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Abstract: Because currently available peritoneal dialysis
catheters are not sufficiently biocompatible with the skin
and subcutaneous tissue at the site of penetration, exit-site
infection due to pericatheter pocket formation caused by
epidermal downgrowth over a long period of time has
increasingly become a problem. We developed a new, bio-
compatible, segmented polyurethane porous material and
devised a novel skin-penetrating pad, the form and mate-
tial of which we optimized for application in peritoneal
dialysis catheters, For the extent of tissue ingrowth into this
porous material to be examined, test materials with differ-
ent pore diameters were inserted into hollow silicone tubes
and implanted in the subcutaneous tissue of a goat. Four
weeks later, the tubes were extracted, and, after the extent
of granulation tissue ingrowth was measured, histopatho-
logical evaluation was made. Our novel skin-penetrating
pad has three disklike layers of the segmented polyure-
thane material with different pore sizes, into the center of
which a polyurethane catheter is inserted. These pads
were implanted in the skin of a goat and clinically observed
over a 2-year period, after which they were extracted
and histopathologically analyzed. In accordance with
actual clinical procedures, a commercial CAPD catheter
equipped with our skin-penetrating pad was left indwelling
in a goat for 4 months, and the performance of the pad was
evaluated after repeated periodic infusion and drainage of
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the dialysate in and out of the abdominal cavity. There
was no inflammation of the ingrown tissue in the pores
of the segmented polyurethane material as well as the
surrounding tissue, which indicated favorable tissue
biocompatibility. The extent of tissue ingrowth was greater
as the pore size of the material was larger, and the tissue
tended to be mature, mainly consisting of collagenous
fibers. The skin-penetrating pad using the porous material,
of which tissue ingrowth was thus optimized, tightly
adhered to the goat skin throughout the 2-year experi-
mental period without any special wound care such as
cleansing or disinfection. The performance of the skin-
penetrating pad was similarly favorable when attached to
a commercial continuous ambulatory peritoneal dialysis
catheter. The newly developed segmented polyurethane
porous material had excellent tissue biocompatibility
and tissue ingrowth. The skin-penetrating pad devised by
using this porous material did not cause epidermal down-
growth, suggesting that it may be effective for the preven-
tion of exit-site infection. Key Words: Skin-penetrating
pad—Continuous ambulatory peritoneal dialysis—Exit-
site infection.

In continuous ambulatory peritoneal dialysis
(CAPD), which is an effective therapeutic procedure
for chronic renal failure and end-stage renal disease,
the prevention of catheter exit-site infection is one
of the most important challenges in conducting
long-term treatment safely (1). The main source of
this infection is the dead space that is formed by
epidermal invagination along the catheter (epidermal
downgrowth) at the site of skin penetration (2), and
bacterial proliferation and bleeding in these pockets
are considered to exacerbate infection during CAPD
(3). For this exit-site infection to be prevented, the
periodic topical application of antibiotics on the skin
is considered effective, but, despite increasing treat-
ment periods, measures against drug-resistant bacte-
ria have yet to be established (4,5). Moreover, for the
CAPD catheter to be firmly attached to the surround-
ing living tissue, devices such as an alumina ceramic
percutaneous terminal, titanium fiber mesh skin-
penetrating device, expanded polytetrafluoroethyl-
ene skin-penetrating device, and solid polyurethane
catheter covering material have been developed, and
attempts have been made to apply them to catheters,
but none have been put to practical use (6-9).

In this study, in order to prevent exit-site infec-
tion, we developed a segmented polyurethane
porous material that is flexible and biocompatible
and can be subjected to long-term indwelling, and
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investigated its optimal properties, pore size, and
tissue ingrowth so that the catheter can tightly
adhere to the surrounding tissue during actual use.
Furthermore, we created a novel skin-penetrating
pad by devising a unique form to prevent epidermal
downgrowth and to inhibit damage of the surround-
ing tissue by external pressure to the catheter and
optimized its form and material for application in
CAPD catheters.

MATERIALS AND METHODS

Development of a new, segmented polyurethane
porous material :

We newly developed a segmented polyurethane
porous material using Miractran (E980, Nippon
Miractran, Kanagawa, Japan), a polycarbonate
segmented polyurethane resin. This material, whose
pore diameter can be freely adjusted within the
range of approximately 100-1000 um, had a three-
dimensional reticulated microstructure consisting
of a relatively thick framework, with many micro-
pores .of approximately 10-50 um in pore diameter
within the framework (Fig. 1). This porous material
does not produce a dense surface layer due to a new
manufacturing process and can be formed into
various shapes with a curved surface, as the removal
of dense layers by slicing is not necessary (Fig. 2). In
this study, we prepared test materials with different
pore sizes and evaluated the changes in their prop-
erties. For the measurement of pore size and its
distribution, images were taken and examined by
using a scanning electron microscope (SM200,
Topcon Technohouse Corporation, Tokyo, Japan)

micropores

framework R —
58x 208rm D100

FIG. 1. Scanning electronmicrograph photograph of the new
porous material. The segmented polyurethane porous material
has a three-dimensional reticulated microstructure consisting of a
relatively thick framework with many micropores of approximately
10-50 mm in pore diameter within the framework.

Artif Organs, Vol. 33, No. 12, 2009

FIG. 2. Photograph of the tube-shaped porous material. Our
material can be formed into complicated shapes while maintain-
ing its continuous porous microstructure.

and a microscope (VH-6300, Keyence Corporation,
Osaka, Japan). The pores on the same surface of the
images were manually extracted and uploaded again
onto our computer, and the pore size and its distri-
bution were measured by using an image processing
system (LUZEX AP, Nireco Corporation, Tokyo,
Japan). Test materials with mean pore diameters
of 490, 290, and 41 um were prepared (n=3), and
the tensile testing was conducted at load cell of
50 N, dumbbell-shape DIM 3 type, tensile rate of
100 mm/min, gauge length of 10 mm, and chuck dis-
tance of 30mm by using a precision universal
tensile testing machine (Autograph AG-1, Shi-
madzu, Kyoto, Japan).

Biocompatibility of the newly developed
porous material

For the changes in the extent of tissue ingrowth
according to the pore size of this material to be
studied, cylindrically shaped test materials with pore
diameters of 500, 300, 150, and 50 um inserted in
open-ended silicone tubes (length: 3 cm, inner diam-
eter: 3 mm, n=>5) were prepared (Fig. 3). These test
materials were surgically implanted in the subcutane-
ous tissue on the back of an adult female goat weigh-
ing 60 kg under general anesthesia with isoflurane.
Four weeks later, the goat was euthanized, and the
test materials were. extracted along with the sur-
rounding tissue and fixed in 10% neutral buffered
formalin. The extracted materials were sliced longi-
tudinally to prepare thin sections, which were exam-
ined by using a light microscope after Azan staining.
The extent of granulation tissue ingrowth in the tube
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new porous material

L 1 FIG. 3. ZEBdt'qg;r‘ébh of the test material.

from the open end was measured, and its histopatho-
logical findings were investigated.

Development of a novel CAPD catheter
skin-penetrating pad and cuff using the newly
developed porous material = o

Our novel skin-penétrating pad has three disklike
layers of the segmented polyurethane material, which
is surgically implanted at the site of catheter
penetration. The lowest. flange-shaped layer of this
pad consisting of large pore size material due to its
favorable tissue ingrowth was designed to adhere to
the subcutaneous tissue without inhibiting blood
flow to the epidermis. The middle layer consisting
of slightly smaller pore size material was intended to
adhere to the epidermis and prevent downgrowth.
The topmost layer made of nonporous material was
designed to separate the catheter, which is subject to
contamination, from the outer edge of the flange part
that adheres to the skin as well as protect the wound

o @ o

new porous material cuff

commercial CAPD
connecting tube

titanium extender

polyester cuff

new skinmpenetrating pad

FIG. 5. Photograph of the skin-penetrating pad and porous
material cuff connected to a CAPD catheter by using a titanium
extender.

by absorbing the external pressure to the catheter
(Fig. 4). Thanks to this structure, this device was
thought to very firmly adhere to the skin, highly pre-
venting infection. In order to study the biocompat-
ibility of this pad and its effects on exit-site infection,
we created prototypes of the skin-penetrating pad
and surgically implanted them on the back skin of an
adult goat that was kept under observation over a
2-year period. No wound care such as disinfection
and draping was conducted except for the acute
phase immediately after surgery. In addition, the
skin-penetrating pad and porous material cuff were
connected to a commercial CAPD catheter by using
a titanium extender (Fig.5), which was surgically
placed long term into the abdominal cavity and sub-
cutaneously tunneled and exteriorized. The goat

Catheter

tissue

O The topmost layer made of non-porous material

@ The middle layer skin adhesion part made of smaller
pore size material

@ The lowest flange-shaped layer made of larger pore size
material optimized for favorable Hissueingrowth

FIG. 4. (a) Photograph of the new skin-penetrating pad. (b) lllustration of the new skin-penetrating pad implanted in the skin.
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actually underwent peritoneal dialysis (once a week,
2000 mL peritoneal dialysate) and was kept under
observation for 120 days. After both experiments, the
catheter was extracted, and pathological analysis was
carried out. As the control, a polyester cuff was used,
and the difference with our porous material was also
studied. These experiments were conducted based on
the Animal Experiment Guidelines of the National
Cardiovascular Center under the approval of its
Animal Experiment Committee.

RESULTS

Development of a new, segmented polyurethane
porous material
The results of the tensile test showed that, upon
rupture, the test material with an average pore diam-
eter of 490 um had a mean stress of 0.13 N/mm? and
a mean elongation rate of 167% (86.93%); that, with
an average pore diameter of 290 um, had a mean
stress of 0.52 N/mm? and mean elongation rate of
215% (822.03%); and that, with an average pore
- diameter of 41 pm, had a mean stress of 0.92 N/mm?
and mean elongation rate of 219% (819.05%)
(Fig. 6).

Biocompatibility of the newly developed
porous material

Histological examination of the test tubes
implanted to evaluate the extent of tissue ingrowth
after 1 month showed granulation tissue ingrowth
from both ends of the cylindrically shaped porous
material, making separation of the material and
living tissue extremely difficult. The length of granu-
lation tissue ingrowth in the test tube was 4.0 = 0.7,
5409, 6606, and 72 £12cm for the test
materials with average pore diameters of 50, 150, 300,
and 500 pm, respectively (n=5), and, for the materi-
als with pore diameters of 50-300 pum, the larger

Artif Organs, Vol. 33, No. 12, 2009
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the pore size, the greater was the extent of tissue
ingrowth. For the materials with pore diameters of
300 um and more, the length of tissue ingrowth
formed a plateau at approximately 7.0 cm (Fig. 7).
Histopathologically, the materials with large pore
diameters (300-500 pm) had favorable mature adhe-
sive tissue ingrowth mainly consisting of collagenous
fibrous tissue, and tissue vascularization at the same
site was also frequently observed. In addition, there
was no infection or necrosis of the ingrown tissue in
all of the groups.

Development of a CAPD catheter skin-penetrating
pad and cuff using the newly developed porous
material

Throughout the 2-year experimental period, there
was no indication of infection such as reddening,
swelling, or purulent discharge of the skin around the
device or any spontaneous desquamation as a reac-
tion to rejection of foreign material, and the pads
tightly adhered to the skin. Every day, the catheter
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FIG. 7. The extent of tissue ingrowth increased in proportion to
material pore size.
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FIG. 8. F;hdtbgrap'ﬁ 6f the implanted skin-penetrating pad. There
was no infection or rejection of foreign material, and the pads
tightly adhered to the skin. There was also no damage to the pad
itself.

part was strongly pulled in various directions, but
there was no subcutaneous disturbance of the flange
part or damage to the pad itself (Fig. 8). When the
extracted specimen was observed from the side of the
subcutaneous tissue, the flange part was abundantly
covered with vascularized tissue. There were no other
findings such as abscesses under the skin. When the
specimen was sliced along the catheter, no pocket
formation due to epidermal downgrowth at the outer
edge of the topmost layer was seen. The lowest layer
was integrated with the surrounding tissue by abun-
dant tissue ingrowth and could not be separated
(Fig. 9). In the dialysis experiment using the CAPD
catheter equipped with the skin-penetrating pad and
cuff, the dialysate could be infused and drained
without problem, and there was no damage such as
detachment of the device from the skin despite
considerable external pressure load to the catheter
during infusion and drainage. Histological analysis
showed that the ingrown granulation tissue between
the fibers of the polyester cuff was mainly immature

Catheter parts

Topmost layer

Middle layer

Lowest layter integrated with
the surrounding tissue

granulation tissue mostly consisting of fibroblastic
cells, but the ingrown granulation tissue in the porous
material cuff was mainly mature collagenous fibrous
tissue (Fig. 10).

DISCUSSION

As our basic approach toward the development
of the new skin-penetrating pad, the following three
points were taken into consideration: (i) selecting a
polymeric material that has favorable biocompatibil-
ity and superior long-term mechanical and chemical
durability; (ii) developing a material that has a con-
tinuous porous microstructure that can tightly adhere
to the subcutaneous tissue; and (iii) designing a mac-
rostructure that can disperse the repeated external
pressure from the catheter and prevent epidermal
downgrowth.

We selected Miractran, which is a polycarbonate
segmented polyurethane resin, as the polymeric
material. This material is used in undulating artificial
heart diaphragms and has superior mechanical dura-
bility and flexibility. As it is also hypoallergenic, we
decided that it was appropriate to use as the material
for our skin-penetrating pad. From this, we succeeded
in producing a new porous material that fitted our
purposes using a newly developed manufacturing
process (patent pending), enabling the pore diameter
and pore rate to be adjusted. As for the macrostruc-
ture, we devised a three-layer structure, with each
layer consisting of the material featuring different
characteristics, efficiently dispersing the external
pressure from the catheter and preventing epidermal
downgrowth.

The newly developed porous material firmly
adhered to the surrounding tissue when implanted
and maintained flexibility with little burden on the
surrounding tissue as well as having enough strength
against external force, even though it had a pore size

FIG. 9. Photograph of the specimen
sliced along the catheter. No pocket for-
mation due to epidermal downgrowth at
the outer edge of the topmost layer was
seen. The lowest layer was integrated with
the surrounding tissue-by abundant tissue
ingrowth and could not be separated.
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