissues around the lesions (n=17)
Atotal of 290 lesions in 161 patients - - - Analyze changes
: N .| Lesions without peritumoral in serological
were included for evaluation abnormalities (n=66) indicators after
of peritumoral parenchyma indicators afte
l implantation
Lesions with peritumoral . Pforg];ressive_ Iesionsl
abonormalities (n=224) > without peritumoral
reaction (n=23)
l Progressive lesions l Analyze and Comparision of
Lesore Bt L i pertmort [ LeSE ot
reaction (n=30) prog manifestations

Analyze and Calculate Analyze changes
aly: threshold doses in serological
classify enhanced N L
: . and relative indicators after
manifestations . y
diameters implantation

l l

Comparison of
enhancement between
reaction and normal liver
parenchyma

Analyze the conversion
and consequences of
reactions

l progression

Calculate local
progression rate
and does of
lesions

Difference analysis of
doses,local progression
rate and clinical features

Fig. 1 Flowchart depicting an overview of the study and the selection and analysis of cases

(30.7%). Of RSIPRs, 60.8% exhibited |ACTy_p|< 10 HU, and
32.2% exhibited ACTy_p> +10 HU (p < 0.001), indicating
further enhancement (Fig. 3b).

The density differences of RSIPR in different phases were
quantified (Table 3). In general, the mean of ACTh,, and
ACT),,, was 18.6 7.7 HU and —20.2 + 8.9 HU, respectively.
However, the manifestations of RSIPR in triphasic enhance-
ment were more complex than that of local progression. Based
on the combination of manifestations in different phases, RSIPR
could be classified into four types (Table 4 and Fig. 5). Type |
exhibits iso-/low density in all phases, and type II exhibits arte-
rial iso-/low density, but high/iso-density in subsequent phases,
while type III exhibits arterial high density. Type IV is charac-
terized by an iso-/low density surrounding a high/iso-density in
at least one phase. Low-low-iso was the most common type
(25.7%), followed by iso-low-iso (16.7%) and low-low-low
(15.5%), highlighting type I as the most common type. But
the types were not static (Fig. 6). Notably, the conversions of
different types exhibited characteristic patterns (Table E1). The
most common types of conversions were types II, III, and IV
(Table E2), and type I was the most common type before
returning to normal (66.7%). Of 201 cases, 82 (40.8%) finally
recovered to normal, and 26 (12.9%) evolved into atrophy or
scarring (Table E1 and Fig. 6). Of note, 14.9% (30 of 201) of
lesions with RSIPR exhibited local progression, compared with
25.8% (23 of 89) of lesions without RSIPR (p = 0.03) .

The median interval of RSIPR was 2 months (range, 1-8
months), and the shortest median duration was 4 months
(range, 1—60 months). High-density RSIPR often disappeared

within 12—16 months, while low-density RSIPR persisted for
longer, even until the end of follow-up (60 months).

Factors related to RSIPR

Changes in ALT, AST, ALP, TBIL, and Child-Pugh classifica-
tion were quantified (Table E3). Only ALP exhibited different
values between pre- and post-BIRS, regardless of RSIPR (63 of
199 vs. 249 of 507, p < 0.001; 34 of 89 vs. 199 0of 365, p = 0.01).
The difference in ALP ceased with the disappearance of RSIPR
(63 of 199 vs. 90 of 302, p = 0.66).

Multiple single-variable analyses were performed to iden-
tify the factors underscoring these reactions in seed-implanted
cases (Table E4). RSIPR exhibited significant differences be-
tween sexes, organization sources, histopathological types,
and lesion positions (see Appendix E1 for details). The aver-
aged D90 was greater for lesions with RSIPR than for those
without RSIPR (397.2 + 307.3 Gy vs 120.3 £ 105.3 Gy, p <
0.001, Fig. 3d). Dosimetric calculation revealed that RSIPR
shape approximated the isodose line (Fig. 2). The averaged
D90 of RSIPR was 66.7 £ 41.7 Gy (range, 11.8-265.2 Gy),
median volume was 42.6cc (range, 2.0-440.6 cc), and aver-
aged relative diameter was 2.89 + 0.88 (range 1.12-5.87).

Differentiation of RSIPR and local progression
During follow-up, we identified several cases that were actu-

ally misevaluations of RSIPR. We therefore compared the en-
hancement patterns of RSIPR and progressive lesions after

@ Springer



7312

European Radiology (2022) 32:7307-7319

Fig. 2 Peritumoral parenchymal abnormalities after brachytherapy on
enhanced CT. A high- (a) and low-density (b) peritumoral reaction
(green arrows) and normal peritumoral parenchyma (¢) on enhanced CT
are shown (left). The red star (a) marks the seeds, the red arrow refers to
artifacts, and the orange arrow (c) refers to the progressive lesion. The

characterizing them separately (Table 5). Of 58 progressive
lesions from non-HCC, 26 (44.8%) exhibited a single triphasic
low density, while their densities were lower than those of
RSIPR and distinct from type I (Fig. 5). All progressive lesions
exhibited low densities in the equilibrium phase, while type 11
appeared as high/iso-density distinctly. Progressive lesions
from HCC exhibited a single arterial high density, but they
washed out in subsequent phases, which was distinct from type
II. Type IV always appeared as wider bands, and different
ACT between phases, even reverting to one density in subse-
quent phases, and a high-density ring surrounding a low den-
sity was not observed in RSIPR (Fig. 5). In contrast, those
progressive lesions with ring-like arterial enhancement never
exhibited a low density surrounding a high density. And 92%
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lesion (purple) and reaction area (green) were delineated (middle). The
isodose lines were calculated and drawn, which approximated the shape
of the reaction (right). The doses represented by different colors are
shown. Unit: cGy

of the rings persisted in all three phases. Besides, the median
time to local progression was later than that of RSIPR (11
months vs. 2 months, p < 0.001), and vessels in the RSIPR
area were observed without invasion (Fig. E1).

Discussion

Due to its safety and efficacy, brachytherapy with '*°I radio-
active seeds (BIRS) has emerged as a treatment option for
patients with advanced cancer. Evaluation of peritumoral pa-
renchyma post-BIRS is necessary to distinguish local progres-
sion. Using quantitative analysis of enhanced CT images, we
observed that the enhancement pattern of radioactive seed-
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Fig. 3 Comparison of enhancement pattern and dose. Comparison of
self-enhancement from A to P (a) and from P to V (b) between pre-
implantation, reaction area, disappearance of reaction, and local
progression. ¢ Comparison of enhancement pattern between reaction

induced peritumoral reaction (RSIPR) was quite different
from that of local progression (p < 0.001). Notably, the local
progression rate was lower for lesions with than for those
without RSIPR (p = 0.03), while the dose of the former was
greater than that of the latter (»p < 0.001). We propose that
RSIPR is a benign focal liver injury which is clearly distin-
guishable from local progression.
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and local progression. d Comparison of D90 between lesions with and
without reaction (p = 0.0001). R, reaction; LP, local progression; A,
arterial phase; P, portal venous phase, E, equilibrium phase (***p <
0.001, ****p < 0.0001)

External beam radiation therapy (EBRT) for HCC is prone
to be complicated by radiation-induced liver disease (RILD)
due to the low tolerance of the liver. Prior studies have shown
that RILD refers to severe hepatotoxicity caused by high-dose
radiation [18-22]. The irradiated liver undergoes a series of
pathological changes, typically manifesting as veno-occlusive
disease, and corresponding abnormalities are observable in
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Table 2 Quantification of
enhanced density in progressive Manifestations  Arterial phase/HU Portal phase/HU Equilibrium phase/HU

lesions*
High Low High Low High Low

Mean £+ SD +213+73 —-237+10.8 +16.7+6.5 —43.1+168 +154+39 -325+14.1
Max/min +39.0 -55.0 +31.0 —87.0 +27.0 —68.0
Median +21.0 -23.0 +14.5 —40.0 +15.0 -29.0

*A difference of 10 HU and above was defined as a significant difference in tissue density, that is, ]ACT[> 10 HU,
using the adjacent normal tissue as a reference. HU, Hounsfield unit

d Arterial Portal Equilibrium

Fig. 4 Manifestations of local progression. a Recurrence after resection the first), exhibiting a single low density in three phases. b A new
in a 73-year-old woman with cholangiocarcinoma that was seed- elliptical protrusion (orange arrows) appeared beside the seeds at 5
implanted, showing a type I reaction 1 month later (green arrows) with months in a 78-year-old woman with rectal cancer, exhibiting a high-
several artifacts (red stars). Even after the second implantation, the lesion density ring surrounding a low density

was still enlarged (orange arrows) at the final follow-up (11 months after
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Table 3  Quantification of enhanced density in peritumoral reaction areas™

Manifestations Arterial phase/HU (n = 637) Portal phase/HU (n = 666) Equilibrium phase/HU (n = 575)
High Low High Low High Low

Mean + SD +21.5+10.0 -16.5+5.5 +17.8 +6.4 —24.0 £10.0 +17.3+59 -16.5+5.8

Max/min +64.0 —41.0 +38.0 -58.0 +36.0 -36.0

Median +18.0 -15.0 +16.0 -22.0 +16.0 -15.0

No. of CT images (%) 85 (13.3) 345 (54.2) 77 (11.6) 475 (71.3) 130 (22.6) 128 (22.3)

*A difference of 10 HU and above was defined as a significant difference in tissue density, that is, ]ACT[> 10 HU, using the adjacent normal tissue as a

reference. HU, Hounsfield unit

CT images [18, 22]. Initially, a low density appears on CT
(type I) due to endothelial edema, venous outflow obstruction,
and liver lobule congestion. Occluded outflow decreases
portal-vein inflow, resulting in increased compensatory arte-
rial inflow and high density in the arterial phase (type I1I). Due
to persistent fibrotic deposits, the outflow tract remains
blocked, such that the contrast agent is retained, resulting in
a high density in the post-enhancement phase (type II). These
pathological changes are heterogeneous, which may under-
score type IV. Liver lobules may collapse or scar, resulting
in a low density (type I), or may regenerate, rendering these
changes recoverable. RILD usually manifests as typical clin-
ical symptoms and elevations in multiple serological indica-
tors [23, 24]. In this study, BIRS did not cause obvious side
effects during follow-up, and ALP was the only indicator that
differed significantly between pre- and post-BIRS, which sug-
gests that ALP is the most sensitive serum marker of RILD
[18, 19]. Focal liver injury, referring to focal radiation-
induced liver changes revealed by imaging [18], is proposed
as a factor underpinning RSIPR.

To date, there have been no reports on RSIPR imaging.
However, RILD has been evaluated using CT imaging and
can be classified into three types [23, 25]. The Chiou types
did not consider the equilibrium phase, while the two Kimura
types were consistent with types I and III reported herein.
Each type in this study comprised a combination of multiple
triple-phase appearances. The portal low densities and

equilibrium high densities, but not arterial, have been quanti-
tatively evaluated [20]. In contrast, the high/low densities ob-
served in this study could occur in any phase. Conversion of
types has also been reported [20, 23]. Notably, we observed
that type I most commonly appeared at the beginning and end,
and the other types were predominantly transition types, cor-
responding to pathology.

A prospective study used a threshold dose of loss of func-
tion to describe the irradiated liver volume [26], while we
measured a threshold dose of RSIPR, with an average of
66.7 + 41.7Gy as the total cumulative dose. For a more intu-
itive measurement, an averaged relative diameter was calcu-
lated, indicating that the diameter of RSIPR was 2.89 + 0.88
times that of lesions.

All of the above is to characterize RSIPR for easy discrim-
ination from local progression. Tumor enlargement and early
arterial enhancement are key factors of differentiation for recur-
rent HCC [27]. In our study, the enhancement pattern of pro-
gressive lesions is simpler than that of RSIPR. Similar to orig-
inal intrahepatic malignancies, advanced HCC exhibits charac-
teristic arterial enhancement with washout in subsequent phases
[16, 17], and other intrahepatic malignancies manifest as
triphasic hypodense with poor perfusion, or ring-like enhance-
ment, which was clearly distinct from RSIPR. Moreover, the
equilibrium phase was important for differentiation.

To our knowledge, there is no report focusing on the dif-
ferentiation of RSIPR from local progression after BIRS. Yet

Table 4 Classification and

characteristics of radioactive Classification ~ Arterial ~ Portal phase ~ Equilibrium  No. of CT scans ~ No. of lesions with initial
seed-induced peritumoral reaction phase phase (n=556) (%)* reaction (n = 199) (%) **
Type I Iso/low Iso/low Iso/low 365 (65.6%) 139 (69.8%)
Type 11 Iso/low  High/iso/low  High/iso 61 (11.0%) 19 (9.6%)
Type 1T High High/iso/low  High/iso 50 (9.0%) 17 (8.5%)
Type IV Two density changes occurring 80 (14.4%) 24 (12.1%)

simultaneously in at least one phase:
low and high, low and iso, iso and

high.

*There were 32 scans that could not be classified as type I or type II due to the lack of venous phase

**There were 2 lesions that could not be classified as type I or II due to the lack of venous phase
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Arterial

Type |

Type

Type llI

Type IV

Fig. 5 Four types of radioactive seed-induced peritumoral reactions
(green arrows). Type I: a 50-year-old man with rectal cancer was seed-
implanted in three intrahepatic metastases simultaneously, appearing as a
large area of low-low-low 1 month later. Compared to that in previous
phases, the density in the equilibrium phase increased. An enlarged
adjacent metastasis (orange arrows) had a lower density in all phases.
Type II: a 41-year-old woman with an intrahepatic metastasis from
cervical cancer was seeded due to its proximity to the gall bladder. To

@ Springer

Portal

Equilibrium

avoid artifacts, the upper images adjacent to seeds were selected,
appearing as low-low-high 1 month later. Type III: a 72-year-old man
with hepatocellular carcinoma had been implanted for 16 months,
showing a high-high-high density. Type IV: a 47-year-old woman with
melanoma. The reaction presented as a low-density band surrounding an
iso-density at 5 months post-implantation. The low density became
clearer in the portal phase, but the area contracted, while the iso-density
area expanded. The enhancement was heterogeneous
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Arterial Equilibrium

Portal

2M Type |

o 20M Type |

2M Type |

21M Type |

Fig. 6 Typical conversion and consequence. a The initial reaction was
type I with several artifacts (red arrow) in a 54-year-old man with
hepatocellular carcinoma. The reaction converted to type IV at 5
months with a low-density band (green star) surrounding a high density
(green arrow). At 20 months, the reaction appeared as type [ again, with

Arterial

Equilibrium

51M Scaring 5M Type IV

15M Type I

31M Normal

local atrophy (yellow arrow). At 51 months, scarring around the seeds
was observed, showing a low density (yellow arrow). b CT images at 2,
15, and 21 months post-implantation demonstrated a mutual conversion
between types I and II (green arrow) in a 58-year-old man with
hepatocellular carcinoma. The reaction recovered to normal at 31 months

Table 5 Differentiation of radioactive seed-induced peritumoral reaction (RSIPR) and local progression
Phases RSIPR Local progression
Arterial phase Low Type VII/IV Low ACT is smaller than that of RSIPR
Iso Type I/I/IV Iso
High Type LI/IV High Only HCC
Iso-/low density surrounding Type IV High density surrounding
high/iso-density low/iso-density
Portal phase Low Type I/II/1IT Low ACT is smaller than that of arterial
phase
Iso Type VI/IIVIV Iso
High Type I/LIV/IV -
Iso-/low density surrounding Type IV High/iso-density surrounding
high/iso-density low density
Equilibrium Low Type I Low
phase Iso Type VIV -
High Type WIVIV -
Iso-/low density surrounding Type IV High/iso-density surrounding

high/iso-density

low density
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still some limitations of our study should be noted. Seed arti-
facts were the main factor interfering with the evaluation,
which were typically radial, with alternating high and low
densities. RSIPR appeared as an abnormal band surrounding
the lesion, perpendicular to the direction of artifacts. In this
regard, spectral CT imaging has been reported to substantially
reduce artifacts, improving the visualization of seeds and sur-
rounding areas [28]. Besides, since many advanced patients
did not receive CT scans after BIRS, cases without RSIPR and
follow-up time are insufficient. Regarding the calculation of
dose and local progression rate, the selectable cases are also
insufficient, regardless of RSIPR. Prospective studies are war-
ranted to clarify the relationship between these parameters.
In summary, we characterized radioactive seed-induced
peritumoral reaction, which was associated with a higher dose
and lower local progression rate. Furthermore, its enhance-
ment pattern was distinct from that of local progression, which
may facilitate the distinction of the latter on enhanced CT.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00330-022-09074-x.

Acknowledgements The authors thank Jibin Li, PhD, Department of Good
Clinical Practice, Sun Yat-sen University Cancer Center, State Key
Laboratory of Oncology in South China, Collaborative Innovation Center
for Cancer Medicine, China, for assistance with the statistical analysis. We
would like to thank Editage (www.editage.com) for English language editing.
We also thank all the patients for the data they provided for this study.

Funding This study was funded by the National Natural Science
Foundation of China (Grant Nos. 82172045, 81871467, and 82172046)

Compliance with ethical standards

Guarantor The scientific guarantor of this publication is Fujun Zhang.

Conflict of Interest The authors of this manuscript declare no relation-
ships with any companies whose products or services may be related to
the subject matter of the article.

Statistics and Biometry Jibin Li, PhD, kindly provided statistical advice
for this manuscript.

Informed Consent The Institutional Review Board of Sun Yat-Sen
University Cancer Center approved this study. Written informed consent
was waived by the Institutional Review Board.

Ethical Approval Institutional Review Board approval was obtained.

Methodology

* retrospective

» case-control study

« performed at one institution

@ Springer

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Sung H, Ferlay J, Siegel RL et al (2021) Global cancer statistics
2020: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin 71:209-249

2. Brodt P (2016) Role of the microenvironment in liver metastasis:
from pre- to prometastatic niches. Clin Cancer Res 22:5971-5982

3. Leporrier J, Maurel J, Chiche L, Bara S, Segol P, Launoy G (2006)
A population-based study of the incidence, management and prog-
nosis of hepatic metastases from colorectal cancer. Br J Surg 93:
465-474

4. Rowcroft A, Loveday BPT, Thomson BNJ, Banting S, Knowles B
(2020) Systematic review of liver directed therapy for uveal mela-
noma hepatic metastases. HPB (Oxford) 22:497-505

5. Sperti C, Pasquali C, Piccoli A, Pedrazzoli S (1997) Recurrence
after resection for ductal adenocarcinoma of the pancreas. World J
Surg 21:195-200

6. Martinez-Monge R, Nag S, Nieroda CA, Martin EW (1999) Iodine-
125 brachytherapy in the treatment of colorectal adenocarcinoma
metastatic to the liver. Cancer 85:1218-1225

7. Nag S, DeHaan M, Scruggs G, Mayr N, Martin EW (2006) Long-
term follow-up of patients of intrahepatic malignancies treated with
iodine-125 brachytherapy. Int J Radiat Oncol Biol Phys 64:736—
744

8. ChenK, XiaY, Wang H, Xiao F, Xiang G, Shen F (2013) Adjuvant
iodine-125 brachytherapy for hepatocellular carcinoma after com-
plete hepatectomy: a randomized controlled trial. PLoS One 8:
e57397

9. Jiang TA, Deng Z, Tian G, Zhao QY, Wang WL (2016) Efficacy
and safety of endoscopic ultrasonography-guided interventional
treatment for refractory malignant left-sided liver tumors: a case
series of 26 patients. Sci Rep 6:36098

10.  Zhu HD, Guo JH, Zhu GY et al (2012) A novel biliary stent loaded
with (125)1 seeds in patients with malignant biliary obstruction:
preliminary results versus a conventional biliary stent. J Hepatol
56:1104-1111

11. Peng S, Yang QX, Zhang T et al (2014) Lobaplatin-TACE com-
bined with radioactive '*°I seed implantation for treatment of pri-
mary hepatocellular carcinoma. Asian Pac J Cancer Prev 15:5155—
5160

12. Zhu ZX, Wang XX, Yuan KF, Huang JW, Zeng Y (2018)
Transarterial chemoembolization plus iodine-125 implantation for
hepatocellular carcinoma: a systematic review and meta-analysis.
HPB (Oxford) 20:795-802

13. Xie S, Wu Z, Zhou L et al (2018) Iodine-125 seed implantation and
allogenic natural killer cell immunotherapy for hepatocellular car-
cinoma after liver transplantation: a case report. Onco Targets Ther
11:7345-7352

14. Nath R, Anderson LL, Luxton G, Weaver KA, Williamson JF,
Meigooni AS (1995) Dosimetry of interstitial brachytherapy
sources: recommendations of the AAPM Radiation Therapy


https://doi.org/10.1007/s00330-022-09074-x
http://www.editage.com
http://creativecommons.org/licenses/by/4.0/

European Radiology (2022) 32:7307-7319

7319

16.

17.

18.

20.

21.

22.

23.

Committee Task Group No. 43. American Association of Physicists
in Medicine. Med Phys 22:209-234

Nag S, Bice W, DeWyngaert K, Prestidge B, Stock R, Yu Y (2000)
The American Brachytherapy Society recommendations for perma-
nent prostate brachytherapy postimplant dosimetric analysis. Int J
Radiat Oncol Biol Phys 46:221-230

Lencioni R, Llovet JM (2010) Modified RECIST (mRECIST) as-
sessment for hepatocellular carcinoma. Semin Liver Dis 30:52—-60
Llovet JM, Lencioni R (2020) mRECIST for HCC: performance
and novel refinements. J Hepatol 72:288-306

Takamatsu S, Kozaka K, Kobayashi S et al (2018) Pathology and
images of radiation-induced hepatitis: a review article. Jpn J Radiol
36:241-256

Toesca DAS, Ibragimov B, Koong AJ, Xing L, Koong AC, Chang
DT (2018) Strategies for prediction and mitigation of radiation-
induced liver toxicity. J Radiat Res 59:140-i49

Herfarth KK, Hof H, Bahner ML et al (2003) Assessment of focal
liver reaction by multiphasic CT after stereotactic single-dose ra-
diotherapy of liver tumors. Int J Radiat Oncol Biol Phys 57:444—
451

Koay EJ, Owen D, Das P (2018) Radiation-induced liver disease
and modern radiotherapy. Semin Radiat Oncol 28:321-331
Munoz-Schuffenegger P, Ng S, Dawson LA (2017) Radiation-
induced liver toxicity. Semin Radiat Oncol 27:350-357

Kimura T, Takahashi S, Takahashi I et al (2015) The time course of
dynamic computed tomographic appearance of radiation injury to

24.

25.

26.

27.

28.

the cirrhotic liver following stereotactic body radiation therapy for
hepatocellular carcinoma. PLoS One 10:e0125231
Sanuki-Fujimoto N, Takeda A, Ohashi T et al (2010) CT evalua-
tions of focal liver reactions following stereotactic body radiother-
apy for small hepatocellular carcinoma with cirrhosis: relationship
between imaging appearance and baseline liver function. Br J
Radiol 83:1063-1071

Chiou SY, Lee RC, Chi KH, Chia-Hsien Cheng J, Chiang JH,
Chang CY (2001) The triple-phase CT image appearance of post-
irradiated livers. Acta Radiol 42:526-531

Ricke J, Seidensticker M, Liiddemann L et al (2005) In vivo assess-
ment of the tolerance dose of small liver volumes after single-
fraction HDR irradiation. Int J Radiat Oncol Biol Phys 62:776-784
Kimura T, Takahashi S, Kenjo M et al (2013) Dynamic computed
tomography appearance of tumor response after stereotactic body
radiation therapy for hepatocellular carcinoma: how should we
evaluate treatment effects? Hepatol Res 43:717-727

Yang Q, Peng S, Wu J et al (2015) Spectral CT with monochro-
matic imaging and metal artifacts reduction software for artifacts
reduction of '*I radioactive seeds in liver brachytherapy. Jpn J
Radiol 33:694-705

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer



	Peritumoral...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Population
	Inclusion and exclusion criteria
	Follow-up and CT scans
	Imaging evaluation
	Threshold dose and relative diameter
	Statistical analysis

	Results
	Patient characteristics
	Peritumoral parenchymal abnormalities �on enhanced CT
	Enhancement pattern of local progression
	RSIPR characteristics and classification
	Factors related to RSIPR
	Differentiation of RSIPR and local progression

	Discussion
	References


