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Abstract. The true extent of a tumor is difficult to visualize,
during radiotherapy, using current modalities. In the present
study, the safety and feasibility of a mixture of N-butyl
cyanoacrylate and lipiodol (NBCA/Lip) was evaluated in
order to investigate the optimal combination for application
as a fiducial marker for radiotherapy. Four combinations of
NBCA/Lip injection (1:1-0.1, 1:1-0.15, 1:3-0.1 and 1:3-0.15 ml)
were injected into the subcutaneous tissue of BALB/c mice.
The changes in gross histopathology, body weight, skin score,
marker volume, neutrophil and macrophage counts were
observed to analyze the effects of the different mixing ratios
and injection volumes, in order to identify the best combina-
tion. Evaluation according to the International Organization
for Standardization criteria was further conducted in order to
test the biocompatibility of the mixture, including an acute
systematic assay with mice, cytotoxicity with L.929 fibroblasts
and delayed-type hypersensitivity tests with guinea pigs and
an intradermal test with rabbits. The results revealed that at
the seventh week, 42 markers (42/48; 87.5%) were still visible
using computed tomography (CT) imaging. No serious adverse
effects were observed throughout the study period; however,
the combination of 1:1-0.1 ml had the lowest body weight and
worst skin score. A review of the histopathological reaction
to NBCA/Lip revealed a combination of acute inflamma-
tion, chronic inflammation, granulation tissue, foreign-body
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reaction and fibrous capsule formation. The 1:1 NBCA
combination ratio resulted in the most intense tissue repair
reaction and a slower degradation rate of markers. In general,
the combination of 1:3-0.15 ml had a better fusion with local
tissue, maintained a stable imaging nodule on CT images for
7 weeks and the final biocompatibility test demonstrated its
safety. Overall, the findings of the present study demonstrated
NBCA/Lip as a safe and feasible fiducial marker, when using
the 1:3-0.15 ml combination.

Introduction

Radiotherapy serves an increasingly important role in the
multimodality treatment of esophageal cancer (1,2). However,
esophageal cancer presents difficulties for precision radio-
therapy, such as uncertainties with target delineation and
intra-/interfractional tumor position variations (2). One
important factor is that the true extent of a tumor is diffi-
cult to visualize using computed tomographic (CT) images,
which is crucial for the planning of radiotherapy despite the
assistance of other current medical examinations, such as
esophageal barium meal, MRI(Magnetic Resonance Imaging)
and PET-CT(Positron Emission Tomography-Computed
Tomography) (3). Endoscopy is used as the standard for deter-
mining mucosal tumor extensions in the craniocaudal direction
and the endoscopic ultrasonography (EUS)-guided placement
of fiducial markers is a novel method prior to targeted radiation
therapy, wherein fiducial markers are implanted into the target
lesion margin to target and track the location of the tumor in
real time. This may provide higher delineation accuracy and
the possibility of daily image-guided treatment set-up verifi-
cation for image-guided radiotherapy (IGRT) (4,5). Previous
studies have focused on the use of metal clips, including
silver, gold and titanics; however, a high rate of hemorrhage
and perforation, risk of chyme rub, esophageal peristalsis and
a short residence time limit further application of such solid
markers in clinical use (2,5-9). Liquid radiopaque materials
have several advantages over metal clips for IGRT, including
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strong attachment to the subcutaneous tissue, controllable
density, smaller and controllable size and that these materials
can be metabolized (10-12). The use of lipiodol (Lip) has
been studied in bladder cancer and lung cancer, wherein Lip
is readily identifiable using radiographic and CT imaging
without major adverse side effects. However, the disadvantages
of using lipiodol alone include extravasations and the difficulty
in producing a consistent marker size (13).

The combination of N-butyl cyanoacrylate (NBCA) and
Lip as an embolization treatment has been widely used (14).
The use of NBCA as a fiducial marker in IGRT has the
potential to overcome the aforementioned shortcomings of
IGRT. Dilution of NBCA using lipiodol for intravascular
embolization treatment has been shown to affect the duration
of vascular occlusion, radiopacity and the polymerization
speed of the fiducial marker, which could lead to the catheter
becoming sticky or delays embolization and activates cell
infiltration (14,15). However, the appropriate mixing ratio and
injection dosage of NBCA/Lip as fiducial markers is unknown
and the safety and feasibility of this combination remains
unclear, highlighting the need for further research prior to its
use in clinical practice.

In the present study, in order to identify the most appropriate
application of NBCA/Lip as fiducial markers, four different
mixing ratios and injection volumes were injected into subcu-
taneous mouse tissue, followed by quantitative macroscopic
and histopathological comparisons to determine the safety of
these combinations. Finally, the most appropriate combination
was selected and the biocompatibility was further assessed
based on the International Organization for Standardization
(ISO) (16-18).

Materials and methods

Reagents and animals. The sterile ready-to-inject NBCA
liquid (Histoacryl; B. Braun Melsungen AG) was diluted using
lipiodol, using pipettes and 22-gauge needles. A total of 224
BALB/c 6-week-old male mice (Hua Fukang Bioscience, Ltd.),
weighing 16-22 g; 30 3-month-old male Hartley Albino guinea
pigs (Hua Fukang Bioscience, Ltd.), weighing 300-400 g; and
two two-month-old male New Zealand white rabbits (Hua
Fukang Bioscience, Ltd.), weighing 2-2.5 kg were allowed
free access to food and water throughout the experiments. The
housing conditions were as follows: 24+2°C, 50+10% rela-
tive humidity, and 12-h light/dark cycle. The acclimatization
period was 5 days prior to the experiments. The present study
was approved by The Scientific Review and Ethics Committee
of Shandong Cancer Hospital and Institute (Jinan, China). The
animals were shaved and the skin around the implantation sites
was disinfected with 3% iodine and 75% alcohol prior to injec-
tion (19). Injection of the mixture was performed according
to previously described procedures, with some modifications;
increased injection depth in case of skin ischemia and injec-
tions were slow but withdrawn quickly to cause a hemispherical
hump (4,20-23). The mice were anesthetized using a 80 mg/kg
ketamine hydrochloride and 5 mg/kg xylazine hydrochlo-
ride intraperitoneal injection. The euthanasia of guinea pigs
was conducted by intraperitoneal injection with sodium
pentobarbital, 150 mg/kg. The rabbits were euthanized with
intravenous administered overdose of sodium pentobarbital
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(100 mg/kg). Total anesthetic depth was defined as loss of
response to the irritation of toes, cornea and skin and the loss
of righting reflex. The experimental dilutions were injected
into the subcutaneous tissues of dorsal skin between the upper
limbs forming a round bulge at a 45° angle using 1 ml syringes.
The mice were euthanized when the humane endpoints were
observed or markers were no longer detected by CT imaging
or palpation, using an overdose of ketamine (240 mg/kg) and
xylazine (20 mg/kg) injected into the lateral tail vein. Death
confirmation depended on a combination of criteria, including
lack of pulse, breathing, corneal reflex and response to firm toe
pinch, inability to hear respiratory and touch of heartbeat for
more than 30 sec with a stethoscope (24). Animals with any
observable acute signs of pain and distress, such as increased
scratching, poorer coat condition, weight loss, and a growing
abdomen, which indicate a continuing and possibly irrevers-
ible deterioration in an animal's condition should be removed
from the procedure and receive the appropriate treatment.

Experimental design. The study was designed in 3 parts:
Macroscopic evaluation (part 1), microscopic evaluation
(part 2) and biocompatibility evaluation (part 3) (Fig. 1). The
macroscopic evaluations included analysis of systematic and
local toxicity of materials and operation. The skin status
and individual weight were routinely monitored weekly at
certain points over a period of 7 weeks. Part 2 was conducted
to examine the histopathological changes using hematoxylin
and eosin (H&E) staining and immunohistochemical analysis.
All the measurements (parts 1: systemic side reactions, skin
status scores, body weights, permanence of marker, quality
of imaging; part 2: histopathological changes, inflamma-
tory cells) were calculated and compared to determine the
optimal NBCA/Lip combination. Then the biocompatibility
of the chosen combination was investigated in part 3 using
1929 mouse fibroblasts (Kunming Cell Bank of Type Culture
Collection).

Macroscopic evaluations. There were four treatment groups
with two mixing ratios (1:1 and 1:3) and two injection
volumes (0.1 and 0.15 ml) as follows: 1:1-0.1, 1:1-0.15, 1:3-0.1
and 1:3-0.15 ml. The ratios and dilutions used in the present
study were based on pre-experiments, clinical experience and
literature review (14,15,25-27). Sixty male Balb/c mice were
equally and randomly divided into four treatment groups
and a control group. The four treatment groups received
different dilutions of NBCA/Lip and the control group
received the same total volume (0.15 ml) of saline solution
to allow comparisons of weight increase with the treatment
groups. Sample size required in previous studies was usually
6-12 mice for four groups with the two-sided significant level
of 0.05 and a power of 90%, however the present study was
a type of multiple factorial exploration and a high power and
effect size was needed for the credibility of the study (28-32).
In addition, in the preliminary experiment, two mice died,
which may have been caused by the blood vessel injec-
tions (14), therefore, the heterogeneity of variance could be
decreased by 12 mice/group. Baseline data were acquired
immediately following implantation and the skin scores,
body weights and CT image scans were examined weekly
over a period of 7 weeks. Follow-up CT scans were conducted
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Figure 1. Experimental design chart. Part 1 shows the macroscopic evaluation; part 2 shows the microscopic evaluation; part 3 shows the biocompatibility

evaluation.

monthly until 6 months or when the mixtures could no
longer be detected by CT imaging or palpation. The initial
observations continued from the time immediately following
implantation until the animals completely recovered from
the anesthesia and every hour during the subsequent 12-h
period. Observable side effects included lethargy, tremors and
spasms, a staggering gait, twitches, a scruffy coat and death.
The skin scoring system includes the sum of erythema scores
(0, no reaction; 1, very mild; 2, mild with clear erythema or
minimal ulceration; 3, medium erythema or mild ulceration;
4, severe reaction and eschar formation) and swelling scores
(0, no reaction; 1, minimal swelling; 2, mild with clear edema
no more than the local margin; 3, medium; 4, severe with
1 cm above the skin and more than the injection sites). The
higher the score, the worse the skin status was (16).

Permanence of imaging. All injected markers were evaluated
for remaining volume using a MicroCAT II system (Siemens
Healthineers) and this was contoured using a Hounsfield Unit
(HU) thresholding function with a lower limit of 300 HU for
defining the contour of the marker and no upper limit was
defined. Subsequent analysis was performed using Imaging
Biomarker Explorer Software version V1.0 § (MD Anderson
Cancer Center).

Microscopic examinations. In Part 2, 144 mice were randomly
divided into 4 treatment groups (n=36) and 6 randomly selected
mice were sacrificed from each group for histopathological
examinations conducted at weeks 1,2, 3,5 and 7 post-injection
and the remaining mice were used for follow-up observation.

Histopathological analysis. The mice were directly fixed on
the operating table after death and a necropsy was performed
within 2 min after euthanasia. After hair removal, the mixture,
together with covered skin and subcutaneous tissue, was sepa-
rated from the back of the mice with a scalpel and scissors,
and the skin tissue containing mixtures was fixed with 10%
formalin at 4°C for 24 h and embedded in paraffin. The slices
with 4-um thickness were subjected to H&E staining, which
included the interface between mixtures and the tissue, and
were evaluated by a pathologist blinded to the group condi-
tions, treatment and sampling time of the specimens under a
light microscope at x200 magnification.

Immunohistochemistry. The presence of inflammatory cells
for quantitative comparisons of reactions to the NBCA/Lip
mixture wereassessedusingimmunohistochemistry.Following
deparaffinization in xylene (Servicebio Technology Co.,
Ltd.), the sections were heated (98°C) for antigen retrieval
by microwaving for 10 min in citrate buffer (pH 6.0). The
primary antibodies, LY6G and CD68 (cat. no. GB11229;
Servicebio Technology Co., Ltd.) diluted at 1:800, were added
to detect neutrophils and macrophages, respectively. The
corresponding secondary antibody, HRP goat anti-rabbit IgG
(cat. no. G23303; Servicebio Technology Co., Ltd.) diluted
at 1:200, was added and 3,3-diaminobenzidine (DAB) was
added as a chromogen. Hematoxylin (Servicebio Technology
Co., Ltd.) was used as the counterstain at 15°C for 3 minutes.
The sections were then dehydrated in graded (50-100%)
alcohols, followed by xylene for 5 min each, cover-slipped
and visualized under a light microscope. Positive staining
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Figure 2. Measurements of each treatment group during the 7-week observation period. (A) Weight; (B) skin score; (C) remaining size of nodules; (D) neutrophil
count; and (E) macrophage count; (F) CT HU. CT, computed tomography; HU, Hounsfield Unit.

was indicated by a brown color. A 5x5 mm-square grid was
inserted into one of the ocular sections of a microscope. The
images were captured under the microscope at a magnifica-
tion of x200 and were analyzed using Image Pro Plus version
6.0 software (Media Cybernetics Inc.). At least 5 squares were
positioned for each section.

Biocompatibility tests. The combination of 1:1-0.15 ml
NBCA/Lip, which was chosen based on the comparison of
the safety and effectiveness of different concentrations and
proportions of the mixture in the first part and the second part,
was subjected to biocompatibility evaluations, including four
tests according to the ISO criteria. The conditioned media was
extracted using 20 ml 9% sodium chloride (SC) and 20 ml
cottonseed oil (CSO), respectively. An acute systematic assay
was evaluated using 20 mice by intraperitoneal injection of
1:1-0.15 ml NBCA/Lip to examine the acute systematic toxicity
according to ISO 10993.11 (17). The cytotoxic evaluation of
the mixture was determined by performing an MTT assay
using 1.929 mouse fibroblast according to ISO 10993.5 (18).
1929 cells were cultured for 24 h at 37°C in 96-well culture
plates at an initial cell count of 10,000 cells/well and were
subsequently exposed to the conditioned media (as aforemen-
tioned). Extraction solution from polyethylene was used as the
negative control and the positive control was 10% DMSO.
The optical density of the supernatant was measured using a
microplate reader (CrymeiBio, Ltd.) at 570 nm. The delayed
type hypersensitivity evaluation was ranked according to the
Magnusson and Kligman scoring system in 30 Hartley Albino
guinea pigs (Hua Fukang Bioscience, Ltd.), according to ISO
10993.10 (16). An intradermal test was administered with the
samples injected in every 20 dorsal sites of two New Zealand
white rabbits (Hua Fukang Bioscience, Ltd.), including 5 sites
each for the SC treatment group, SC control group, CSO
treatment group and the CSO control group. Skin scores were

observed at 24, 48 and 72 h post implantation, according to
ISO 10993.10 (16).

Statistical analysis. All statistical analyses were performed
using SPSS version 22.0 (IBM Corp) and the data are
expressed as mean + standard error of the mean (unless other-
wise shown). The two-way and three-way mixed ANOVAs
were performed to examine the effects of factors of mixing
ratio, injection volume and time and the differences between
the four settings. The variables of mixing ratio and injection
volume were treated as between-subject factors. Tests of
within-subjects post-hoc simple effects were performed using
Bonferroni's correction. P<0.05 was considered to indicate a
statistically significant difference.

Results

Macroscopic evaluations. Within-subject effects and
between-subject effects are listed in Tables SI and SII. The
results of simple effects and the main effect between mixing
ratio and injection volume are listed in Table SIII and those
involving the factor of time are listed in Table SIV.

No limitation of movement or change in behavior was
observed. Two mice may have died of accidental intravenous
injection of mixtures in the preliminary experiment after
autopsy. Based on this knowledge, in the experiment, no death
occurred and none of the mice had a severe infection or oper-
ation-related complications in the immediate and follow-up
observations.

Weight changes of mice in part 1. Statistical analysis revealed
that when the mixing ratio was 1:1, the injection volume had
no significant effect on the weight; however, when the ratio
was 1:3, the injection volume of 0.1 ml induced a significant
reduction in weight of 1.976 g compared with the volume of
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0.15 ml (P<0.001; Table SIII). Further analyses also revealed
that when the injection volume was 0.1 ml, the mixing ratio
had no significant effect; however, the mixing ratio of 1:1 was
associated with a significant 2.084 g weight loss compared
with the mixing ratio of 1:3 at the injection volume of 0.15 ml
(P<0.001; Table SIII). At each time point, the injection volume
of 0.1 ml significantly decreased weight compared with
the volume of 0.15 ml (P<0.001), excluding the 2nd week
(P=0.104) (Table SIV). In multiple comparisons, apart from
the 1:3-0.15 ml group which was significantly larger compared
with the other three settings, the average weight of the other
three settings was significantly lower compared with the control
group (1:1-0.1 ml, 22.09+0.19 g; 1:1-0.15 ml, 22.00+0.21 g;
1:3-0.1 ml, 22.10+£0.21 g; 1:3-0.15 ml, 24.17+0.26 g; control
group, 23.37+0.27 g; Table I and Fig. 2A).

Skin status score of mice in part 1. For skin status, the effect
of different ratios on skin score was dependent on time. It was
observed that before the 4th week, the ratio of 1:1 was signifi-
cantly associated with a more favorable skin status and after
that the ratio of 1:1 was associated with a worse skin status,
although this difference was not significant (Table SIV).
Injection volume had no significant effect on skin status
(Table SIII). The overall worst skin score was observed in the
1:1-0.15 ml group and the best skin score was associated with
the 1:1-0.1 ml group; however, multiple comparisons revealed
that this difference was not significant (1:1-0.1 ml, 0.27.71;
1:1-0.15 ml, 0.70+.20; 1:3-0.1 ml, 0.69+1.19; 1:3-0.15 ml,
0.39+.86; Table I and Fig. 2B).

Permanence of imaging effects of markers in part 1. After
7 weeks of follow-up, NBCA/Lip injection nodules were
observed in a total of 42 mice using CT images between the
four treatment groups (1:1-0.1 ml, 11/12; 1:1-0.15 ml, 12/12;
1:3-0.1 ml, 8/12; 1:3-0.15 ml, 11/12). No obvious artifacts
were observed using CT imaging. For the 1:3-0.1 ml combi-
nation, 33.3% of nodules could not be analyzed, indicating
the most rapid degradation rate of the treatment mixture. The
1:3-0.15 ml group maintained a stable nodule for 7 weeks
and fig.3 shows a series of images of a nodule (Arrows in
Fig. 3) in this treatment at 1, 3, 5, 7 weeks post implantation,
which was not observed on the follow-up images at 3 months.
Further analysis on the association between time and the
mixing ratio showed that over the 7 weeks, the mixing ratio
of 1:1 created a larger nodule compared with 1:3 (P<0.001,
Table SIV) and the injection volume 0.1 ml was 0.079 c¢cm?®
larger than the injection volume of 0.15 ml (P=0.001,
Table SIII). Multiple comparisons revealed significant differ-
ences between the 1:1-0.1 ml group vs. 1:3-0.1 ml group,
1:1-0.15 ml group vs. 1:3-0.1 ml group, 1:1-0.15 ml group vs.
1:3-0.15 ml group (Table I and Fig. 2C).

Dynamic changes of CT Hounsfield Units (HU). CT values
are expressed in HU and were obtained by drawing the volu-
metric region of interest. The contrasted results between the
different groups varied according to the post-treatment weeks.
From the 4th week, the difference between the 1:1-0.15 and
1:3-0.1 ml groups became significant until the 7th week.
Significant differences were also observed between the 1:1-0.1
and 1:1-0.15 ml groups at the 6th and 7th week. For the 1:3-0.1
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and 1:3-0.15 ml groups, the significant time point was the
7th week. Generally, at 7 weeks, the CTHU in the 1:3-0.1 ml
group declined the most rapidly and the CTHU in 1:1-0.15 ml
group kept stable change (Fig. 2F).

Histopathological analysis of markers in mice in part 2.
Overall, the histopathology observed as a result of the different
NBCA/Lip mixtures included inflammation, tissue granulation,
minimal foreign body reactions and varying levels of fibrous
capsule formation (Figs. 4 and 5). In the acute stage at 2 weeks,
granulation was observed alongside focal infiltration of neutro-
phils as well as mild edema and dilated capillaries in all four
treatment groups (Fig. 4A-D). However, a more intense reac-
tion could be distinguished at the ratio of 1:1 (Fig. 4A and B)
compared with the ratio of 1:3 (Fig. 4C and D). Chronic granu-
lomatous vasculitis and fibrosis of the nodules followed in the
chronic stage (Fig. 5). At the 3rd week, chronic inflammation
initiated an increase of fibroblast infiltration into the granulated
tissue with local vascularization in all 4 groups, which reached
a peak at the S5th week. By the 7th week, a fibrous capsule was
marked with fibroblasts and multinuclear giant cells embracing
particles in groups treated with the ratio of 1:1 (Fig. 5SA and B).
However, the premature tissue granulation with less intense
fibroblast proliferation and fewer foreign giant cells were
primarily observed in the groups treated with the ratio of 1:3
(Fig. 5C and D). Regardless of the different treatment combi-
nations, the general appearance of the nodules ressemble that
of a hard nodule until the 5th week; subsequently, the nodules
treated with the 1:3 ratio were palpated softer compared with
those treated with the ratio of 1:1. At the 3rd month, no nodule
was palpated and visible on the CT images in the groups treated
with the ratio of 1:3 and at 6 months for groups treated with 1:1.

Neutrophil counts of tissue in mice in part 2. LY6G-positve
cells were quantified. For interactive effects, a significant
difference was only observed between time and mixing ratio,
(Df=1.741; F=3.626; P=0.043; Table SI). Simple effects analysis
revealed that the ratio of 1:1 was associated with fewer neutro-
phils compared with the ratio of 1:3 at the 1st week and no
differences were observed at other time points (Table SIV).
When the mixing ratio was 1:3, compared with the 1st week,
the number of neutrophils significantly decreased gradually
over time (P=0.042; Table SIV). Injection volume did not have a
significant effect on the neutrophils counts (Table SIIT). Finally,
the differences between the four groups were examined and
no significant differences were observed (Table I and Fig. 2D).

Macrophage counts of tissue in mice in part 2. Statistical tests
of model effects on macrophage counts revealed no significant
associations between cell counts and injection volume and
injection ratio (Tables SI and SII). The analysis of the main
effects demonstrated that compared with the 1st week, macro-
phage counts decreased significantly before the 3rd week and
subsequently increased significantly in all groups (Table SIV).
As for the four settings, no significant difference in macro-
phage counts was observed between post-implantation week 1
and 7 (Table I and Fig. 2E).

Biocompatibility tests in part 3. Based on the results of part 1
and part 2, the combination of 1:3-0.15 ml was selected to
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Figure 3. Nodules on CT images in mouse of 1:3-0.15 ml at different time
points. (A) 1,(B) 3, (C) 5 and (D) 7 weeks post implantation. Arrows indicate
the nodules of markers in subcutaneous tissue of mice in part 1.

further analyze biocompatibility, following the ISO 10993
criteria. The results of acute systematic assay showed that
within the 72-h evaluations, no death occurred in the treatment
or control group and the weight of mice increased gradually,
irrespective of the extraction liquid (Fig. SI). The results of the
MTT assay reported that the relative proliferation rate of the
treatment group was 95% at the grade I level of cytotoxicity
(Table SV). According to the Magnusson and Kligman clas-
sification criteria (16), the absence of distinct erythema and
edema on guinea pigs' skin demonstrated a reaction grade <1
and all the guinea pigs exhibited no skin allergies in the treat-
ment group. No difference was greater than 1 at 24, 48 and
72 h post-injection, which meant that either the SC or CSO
extraction for the intradermal test were safe on rabbits within
the 72-h evaluation (Table SVI).

Discussion

Fiducial placement is well established in breast and prostate
cancer (33,34) and the previous literature has suggested
its value in radiation therapy for upper gastrointestinal
tumors (2,5,8,9). In the present study, the effects of mixing
ratio and injection volume were evaluated and it was demon-
strated that the higher concentration of NBCA (1:1) was
associated with a more intense tissue response, resulting in
a larger remaining volume and a longer degradation time
compared with the lower mixing ratio (1:3). Nodules formed
by a larger injection volume (0.15 ml) were associated with
a larger remaining volume as observed using CT imaging.
The combination of 1:3-0.15 ml injection into subcutaneous
tissue was associated with improved fusion with local tissue
and this combination maintained a more stable imaging
nodule in CT images during the initial 7 weeks. The final
biocompatibility test demonstrated the safety of 1:3-0.15 ml
NBCA/Lip according to the ISO criteria. Therefore, this
ratio should be further investigated in experiments involving
larger animals.

The two ratios and two volumes used in the present study
were selected based on pre-experimental data. A high viscosity
and long polymerization time of fiducial markers, which
increases proportionately with decreased NBCA volume, will

SUN et al: SAFETY AND FEASIBILITY OF NOVEL LIQUID FIDUCIAL MARKERS FOR IGRT IN ANIMAL MODELS

impede the operation and limit the precision of marking the
site (14,15,25). In a study conducted by Stoesslein ef al (26),
when the NBCA concentration increased from 20 to 25%,
this yielded an increase in polymerization time from 7.5+0.8
to 11.8+1.5 sec (26). In addition, in the preliminary experi-
ment on BALB/c mice, NBCA was diluted over 1:3 resulted
in various flat shapes easily squeezed by surrounding tissues,
and when injecting volumes was 0.1-0.2 ml, a nodule ~1 cm
in diameter on the CT images was created without significant
leakage, which was in accordance with a previous study (27).

The present evaluations of the reactions to different
mixture compositions of NBCA/Lip demonstrated that the
1:3-0.15 ml combination was the safest. Body weight and skin
status at the injection site were individually monitored as these
were expected to be sensitive indicators of adverse reactions
associated with the implantation (35,36). Although the results
did not indicate growth retardation as a result of implanta-
tion, it was observed that the combination of 1:3-0.15 ml
had the least impact on animal weight compared with the 3
other mixtures. Notably, with the configurations of 1:1-0.15
and 1:3-0.1 ml, significantly greater extents of erythema and
edema were observed. Schineider and Otto (37) reported that
the reaction degree of soft tissue to Histoacryl® was associ-
ated with the mixture volumes and ratios in vitro and in vivo,
as further supported by the present study. The present study
reported that with greater volumes of NBCA, the extent of the
reaction was greater and the degradation rate was considerably
attenuated. Inflammatory reactions can occur in chemically
or physically injured tissues (2,9,38). However, the minimal
dosage and appropriate configuration of NBCA/Lip limited
the toxicity observed in the present study.

The biodegradation of an implant in vivo depends on a
number of factors, including the microscopic appearance of
the implantation, the interaction of tissue-interface and the
histopathological process (2,39). When NBCA/Lip is treated as
permanent embolic material, the microscopic appearance of the
solidified mass after blocking blood vessels has been reported to
be a honeycombed lattice containing blood clots in the channel,
which may become organized and recanalized (40-42). NBCA
adheres to the tissue, but lipiodol reduces this capacity and
causes peripheral solidification, which notably affects the
microscopic tissue interface. Generally, the low concentra-
tion and a small volume of NBCA/Lip may raise concerns
regarding the remaining time of the radio-opaque mass on
radiographs. For example, in the present study the 1:3-0.1 ml
combination resulted in the smallest number of markers visible
on CT images at the 7th week. In addition, the skin score of
1:3-0.1 ml increased after injection, reached its peak during
the 3rd week, and subsequently decreased gradually, returning
to the mean value at 6th week. One explanation for this could
be that this combination degraded faster, in accordance with
the present examinations of imaging volume that the setting
of 1:3-0.1 ml had only 8 nodules on images at 7 weeks and
the lowest CT HU among four configurations. Low density of
NBCA and low injection volume may create a looser structure,
resulting in a faster degradation and affect the skin reaction
at early stage. Moreover, it was hypothesized that when the
density of NBCA is low, the polymerization time is longer,
which results in lower catheter occlusion and more distal
penetration into small vessels, further irritating the skin. This
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Figure 4. H&E and immunohistochemical images (CD68 and LY6G) of N-butyl cyanoacrylate/lipiodol implantation into subcutaneous tissue during the
acute inflammatory phase at 2 weeks post implantation from mice in part 2 in four treatment groups. Massive granulation tissue formation with inflammatory
cell infiltration surrounding the material treated with 1:1 (A and B). Scattered granulation tissue around the embedded material treated with 1:3 (C and D).
H&E, the first row. CD68-positive cells indicate macrophages (brown), the second row. LY6G-positive cells indicate neutrophils (brown), the third row.
H&E, hematoxylin and eosin staining; I, inflammatory cells; C, capillary; G, granulation tissue; MC, material cavity.

1:1-0.15 ml

H&E

1:3-0.1 ml 1:3-0.15 ml

Figure 5. H&E and immunohistochemical (CD68 and LY6G) images of N-butyl cyanoacrylate and lipiodol implantation in subcutaneous tissue during the
chronic inflammatory phase at 7 weeks from mice in part 2 in four treatment groups. Fibrous capsules from granulation tissue at the tissue repair phase. Thick
layered fibrous capsule with massive macrophages surrounding the materials treated with 1:1-0.1 ml (A) and 1:1-0.15 ml (B). Thin layered fibrous capsule
tissue around the material in low ratio of 1:3-0.1 ml (C) and 1:3-0.15 ml (D). Seldom neutrophils were observed at the tissue repair phase. CD68-positive cells
indicate macrophages (brown). LY6G-positive cells indicate neutrophils (brown). H&E, hematoxylin and eosin staining; G, granulation tissue; MC, material
cavity; C, capillary; I, inflammatory cells; FC, fibrous capsule; F, fibroblasts; FBGC, foreign body giant cell. Magnification, x200.

hypothesis is supported by previous studies investigating embo-
lization treatment (43-47). In the present study, increasing the
injection volume or the concentration of NBCA created a larger
remaining size of the nodule over time. The worse skin status
in treatment of 1:3-0.1 ml may be partially explained by the
low concentration of NBCA in NBCA/Lip. Rydhog et al (23)
estimated the relative volume change of a liquid fiducial marker
for radiotherapy in patients with lung cancer and at end of
radiotherapy treatment was -23% for tumor injections and -5%
for lymph node injected markers. Thick fibrosis and decreased
blood flow, as a result of the increased extracellular matrix and
reduced blood circulation, are consequently considered to be
involved in the persistence of the CT imaging effect.

Another factor in the measurement of the structural
stability of fiducial markers is HU variation, which can impact
the ability to consistently measure the marker volume (23). As
for the radio-opacity (HU), Rydhog et al (23) reported notably
lower radio-opacity of markers injected into the lymph node
compared with those injected into the tumors. The authors attrib-
uted this to the degree of tissue condensing following injection,
wherein tissue volumetric integrity was better preserved and
an improved representation of the tumor border was observed.
Other studies have demonstrated that a large volume of liquid
material leads to hardened artifacts and results in decreased
imaging quality, rendering the radiotherapy unprecise (12.,48).
In the present study, the injection volume of 0.15 ml was not
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shown to reduce the CT imaging quality. Overall, it is valuable
that the application of 1:3-0.15 ml created clear visible nodules
for 7 weeks, which then rapidly diminished, meeting the four
criteria of fiducial markers as outlined by Habermehl et al (7),
including the visibility, the absence of artifacts, easy application
and sufficient immovability.

Following an evaluation of safety and stability of different
combinations of NBCA/Lip, the 1:3-0.15 ml setting is
recommended for the use of this fiducial mixture in further
research. Given that no previous data have illustrated the
biocompatibility of this specified setting and biocompatibility
is a prerequisite for use in human patients, the present toxicity
evaluation was conducted following the ISO criteria and the
results revealed that this material has a good biocompatibility.

Cyanoacrylates are hypothesized to be cytotoxic primarily
at the initial dehydration stage of the tissues before full
polymerization and are then removed slowly by macro-
phages (15,21,37,38,49,50). The release of formaldehyde, a
compound produced in the process of the polymerization
of cyanoacrylates, which releases fewer residues during cell
culture and, therefore, should be less cytotoxic, was demon-
strated to be less cytotoxic compared with cyanoacrylates in
a previous study (49). Data regarding the biocompatibility
of NBCA and Lip are rare; however, the histopathological
examinations of embolization in veins and arteries of different
parts of the body are within the acceptable range (26,39,41,51).
Furthermore, the dosage used in the present study was less than
that used in interventional embolization, contributing to the
good biocompatibility of NBCA and Lip as fiducial markers.

Clinically, fiducial markers should be injected close to
the tumor margins, which would likely influence the histo-
pathology and degradation rate (12,21-23). Therefore, it is
difficult to determine whether the histological changes and
the permanent effects are due to the underlying disease.
Moreover, the tissue reactions and degradation rates reported
in the present study demonstrate that the extrapolation of the
different mixing ratios and volumes to a wider range should be
approached with caution. Accordingly, these results highlight
the need for further assessment of the NBCA/Lip mixture
quantities prior to the use of this mixture in human patients.

In conclusion, the combination of 1:3-0.15 ml NBCA/Lip
is a good fiducial marker in vivo which may have valuable
applications in IGRT, as these mixture quantities were asso-
ciated with limited granulomatous reactions, creating a
well-balanced integration with tissue environment and, impor-
tantly, maintaining a stable nodule size and density for 7 weeks
post implantation. Evaluations following ISO also showed the
good biocompatibility of this setting. Overall, NBCA/Lip with
the appropriate combination is a promising fiducial marker for
IGRT and should be further investigated in other preclinical
models.
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