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Abstract

Purpose: The aim of this study is to investigate the feasibility of perioperative I-125 low-dose-rate brachytherapy
mesh implantation in pelvic locations in an animal model, before applying it clinically.

Material and methods: The animal model was the Romanov adult ewe. Non-radioactive dummy 1-125 seeds were
implanted by laparotomy in the pelvic area. Forty-five dummy seeds were placed on a 10 cm? polyglactin mesh to ob-
tain a dose of 160 Gy at 5 mm from the center of each seed. Three CT scans were performed at day 15, day 70, and day
180 after surgery to check the positioning of the mesh for eventual seed migration according to bony landmarks and to
perform a 3D theoretical dosimetric study. The experimental study design was based on Simon’s minimax plan with
a preliminary analysis of 10 ewes to validate the protocol and a second series of 7 ewes.

Results: After the first step, 9 of 10 ewes were investigated. For 8 of 9 animals, the 160 Gy isodose line volume was
within 10%, showing feasibility of the procedure and allowing 7 more to be added. At the end of the study, 16 of 17
animals were examined. No seeds loss was observed. The volume difference of the 160 Gy isodose line was within 10%
in 13 of 16 ewes between the three CT scans. Twelve out of 16 had a coordinate deviation less than or equal to 10 mm

on the three axes between the first and the third scans.

Conclusions: These results show the technical feasibility of the pelvic mesh implantation in ewes. A phase I study
for patients with locally advanced or recurrent pelvic tumors amenable to surgery, in combination with surgical resec-

tion should be possible.
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Purpose

Locally advanced or recurrent pelvic soft tissue or
gynecological tumors can be challenging for radical sur-
gery, especially when abutting the pelvic sidewall. For
patients with no previous radiotherapy, pre- or post-op-
erative external beam radiation therapy (EBRT) is usually
applied to reduce the risk of local recurrence, but the risk
of microscopic involved margins after resection remains
high. For patients who recur after previous radiotherapy,
the dose is often limited by the risk of exceeding the nor-
mal tissue tolerance.

Intra-operative external beam radiotherapy (IORT)
or brachytherapy (BT) can allow dose escalation that can

be used in such situations, delivering a perfectly target-
ed and localized boost dose in the perioperative period,
where microscopic residues are expected, and potentially
improving outcome [1,2,3,4]. Permanent low-dose-rate
implants with iodine 125 (I-125) seeds, which are mostly
used for prostate interstitial BT [5], could have numerous
advantages compared to other techniques of periopera-
tive dose delivery in the treatment of deep-seated pelvic
tumors [6,7].

We conducted an experimental animal study to
test the technical feasibility of this perioperative 1-125
brachytherapy mesh implantation in a pelvic location,
before applying it clinically.
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Material and methods
Animal selection

Animal selection was based on anatomical constraints
similar to humans and species with low weight gain.
Therefore, we used the following criteria: large adult ani-
mals, mobile and constant weight to allow unbiased eval-
uation during 6-month study. Thus, Romanov ewes sup-
plied by INRA, the French national agricultural research
body, aged 3 to 6 years and weighing between 50 and 60 kg
were chosen for the study.

Study design and experimental workflow

This experimental study was approved by the ethical
committee for animal experimentation in the Midi-Pyre-
nees region, France. All the partners agreed not to euth-
anize the animals at the end of the study. They returned
to the INRA farm to lead a normal life, in particular for
reproductive purposes.

We first implanted non-radioactive dummy seeds
similar to the radioactive iodine 125 seeds used in hu-
mans, with a bio-compatible flexible sterile absorbable
mesh. No ewe became pregnant during the study in order
to avoid the displacement of small loops by a pregnant
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uterus. For the same reason, all meshes were implanted
on the right side of the animal, so that the rumen, which
may sometimes occupy the entire left abdomen, did not
vary in volume. Meshes were therefore positioned by lap-
arotomy in the pelvic area under general left lateral decu-
bitus anesthesia and with minimal manipulation to avoid
seed movement (Figure 1). Anesthesia was performed by
a veterinary surgeon and surgery by an oncologist sur-
geon with an animal experimentation license.

The surgical approach was by a right transversal inci-
sion and implantation was performed after dissecting the
right pelvic peritoneum. The meshes were attached to the
underlying muscle wall by atraumatic clips. The interven-
tion time ranged from 40 to 60 minutes per animal, includ-
ing anesthesia, mowing, shaving, skin preparation, mesh
implantation, and abdominal closure in three planes.

For this study, 45 dummy seeds (BARD Medical, Cov-
ington, USA) were placed evenly on a 10 cm? polyglactin
(Vicryl®) mesh (Figure 2). The seeds were positioned so
as to obtain a dose of 160 Gy at 5 mm from the center
of each seed. Therefore, the seeds were shifted, and the
center-to-center distance of the seeds was 10 mm for each
line; the diagonal distance between each seed was 1.4 cm
(= \2). The seeds were glued on the mesh with a sterile
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Fig. 2. 45 non-radioactive seeds distributed on a 10 cm x 10 cm polyglactin mesh
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durable cyano-acrylate adhesive solution. This polyglac-
tin mesh can be easily cut to match irregular anatomical
areas.

The dummy seeds used in this study were the same
as those used in human surgery. They were hermetically
sealed in a titanium capsule, medical grade ASTM F67,
and the ends were laser-welded. The thickness of the ti-
tanium capsule was 0.08 mm and that of the welds was
0.13 mm. Titanium is the only material that encounters the
tissues and is perfectly biocompatible. Normally, the ra-
dioactive seeds contain iodine 125, which is adsorbed on
an aluminum wire with a nickel copper-plated gold core.
The gold contained in the wire serves as a radio-opaque
X-ray marker, thereby allowing visualization after im-
plantation. The copper layer serves as a physical substrate
for the adsorption of iodine 125. The device had the fol-
lowing dimensions: D 0.8 mm x L 4.5 mm (Figure 3).

Finally, after the recovery period, the animals were
transferred to the INRA farm and then transported to
undergo dosimetric CT scans. Three CT scans were per-
formed on a dedicated veterinary CT scanner at day 15,
day 70, and day 180 after implantation. These three CT
scans are called CT1, CT2, and CT3, respectively. CT

1-125 adsorbed onto a radio-opaque, solid substrate

v
0.8 mm [ [ 3.8 x 0.5 mm

)

| 4.5 mm

Fig. 3. Technical description of I-125 seed
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scans were completed under general anesthesia (identical
protocol) to limit their stress and avoid movement.

Dosimetric analysis

Seed position and geometric verification during sur-
gery and follow-up in living animals were major issues in
this study. For example, if the seeds are spaced irregularly,
this may cause significant dose modifications that, in turn,
may lead to under-detection or over-dosing, with the fore-
seeable consequences of inefficient treatment and the risks
of complications. A preliminary analysis with an Advan-
tage Workstation (GE, version 4.4, USA) was carried out
in order to check the positioning of the plates and any seed
migration. Then, the mesh coordinates were determined
between the centroid of the plate and the bone anatomical
landmarks to have the same mark on the two CT scans at
D+15 (CT1) and D+180 (CT3) (Figure 4). The tolerance of
a shift was set at 10 mm in all directions (X, Y, Z).

Finally, a dosimetric analysis was performed on Vari-
Seed™ (Treatment Planning System, v8.0.2, Varian Medical
Systems, Inc., Palo Alto, CA, USA) between CT1, CT2, and
CT3. Seeds were detected automatically on each CT scan.

aluminum layer gold core (marker)

titanium wall

== (.08 mm

titanium tube
(0.08 mm)

copper coating

vV

Fig. 4. Example of analysis between the center of gravity (X,Y,Z) of pelvic mesh and fixed bone references on reconstructed

orthogonal images for the same CT scan
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Seed activity was fixed arbitrarily at 1 U (= 1 uGy.m?/h) or
0.787 mCi, to have a 160 Gy dose line around the mesh vol-
ume and 5 mm from the center of each seed (Figure 5).

Statistical analysis

The primary endpoint was the feasibility rate. Feasi-
bility of success was defined as a difference in the 160 Gy
isodose line volume lower than #10%. Using a Simon min-
imax design with a =10, 1-f = 90, p0 = 0.70 (maximum
percentage of non-feasibility) and pl = 0.95 (minimum
percentage of feasibility), 17 ewes were included in the
experimental arm. An interim analysis was performed
after the inclusion of 10 ewes. If the procedure had a fea-
sibility of success in 7 (or fewer) out of 10 animals, the
procedure could be considered insufficiently feasible. At
the end of the second stage, if at least 13 ewes showed
a feasibility of success, it could be considered sufficiently
feasible for further investigation. Continuous data were
presented using median and range. Comparisons be-
tween continuous paired data were performed using the
Wilcoxon paired test.

Results

In the first phase, one out of 10 animals did not un-
dergo the third scan and was excluded from the study. In
total, 16 ewes were analyzed, 9 in the first phase and 7 in
the second.

Number of seeds and dose distribution

No seed migration was observed between the three
scans; the 45 seeds remaining detectable in the 16 ewes.
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For 8 of 9 animals, the 160 Gy isodose line volume was
within 10%, thereby testifying the feasibility of success
and allowing 7 more ewes to be added to the study. The
difference in volume of the 160 Gy isodose line between
the three scans and for each ewe is shown in Table 1
and Figure 6. All 16 ewes were exploitable, and 13 had
a volume difference < 10%. The absolute median volume
difference values were 5.64% (range: 0.24-21.03) between
CT1 and CT3, 3.07% (range: 0.26-16.77) between CT1 and
CT2, and 3.86% (range: 0.50-13.73) between CT2 and CT3.
Table 2 shows the median volume in cc of the 160 Gy iso-
dose for the three scans and the 16 ewes.

Mesh coordinates

Table 3 and Figure 7 shows the center of gravity co-
ordinates of the meshes between CT1 and CT3. Twelve
out of 16 animals had a coordinate deviation £ 10 mm in
the three axes, 1 had one axis > 10 mm, and 3 had 2 axes
> 10 mm. The absolute median offsets were 6.3 mm
(range: 0.2-13.4) in X, 5.3 mm (range: 0.0-16.8) in Y, and
5.8 mm (range: 0.3-21.7) in Z.

Discussion

Intra-operative external beam radiotherapy and
perioperative BT allows dose escalation, while avoiding
excessive doses on surrounding normal sensitive tissues
[1,2,3,4]. Dose escalation with external beam radiothera-
py may be difficult to establish because the high-risk re-
sidual volume cannot always be precisely defined on im-
aging, and/or organs at risk (OARs) cannot be correctly
protected from high doses, even with intensity modulat-

Transversal

Niveaux d150003¢8/0030 Je prascapdon

Modder

Coudeur

Fig. 5. Dose distribution on pelvic mesh with Variseed. 10 Gy, 160 Gy, 180 Gy, and 240 Gy isodose lines are shown in dark blue,

pink, light blue, and light green, respectively

Journal of Contemporary Brachytherapy (2018/volume 10/number 5)


https://www.ncbi.nlm.nih.gov/pubmed/28100242
https://www.ncbi.nlm.nih.gov/pubmed/28697002
https://www.ncbi.nlm.nih.gov/pubmed/25084510
https://www.ncbi.nlm.nih.gov/pubmed/23707668

Experimental study of pelvic perioperative brachytherapy with iodine 125 seeds 467
Table 1. Volume deviation for the first 9 ewes (left) and all 16 ewes (right) between three CT scans. “Yes”
represents the number of ewes that are within 10% tolerances

N (%) N (%)

Volume deviation CT1/CT2 <10% (n = 9) Volume deviation CT1/CT2 <10% (n = 16)

No 0 (0%) No 2 (12.5%)

Yes 9 (100%) Yes 14 (87.5%)
Volume deviation CT1/CT3 < 10% (n = 9) Volume deviation CT1/CT3 < 10% (n = 16)

No 1(11.1%) No 3 (18.8%)

Yes 8 (88.9%) Yes 13 (81.3%)
Volume deviation CT2/CT3 <10% (n = 9) Volume deviation CT2/CT3 <10% (n = 16)

No 1(11.1%) No 1(6.3%)

Yes 8 (88.9%) Yes 15 (93.8%)

CT — computed tomography

ed radiation therapy. This is even more challenging in the 25

event of recurrence after previous radiotherapy [2,34]. <

Perioperative radiation therapy with an external beamor g 5| ¢

BT can overcome these limitations, allowing the dose to § R

be targeted to a limited volume of tissue on the high-risk & i -

region defined by a surgeon and radiation oncologist at "2 15

the time of surgery. However, IORT may be difficult to § .

apply because the facilities are lacking or because the ex- S L [ S B POm

isting applicators are not suited for treating irregular or g . . o

curved surfaces. 2 5 . -

In this setting, BT is a useful option. Temporary iridi- _<8 . L . o "
um 192 implants have been widely used in the extremities 0 . 4 - - * .

or in retro-peritoneal sarcomas [8,9,10,11,12]. The tech-
nique is much more complex for pelvic locations than for
tumors of the extremities owing to the complex anatomy
with curved surfaces and adjacent critical structures. This
limitation can be overcome by using HDR intra-operative
BT, the dose being delivered perioperatively. Thus, any
critical structures may be moved away from the treat-
ment area or protected by shielding [13]. However, there
are numerous drawbacks. First, the delivery of a single
high-dose can increase the risk of side effects compared
to fractionated treatment, especially if any neurologic
structures are within the target volume. Second, the op-
erative time can increase significantly, if large volumes
are concerned. Third, this type of brachytherapy must be
performed in a dedicated shielded room.

I-125 permanent implants can overcome the limita-
tions or drawbacks of the other BT techniques, and be
of particular value in the treatment of pelvic locally ad-
vanced or recurrent tumors, especially if the recurrence
occurs in a previously irradiated region. The advantage
of applying this type of BT is the low energy of the I-125;

0 2 4 6 8 10 12 14 16 18
Ewe number

+CT1/3  =CT1/2 CT2/3

Fig. 6. Absolute 160 Gy volume difference for all 16 ewes be-
tween CT scans at 15 (CT1), 70 (CT2), and 180 (CT3) days
after the surgery. Red line is the 10% protocol tolerance

the surrounding normal tissues can be protected more ef-
ficiently than with an Ir-192 source, and the much lower
dose rate limits the occurrence of side effects. From a tech-
nical point of view, the smallness of the seeds, which can
be embedded in a flexible mesh, allows any type of irreg-
ular or curved anatomical surface to be treated such as the
pelvic or sacral wall, with no limitation of the irradiated
volume. Moreover, the treatment can begin as soon as the
operation has begun, with no need to move the patient to
a dedicated unit for radioprotection or to remove cathe-
ters. Clinical experience with this type of brachytherapy
is scarce and has mostly concerned thoracic tumors and
abdominopelvic locations [14,15,16,17,18,19,20].

Table 2. Median volume (cc) of 160 Gy isodose for three CT scans on all 16 ewes

CT1 CT2
N =16

CT3 CTlvs.CT2 CTlvs.CT3  (CT2vs.CT3

Volume receiving 160 Gy (cc)

p=01208 p=07959  p=0.4080

Median (range) 51.3 (39.6-54.1)

50.7 (41.9-54.3)

50.6 (40.6-54.0)
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Table 3. Statistical anlysis of pelvic mesh coordinates for the first 9 ewes (left) and all 16 ewes (right) betwe-
en CT scans at 15 and 180 days after the surgery. “Yes” and “No” corresponds to the number of ewes that are
in the constraints of 10 mm in the three axes, or not. 1, 2, and 3 corresponds to the number of axes that are

within the tolerances of 10 mm

N (%) N (%)
Axis deviation X <10 mm (n = 9) Axis deviation X <10 mm (n = 16)
No 2 (22.2%) No 2 (12.5%)
Yes 7 (77.8%) Yes 7 (87.5%)
Axis deviation Y <10 mm (n = 9) Axis deviation Y <10 mm (n = 16)
No 2 (22.2%) No 2 (12.5%)
Yes 7 (77.8%) Yes 7 (87.5%)
Axis deviation Z<10 mm (n = 9) Axis deviation Z <10 mm (n = 16)
No 3 (33.3%) No 3(18.8%)
Yes 6 (66.7%) Yes 6 (81.3%)
Total deviation <10 mm (n = 9) Total deviation <10 mm (n = 16)
1 3 (33.3%) 1 3 (18.8%)
2 1(11.1%) 2 1(6.3%)
3 5 (55.6%) 3 12 (75.0%)
25 of the seeds and finally to the time necessary to deliver
90% of the dose. Of the 10 animals implanted in the first
20 phase of the study, 9 were examined until the last scan.
No seed loss was observed in any of the 9 animals. In 8 of
? 151 - 9 animals, the tissue volume receiving 160 Gy was within
g . +10%, thereby allowing 7 more animals to be included.
£ - . In the 16 animals investigated at the end of the study, no
s 01 ————""""""3 P « 7 loss of seeds was observed. There was no movement of
. * * L 4 . .
. the center of gravity of the mesh according to the bony
5 = s s * landmarks exceeding 10 mm between the first and the
LI . o * . third CT scan for 12 ewes out of 16, the maximum medi-
0 : . . . . — an value being 6.3 mm in the X axis. Moreover, 13 of the

0 2 4 6 8 10 12 14 16 18
Ewe number
* X =Y Z

Fig. 7. Absolute difference in coordinates for all 16 ewes
between CT scans at 15 (CT1) and 180 (CT3) days after the
surgery. Red line is the 10 mm protocol tolerance

Since dose delivery with permanent implants lasts
6 months, we needed to verify whether the geometry of
the implant could be maintained throughout with no loss
of seeds, and that the dose delivered in an experimental
study was the same as the prescribed dose, before apply-
ing it clinically. We decided to use non-radioactive seeds
placed on a 10 cm? mesh to deliver a theoretical 160 Gy
dose at 5 mm, if radioactive I-125 were used. The mesh
was then inserted on a pelvic wall of 10 adult ewes by
a laparotomy performed under general anesthesia. Three
CT scans were performed at day 15, day 70, and day 180
after implantation, corresponding to the post-operative
evaluation, to the evaluation at the theoretical half-life

16 animals received the treatment according to the dosi-
metric constraints, with < 10% differences in the 160 Gy
isodose line volume. Thus, the complete resorption of the
polyglactin mesh in 8 weeks showed that tissue rework-
ing is sufficient for our study and minimize the seeds mi-
gration. Furthermore, TG-43 applies perfectly in homoge-
neous conditions as our study. This formalism has been
adopted by the entire scientific community; however,
this method is not based on a model and is closely relat-
ed to the superposition principle, which limits are known
[21,22].

This study has several limitations. First, the abdom-
inal volume of the animals varied owing to the size of
their rumen, so it was not possible to obtain dose volume
histograms of digestive or other intra-pelvic OAR. Sec-
ond, it is difficult to position animals for a CT scan even
when they are sedated. However, the results show that
the technique can be reproduced in mobile animals. The
seeds remained in position during the 6 months, with
no seed loss and very little migration of the mesh, so the
planned dose could be delivered in more than 80% of the
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cases. The three animals that did not reach the constraints
received 79%, 118%, and 118% of the planned 160 Gy
volume, in which the pelvic OAR will need to be moved
away from the mesh by epiplooplasty or using expanders
[23,24,25,26]. Furthermore, appropriate measures will be
required to limit radiation exposure to the staff. For radi-
oprotection reasons, a robot will be used to position the
mesh in the pelvis, and we are now designing a proce-
dure to allow the seeds to be placed automatically on the
mesh. Once this issue is solved, a phase I study will com-
mence for locally advanced or recurrent pelvic tumors in
previously irradiated patients using intra-operative per-
manent [-125 implants as an adjunct to surgery.

Conclusions

This experimental study shows that I-125 seed im-
plantation in pelvic locations is feasible and allows ade-
quate dose delivery during the 6 months needed to deliv-
er the dose with permanent implants. A phase I study can
now begin in patients with locally advanced or recurrent
pelvic tumors amenable to surgery in combination with
surgical resection.
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