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Summary

The authors aimed to eval-
uate the effectiveness of an
implanted nonwoven fabric
polyglycolic acid spacer for
reducing damage to sur-
rounding tissue from particle
beam irradiation. The spacer
exhibits excellent properties
related to bio-absorbability,
bio-compatibility, thickness
retention, and water equiva-
lency by physical and animal
experiments. This study
shows that this novel spacer

Purpose: To evaluate the efficacy and safety of a polyglycolic acid (PGA) spacer
through physical and animal experiments.

Methods and Materials: The spacer was produced with surgical suture material made
of PGA, forming a 3-dimensional nonwoven fabric. For evaluation or physical exper-
iments, 150-MeV proton or 320-MeV carbon-ion beams were used to generate 60-mm
width of spread-out Bragg peak. For animal experiments, the abdomens of C57BL/6
mice, with or without the inserted PGA spacers, were irradiated with 20 Gy of
carbon-ion beam (290 MeV) using the spread-out Bragg peak. Body weight changes
over time were scored, and radiation damage to the intestine was investigated using
hematoxylin and eosin stain. Blood samples were also evaluated 24 days after the irra-
diation. Long-term thickness retention and safety were evaluated using crab-eating
macaques.

Results: No chemical or structural changes after 100 Gy of proton or carbon-ion irra-
diation were observed in the PGA spacer. Water equivalency of the PGA spacer was
equal to the water thickness under wet condition. During 24 days’ observation after
20 Gy of carbon-ion irradiation, the body weights of mice with the PGA spacer were
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could be a useful device for
particle therapy by making
spaces between tumor and
adjacent organs.

relatively unchanged, whereas significant weight loss was observed in those mice
without the PGA spacer (P<.05). In mice with the PGA spacer, villus and crypt struc-
ture were preserved after irradiation. No inflammatory reactions or liver or renal
dysfunctions due to placement of the PGA spacer were observed. In the abdomen

of crab-eating macaques, thickness of the PGA spacer was maintained 8 weeks after

placement.

Conclusions: The absorbable PGA spacer had water-equivalent, bio-compatible, and
thickness-retaining properties. Although further evaluation is warranted in a clinical
setting, the PGA spacer may be effective to stop proton or carbon-ion beams and to
separate normal tissues from the radiation field. © 2014 Elsevier Inc.

Introduction

Particle therapy has emerged as a promising treatment mo-
dality, exhibiting more-focused effects on target tissues.
Several systematic reviews associated with proton or carbon-
ion therapy discuss the extensive use of particle therapy to
treat various malignant tumors, including chordoma, ocular
melanoma, and prostate cancer (1-3). Although several
studies have indicated the efficacy of proton therapy for the
treatment of hepatocellular carcinoma (4-6), the utility of
proton therapy for other upper abdominal malignant tumors
has not been clarified. One possible reason is that it is
difficult to deliver curative doses of radiation to treat upper
abdominal tumors without damaging adjacent, radiosensitive
organs, such as the duodenum, jejunum, and stomach.
Another reason seems to be that image guidance in this area
is difficult, and organ motion due to breathing or peristalsis
may alter the beam range (7, 8).

Previous studies of the treatment of prostate cancer have
reported methods involving injection of a layer of hyal-
uronic acid or other gels to separate prostate and rectum (9-
15), although, given the risk of puncture, this approach may
not be readily adaptable for treatment of upper abdominal
malignant tumors. A method using surgically placed Gore-
Tex sheets as a spacer has been reported (16-18). Although
this method provides for separation of adjacent organs, the
material is not resorbed.

To overcome these anatomical and therapeutic diffi-
culties, and to deliver effective radiation doses to treat
upper abdominal tumors, we have developed a nonwoven
fabric spacer composed of bio-absorbable suture material.
The purpose of this preclinical study was to evaluate the
efficacy and safety of the spacer by physical experiments
and analyses in animal models.

Methods and Materials

Development and evaluation of a novel absorbable
spacer: The polyglycolic acid spacer

The nonwoven spacer was produced with suture material
made of a biocompatible synthetic polymeric material,
polyglycolic acid (PGA). The process for producing the

nonwoven fabric involves entangling threads in 3 di-
mensions using a needle punching process and other
methods (19, 20). The PGA spacer is sterilized by ethylene
oxide. After the sterilization, the ethylene oxide was
completely removed from the PGA spacer.

The surface of the PGA spacer was examined before and
after irradiation using a scanning electron microscope
(SEM) (VE-7800; Keyence Japan, Osaka, Japan). Before
the examination, the sample was mounted onto metal stubs
and then coated with a gold/palladium alloy using a pulse
plasma system.

The PGA spacer was analyzed before and after irradia-
tion using a spectrophotometer (FT/IR-4200; Jasco, Easton,
MD) with an attached attenuated total reflectance accessory
(ATR PROA450-S; Jasco) at room temperature and under the

following conditions: wave number range 600-4000 cm™";

scan time 50 seconds; resolution 4 cm ™.

Nuclear magnetic resonance (NMR) analysis was per-
formed to study the structure and status of the PGA spacer
before and after irradiation. The sample was prepared by
mixing 100 pL of hydrolyzate with 100 pL of 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP) and 800 ML of distilled
water at room temperature.

The molecular weight of the PGA spacer was deter-
mined using a gel permeation chromatography unit
consisting of a pump (LC-10ADvp), an injector (SIL-
10ADvp), a detector (RID-10A), and an oven (CTO-
10ADvp; all from Shimadzu, Kyoto, Japan). The HFIP
was used as both the solvent and the eluent. Elution was
performed at a temperature of 42°C and at a flow rate of
0.7 mL/min. The columns (KF-803, KF-804, HFIP-806;
Showa Denko, Tokyo, Japan) were calibrated with poly-
methyl methacrylate standards.

The inherent viscosity of the PGA spacer before and
after irradiation, calculated from the flow time measure-
ment, was determined in the HFIP solution at 25°C using
an Ubbelohde viscometer.

Irradiation

For the spectrophotometric, NMR, weight-average molecular
weight, and viscosity examinations, 100 Gy of proton or
carbon-ion beams were used for the evaluation of the PGA
spacer at the Hyogo Ion Beam Medical Center (HIBMC) (21).
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For physical study, a spread-out Bragg peak (SOBP) was
established by proton or carbon-ion irradiation at the
HIBMC (22). Dose distribution was evaluated using a 150-
MeV proton or 320-MeV carbon-ion transmission passing
through a ridge filter with a 60-mm width of SOBP. Dose
calculations were performed using radiation treatment
planning system software (Xio; Elekta, Tokyo, Japan) at the
HIBMC. For the evaluation of SOBP shifts, the depth of a
median dose of 20-80% distal fall-off from the beam axis
was calculated.

For animal studies, mice were exposed to 20 Gy of carbon-
ion (290 MeV) radiation using particles accelerated by the
Heavy Ion Medical Accelerator in Chiba (HIMAC) at the
National Institute of Radiological Sciences (NIRS) (Chiba,
Japan) (22). The depth—dose curve of the carbon-ion beam
was modified with a range modulator to create a 60-mm-wide
SOBP. All examinations were performed in accordance with
the guidelines for animal experiments of the NIRS.

Evaluation for water equivalency of the PGA spacer

Water equivalency of the PGA spacer under dry or wet
conditions was evaluated using proton or carbon-ion irra-
diation at the HIBMC. The size of the PGA spacer used in
this test was 50 x 50 x 20 mm. The PGA spacer was
mounted on the water phantom detector to measure the shift
of the depth—dose curve.

Protective effect of the PGA spacer in vivo

Male C57BL/6 mice aged 8 weeks were irradiated with or
without the insertion of the PGA spacer. Before each
experiment, mice were anesthetized with somnopentyl
(0.1 mg/g body weight), administered intraperitoneally.
Each mouse was fixed on the board in the supine position
with the head at 12 o’clock and the feet at 6 o’clock. The
PGA spacer used in this experiment was 20 x 20 x 4 mm.
The PGA spacer was surgically inserted between the in-
testine and the abdominal wall. Two weeks after placement
of the spacer, the abdomens of the mice were irradiated
using the carbon-ion beam. Weight changes of the mice
were observed for 24 days after the irradiation.

To evaluate the protective effect of the PGA spacer, his-
tologic analysis of villi and crypts of the intestine was per-
formed. Seven days after irradiation, the intestines and the
placed PGA spacers were removed from the abdomens and
fixed in 10% formalin. Next, 2-cm sections of duodenum
from each mouse were embedded in paraffin blocks, cut into
4-pm sections, and stained with hematoxylin and eosin.

Evaluation for toxicity of the PGA spacer by
blood tests

Tests on blood collected 24 days after carbon-ion irradiation
were performed to evaluate potential systemic toxicity
associated with placement of the PGA spacer. Half of the

blood of each mouse was used for blood cell counts, whereas
the other half was centrifuged at 2500 rpm for 10 minutes to
obtain serum. All sera were immediately frozen at —80°C
and were subsequently evaluated for inflammatory reaction
by C-reactive protein; liver toxicity by alanine transferase
and lactate dehydrogenase; and renal toxicity by creatinine.

Long-term thickness retention and safety of the
PGA spacer in vivo

Male crab-eating macaques (Macaca fascicularis, aged
4-6 years) were used to evaluate thickness-retaining prop-
erties and bio-absorbable properties of the PGA spacer. The
PGA spacer used with the macaques was 30 X 30 x 15 mm
and was fixed to the inner abdominal wall to evaluate both
thickness retention and adhesion. Serial CT examinations
(Auklet TSX-003A; Toshiba, Tokyo, Japan) were per-
formed every week for 12 weeks after the spacer place-
ment. To evaluate for adhesions, abdominal muscles and
residual PGA spacer were evaluated by hematoxylin and
eosin stain and silver impregnation stain.

Statistics

The data were expressed as the mean =+ standard error. A
one-way analysis of variance test followed by Bonferroni’s
post hoc test was used for statistical analysis, and P values
of < .05 were considered statistically significant.

Results
Characterization of the PGA spacer

A macroscopic feature and an SEM image of the PGA
spacer are shown in Figure la. The SEM image reveals the
nonwoven 3-dimensional structure. The Fourier Transform
Infrared Spectroscopy (FI-IR) FI-IR spectra of irradiated
and nonirradiated PGA spacers are presented in Figure 1b.
The spectral bands were assigned as follows: (I) stretching
vibration of—C—O—C— at 1050—1200 cm™'; (2) defor-
mation vibration of H—C—H at 1415 cm™'; (3) stretching
vibration of C=0 at 1740 cm_l; and (4) stretching vi-
bration of H—C—H at 2950 cm™'. No changes were
observed in these spectra after 100 Gy of proton or carbon-
ion irradiation.

In the 'H-NMR spectra of the PGA spacer (Fig. 1c), the
signal at 4.92 ppm may be attributed to the methylene
proton of the PGA. Because of impurities in the solvent,
absorption signals appeared at 4.3-4.7 ppm. No signal
changes were observed after the same irradiations.

Analysis of the weight-average molecular weights of the
PGA spacer indicated no changes in molecular weight as a
result of cutting and cross-linking of the molecular chains
(Fig. 1d), and no viscosity changes were observed after the
irradiation (Fig. 1e). Together, these results indicate that no
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chemical or structural changes occurred after exposure to
high-dose proton or carbon-ion irradiation.

Water equivalency of the PGA spacer

One advantage of the PGA spacer is its water-absorbing
properties. The average thickness of the wet PGA spacer
placed on a water phantom detector was 21.8 &+ 1.5 mm
(Fig. 2a and c¢). When a dry PGA spacer was set, no range
shift was observed for the SOBP, whereas when a wet PGA
spacer was set, a 21.7 & 1.5 mm range shift after proton or
carbon-ion irradiations (Fig. 2b) was measured. There was
a 21.7 £ 1.2 mm range shift after proton or carbon-ion
irradiations by radiation treatment planning system

calculation (Fig. 2c). These results indicated that the water
equivalency of the PGA spacer was equal to the water
thickness in the wet condition.

Protective effect of the PGA spacer in vivo

The SOBP setting for the animal experiments is shown in
Figure 3. The depth of penetration for mouse abdominal
skin surface was set at 3 mm with a binary filter. After
exposure to 20 Gy of carbon-ion irradiation, body weights
of mice with the PGA spacer were well preserved, whereas
mice that did not receive the PGA spacer placement
exhibited significant weight loss over a period of 24 days
(P<.05; Fig. 4a). The histologic analysis indicated severe
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measured profile curves for proton and carbon-ion beams, indicating the direction parallel to the beam axis. (c) Results of
calculated dose distribution in a longitudinal plane on the beam axis for the proton and carbon-ion beams, with a dry or a wet
spacer. PGA = polyglycolic acid; SOBP = spread-out Bragg peak.

damage to the villi and crypts in the intestines of mice that
received 20 Gy of carbon-ion irradiation, compared with
mice that were not irradiated. Conversely, degradation was
not observed in the villi and crypts of intestines for those
mice with inserted PGA spacers over a period of 7 days
after the irradiation (Fig. 4b). Additionally, evaluation of
villi lengths indicated no significant change for mice that
had received the spacer (P<.05; Fig. 4c).

Toxicity

Although blood samples exhibited slightly elevated white
blood cell counts for mice that had received the PGA
spacers, no C-reactive protein (CRP) elevation was
observed, suggesting that spacer placement did not induce
any inflammatory reaction. In addition, there was no liver
or renal dysfunction (Table 1).

Long-term thickness retention and safety of the
PGA spacer in vivo

Long-term thickness retention and safety were evaluated in
crab-eating macaques. At 8 weeks after placement of the

spacer, 90% (13.5 mm) of the original thickness was pre-
served (Fig. 5a). Serial abdominal CT images revealed that
thickness was stable until 8 weeks, and then decreased over
12 weeks (Fig. 5b). Figure 5c indicates minimal adhesion
of the spacer to the abdominal wall. Infiltration of inflam-
matory cells was not observed.

Discussion

The focus of this study was to evaluate properties of a bio-
absorbable PGA spacer for particle therapy. Spacer place-
ment is a promising method designed to allow for increased
tumor dose, while limiting exposure to adjacent organs.
Previous attempts have been made to use bio-compatible
agents as spacers. Prada et al (9, 10) reported injecting 3-
7 mL of hyaluronic acid (HA) into perirectal fat before
rectal radiation therapy in high-dose or low-dose brachy-
therapy. Results of their study indicated that the injected
HA did not migrate or change in shape for almost a year.
Similarly, Wilder et al (11) reported that cross-linked hy-
aluronic gel could safely and effectively reduce the mean
rectal dose. However, Daar et al (12) reported degradation
of HA within weeks of radiation exposure. Using a different
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approach, Susil et al (13) demonstrated the potential effi-
cacy of a synthetic polyethylene glycol—based hydrogel
(DuraSeal; Confluent Surgical, Waltham, MA) as a pros-
tate—rectum spacer. Additionally, Pinkawa et al (14) re-
ported similar results after injection of a different spacer gel
(SpaceOAR System; Augmenix, Waltham, MA), whereas
Noyes et al (15) demonstrated that, using human collagen,
the increased separation between the prostate and rectum
resulted in a significant decrease in radiation exposure to
the rectum during intensity modulated radiation therapy
and was associated with no rectal toxicities. In all of these
studies, however, the methods or agents reported were
limited to prostate—rectum separation and could be difficult
to use in other locations.

The reason for use of PGA to make nonwoven fabric
spacer is that PGA is one of the most widely studied
polymers and has excellent mechanical properties (19, 20)
and biological affinity (23, 24). Historically, PGA has
played a central role in surgery since its development as the
first synthetic absorbable suture material in 1962 (25).
Under physiologic conditions, PGA is degraded by certain
enzymes, especially those with esterase activity (26, 27).
The degradation product, glycolic acid, is nontoxic and can
enter the tricarboxylic acid cycle, after which it is excreted
as water and carbon dioxide. Part of the glycolic acid is also
excreted in urine (25, 26).

Efficacy and safety of the PGA spacer was intensively
tested in this study. As seen in Figure 2, the PGA spacer
exhibited water equivalency after irradiation by either

Experimental arrangement and settings using the carbon-ion beam at HIMAC. PGA = polyglycolic acid; SOBP =

proton or carbon-ion beam. Animal experiments (Fig. 4)
indicated that use of the PGA spacer prevented weight loss
after abdominal carbon-ion beam irradiation. Histologic
analysis also showed prevention of villi loss in the intes-
tine, whereas blood tests revealed no toxic reactions
(Table 1). An optimal spacer should have thickness-
retaining properties and water equivalency in accordance
with clinical situations. In particle therapy, because
treatment protocols take 2-7 weeks (3, 6), a spacer that
keeps its thickness for that period of time seems ideal. The
PGA spacer retained more than 90% of thickness for
8 weeks and seems to be adaptable for many different
protocols. These findings together suggest that the PGA
spacer might become a useful device in particle therapy;
however, further evaluations in experimental settings or in
clinical settings seem to be necessary.

Among several upper abdominal malignant tumors,
pancreatic cancer has the poorest prognosis (28, 29).
Although chemoradiation must be considered to achieve
locoregional control, grade 3 or higher toxicity has been
observed in approximately 20-40% of patients who
received preoperative chemoradiation (30). Recently,
Terashima et al (31) reported successful results combining
gemcitabine with proton therapy to treat locally advanced
pancreatic cancer. In that study they reported 1-year
freedom from local progression and overall survival
rates of 81.7% and 76.8%, respectively. These results
were speculated to be brought by a total dose of
67.5 Gy relative biological effectiveness (RBE) to the
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Protective effect of the polyglycolic acid (PGA) spacer. (a) Effect of carbon-ion irradiation on the body weight of

mice with or without PGA spacer. Each plot represents the mean + standard error of body weight of 3 mice in each group.
(b) Hematoxylin and eosin—stained transverse sections of small intestinal villi. Representative images of small intestinal
villi of unirradiated and irradiated mice. The irradiated samples were obtained 7 days after exposure to a carbon-ion beam.
All scale bars indicate 200 Um. (c) Statistical analyses corresponding to villi length. Data are expressed as mean

values =+ standard error. *P<.05; **P<.001.

major part of the planning target volume (2.7 Gy[RBE]
per fraction), while simultaneously limiting the dose to
the gastrointestinal tract to a total 45 Gy(RBE) (1.8 Gy
[RBE] per fraction), suggesting that the planning target
volume dose was higher compared with results of other
studies (32, 33). However, approximately 10% of the
patients subsequently developed grade 3 or higher gastric
ulcers, several months after completing the therapy (34).
In such cases, surgical placement of a PGA spacer be-
tween the pancreas and stomach might be an effective
option to reduce the gastrointestinal toxicities with

keeping the same dose to the tumors. However, disad-
vantages of receiving a surgical procedure should be
carefully taken into account for the placement of the PGA
spacer.

This was a preliminary study using the PGA spacer in
healthy animals. It was not evaluated in a clinical setting.
Although the PGA spacer was nontoxic and the degree of
adhesion was minimal, it might be possible that its adhe-
sion properties may be different in the presence of malig-
nant tumors. It may also prove more difficult to perform the
surgery to implant the spacer around a real tumor. We are
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Table 1  Blood test analyses 24 days after carbon-ion irradiation
0 Gy 20 Gy
Parameter Without PGA spacer With PGA spacer Without PGA spacer With PGA spacer

Inflammatory reaction

CRP (ng/mL) 89 + 04 9.8 £ 1.1 9.9 £71°0 9.2+ 077
Blood cell count

WBC (1/mL) 2700 £ 300 5200 =+ 815 2000 + 681 3400 £ 700

RBC ( x 10%mL) 882 + 12 847 £ 15 622 £+ 119 777 + 19

Pit ( x 10%mL) 100.6 £ 15.8 i /40) 92.4 + 373 138.2 & 26.5
Liver function

ALT (IU/L) 17.7 £ 0.9 21,.07=2:1 29:3rd=4315 250+ 2.1

LDH (IU/L) 2183 32,9 464 + 116 325 3% 7747 3283 + 154
Renal function

CRE (mg/dL) 0.1 0.1 0.1

Abbreviations: ALT = alanine transferase; CRE = creatinine; CRP = C-reactive protein; LDH = lactate dehydrogenase; PGA = polyglycolic acid;

Plt = platelets; RBC = red blood cells; WBC = white blood cells.

Data are expressed as mean + standard error. n=3 in CRP, WBC, RBC, PIt, ALT, LDH, and CRE.

now evaluating the safety and efficacy of the PGA spacer
using tumor-bearing rats, and we will initiate clinical trials
to further evaluate the efficacy and safety of this material.
Another limitation is that the spacer was tested only near
the abdominal walls of crab-eating macaques. In clinical
situations, a spacer might be required in other areas of the
abdomen. In such cases, careful observation will be
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Fig. 5.

necessary, but the thickness-retention and adhesion data
presented in this study will be an important help.

In conclusion, this is the first report that we know of
describing a nonwoven fabric PGA spacer. The absorbable
PGA spacer had water equivalent, bio-compatible, and
thickness-retaining properties. Although further evaluation
is warranted in a clinical setting, the PGA spacer may be

(ii ) Abdominal muscles
(/iii ) PGA spacer

(a) Evaluation of thickness-retaining properties of the polyglycolic acid (PGA) spacer. Error bar indicates standard

error. (b) Serial CT images of inserted PGA spacer in the crab-eating macaques’ abdomen. (c) Macroscopic and microscopic
features of the inserted PGA spacer at 12 weeks. All scale bars indicate 100 pm
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effective to stop proton or carbon-ion beams and to separate
normal tissues from the radiation field.
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Fig. 1 a: Abdominal CT at the initial consultation showed the tumor located ventral to the lumbar vertebra
(arrowheads) encasing the left common ileac artery (arrow). b: Abdominal CT after the operation showed the Goretex
sheets (arrows) retaining a sufficient distance between the tumor and the small intestine (arrowheads).
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