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Locating an SPLN has been a challenging task since the
era of open thoracotomies. It is even more difficult in a thor-
acoscopic situation because finger palpation is far less ef-
fective. As a consequence, many techniques to assist in
the localization of SPLNs have been innovated, with these
techniques broadly belonging to 1 of 2 completely different
strategies: intraoperative techniques (eg, finger palpation
and ultrasound) and preoperative placement of a marker
(eg, hook-wire, dye, contrast medium, and radiotracer).4

Intraoperative techniques have the virtue of noninvasive-
ness, and to our knowledge no major complications as a re-
sult of these techniques have been reported. Even though
intraoperative US is more effective than finger palpation,
with a success rate of 70% to 100 % in selected patients,*
this technique has several limitations.> Successful localiza-
tion using intraoperative US is highly dependent on operator
skill. Also, localization is difficult in cases of emphysema-
tous change or incomplete collapse of the target lung. Suc-
cess rates are further reduced in cases of small nodules less
than 1 cm in size or deep lesions more than 1 cm from the
visceral pleura. Soft nodular ground-glass opacities ob-
served in bronchoalveolar cell carcinomas are also difficult
to localize using US. Because of these limitations, intrao-
perative US has little versatility as a localization technique.

The use of markers is a viable option for surgeons to over-
come the limitations of intraoperative localization tech-
niques. The implantation or delivery procedures of several
kinds of markers can be classified into 2 categories accord-
ing to their approaches: a percutaneous pneumocentesis ap-
proach and a transbronchial approach with a bronchoscope.
Generally, percutaneous implantation of a marker is highly
associated with complications such as pneumothorax (8 %—
50%), pulmonary hemorrhage (12%-35%), and pleuritic
pain (5%—-6%).* In addition, several authors have raised
caution on the risk of fatal air embolisms induced by
hook-wire implantation.18 In contrast, the transbronchial
approach can theoretically eliminate the risk of complica-
tions related to the percutaneous approach. In our experi-
ments, no major complications were observed related to
bronchoscopic delivery of RFID tags, and the time required
for marking ranged from 5 to 34 minutes (median, 11 min-
utes). Bronchoscopic procedures can be a distressing expe-
rience for patients, but the transbronchial approach is less
invasive than the percutaneous approach.

However, some markers have been used despite their
negative aspects. Time constraints are the main cause of
failure in the case of dye or radiotracer marking, as the dif-
fusion of dyes and the decay of radiotracers prevent sur-
geons from successful localization of SPLNs. These
shortcomings also lead to difficulties in scheduling preoper-
ative procedures and surgical resection. It has been recom-
mended that surgery be performed within 24 hours after
injection of dye and within 12 hours after radiotracer ad-
ministration.*> The RFID marking system is free from
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these time constraints and can provide flexibility in the
time interval between the marking procedure and surgery.

In the context of intraoperative fluoroscopy, a contrast
medium (ie, barium or lipiodol) is consistently reported as
the most effective and reliable marker: Watanabe and col-
leagues'® reported a success rate of 100% from their expe-
rience of 174 nodules; Asano and associates”® emphasized
a success rate of 100% for 31 pure ground-glass nodules
less than 10 mm in size; and Okumura and coworkers®"
stated that good surgical margins could be assured with
this technique and that multiple markings can be achieved
by transbronchial injection of barium with minimum inva-
siveness. Unfortunately, despite these merits, the radiation ‘
exposure for operators and patients cannot be overlooked.
Unnecessary exposure to medical radiation should be
avoided if possible, and the use of RFID technology pres-
ents an alternative for the purpose of SPLN localization.

The RFID marking system has several positive aspects.
The first merit is that of quick detection with simple opera-
bility. The system requires only a locating probe in the sur-
gical field. During thoracoscopic surgical procedures,
localization of the RFID tag was promptly achieved without
the need for unwieldy instruments such as a fluoroscope. As
shown in our experiments, the time required for tag detec-
tion after insertion of the locating probe ranged from 10
to 105 seconds (median, 27 seconds). Quick detection of
the tag and swift localization of the target lesion were
achieved by simply listening and reacting to the audio
cues from the system; there was no need for operators to
shift their gaze from the surgical field or the monitor for
the thoracoscope. The simple operability of the system
also exempts thoracic surgeons from having to become
skilled in an unfamiliar technique such as US interpretation
or from the threat of radiation exposure. The second and
more important merit is that the 1-mm small wireless
marker enables the pinpoint localization of target lesions;
the system provides millimeter-level ranging capability to
enhance localization accuracy. As a consequence, an appro-
priate distance from the lesion to the resection line is en-
sured because the operator can confirm that the RFID
marker is included within the lung parenchyma to be re-
sected. In our study with pseudolesions, surgical margins
of resected specimens ranged from 8 to 12 mm (median,
11 mm). Accurate localization enables thoracic surgeons
to perform sublobar resections with reduced risk of local re-
currence in a short procedure time. Third, the labeling of
multiple lesions or multiple marking of a single lesion can
be achieved in this system because each tag has its own
unique identifiable number.

This study has the following limitations. Our prototype
system has an effective communication range of 7 mm,
mainly owing to limitations in the power supply from the
locating probe. Although 7 mm is adequate for animal ex-
periments, an effective range of 30 mm may be required
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for clinical use in human lungs. Improvements to the effec-
tive range are in progress and can be achieved with further
customization of the tag and the probe.

The second limitation is that dislocation of the implanted
tag is a problem of critical importance for the RFID marking
system. The reason for the sole detection failure in our exper-
iments was the dislocation of the tag to the central airway. To
address this problem, we are developing a tag anchoring
function. For the purpose of lung tumor tracking during radi-
ation therapy, the use of an RFID tag with anchoring legs was
reported to have an 87% successful stabilization rate for
a period of 60 days.”* In addition to the anchoring function,
the coating of RFID tags is another modification under con-
sideration owing to the possibility of accidental ingestion of
a dislocated tag into the digestive tract.

The third limitation is related to the safety of the system.
We did not encounter any instances of adverse effects caused
by the tag, but the study period was limited to 3 days at its
longest. The safety of the in vivo use of RFID tags has
been endorsed by long-term experiments in a canine
subcutaneous implantation model,? as well as by routine
use in livestock farming. Although we have had limited
experience with RFID tag placement into a small airway,
Mayse and coworkers'® have reported no complications in
similar experimental implantation of 60 days. To our know-
ledge, no other published report has described the long-term
implantation effects of RFID tags into airways. Further
investigation is therefore required into the safety of this
system.

The additional cost, time, and radiation exposure could
be a demerit of this new method. However, the preoperative
marking procedure under CT guidance may be appropriate
for cases in which the target is a small peripheral lesion that
is difficult to locate under fluoroscopy. RFID tags in com-
mercial mass production are expected to be similar in cost
to conventional markers including hook-wires or dye. In
general, we estimate that the additional cost, time, and radi-
ation exposure for the RFID marking method are expected
to be in the same range as conventional methods that require
CT guidance. A cost-benefit analysis is required to deter-
mine the best role and use of such techniques in the manage-
ment of small peripheral lung nodules.

CONCLUSIONS

The feasibility of our RFID marking system for SPLN lo-
calization was demonstrated in a canine model. Further de-
velopmental work is underway to improve the effective
range, to equip the tags with an anchoring function, and
to confirm the safety in implantation.

We are indebted to Mr Tominaga Yukio (Star Engineering Co
Ltd, Hitachi, Japan) for his technical help in preparing micro
RFID tag. We also thank Miss Mani Sato for preparing nice
illustrations.
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Abstract

OBJECTIVES: We herein report on development of a composite (synthetic and biological) tracheal scaffold with vascularized autolo-
gous connective tissue in the omentum, followed by in situ tissue engineering of the composite scaffold with the pedicled omentum.
In this preliminary report, we focus on development and evaluation of the vascularized autologous connective tissue in the
omentum.

METHODS: In animal experiment 1, a polypropylene framework as a synthetic component was placed in the omental sac for 3 weeks and
another was placed in the pouch of Douglas as a control in five beagle dogs. In animal experiment 2, a polypropylene framework placed in
the omental sac for 3 weeks was compared with a polypropylene framework coated with porcine atelocollagen, which was also placed in
the omental sac in another five dogs, to investigate whether the coating of porcine atelocollagen contributes to development of more vas-
cularized connective tissue. Macroscopic, radiological and histological evaluations were performed for developed autologous connective
tissue on the frameworks, with a focus on its thickness and capillary vessels.

RESULTS: In animal experiment 1, the polypropylene framework in the omentum developed a composite tracheal scaffold with homoge-
neous and significantly thicker (2.6 0.5 vs 1.2 £ 0.4 mm, P <0.0001) connective tissue in which more capillary vessels per 10-power field
of view (3.5+2.2 vs 020, P=0.015) were identified, compared with the control in the pouch of Douglas. In animal experiment 2, the
omentum developed significantly thicker connective tissue on the polypropylene framework coated with porcine atelocollagen (3.6 + 0.7
vs 2.2 £+ 0.4 mm, P <0.0001) in which not significantly more capillary vessels were identified (3.5 £ 2.2 vs 5.0 £ 2.7, P = 0.12), compared with
the framework that was not coated.

CONCLUSIONS: Placement of the polypropylene framework in the omental sac resulted in development of homogeneous and vascular-
ized autologous connective tissue on the polypropylene framework for a composite tracheal scaffold. The framework coated with porcine
atelocollagen did not show an additional benefit in inducing vascularization. This preliminary report will be followed by the long-term eva-
luations of in situ tissue engineering of the composite tracheal scaffold.

Keywords: Trachea « Omentum - Prosthesis

INTRODUCTION

atelocollagen and in situ tissue engineering [3], which was original-
ly developed in our laboratory.

Avariety of artificial tracheas have been designed and assessed for
inter-position, but so far none has proved satisfactory for clinical
use [1]. The first human case for a circumferential airway replace-
ment was performed by Macchiarini et al. in 2008 using a decellu-
larized human tracheal allograft that was cellularized with
epithelial cells and mesenchymal stem cell-derived chondrocytes
by in vitro tissue engineering [2]. However, a non-circumferential
(only a cartilaginous portion of a trachea) replacement for invad-
ing thyroid malignancy was performed by Omori et al. in 2002,
using a polypropylene mesh framework coated with porcine

For a successful airway replacement, a scaffold, which can be a
biological (allograft/homograft), synthetic or composite [4], requi-
res epithelial cellularization by in vitro [2, 5], in situ [6] or heterotro-
pic [7] tissue engineering, which can be promoted by bioactive
molecules [8].

We developed an airway scaffold that is a polypropylene frame-
work (as a synthetic component) coated with porcine atelocolla-
gen (as a biological component) for in situ tissue engineering in
tracheobronchial replacements [9, 10]. Our previous attempts to
replace circumferentially the airway with this type of prosthesis in

© The Author 2014. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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canine models revealed that its durability extends past 5 years,
whereas long-term observations showed incomplete epithelializa-
tion on the prosthesis and anastomotic stenosis [9, 10]; similar
findings were also noted in the first human circumferential airway
replacement in the follow-up [11].

To improve incomplete epithelialization and anastomotic sten-
osis, we applied a pedicled omentum in tracheobronchial recon-
struction procedures; however, the omental transposition
procedure alone has not been sufficient to resolve incomplete
epithelialization and anastomotic stenosis [9, 10, 12].

In this study, we report and evaluate the development of a com-
posite (synthetic and biological) tracheal prosthesis with vascularized
autologous connective tissue developed by the ome-ntum. In situ
tissue engineering of the composite scaffold with the pedicled
omentum (Fig. 1) will be evaluated and described in our next report.

MATERIALS AND METHODS
Polypropylene framework for a tracheal scaffold

A polypropylene mesh framework was made using a method
described in a previous report [10]. The framework is a 0.8-mm-
thick polypropylene mesh (Marlex mesh; CR Bard, Inc., Billerica,
MA, USA) cylinder that is 25 mm long and has an internal diam-
eter of 20 mm, which is reinforced with four rings of polypropyl-
ene monofilament string (1 mm in diameter). This cylindrical
mesh framework was exposed to a corona discharge at 9 kV for 5
min to render its surface hydrophilic (Fig. 2A); this was used in
animal experiment 1. In animal experiment 2, the polypropylene
framework was coated with a 5-mm-thick porcine atelocollagen
layer with a pore size ranging from 100 to 500 x 10™ m (Fig. 2B).

Figure 1: In situ tissue engineering of a composite tracheal scaffold, placed with a pedicled omentum through a substernal route. (A) Pedicled omental flap containing
a composite and vascularized tracheal scaffold, (B) anastomosed with a native trachea (the proximal anastomosis is circled).

Figure 2: The polypropylene frameworks and their intra-abdominal placements. (A) A polypropylene framework prior to placement; (B) a polypropylene framework
coated with porcine atelocollagen prior to placement; (C) a polypropylene framework (indicated by an arrow) placed in the omentum in animal experiment 1; (D) a
polypropylene framework placed in the pouch of Douglas as a control in animal experiment 1; (E) a polypropylene framework (a solid arrow) and a polypropylene
framework coated with porcine atelocollagen (a dotted arrow) placed in the omentum in animal experiment 2; (F) an illustration of animal experiment 2.
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The porcine atelocollagen layer was developed as follows [10]: the
polypropylene framework was placed in a Teflon mould. Then, 1%
collagen solution (Nippon Meat Packers, Inc., Osaka, Japan) was
stirred at 8000 rpm for 15 min, and then poured into the space
between the outer mould and the inner tube, and then freeze-
dried. During this freeze-drying process, the cast collagen became
a porous structure with a pore size range of 100 to 500 x 107° m. A
5-mm-thick collagen layer was formed on both internal and external
luminal surfaces. Finally, the prosthesis was heated at 140°C under
vacuum pressure for a 24-h dehydrothermal treatment session to
induce moderate cross-linkage of the collagen molecules.

Animal experiments

Animal experiment 1. Development of a composite scaffold
from polypropylene frameworks (in the omentum versus in the
pouch of Douglas).

Five adult beagle dogs, weighing 8-14 kg, were anaesthetized
with an intramuscular administration of 15 mg/kg ketamine hydro-
chloride and 7 mg/kg xylazine and then intubated with an en-
dotracheal tube. Mechanical ventilation was maintained using
inhalational sevoflurane. A 500-mg dose of ampicillin was injected
intramuscularly prior to the skin incision. In each dog, a polypro-
pylene framework was placed in the omental sac after making a
slit on the omental peritoneum via an upper mid-line laparotomy
(Fig. 2C), and another polypropylene framework was placed in the
pouch of Douglas as a control (Fig. 2D). Both were extracted 3
weeks afterwards via a reoperative laparotomy. After sectioning
each specimen into two transversely, the thickness of the devel-
oped connective tissue was measured with a ruler at three differ-
ent points (every 120°) on the circumference.

Animal experiment 2. Development of a composite scaffold in
the omentum (from polypropylene frameworks versus from
polypropylene frameworks coated with a porcine atelocollagen
layer).

Another five adult beagle dogs, weighing 8-14 kg, were anaes-
thesized in the same way as above. A 500-mg dose of ampicillin
was injected intramuscularly prior to the skin incision. Two types
of framework, as mentioned above, were both placed in the
omental sac (Fig. 2E and F). Both were extracted 3 weeks after-
wards as in Animal experiment 1, and the thickness of the devel-
oped connective tissue was measured in the same way.

All surgical procedures were performed by board-certified sur-
geons (Masatsugu Hamaji and Fumitsugu Kojima) in accordance
with the Guide for the Care and Use of Laboratory Animals pub-
lished by the National institutes of Health (NIH Public-ation No.
85-23, revised 1985). The experimental protocol was approved by
the Animal Experimental Committee of Kyoto University.

Following first laparotomies (for placement of polypropylene
frameworks) or second laparotomies (for extraction of the frame-
works), all the dogs received the same regular care as preopera-
tively. Macroscopic findings at reoperative laparotomies were
obtained with a focus on developed connective tissue.

Radiological analysis of developing composite
scaffolds

To follow-up the process of developing composite scaffolds in the
omentum, four dogs were randomly selected from animal

experiment 2 for abdominal computed tomography (CT). All CT
images from the diaphragm to the hip joints were obtained with a
16-row multidetector CT scanner (Alexion 16, Toshiba Medical
systems, Tochigi, Japan) with an intramuscular administration of
ketamine and xylazine on postoperative day {POD) 0, 7, 14 and 21.
The images were obtained in the helical mode with 120 kV
voltage, 50 mA per section, a 512 x 512 matrix and 7-mm slice
thickness. All images were interpreted by a board-certified radi-
ologist (Sho Koyasu).

Histological analysis of developed connective
tissue on the frameworks

In animal experiment 1, two scaffolds developed from polypropyl-
ene frameworks in the pouch of Doulgas and two scaffolds devel-
oped from polypropylene frameworks in the omentum (from two
dogs) were sent for histological analysis by light microscopy after
staining with haematoxylin and eosin (H&E), Masson trichrome
(MT) and alpha-smooth muscle actin (¢-SMA). The number of ca-
pillary vessels was counted in three randomly selected 10-power
fields of view after staining with H&E and compared between the
two kinds of scaffold. In animal experiment 2, two scaffolds devel-
oped from polypropylene frameworks in the omentum and two
scaffolds developed from polypropylene frameworks coated with
porcine atelocollagen in the omentum were analysed in the same
way. The number of capillary vessels was counted in three ran-
domly selected 10-power fields of view and compared between
the two kinds of scaffold. All specimens were examined by a
board-certified pathologist (T.T.).

Statistical analysis

Descriptive statistics for continuous variables are reported as
mean + standard deviation. For the comparison of continuous
variables, the Mann-Whitney U-test was used as appropriate. All
statistical tests were two-sided, and a P-value <0.05 was defined as
statistically significant. JMP version 10.0.1 software (SAS Institute,
Cary, NC, USA) was used for all analyses.

RESULTS

Clinical courses and macroscopic findings
of developed composite scaffolds

All dogs uneventfully survived the sequential laparotomies in
animal experiments 1 and 2.

In animal experiment 1, on reoperative laparotomies, there
were minimal to mild adhesions between the abdominal wall and
the omentum without peritoneal fluid. No migration was noted in
frameworks placed in the omentum, whereas two (40%) polypro-
pylene frameworks placed in the pouch of Douglas were noted to
have cephalad migrations; the others involved a portion of the
small bowels in the lumen (Fig. 3A, in animal experiment 1). The
omentum was found to be focally hyperplastic around the frame-
work. Regarding scaffolds developed from polypropylene frame-
works in the pouch of Douglas, only thin layers (1.2 + 0.4 mm) of
connective tissue developed on the frameworks (Fig. 3B), with a
minimal area of the mesh exposed, whereas homogeneously thick
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Figure 3: The developed scaffolds at reoperative laparotomies (3 weeks after placement). (A) The small bowels adhered to the lumen of the polypropylene framework
(solid arrow) in animal experiment 1. (B) A scaffold developed from polypropylene framework in the pouch of Douglas (left) and in the omentum (right). (C)
Polypropylene framework (arrowhead) and the polypropylene framework coated with porcine atelocollagen (dotted arrow) contained in the omentum in animal experi-
ment 2. (D) A scaffold developed in the omentum from a polypropylene framework (left) and a polypropylene framework coated with porcine atelocollagen (right).

Figure 4: Abdominal computed tomography (CT) images of the polypropylene frameworks on postoperative day (POD) 0 (A), 7 (B), 14 (C) and 21 (D) and the polypro-
pylene framework coated with porcine atelocollagen on POD 0 (E), 7 (F), 14 (G) and 21 (H) in animal experiment 2. Arrows in images show frameworks. The polypro-
pylene framework was recognized as containing fluid that increased in volume over time (A-D). In the polypropylene framework coated with porcine atelocollagen, a
layer that was shown as having mixed air and soft tissue density gradually decreased and disappeared on POD 14 (G), and soft tissue density growing on the framework

was observed (F-H).

layers (2.6+0.5mm) developed on the frameworks in the
omentum without any area exposed (Fig. 3C). Serous fluid was
contained in the framework in the omentum. There was a statistic-
ally significant difference in the thickness of the connective tissue
between scaffolds developed in the omentum and those in the
pouch of Douglas (2.6 + 0.5 and 1.2 £ 0.4 mm, P <0.0001).

In animal experiment 2, the omentum was found to be focally
hyperplastic around the frameworks (Fig. 3C). Regarding the

polypropylene frameworks or polypropylene frameworks with con-
jugated porcine atelocollagen from the omentum, connective tissue
developed on the frameworks without any mesh exposed (Fig. 3D).
Both of the developed scaffolds appeared to be waterproof and air-
tight and contained serous fluid. There was a statistically significant
difference in the thickness of developed connective tissue between
polypropylene frameworks uncoated and those with with porcine
atelocollagen (2.2 + 0.4 and 3.6 £ 0.7 mm, respectively, P <0.0001).
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Radiological findings of developing composite
scaffolds in the omentum on abdominal computed
tomography

Representative images are shown in Fig. 4. The polypropylene
framework in the omentum was recognized as containing fluid
that increased in volume over time (Fig. 4A-D). The polypropyi-
ene frameworks coated with porcine atelocollagen in the
omentum are shown in Fig. 4E-H, and the coating porcine atelo-
collagen on the framework is recognized as a layer of air mixed
with soft tissue density on the lumen on POD 0 (Fig. 4E, arrow).
This layer was replaced gradually with soft tissue density
(Fig. 4F-H).

Histological findings of the connective tissue
developed on the frameworks

In animal experiment 1, the number of capillary vessels in a
10-power field of view was 0 +0 in connective tissue of scaffolds
developed in the pouch of Douglas and 4.5 + 3.0 in the connective
tissue of ones developed in the omentum, with a statistically sig-
nificant difference (P=0.015).

In animal experiment 2, the number of capillary vessels in a
10-power field of view was 3.5%2.2 in the connective tissue of
scaffolds developed from polypropylene frameworks in the
omentum versus 5.0+2.7 in the connective tissue of scaffolds

developed from polypropylene frameworks coated with porcine
atelocollagen in the omentum, but the difference was not statistic-
ally significant (P=0.15).

The connective tissue developed on the polypropylene frame-
works in the omentum in animal experiment 1 showed almost the
same histological findings as that on the frameworks in the
omentum in animal experiment 2. Therefore, images from animal
experiment 2 are shown.

Shown in Fig. 5 are microscopic (original magnification x10)
examinations. In Fig. 5D and G, fibromuscular fibres developed
and surrounded the polypropylene mesh (M) with irregular capil-
lary vessels (arrows in magnified parts). All sections with MT stain-
ing suggested that the connective tissue was rich in collagenous
fibres (Fig. 5B, E and H), produced by fibroblasts, shown with
a-SMA staining (Fig. 5C, Fand I).

DISCUSSION

Non-circumferential (cartilaginous portion only) replacement of a
human airway with a prosthesis has already been successfully per-
formed after resection of a cartilaginous portion of cervical
trachea in 2002 [3], whereas a circumferential replacement of
human airway is more challenging and was first performed by
Macchiarini et al. in 2008 with a decellularized human tracheal
graft that was cellularized by in vitro tissue engineering [2].

An airway prosthesis comprises a scaffold that is biological,
synthetic or composite (biological and synthetic) and has tissue-
engineered epithelial cells on it. It is still controversial which type

Figure 5: Sections of connective tissue of a scaffold developed from a polypropylene framework in the pouch of Douglas in animal experiment 1: (A) H&E staining, ori-
ginal magnification x10; (B) MT staining, original magnification x10; and (C) -SMA staining, original magnification x10. Sections of connective tissue of a scaffold
developed from a polypropylene framework in the omentum in animal experiment 2: (D) H&E staining, x10; (E) MT staining, x10; and (F) a-SMA staining, x10.
Sections of a scaffold developed from a polypropylene framework coated with porcine atelocollagen in the omentum in animal experiment 2: (G) H&E staining, x10;
(H) MT staining, x10; and (1) e-SMA staining, x10). Fibromuscular fibres developed and surrounded the polypropylene mesh and spiral with irregular capillary vessels
(indicated by an arrow in the magnified fields of D and G). In addition, lymphocytes infiltrated the connective tissue of all sections, suggesting chronic inflammatory
processes. The connective tissue of all scaffolds demonstrated a-SM fibres or a-SMA (+) spindle cells with a connective tissue matrix (C, F, I).
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of scaffold and which type of engineering are most suitable for
developing an airway prosthesis. Regarding the scaffold, the
advantages of a biological one included its biocompatibility and
its excellent environment for cellularization by tissue engineering,
whereas a synthetic scaffold has the advantages of no dependency
on donors and easy handling. As for tissue engineering (prior to
grafting), in vitro or heterotropic, it is expensive and requires tech-
nology for cell culture and implantation, whereas in situ tissue en-
gineering (following grafting) has no cells on the scaffold at first
and, therefore, depends on the anastomosis as a sole source for
epithelial cellularization.

Airway stenosis near the anastomoses is one major problem
regarding an airway prosthesis in either humans [11] or a canine
model [6, 9, 10]. Macchiarini et al. experienced one (11.1%) with a
stenosis out of nine patients in the long-term follow-up [4], while
awaiting long-term (>1 year) follow-up of heterotropic tissue en-
gineering [7]. In a canine model, the long-term incidence of anas-
tomotic stenosis ranged from 25 to 38% without omental
transposition. To resolve anastomotic stenosis and incomplete
epithelialization, the omentum was previously applied in our
laboratory and by other groups to wrap the anastomosis of a
native airway and a prosthesis by taking advantage of its high vas-
culature [11-13]. The omental transposition procedure at airway
grafting lowered somewhat the incidence of an anastomotic sten-
osis [9], but did not resolve it completely [9, 10, 12].

The omentum is known to not only vascularize other tissues,
but also modulate inflammatory reactions, through which it pro-
duces connective tissue either in acute inflammatory reactions or
in the subacute wound healing process [14]. Our findings in
animal experiment 1 confirmed that the functions of the
omentum can be applied to developing a composite scaffold for
in situ tissue engineering, because vascularization in the scaffold is
a key to successful epithelial cellularization on the scaffold [15].
Owing to its rich vasculature, the omentum appears to be superior
to muscles, which are potential alternatives, in developing a com-
posite and vascularized tracheal scaffold.

In this preliminary study, an attempt was made to develop a
novel method for developing vascularized connective tissue on a
synthetic framework, which could provide an excellent environ-
ment as a composite scaffold for in situ tissue engineering follow-
ing grafting. In animal experiment 1, the control that was placed in
the pouch of Douglas showed no capillary vessels in the specimen
sections or an unreliable thickness (1.2 £ 0.4 mm) given that the
thickness of the polypropylene mesh was 0.8 mm. In Animal ex-
periment 2, porcine atelocollagen coating the polypropylene
framework failed to show an additional benefit in vascularizing
the polypropylene framework. Although the polypropylene frame-
work coated with porcine atelocollagen in the omentum did
develop thicker autologous connective tissue (3.6 +0.7 mm) on
the scaffold, the thickness appears more than required, given that
the thickness of a normal trachea is estimated to be 1-3 mm on
CT [16]. Moreover, too thick connective tissue might be a barrier
to neck movements. These findings suggest that porcine atelo-
collagen coating the polypropylene framework does not have
additional benefits in developing a composite and vascularized
scaffold.

The serial CT images on the polypropylene scaffold successfully
identified and followed up the process of developing autologous
connective tissue, which apparently plateaued between 14 and 21
days from placement. The radiological findings suggested that the
development process can be tracked to some degree but revealed
limitations in estimating the thickness.

The limitations of the study included use of canine models
as a substitute for human subjects. In addition, the omentum can
be unreliable in cases with a history of prior laparotomy and/or
an upper abdominal procedure. Prior to the second stage
(tracheal grafting), 3 weeks are required for connective tissue
development, which is not ideal for emergent or semiemergent
treatments.

Our results suggest that development of a composite tracheal
scaffold with vascularized autologous connective tissue is feasible.
We need to evaluate carefully the long-term outcomes of in situ
tissue engineering in further studies, but this composite tracheal
scaffold could be a reasonable alternative to our previous scaffolds
or to those developed by other groups. Our next report will focus
on long-term outcomes of in situ tissue engineering of the com-
posite scaffolds following grafting.

Conflict of interest: none declared.
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Abstract

Background: Medical devices are continuously- being improved in routine clinical practice. As necessary, new or |
additional clinical data for an investigational medical device is collected through clinical research and/or registered clinical |
investigations. We conducted a questionnaire survey to determine the current environment for clinical research with medical |
devices, particularly focusing on infrastructure and human resources in hospitals. !

Methods: The questionnaire for this study included 6 main topics: experience of clinical research, in-hospital manuals,
issues on clinical research, related regulations, and effectiveness of a guidance published by the Medical Engineering |
Technology Industrial Strategy Consortium. The questionnaire was mailed to all 10 core clinical research centers and 30
major clinical trial institutions at the time of survey in Japan.

Results: Eighteen hospitals (45%) provided responses. Relatively few clinical research activities with medical devices
had been conducted in each hospital, and two-thirds of respondents thought low number of clinical research activities was
problematic. A shortage of experts in medical devices was also raised as an important challenge. Most of the hospitals
had established in-hospital manuals for clinical research with medical devices; however, specific features required for the |
evaluation of medical devices might not be included in the manuals. Many hospitals had too few clinical research coordinators |
(CRCs) for support of clinical research with medical devices, but half of the hospitals could not afford to increase the number
of CRCs. !

Conclusion: Our study revealed that the current environment for clinical research with medical devices in hospitals has
been partly organized, but it was suggested that a shortage of experts, the complexity of the regulatory system, and a need |

for financial support are remaining issues.

Keywords: Medical device; Clinical research; Clinical trial;
Questionnaire survey; Clinical research coordinator

Introduction

Medical devices play key roles in diagnosis and treatment of diseases
in modern healthcare. Unlike drugs, medical devices are continuously
improved in routine clinical practice during the development and
post-marketing phases to meet the needs of medical staff and patients.
However, not all of advanced medical devices used in other countries
are available in Japan [1]. Correction of this problem requires
establishment of regulations related to development of medical devices
and development or improvement of human resources, infrastructure
and funding for clinical research and registered clinical investigations
with medical devices. In this paper, clinical research is defined in a
limited sense as research activities not including registered clinical
investigations with Good Clinical Practice (GCP) for a marketing
approval application.

During the development process, investigational medical devices are
firstly evaluated based on clinical evidence including clinical data such
as literature data and/or clinical experience. In response to the needs
of new or additional clinical data, clinical research and/or registered
clinical investigations are conducted. In particular, an innovative and/
or invasive medical device for which clinical data are required for a
marketing approval application under the Pharmaceutical Affairs Law
(PAL) is evaluated in registered clinical investigations in accordance
with the Ministry of Health, Labour and Welfare (MHLW )’s Ministerial
Ordinance on GCP for Medical Device. Such clinical investigations are
mostly sponsored by medical device companies. Once the safety and
effectiveness of a medical device have been evaluated and ensured by the
Pharmaceuticals and Medical Devices Agency, the regulatory authority
in Japan, and subsequently approved by the MHLW, the medical device
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becomes accessible to medical staff and patients across the country.
In contrast, clinical research with medical devices are predominantly
initiated by clinicians in hospitals and generally conducted under
permission of each hospital, in accordance with the Ethical Guideline
for Clinical Research [2]. Clinical research assures timely evaluations
of prototypes of medical devices with novel or altered technologies and
with improved usability and/or performance.

In Japan, clinical research and registered clinical investigations
are regulated separately and the system is complicated. Clinical
investigations are regulated more clearly than clinical research and
must be conducted in accordance with the PAL and GCP. Unapproved
medical devices are regulated by the PAL, and therefore there was a
concern that the supply of unapproved medical devices for clinical
research conducted in hospitals constitutes a breach of the PAL. This
background caused problems when companies make decisions on
supplying medical devices to be tested in clinical research.

Recently, the MHLW released two notices regarding clinical
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resecarch with unapproved medical devices [3,4]. These notices
indicated that supply of unapproved medical devices for clinical
research is exempted from the PAL. To clarify these notices, the Medical
Engineering Technology Industrial Strategy Consortium (METIS)
published a document entitled “Guidance on clinical research with
unapproved medical devices” [5] to streamline the process of clinical
research with medical devices. This guidance includes information on
the overall picture of clinical research, overviews of related regulations,
classification of medical devices, practical considerations at cach stage
of clinical research, checklists for protocol and informed consent form,
and relevant templates for documents such as a collaborative research
agreement.

This guidance further defined the regulatory requirements for
clinical research with medical devices that are not regulated by the
PAL or GCP; however, the current environment for conducting such
clinical research in hospitals remains unclear. In Japan, individual
hospitals are relatively small and are scattered nationwide, and this
situation presents a barrier to efficient development of medical
devices and drugs. Therefore, we conducted a questionnaire survey to
determine the current environment for clinical research with medical
devices, particularly focusing on infrastructure and human resources
in hospitals, and to identify issues related to the conduct of clinical
research from a hospital perspective.

Materials and Methods

A questionnaire for this study was developed to examine the
current environment for clinical research with medical devices in
hospitals. The questionnaire included 6 main topics: experience of
clinical research, in-hospital manuals, issues on clinical research, roles
and sufficiency of support staff, related regulations, and effectiveness
of the METIS guidance. The support staff refers to as Clinical Research
Coordinators (CRCs) who support clinical research and/or registered
clinical investigations. Most of the questions were multiple-choice for
the purpose of reducing the time and effort of the respondents, but free
descriptions were also obtained as necessary (Table 1).

The survey was conducted between 23 March and 25 April 2012.
The questionnaire was mailed to directors of support offices for clinical
investigation& at all 10 core Clinical Research Centers (CCRCs) and
30 Major Clinical Trial Institutions (MCTIs) at the time of survey in
Japan. The MHLW has designated these hospitals for financial support
for human resources and infrastructure for smooth and efficient
conduct of clinical research and registered clinical investigations [6].
It is particularly important to understand the current status of clinical
research with medical devices in these hospitals since they have key
roles in development of medical devices and drugs. Data were compiled
using Microsoft Office Excel 2010.

Results

Eighteen hospitals (45%) responded to our questionnaire, but
some respondents did not answer all of the questions. The reported
experience of clinical research with approved or unapproved medical
devices in each hospital are shown in Table 2. Relatively few clinical
research activities with medical devices had been conducted in the last
2 years. The median number of clinical research activities with medical
devices was 5 per hospital when calculated with experience in 12
hospitals where had reported experience of at least one clinical research
activity with medical devices, with considerable variation among the
hospitals (range, 1-22 per hospital).

The results from the questions on preparation of in-hospital
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manuals for clinical research and registered clinical investigations
with medical devices are shown in Table 3. Thirteen hospitals had
established manuals for clinical research with medical devices, and 3
of these hospitals had manuals for clinical research in compliance with
GCP. Manuals for clinical research with medical devices were the same
as those used for drugs in 15 hospitals, and only 6 of these hospitals

- have manuals that cover clinical research with both approved and

unapproved medical devices. Similarly, manuals for registered clinical
investigations with medical devices were the same as those used for
drugs in most hospitals.

There were several general issues on conduct of clinical research
with medical devices (Figure 1). In particular, two-thirds of respondents
thought that the much lower number of clinical research activities with
medical devices compared to those with drugs was problematic. In this
context, 4 respondents suggested that there was a shortage of experts in
this field and/or indicated a lack of applicability of experience in clinical
research with drugs due to methodological differences. There was an
opinion that the low number of clinical research activities is one of the
reasons why they could not hire staff specialized in medical device. Five
respondents felt that separate management of investigational medical
devices for clinical research and medical devices for routine practice
was complicated. One of respondents’ requests for medical device
companies is more proactive technical support, for example, assistance
on how to manage investigational medical devices.

The roles of CRCs were mainly to support registered clinical
investigations in more than a half of the hospitals (Table 4). The
median number of CRCs in each hospital was 7 (range, 2-18). Seven
hospitals assigned a median of 2 CRCs (range, 1-5) as staff specialized
in clinical research and registered clinical investigations with medical
devices. Most respondents thought that more CRCs were needed in
their hospitals, but half of the hospitals could not afford to increase
the number of CRCs. These results suggest a common trend of an
insufficient number of CRCs in the hospitals, particularly for support
of clinical research with medical devices.

The notification on supply of unapproved medical devices issued by
MHLW was highly recognized (16/18, 89%). Out of those who answered
that they know the notification, 10 respondents agreed that clinical
research will be more activated by the notification. To the question
whether regulations should be eased so that unapproved medical
devices can be provided to researchers at the request of companies, the
respondents were almost equally divided between those who agreed
and disagreed. In addition, out of 6 respondents disagreed that clinical
research will be more activated by the notification, 4 respondents agreed
to the aforementioned question whether regulations should be eased.

The METIS guidance was highly appreciated. The respondents
thought the guidance was useful for physicians, dentists, CRCs and
administrative officers associated with clinical research, including staff
in charge of ethical review. The followings were listed as especially useful
among the contents of the guidance: procedures for clinical research
with medical devices, a template for a collaborative research agreement,
classification of medical devices, and methods for management of
investigational medical devices. In particular, the visual summaries
shown as flowcharts and tables, including the overall picture of clinical
research and the classification of medical devices, were highly praised.
Some additions to the current guidance were proposed, including a
template for a study protocol and methods for dealing with malfunctions
of investigational medical devices.
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Topic' Question [Question type]

Which and how much experience does your hospital have related to
clinical research with medical devices, excluding experience related
to registered clinical investigation? [Filling in numbers of all applicable

Experience of clinical
research
experience within the last 2 years]

Response options
»  Experience with approved medical devices within the
approved indications
- Experience with approved medical devices under off-label
use
- Experience with unapproved medical devices
- No experience

'In-hospital manuals Have manuals for clinical research been established? [Single answer] -« Yes/No
If no, are manuals for clinical research in preparation? [Single answer] ' «  Yes/No
Are the manuals for clinic;al research with medical devices the same as . Yes/No
those used for drugs? [Single answer]
Are the manuals for registered clinical investigations with medical devices . Yes/No

the same as those used for drugs? [Single answer]

Issues on clinical

research devices? [Multiple answers allowed]

Which issue do you face when conducting clinical research with medical

»  Lack of applicability of experience in clinical research with
drugs.

. Shortage or none of experts in medical devices in the
hospital.

- More difficult to recruit participants compared to clinical
research with drugs.

. Separate management of investigational medical devices
for clinical research and medical devices for routine
practice is complicated.

- Much lower number of clinical research activities with
medical devices compared to those with drugs.

. Insufficient support from medical device companies.

If any comments on cooperation from medical device companies, please

‘specify, [Open-ended]
If any other issues, please specify. [Open-ended]

‘Roles and sufficiency

What are CRCs in your hospital involved in? [Single answer]

. Only registered clinical investigations
- Mainly registered clinical investigations

of support staff . Both at about the same level
Do you think the number of CRCs in your hospital is sufficient? [Single . Yes/No
answer]
Does your hospital plan to increase the number of CRCs? [Single answer] . Yes/No

Do you agree that clinical research will be more active thanks to the

Related regulations
20107 [Single answer]

notification “Application of Pharmaceutical Affairs Law to supply of
unapproved medical devices used in clinical research” issued on March

« Agree/ Disagree / Do not know the notification

Do you agree that regulations should be eased so that uhapproved'

medical devices can be provided to researchers at the request of .

companies? [Single answer]

Effectiveness of the  What kinds of professional are likely to find the METIS guidance useful?

Agree / Disagree

« Medical doctor‘l Dentist / Nurse / Pharmacist / Other
paramedics / CRC / Officer of clinical research center /
Member of ethical committee

« Classification of medical devices

. Differences in regulatory systems between non-registered
clinical research and registered clinical investigations

« Procedures for clinical research with unapproved medical

devices

Preparation of protocol and informed consent form

- Templates of contracts

» Management of investigational medical devices

. Protection of participants in clinical research

« Interruption, canceliation, and termination of clinical
research

» Check-ists for protocol and informed consent form

METIS guidance  [Multiple answers allowed)
If other, please specify. [Open-ended]
Which part of the METIS guidance is considered to be useful? [Multiple : -
answers allowed] :
If other, please specify. [Open-ended]
Table 1: Contents of Questionnaire.
Discussion

Medical devices are continuously being improved in routine
clinical practice. As necessary, new or additional clinical data for an
investigational medical device is collected through clinical research
and/or registered clinical investigations. To our knowledge, this report
is the first survey of the environment for clinical research with medical
devices in hospitals in Japan.
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In-hospital manuals for clinical research with medical devices
were established or in preparation at the time of the study; however,
two major issues with these manuals were identified that might affect
the quality of clinical research. The first is that some hospitals prepared
the manuals in compliance with GCP. Clinical research with medical
devices is not necessarily conducted in compliance with GCP under
the current regulatory system, and the conduct of clinical research
with such high level of quality is an overreach and a waste of time,
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W’th approved medical dewces k 12 (57%)
Wthm the approved mdlcaﬂons 1 (61%)

' Under off- label use 9 ‘(50‘%)

No reply 5 (28%)
Wth unappfdved med;cal devices 9 (SO%)
None or unknown 5 (28%)
No reply 4 (22%)

Table 2: Experience with c||n|cal research with medlcal devices in each hospital
(N=18).

(i) Lower number of clinical

(o)
research activities 112 (67%)

(i) Complicated management of jmesscs
investigational medical devices [FEEEE 5 (28%)

(iii) Shortage of experts [0 4 (22%)

(iv) Lack of applicability of experience

in clinical research with drugs 4 (22%)

(v) Insufficient support from companies [ 1 (6%)

(vi) Difficulty in recruiting patients Bl 1 (%)

Multiple answers allowed

Figure 1: Issues on clinical research with medical devices.

(i) Much lower number of clinical research activities with medical devices
compared to those with drugs.

(i) Separate management of investigational medical devices for clinical
research and medical devices for routine practice is complicated.

(iii) Shortage or none of experts in medical devices in the hospital.

(iv) Lack of applicability of experience in clinical research with drugs.

(v) Insufficient support from medical device companies.

(vi) More difficult to recruit participants compared to clinical research with
drugs.

,,,,, Yes  No  Noreply
A o B ) n (%) n (%)
Have manuals for clinical research been o, o 3 o
estabhshed? 13 (?2 %) '4 (22%) ) 1 (’6 %)
Are the manuals for clinical research with
medical devices the same as those used 15 (83%) 1 (6%) 2 (11%)
for drugs?
Are the manuals for registered clinical
investigations with medical devices the 13 (72%) 4 (22%) 1(6%)

same as those used for drugs?

a: All the 4 hospitals had not estabhshed manuals for clinical research, but had
been preparing at the time of the survey

Table 3: Manuals for clinical research and registered clinical investigations with
medical devices (N=18).

money and effort of researchers and companies. The complexity of
regulatory systems might underlie this problem. Different regulatory
systems are applied separately to clinical research and registered clinical
investigations [7,8]. A possible solution may be to unify the two systems
for one system like investigational device exemption in the United
States.

The second issue is that the manuals for clinical research, as well as

registered clinical investigations, with medical devices were the same
as those used for drugs in most of the hospitals (Table 3). This implies
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that specific features required for the evaluation of medical devices are
not included in the manuals. The respondents indicated substantial
differences in procedures in clinical investigations and clinical research
with drugs and medical devices, and experience in clinical research
with drugs cannot alivays be applied to medical devices (Figure 1). This
issue may arise from insufficient experience with clinical research and
clinical investigations with medical devices; thus, specific procedural
descriptions might not be included in the in-hospital manuals.

Relatively few clinical research activities with medical devices had
been conducted in each hospital. Therefore, the experience and findings
from clinical research with medical devices should be shared among
hospitals and medical device companies to improve development
of medical devices to the extent possible. The METIS guidance will
be updated based on the needs of medical staff and medical device
companies and on changes in the environment for medical device
development. The updated guidance is expected to include some case
studies and more specific procedural advice, which should partly
complement the knowledge and experience in hospitals and companies.

A shortage of experts in medical devices was raised as an important
challenge (Figure 1). In Japan, the delay of clinical research and clinical
investigations with drugs and medical devices following basic research
is often pointed out [9]. In particular, the characteristics of medical
devices vary widely and multidisciplinary knowledge is needed in
medical device development. A recent comparison of undergraduate
and graduate education at universities in Japan and the United States
for development of human resources for promotion of development
and application of medical devices led to several proposals [10]. These
included continuous funding for the centers of excellence in research
and education as necessary, quality control of educational programs,
accreditation for educational programs, and strengthening of regulatory
science education. Such education can also enhance the effectiveness of
on-the-job training and achieve flexible application of knowledge.

There are several limitations that affect the validity of the study.
We sent the questionnaire to all CCRCs and MCTIs designated by the
MHLW at the time of the survey, but the response rate was only 45% and
some respondents did not answer all of the questions. An unbalanced
distribution of non-respondents and respondents limits the internal
validity of the study. Generalizability of the study may also be limited
because CCRCs and MCTTIs are highly organized compared to most
hospitals in Japan. Further studies need to include smaller hospitals
because innovation in medical devices can occur anywhere. In addition
to the issues raised by the present study, other challenges may exist in
medical device development in Japan, as discussed in the United States
[11]. Issues and challenges will vary with changes in the regulatory
system and accumulation of experience in medical device development

n (%)
What are CRCs in your hospital mvolved in? ‘ ‘

- only registered clinical mvestlga‘uons 2 (11%)

;erzzglrlghregustered clinical investigations, but also clinical k 1 1 (61%)

- both ‘registeredk clinical im)éétigations and clinical research at N

about the same level 4(22%)

No reply T 1(6%)

Do you think the number of CRCs i in your hospltal is suff clent’)

- sufficient 2 (1 1:%')
|nsuff c:ent but plans to increase - 8(44%)
msufﬂcxent and no plan to increase - 7(39%)

) No reply N ‘ I (6%) ‘

Table 4: Roles and suff!mency of c!mlcal research coordmators (CRCs) (N=18).
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in hospitals and companies, and these should be identified and resolved
on an ongoing basis.

In conclusion, our study revealed that the current environment
for clinical research with medical devices in hospitals has been partly
organized, but it was suggested that a shortage of experts, the complexity
of the regulatory system, and a need for financial support are remaining
issues. Measures to meet these challenges should be taken to create a
positive cycle of medical device development.
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