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FENESTRATED DECOUPLING SYSTEM FOR INTERNAL SELECTIVE
ATTACHMENT TO SOFT TISSUE ORGANS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Utility Application No.
14/718,175, filed on May 21, 2015 and claims the benefit of U.S. Provisional
Application No. 62/001,380, filed on May 21, 2014. The entire disclosure of

the above application is incorporated herein by reference.

GOVERNMENT INTEREST
[0002] This invention was made with government support under
FD-R-003787 awarded by the Food and Drug Administration. The government

has certain rights in the invention.

FIELD
[0003] The present disclosure relates to device attachments to
tubular members and, more particularly, relates to an expandable fenestrated
decoupling system for internal selective attachment to hollow members, such

as soft tissue organs.

BACKGROUND AND SUMMARY

[0004] This section provides background information related to the
present disclosure which is not necessarily prior art. This section also
provides a general summary of the disclosure, and is not a comprehensive
disclosure of its full scope or all of its features.

[0005] Short bowel syndrome (SBS) is an often lethal medical
condition characterized by the malabsorptive state of a patient who was born
with intestinal atresia or has undergone massive small bowel resection to treat
intestinal pathologies. The condition is challenging to manage and treat
because of complications associated with parenteral nutrition, surgical bowel
restructuring techniques, and transplants. As a result, mortality rates
associated with SBS are as high as 38%. To provide an alternative to long-
term parenteral nutrition reliance and surgical bowel lengthening, the present
teachings provide a novel treatment device and method for short bowel
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syndrome based on mechanotransduction enterogenesis—the growth of
tissue via application of a tensile load.

[0006] As one can appreciate, tissue-to-tissue and tissue-to-device
attachment methods and devices are of great importance to a broad range of
surgical applications including tissue approximation, wound closure,
anastomoses, joint repair and replacement, osteo-distraction, long-gap
esophageal repair, the prevention of stent migration, and the like. With
respect to the tension-induced correction of short bowel syndrome (SBS), the
ability to reliably and safely transfer load from an extending mechanism to the
bowel wall is critical for success.

[0007] While the mechanotransduction approach to treating SBS is
promising, the safe transfer of load from the extending mechanism to the
bowel wall heretofore has remained a challenge. In prior research studies on
mechanotransduction enterogenesis, two primary attachment mechanisms
have been employed: 1) end abutting attachments—where a device is placed
within an isolated segment of bowel whereby the ends of the bowel are sealed
off to permit an internal device to press against the closed ends, thereby
applying a tensile load—and 2) suture attachments—where sutures are used
to surgically couple the device to the bowel wall. Although these attachment
methods were suitable for research, they are not always reliable and may lead
to other significant disadvantages that limit their use in clinical applications.

[0008] In order to realize the benefits of load-induced treatment in a
clinical setting, there is a need for a tissue attachment device and method that
attaches more reliably and safely. Ideally, a workable tissue attachment
device and method would be able to achieve the following objectives:

e transfer load from the extending device to the bowel wall without tissue
slipping;

e move freely through the bowel without inadvertently attaching to the
bowel wall during implantation, removal, and other purposeful
repositioning;

e not cause ischemia (reduction of blood flood) on attached tissue, which
may lead to compromised tissue;
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e not cause or require microscopic or macroscopic tearing, perforation,
and/or other mechanical damage to tissue;

e enable minimally invasive surgical procedures; and

e minimize the surgical manipulation of remnant small bowel.

[0009]  Unfortunately, the end abutment and suture-based
attachment methods described above do not meet many of these objectives,
thereby limiting their clinical applicability.

[0010] According to the principles of the present teachings, an
attachment system for attaching to an interior surface of a hollow member in
both medical and non-medical applications is provided.

[0011] Although the present teachings will be described in
connection with medical applications, and particularly in connection with the
mechanical lengthening of soft tissue organs (e.g. bowels), it should also be
understood that the principles of the present teachings may find utility in a
wide variety of non-medical applications as will be discussed herein.

[0012] In some embodiments of the present teachings, an
attachment system is provided for selectively attaching to an interior surface
of a hollow member, which includes an expanding device selectively
enlargeable from a first size to an enlarged second size, a friction
enhancement disposed about the expanding device that is engageable with
the interior surface of the hollow member when the expanding device is in the
enlarged position, and a fenestrated decoupling system extending between at
least a portion of the friction enhancement of the expanding device and the
interior surface of the hollow member. The fenestrated decoupling system
generally prevents contact of the friction enhancement with the interior
surface of the hollow member when the expanding device is in the first size
position and permits contact of the friction enhancement with the interior
surface of the hollow member when the expanding device is in the enlarged
position.

[0013] In some embodiments, the present teachings enable
selective attachment of an elongation system to the inside of a generally
tubular member, such as a soft tissue organ, which can be selectively
attached and detached to permit application of longitudinal tensile loads while
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attached and permit slipping while detached. Conventional attachment
systems are often permanent, instill injury to the soft tissue organ, and/or
cannot apply significant longitudinal forces to facilitate tissue growth.

[0014] The present teachings were developed specifically to apply
tensile loads and induce tissue growth in the small intestine, but are equally
applicable to many other medical applications, including, but not limited to,
esophageal growth, endovascular techniques, large intestine growth, blood
vessels growth, other hollow organs growth, or endoscopy-type applications
(where the application of traction is beneficial). The principles of the present
teachings may also be applied to non-medical applications where attachment
to and/or movement within tubular structures or irregularly shaped structures
is desired. In each of these applications, the present teachings provide
selective attachment and detachment capability.

[0015] While textured balloons have been used in the past for
various endoscopic devices to hold a device in place within the intestines, the
texture was necessarily limited to allow sliding of the device while the balloon
was deflated. The innovation of the fenestrated decoupling system of the
present teachings to selectively disengage the textured expanding device
(e.g. balloon) enable a much deeper texture (i.e. increased frictional
engagement) capable of applying much larger traction forces to the tissue.
Without the fenestrated decoupling system of the present covering, the less
deep mesh cannot provide sufficient traction against the soft tissue. The
present teachings thus enable bowel or other organ extension/growth type
uses and can greatly improve the capabilities of endoscopic devices to hold
their positions, but still be easily moved and inserted when desired.

[0016] Further areas of applicability will become apparent from the
description provided herein. The description and specific examples in this
summary are intended for purposes of illustration only and are not intended to
limit the scope of the present disclosure.

DRAWINGS
[0017] The drawings described herein are for illustrative purposes
only of selected embodiments and not all possible implementations, and are
not intended to limit the scope of the present disclosure.
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[0018] FIGS. 1A-1G are photographs illustrating a series of dilation
prototypes;

[0019] FIGS. 2A-2B are side views illustrating the fenestrated
decoupling device according to the present teachings in a retracted and
expanded position, respectively;

[0020] FIG. 3is a photograph illustrating bowel tissue;

[0021] FIGS. 4A-4E illustrate a series of cross-sectional schematic
views of actuation of an elongation system according to the principles of the
present teachings;

[0022] FIGS. 5A-5C are side views illustrating the elongation
system according to the principles of the present teachings;

[0023] FIG. 6 is a side view illustrating the fenestrated decoupling
device according to the principles of the present teachings;

[0024] FIGS. 7A-7D is a series of schematic views illustrating
surgical implantation procedures in according to the principles of the present
teachings; and

[0025] FIG. 8 is a graph illustrating acute attachment strength for
various embodiments.

[0026] Corresponding reference numerals indicate corresponding
parts throughout the several views of the drawings.

DETAILED DESCRIPTION

[0027] Example embodiments will now be described more fully with
reference to the accompanying drawings. Example embodiments are
provided so that this disclosure will be thorough, and will fully convey the
scope to those who are skilled in the art. Numerous specific details are set
forth such as examples of specific components, devices, and methods, to
provide a thorough understanding of embodiments of the present disclosure.
It will be apparent to those skilled in the art that specific details need not be
employed, that example embodiments may be embodied in many different
forms and that neither should be construed to limit the scope of the

disclosure. In some example embodiments, well-known processes, well-
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known device structures, and well-known technologies are not described in
detail.

[0028] The terminology used herein is for the purpose of describing
particular example embodiments only and is not intended to be limiting. As

used herein, the singular forms "a,” "an,"” and "the" may be intended to include

the plural forms as well, unless the context clearly indicates otherwise. The

terms "comprises," "comprising," “‘including,” and “having,” are inclusive and
therefore specify the presence of stated features, integers, steps, operations,
elements, and/or components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations, elements,
components, and/or groups thereof. The method steps, processes, and
operations described herein are not to be construed as necessarily requiring
their performance in the particular order discussed or illustrated, unless
specifically identified as an order of performance. It is also to be understood
that additional or alternative steps may be employed.

[0029] When an element or layer is referred to as being "on,"

‘engaged to,” "connected to," or "coupled to" another element or layer, it may
be directly on, engaged, connected or coupled to the other element or layer,
or intervening elements or layers may be present. In contrast, when an

element is referred to as being "directly on," “directly engaged to,” "directly
connected to," or "directly coupled to" another element or layer, there may be
no intervening elements or layers present. Other words used to describe the
relationship between elements should be interpreted in a like fashion (e.g.,

‘oetween” versus “directly between,” “adjacent” versus “directly adjacent,”
etc.). As used herein, the term "and/or" includes any and all combinations of
one or more of the associated listed items.

[0030] Although the terms first, second, third, etc. may be used
herein to describe various elements, components, regions, layers and/or
sections, these elements, components, regions, layers and/or sections should
not be limited by these terms. These terms may be only used to distinguish
one element, component, region, layer or section from another region, layer or

section. Terms such as “first,” “second,” and other numerical terms when used
herein do not imply a sequence or order unless clearly indicated by the

context. Thus, a first element, component, region, layer or section discussed

6
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below could be termed a second element, component, region, layer or section
without departing from the teachings of the example embodiments.

[0031] Spatially relative terms, such as “inner,” “outer,” "beneath,"

"below," "lower," "above," "upper,” and the like, may be used herein for ease
of description to describe one element or feature's relationship to another
element(s) or feature(s) as illustrated in the figures. Spatially relative terms
may be intended to encompass different orientations of the device in use or
operation in addition to the orientation depicted in the figures. For example, if
the device in the figures is turned over, elements described as "below" or
"beneath” other elements or features would then be oriented "above" the other
elements or features. Thus, the example term "below" can encompass both
an orientation of above and below. The device may be otherwise oriented
(rotated 90 degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

[0032] However, according to the principles of the present teachings
as illustrated in FIGS. 2 and 4-6, a fenestrated attachment system 220, such
as an endoluminal balloon attachment mechanism, is provided that employs a
fenestrated decoupling system 222. The fenestrated attachment system 220
is placed within the bowel lumen or other hollow member 100 and is capable
of radially expanding, thereby coupling with the inner luminal surface 102 of
the bowel or other interior surface 102 of the hollow member 100, to allow
transfer of longitudinal tensile loads to the bowel wall or hollow member 100
and/or permit translation therethrough.

[0033] In some embodiments, fenestrated attachment system 220
can be used as part of an elongation system 200, such as a
mechanotransduction enterogenesis device, for use in lengthening soft tissue
(e.g. bowel). It should be understood, however, that the present disclosure is
not to be regarded as requiring an elongation system or other component
unless specifically claimed.

[0034] In some embodiments, elongation system 200 can define an
elongated member 202 having opposing ends 204, 206 (i.e. distal and
proximal ends). One or more of the opposing ends 204, 206 can comprise
fenestrated attachment system 220, which will be described in greater detail

herein. Internal to and/or between opposing ends 204, 206, elongation

7
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system 200 can comprise an extending mechanism 208 that is operable to
longitudinally drive elongation system 200 between an extended position and
a retracted position. In the extended position (see FIG. 4C), the opposing
ends 204, 206 and the associated fenestrated attachment system 220 define
a spaced-apart orientation. In the retracted position (see FIG. 4B), the
opposing ends 204, 206 and the associated fenestrated attachment system
220 define a spaced-together orientation. In this way, in the retracted
position, ends 204, 206 are in their narrowest configuration and, in the
extended position, ends 204, 206 are in their widest configuration. As will
become apparent, if both fenestrated attachment systems 220 are engaged
with the interior surface 102 of the hollow member 100, movement between
the retracted position and the extended position can result in application of a
tensile force to the hollow member 100 proportional to the force exerted by
extending mechanism 208. Likewise, if only one fenestrated attachment
system 220 is engaged with the interior surface 102 of the associated hollow
member, movement between the retracted position and the extended position
can result in application of a translational force.

[0035] In some embodiments, extending mechanism 208 can
comprise a reciprocating linear hydraulic actuator. However, it should be
understood that a wide variety of drive actuation devices can be used in
connection with extending mechanism 208, including hydraulic, pneumatic,
push-cable driven, screw-driven, SMA wire, SMA helical spring, SMA-driven
ratchet, thermal expansion/phase change actuator driven, electromagnetic
actuator (solenoid, linear stepper motor, rotary screw drive motor). For
additional detail relating to these actuation systems, reference should be
made to commonly-owned U.S. Patent Nos. 7,722,560 and 8,268,009, which
is hereby incorporated and made a part of the present application.

[0036] In some embodiments, extending mechanism 208, when
configured as a reciprocating linear hydraulic actuator, is based on a “payout”
approach. By repeating the operation cycle, the length of tissue growth
induced is limited only by the number of times extending mechanism 208 is
cycled rather than the stroke of extending mechanism 208. In some
embodiments, extending mechanism 208 can be concealed and/or protected
using a sheath 210, such as a thin silicone sheath, to protect extending

8
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mechanism 208 from associated environmental contaminants and to facilitate
operation. For example, when the device is retracted, the thin silicone sheath
prevents the bowel from pleating between the attachments, promoting the
repositioning of bowel relative to the attachments.

[0037] In some embodiments, a compliant tissue guide 212 can be
disposed on a distal side of end 204 or 206. Compliant tissue guide 212 can
be used to facilitate insertion and articulation of elongation system 200 within
the bowel lumen or hollow member 100 to prevent kinking around of the
device and becoming ischemic. One or more silicone tubes connecting the
device to external syringes can be used for actuation of the extending
mechanism 208.

[0038] To facilitate the selective attachment and detachment of
elongation system 200 from the bowel lumen or other hollow member 100,
fenestrated attachment system 220 comprises an expanding device 224 (e.qg.
balloon) disposed on at least one end 204, 206. In some embodiments,
expanding device 224 is enlargeable between a deflated position (first size
position) and an inflated position (second size position), whereby the inflated
position is sufficiently large to permit mechanical engagement with the interior
surface 102 of the hollow member 100 (i.e. bowel lumen). It should be
understood that in some embodiments, the size of the inflated position must
be sufficiently large to further accommodate any resultant enlargement of the
hollow member in response to application of the inflation force. Likewise, it
should be understood that in some embodiments, the size of the deflated
position must be sufficiently smaller to permit disengagement of fenestrated
attachment system 220 from the interior surface 102 of hollow member 100,
at least when used in conjunction with fenestrated decoupling system 222.

[0039] In some embodiments, fenestrated attachment system 220
further comprises a friction enhancement or texture 226. In some
embodiments, friction enhancement 226 can comprise application of an
abrasive texture generally surrounding expanding device 224 that is capable
of expanding during inflation of expanding device 224 and retracting during
deflation of expanding device 224. In some embodiments, it has been found
that an open-cell matrix, such as a 3M, Scotch-Brite Dobie, is useful. In some

embodiments, friction enhancement 226 can comprise a fabric material
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structure surrounding expanding device 224. The fabric material structure
can include one or more fibers knitted into a series of interlocked loops such
that the knitted fabric can expand and contract along with expanding device
224. The loops can engage the interior surface 102 of the hollow member
100. In some embodiments, the fibers can include a flat ribbon such that the
edges of the flat ribbon engage with the interior surface of the hollow member.
In some embodiments, the friction enhancement 226 can include a plurality of
bristles fixed to expanding device 224 engageable with the interior surface of
the hollow member. In some embodiments, the friction enhancement 226 can
include a plurality of loops fixed to the expanding member which engage the
interior surface of the hollow member. Moreover, in some embodiments, the
friction enhancement 226 comprises a plurality of scales, suction cups, and/or
ridges fixed to the expanding device 224 which engage with the interior
surface of the hollow member.

[0040] However, it was found that in some applications, friction
enhancement 226 may not reliably disengage from interior surface 102 of
hollow member 100 even after expanding device 224 is deflated and friction
enhancement 226 is in the retracted position. Failure to disengage from
interior surface 102 may inhibit further insertion, removal, and/or purposeful
repositioning of the device. Accordingly, fenestrated decoupling system 222
can be employed about friction enhancement 226 to encourage
disengagement of friction enhancement 226 from interior surface 102 upon
deflation of expanding device 224. In some embodiments, fenestrated
decoupling system 222 can comprise a plurality of bands 228 being disposed
longitudinally along friction enhancement 226 at radial positions radially
thereabout. In some embodiments, the plurality of bands 228 are comprises
of elastic bands, which can be made of a monofilament material. The plurality
of bands 228 can be retained by a pair of ring members 230 disposed at
opposing sides of fenestrated attachment system 220 that permit the plurality
of bands 228 to pass there over and be captured and retained within
fenestrated attachment system 220.

[0041] During operation, in some embodiments, fenestrated
decoupling system 222 is operable to expand to accommodate inflation of
expanding device 224 and, by association, enlarge friction enhancement 226,

10
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thereby permitting friction enhancement 226 to engage the interior surface
102 of hollow member 100. Once friction enhancement 226 is operably
engaged with interior surface 102, extending mechanism 208 of elongation
system 200 can be actuated. Conversely, once actuation is complete,
expanding device 224 can be deflated and, by association, retract friction
enhancement 226. This permits friction enhancement 226 to retract. The
plurality of bands 228 of fenestrated decoupling system 222 can similarly
retract. Retraction of friction enhancement 226 to a size smaller than
retraction of the plurality of bands 228 of fenestrated decoupling system 222
can permit the plurality of bands 228 to disengage interior surface 102 of
hollow member 100 from friction enhancement 226, thereby permitting
insertion, removal, and purposeful repositioning of the device.

[0042] In some embodiments, fenestrated decoupling system 222
can comprise a non-expanding device that is sufficiently fenestrated to permit
expanding device 224 and friction enhancement 226 to extend through the
fenestrated portions to a position exterior of fenestrated decoupling system
222 thereby engaging interior surface 102. Upon deflation of expanding
device 224, expanding device 224 and friction enhancement 226 can collapse
within a volume defined by fenestrated decoupling system 222, thereby
disengaging from interior surface 102.

[0043] Fenestrated attachment system 220 represents a large step
forward in the development of a clinically relevant device for correcting SBS
for two key reasons. Firstly, the architecture of the fenestrated decoupling
system 222 enables minimally invasive implantation and removal surgeries,
greatly reducing the cost, recovery time, chance of surgical complications,
and improving the overall quality of patient care. Secondly, the fenestrated
decoupling system 222 induces high net bowel growth in the limited space
within the peritoneal cavity, potentially enabling the treatment of very severe
cases of SBS in infants and children.

Background Regarding Experimental Evaluation of Various Attachments
[0044] It is believed that a discussion relating to the development of

the present teachings is useful to the overall understanding of the principles of

the present invention.  Accordingly, the tendency of simple dilating

11
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attachments to either not sufficiently attach or not sufficiently detach is
demonstrated in a series of acute in-vivo experiments involving several
balloon-style attachments with varying degrees of texture.

[0045] Smooth and Textured Balloons

[0046] A range of balloons, with and without texture, were evaluated
in acute in vivo experiments to determine their ability to apply traction on the
small bowel without slipping and without causing ischemia. Many concepts
were fabricated based on the various permutations of balloon type, the
presence of a texturing material, and the type of texturing material. The
balloons were taken from endotracheal (ET) tubes (Kimberly-Clark: Microcuff,
7mm ID tube, and Sheridan/HVT 9mm ID tube), and Foley urinary catheters
(Bard Medical: BARDEX 5cc Balloon, 30FR catheter). In some trials, the
balloons were textured by the application of loose mesh bagging material
(FIG. 1C) or abrasive material taken from scrubbing sponges (FIGS. 1D and
1E). Of these prototypes, several were eliminated early in the experiments.
For example, the Foley urinary catheters did not inflate symmetrically about
the axis of the catheter (FIG. 1G), like the ET tubes (FIGS. 1A and 1B).
Additionally, the loose mesh bagging material (FIG. 1C) did not make any
significant impact on the gripping performance of the balloon attachments.
Because of this, only the ET tube balloons were evaluated with (FIGS. 1D and
1E) and without (FIGS. 1A and 1B) the abrasive material from scrubbing
sponges as a texturing agent.

[0047] Experimental Procedure

[0048] To evaluate the attachment approach, the initially deflated
balloons were inserted into the small bowel lumen of live porcine models,
inflated to a measured pressure from 0 to 60 mmHg, and then manually pulled
on with a tension measuring probe with increasing tension until the balloon
slipped. The condition of the balloon slipping was evaluated visually during
each trial, using the vasculature of the small bowel as reference points, and
was defined as any longitudinal motion of the attachment relative to the bowel
lumen. The health of the small bowel tissue was grossly determined by
visually checking the tissue for any signs of macroscopic mechanical
disruption and acute ischemia, which was indicated by tissue blanching.

[0049] Results

12



10

15

20

25

30

WO 2015/179631 PCT/US2015/031956

[0050] Results from these experiments are plotted in FIG. 8. Four
different prototypes were evaluated: a large ET tube balloon with and without
texture, and a small ET tube with and without texture. The basic trends of this
experiment were intuitive: the application of greater pressure, the greater size
of the balloon, and the presence of the gripping material all increased the
slipping force of the attachments. Interestingly, the abrasive scrubbing
material made a very large impact on the performance of the attachments
without mechanically significantly scraping the delicate mucosal layer of the
bowel segments. This result was determined by the lack of mucosal scrapings
embedded in the material when its balloon was removed from the bowel
segment. Furthermore, because the addition of the scrubbing material greatly
reduced the need for the balloons to apply high pressure in order to attach,
the pressure applied to the small bowel and therefore the risk of acute
ischemia was significantly reduced.

[0051] Unfortunately however, the application of the scrubbing
material also made both balloon sizes have a significant gripping load even
when the balloons were completely deflated. In fact, the large balloon could
not be inserted without using a plastic sheath between the material and the
bowel wall. This is a disadvantage because these attachments would be
difficult to surgically implant and remove because they do not slide though the
tissue.

[0052] Fenestrated Decoupling System

[0053] In the acute in vivo experiment of textured balloons, the
approach was very promising with respect to their ability to grip the bowel wall
when inflated. When inflated and attached, the tissue with which the balloons
made contact remained well perfused with blood. Thus, the risk of ischemia
with the approach is minimized.

[0054] Unfortunately however, the abrasive material used to texture
the balloons made the attachments also grip well even when the balloons
were deflated. In other words, as the textured balloons were deflated, the
bowel lumen similarly constricted, thereby remaining engaged with the
texture. This is an important disadvantage because an extending device
using these attachments could potentially be difficult and unsafe to implant,
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reposition, and remove. Thus, a solution to cover the balloons/texture when
deflated and uncover the balloons/texture when inflated was developed.

[0055] The attachment prototypes, shown in FIGS. 2A and 2B, were
modified by the addition of elastic bands suspended over the texture of
balloon by machined Delrin end caps. The Delrin end caps have a circular
array of holes through which the elastic cord is placed. When the balloon is
deflated FIG. 2A, the function of the bands is to prevent the bowel mucosal
from making contact — thus enabling the attachments to be implanted,
repositioned, and removed safely with ease. When the balloon is inflated
(FIG. 2B), the spacing of the elastic bands becomes less dense, allowing the
tissue to making contact with the textured balloons and enabling the
attachments to transfer load effectively.

[0056] To validate this functionality and evaluate the reliability and
safety of using these attachments clinically, a one week in vivo experiment
was conducted where the attachments were cycled between their inflated and
deflated states. While inflated, the balloons were separated by the single
stage linear hydraulic device for several hours. Then, the balloons were
deflated and the reciprocating hydraulic device was retracted for several
hours. This cycle of tensioning and relaxing the small bowel segment was
repeated for 8 hours a day over the course of one week. Results from the
one-week in vivo study indicated that the attachments were a success.

[0057] One major concern with their use was that the texturing
material would become saturated with debris over time, greatly reducing their
attachment performance. To evaluate this failure mode, the attachment and
detachment forces were evaluated at the explant with a load sensor. With the
balloons of each attachment deflated, the fenestrated decoupling device could
move though the bowel lumen with ease, with the force required to initiate
motion being measured at approximately 120 ¢f (value is for both
attachments). With a single attachment engaged, the measure force
exceeded 450 gf, saturating the measurement system. Although the texturing
material appeared to be potentially clogged, the attachment performance was
no less than that at the start of the implantation period. Additionally, this
allowed distraction to be applied without the balloon slipping.
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[0058] The other concern associated with the longer term use of
these attachments was their effect on the health of the bowel mucosal, given
the abrasive nature of the texturing material. FIG. 3 shows the portion of
bowel tissue that the attachment was in contact with for the duration of the
implantation. Although parallel line imprints from the monofilament strands
were observed and there was mild tissue inflammation, the tissue was in good

health and had an intact mucosal lining.

FENESTRATED ATTACHMENT SYSTEM TESTING AND VALIDATION

[0059] As described herein, although the device can be coupled to
the bowel wall using a wide range of expansion mechanisms, in some
embodiments, the device can employ a reciprocating linear hydraulic device
as illustrated in FIGS. 4A-4E. The concept consists an outer housing and an
inner housing that displace relative to each other when hydraulically driven,
two attachments that are capable of gripping and releasing the bowel wall, a
compression spring which retracts the fenestrated decoupling device, a
constraining rod that limits the motion of the inner housing relative to the outer
housing, and a hydraulic line adapter. The hydraulic line connects to an
external syringe from which water can be injected into the fenestrated
decoupling device. In addition to the hydraulic line, one to two pneumatic lines
connect each attachment to an external syringe to inflate and deflate the
balloons.

[0060] The payout operation with respect to the reciprocating linear
hydraulic device with Dilating Fenestrated decoupling system balloon
attachments is described in five stages and illustrated in FIGS. 4A-4E. In the
first, nominal, or “implanting stage,” the fenestrated decoupling device is
retracted and the attachments are deflated, disengaging them from the tissue.
In the “attaching stage,” the attachments are inflated from external syringes
through pneumatic lines, pressing the abrasive mesh material into the bowel
mucosal and thus gripping the tissue. In the “tensioning stage,” water injected
from an external syringe through the hydraulic lines enters the inner and outer
housings of the sealed device, forcing the displacement of the inner housing
relative to the outer housing. As more water is injected from the external

syringe, the constraining rod and seal mount compress the spring until it
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reaches its solid length. At this point, further device expansion is not possible
and the bowel segment between the attachments is tensioned. The expansion
of the fenestrated decoupling device and engagement of the attachments is
maintained for a time sufficient to induce bowel growth prior to disengaging
the attachments (venting the balloons to atmospheric pressure) in stage four,
the “detaching stage.” Ideally at stage four, the bowel has grown and does not
reduce in length when the attachments are disengaged. In the “paying out”
stage, the pressure on the hydraulic line is reduced to atmospheric pressure
and the compression spring retracts the fenestrated decoupling device,
leaving the grown tissue distal to the distal attachment. The completion of
stage five returns the fenestrated decoupling device to its nominal position,
and the cycle is repeated multiple times during the distraction period of the
implantation. Each time the cycle is completed, the amount of bowel growth
induced is accumulated without the length of the fenestrated decoupling
device accumulating. Therefore, the growth of the small bowel is not limited
by the constrained space of the peritoneal cavity. This represents a very
important advantage compared to the other conceptual expansion
approaches for treating SBS--an advantage that would not be possible without
the ability of the attachments to disengage and reengage the bowel mucosal.

[0061] Prototype Attachment Integration

[0062] The extension mechanism was integrated with a distal and
proximal tissue attachment with the capability to both attachment and detach
from the bowel wall, enabling the payout operation. FIGS. 5A-5C shows the
components of the integrated prototype prepared for in vivo experiments,
which includes a compliant device extension made from 18 Fr latex tubing,
the distal and proximal attachments, a thin silicone sheath held between the
attachments, and 4 controls lines for the fenestrated decoupling device
extension (water), the flush (water), and the independently inflated attachment
balloons (air).

[0063] A detailed view of the inflated distal attachment is shown in
FIG. 6. Each attachment is composed of two machined Delrin filament guides,
knitted abrasive texturing material taken from the outer surface of a kitchen
scrubbing pad (3M Scotch-Brite “Dobie”), a balloon taken from a Foley
catheter (Bard® BARDEX 30 Fr 5cc), and a single length of clear elastic
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monofilament. To assemble, the balloon is mounted directly on the extending
mechanism, with the monofilament guides on each end. The abrasive material
is then placed over the balloon and held in place by the monofilament line,
which is threaded through the guides.

[0064] The total length of the fenestrated decoupling device
(excluding the lines) is approximately 26 cm, although when retracted the
attachment-to-attachment distance is 6 cm. However, it should be understood
that in some embodiments the fenestrated decoupling device can define
alternative sizes and configurations. By way of non-limiting example, in some
embodiments, the total length of the fenestrated decoupling device can be in
the range of about 4cm to about 50cm. When the attachments are deflated,
the maximum outer diameter of the fenestrated decoupling device is 16 mm
(5/8 in), which is expands to 27 mm when the attachments are inflated with 20
cc of air. Likewise, however, the maximum outer diameter of the fenestrated
decoupling device can be any size, shape, or configuration. By way of non-
limiting example, in some embodiments, the maximum outer diameter of the
fenestrated decoupling device can be in the range of about 5mm to about
10cm. The fenestrated decoupling device extends by 3.4 cm when actuated
by the hydraulic line with approximately 2 cc of water, displacing the midpoints
of the attachments from 6 to 9.4 cm (56% expansion). Finally, in some
embodiments, the fenestrated decoupling device can extend in the range of
about 2cm to about 50cm.

[0065] In vivo Experimental Growth Study

[0066] To validate the operation of the Reciprocating Linear
Hydraulic Device with Dilating Fenestrated decoupling system Attachments in
vivo, and more importantly, to demonstrate that the attachments make a
payout approach to growing small bowel achievable, an in vivo study was
conducted with a porcine animal model. The ultimate goal of the experiment
was to increase a length of bowel by an amount that is greater than the stroke
of the fenestrated decoupling device, because this would establish the
feasibility of the payout approach. In the following section, the experimental
procedure and results are discussed.

[0067] /n vivo Experiment Procedure
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[0068] The procedures of the in vivo experiment consist of the
procedure for the surgical implantation of the fenestrated decoupling device,
the fenestrated decoupling device expansion procedure, and the tissue
analysis and growth measurement plan. The compact design of the
fenestrated decoupling device and the controlled intraluminal attachments
enable less invasive implantation approaches than other attachment
approaches allow. For example, the fenestrated decoupling device could
potentially be placed into the continuous Gl tract through a gastrostomy and
guided into the small bowel with an endoscope placed through the upper Gl
tract. More optimally, with some refinement the fenestrated decoupling device
could potentially be placed through the upper Gl tract and require little to no
surgical tissue manipulation of the small bowel.

[0069] Surgical Implantation Procedure

[0070] As shown in FIGS. 7A-7D, the reciprocating linear hydraulic
device was implanted into a Roux limb rather than placed in the continuous Gl
tract. The Reciprocating Linear Hydraulic Device was not fixed relative to the
Roux limb by sutures and was free to slide through the bowel lumen.

[0071] The surgery began with a 15 cm midline incision to open the
abdominal cavity of the porcine model. The small bowel was manipulated to
determine the flow direction of enteral contents and to locate the Ligament of
Treitz, which marks the start of the small intestine. Approximately 60 cm along
the length of small bowel from the Ligament of Treitz the small bowel was cut,
creating two open ends of bowel labeled (a) and (b), as shown in FIG. 7B.
Approximately 60 to 75 cm along the length of bowel from (b), an end-to-side
anastomosis was created, connecting (a) to (c) and restoring the continuity of
the Gl tract. The segment of small bowel from (b) to (c), or Roux limb, was no
longer in the continuity of the Gl tract and would not pass ingested contents,
however, the health of the Roux limb was maintained by the blood supply
from the intact mesentery. During the creation of the Roux limb, the
Reciprocating Linear Hydraulic Device was sterilized by soaking it in a liquid
sterilant (Metrix, Metricide®) for the manufacturer recommend time of 40
minutes. After sterilization, the fenestrated decoupling device was thoroughly
rinsed with sterile saline to prevent any sterilant from getting into the surgical
field, with special care was taken to completely remove sterilant from the
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mesh material of the attachments. The Reciprocating Linear Hydraulic Device
was inserted, compliant tissue guide first, into the open end of the Roux limb.
A stoma, or surgically created opening, was made in the skin and fascia of the
abdomen, and the Roux limb was secured to the stoma at the fascia and skin.
The final steps of the surgery were to route the hydraulic and pneumatic lines
through the Roux limb, connect the external syringes to the lines, and secure
the external syringes and control line to the center of the porcine model’s
back. At the conclusion of the implantation, the Roux limb was 70 cm in length
and the fenestrated decoupling device was implanted approximately 25 cm
from the stoma.

[0072] Device Expansion Procedure

[0073] During the day of the operation, no extension of the
fenestrated decoupling device or inflation of the attachments was completed
to allow the animal to rest. For the next six days post operation, the five-stage
operation illustrated in FIGS. 4A-4E was repeated four times per day, at 8 am,
12 pm, 4 pm, and 8 pm. At 8 am, the fenestrated decoupling device is already
contracted and the attachments are disengaged from the prior day. First, both
attachments are engaged by inflating the distal and proximal balloons with
approximately 15 mL of air. Then, the fenestrated decoupling device is
extended 3.4 cm by the injection of 2 mL of water into the hydraulic line,
putting the bowel segment between the attachments under tension. Over the
following four hours, the bowel tension decreases due to some combination
tissue growth, tissue slipping, and/or viscoelastic effects until the next device
expansion at 12 pm. At both 12 pm and 4 pm, the payout operation is
continued by disengaging both attachments (deflating the balloons), retracting
the fenestrated decoupling device (drawing 2 mL out of the hydraulic line),
reengaging both attachments, and extending the fenestrated decoupling
device. Finally, at 8 pm each day, the attachments are disengaged and the
fenestrated decoupling device is retracted, allowing the bowel to rest for 12
hours. The fenestrated decoupling device was removed on the 7th post-
operative day during the explant surgery.

[0074] Tissue Measurement Plan

[0075] The net growth of the bowel in the Roux limb was evaluated

using marking sutures onto which radiopaque stainless steel clips were
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attached. At the implant surgery, thirty five marking sutures were evenly
placed along the entire length of the Roux Limb and three sutures (placed 2
cm apart) were placed on the normal fed bowel distal to the anastomosis.
Initially, the markers on the Roux limb were also placed 2 cm apart. This
marking approach was taken, because even if the implanted device changes
position along the Roux Limb, measurements of the distance between the
sutures at the explant can be used to estimate the net growth of the tissue.
FIG. 7D shows the 11th through the 17th (numbered from the stoma to the
anastomosis) suture as they were aligned with the fenestrated decoupling
device at the implant.

[0076] In vivo Experiment Results: Tissue Growth Analysis

[0077] The extent of macroscopic tissue growth can be estimated
by comparing the tissue marking suture measurements from the explant
relative to the implant. FIG. 7D shows the placement of the fenestrated
decoupling device relative to the sutures at the implant and the explant, and
the change in marker spacing between the markers that were originally on the
fenestrated decoupling device. Initially, the sutures were placed 2 cm apart,
making the distance from the 11th to the 17th marking suture 12 cm. At the
explant, the total tissue length from the 11th to the 17th marking suture 16 cm
to 18.8 cm, depending on whether a marking suture slipped out of the tissue
distal to the 15th marking suture. Unfortunately, it was not possible to
determine whether this particular suture slipped out of the tissue or not during
the distraction period with any certainty. Best case scenario, the tissue grew
approximately 6.8 cm, which is twice the stroke of the Reciprocation Linear
Hydraulic Device. In this case, lengthening the tissue by twice the stroke of
the fenestrated decoupling device very strongly demonstrates that the payout
approach to tissue lengthening is feasible. In the worst case scenario, the
tissue grew 4 cm, which is 120% of the fenestrated decoupling device stroke
and still suggests that the payout approach is feasible. In either case, there
are some definitive results that can be made from tracking the marking
sutures. First, the tissue segment from suture 11 to suture 15 expanded from
8 cm at implant, to 12 cm at explant, growing by 50%. And second, the tissue
marked by sutures 16 and 17 was successfully paid out from the fenestrated
decoupling device. These two definitive results strongly suggest that the
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Dilated Fenestrated decoupling system Attachments were able to both apply
bowel tension and slide through the bowel lumen, and that the payout
approach to bowel lengthening enabled by these attachments is feasible.
[0078] The foregoing description of the embodiments has been
provided for purposes of illustration and description. It is not intended to be
exhaustive or to limit the disclosure. Individual elements or features of a
particular embodiment are generally not limited to that particular embodiment,
but, where applicable, are interchangeable and can be used in a selected
embodiment, even if not specifically shown or described. The same may also
be varied in many ways. Such variations are not to be regarded as a
departure from the disclosure, and all such modifications are intended to be

included within the scope of the disclosure.
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CLAIMS

What is claimed is:

1. An attachment system for selectively attaching to an interior
surface of a hollow member, the attachment system comprising:

an expanding device selectively enlargeable from a first size position to
a second size position, said second size position being larger than said first
size position;

a friction enhancement disposed about said expanding device, said
friction enhancement being engageable with the interior surface of the hollow
member when said expanding device is in said second size position; and

a fenestrated decoupling system extending between at least a portion
of said friction enhancement of said expanding device and the interior surface
of the hollow member, said fenestrated decoupling system generally
preventing contact of said friction enhancement with the interior surface of the
hollow member when said expanding device is in said first size position, said
fenestrated decoupling system generally permitting contact of said friction
enhancement with the interior surface of the hollow member when said

expanding device is in said second size position.

2. The attachment system according to Claim 1, further
comprising:

a pair of said expanding devices disposed on opposing ends of an
elongated member, said elongated member being actuateable between a
retracted position and an extended position to permit application of a tensile
load to the hollow member when said expanding device is in said second size

position.

3. The attachment system according to Claim 1, wherein said

expanding device comprises an inflatable member.

4. The attachment system according to Claim 1, wherein said

expanding device comprises a pneumatic member.
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5. The attachment system according to Claim 1, wherein said
expanding device comprises a hydraulic member.

6. The attachment system according to Claim 1, wherein said
friction enhancement comprises a fabric material structure surrounding said
expanding device and comprising a fiber knitted into a series of interlocked
loops such that said knitted fabric can expand and contract along with said
expanding device and said loops engage with the interior surface of the

hollow member.

7. The attachment system according to Claim 6, wherein said fiber
comprises a plurality of fibers knitted into said fabric material structure.

8. The attachment system according to Claim 7, wherein at least
one of said plurality of fibers is a flat ribbon such that the edges of said flat
ribbon engage with the interior surface of the hollow member.

9. The attachment system according to Claim 1, wherein said
friction enhancement comprises a plurality of bristles fixed to said expanding
member engageable with the interior surface of the hollow member.

10. The attachment system according to Claim 1, wherein said
friction enhancement comprises a plurality of loops fixed to said expanding
member which engage with the interior surface of the hollow member.

11.  The attachment system according to Claim 1, wherein said
friction enhancement comprises a plurality of scales fixed to said expanding
member which engage with the interior surface of the hollow member.

12.  The attachment system according to Claim 1, wherein said
friction enhancement comprises a plurality of suction cups fixed to said
expanding member which engage with the interior surface of the hollow

member.
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13.  The attachment system according to Claim 1, wherein said
friction enhancement comprises a plurality of ridges fixed to said expanding

member which engage with the interior surface of the hollow member.

14.  The attachment system according to Claim 1, wherein said
fenestrated decoupling system comprises a plurality of fenestrated elastic
bands having a spaced-apart configuration extending generally along a
longitudinal length of said expanding device.

15.  The attachment system according to Claim 1, wherein said
fenestrated decoupling system is extendable about said expanding device in
said second size position.

16. The attachment system according to Claim 1, wherein said
fenestrated decoupling system are operable to disengage the interior surface

of the hollow member from the friction enhancement in the first size position.
17.  The attachment system according to Claim 1 wherein said

expanding device is smaller than said fenestrated decoupling system in said
first size position.
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