US 20140251344A1

a9 United States

a2y Patent Application Publication (o) Pub. No.: US 2014/0251344 A1l

GILLIS 43) Pub. Date: Sep. 11, 2014
(54) PARTIALLY ERODABLE SYSTEMS FOR (52) US.CL
TREATMENT OF OBSTRUCTIVE SLEEP CPC oo AGIF 5/56 (2013.01)

(71)

(72)

@
(22)

(60)

(1)

APNEA

Applicant: Edward M. GILLIS, Livermore, CA
(US)

Edward M. GILLIS, Livermore, CA
us)

Inventor:

Appl. No.: 14/282,943

Filed: May 20, 2014

Related U.S. Application Data

Division of application No. 13/954,589, filed on Jul.
30, 2013, now Pat. No. 8,747,296, which is a continu-
ation of application No. 13/443,839, filed on Apr. 10,
2012, now Pat. No. 8,523,760, which is a division of
application No. 11/969,201, filed on Jan. 3, 2008, now
Pat. No. 8,167,787.

Publication Classification

Int. Cl1.

AG6IF 5/56 (2006.01)

107

107’

128/848

&7

ABSTRACT

The invention relates to devices and methods for reforming
tissue surrounding the airway of a subject suffering from
obstructive sleep apnea so as to open the airway and alleviate
the occurrence of apneic events. Devices comprise a combi-
nation of resiliently deformable material and bioerodible
material. The deformable portion of the device has a preferred
shape that corresponds to the desired final shape of the device
once placed in an airway. In making a transplant-ready
device, however, the deformable portion is placed into a
deformed shape and constrained in that shape by the bioerod-
ible material. After implantation, the device gradually
assumes the preferred shape as the constraining bioerodible
material erodes. As the device gradually reforms toward the
preferred shape, it reforms the tissue into the therapeutically
desirable configuration. The gradual nature of the shape
change generally stabilizes the device in the tissue, and sup-
ports tissue reforming into a stable configuration.
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Forming device (or proto-device) from resiliently
deformable material into a preferred shape. 510
Incorporating bioerodible materials into the proto-device,
the proto-device being put into a deformed, non-preferred shape,
the bioerodible materials stabilizing the deformed shape, 5
the device thereby becoming implant-ready. 920
Implanting the device into an airway tissue site.
530
Eroding the bioerodible portion of the device.
940
Changing the shape of the device toward the preferred state
as a consequence of the loss of the bioeroded portion. 550
Remodeling the shape of the tissue as a
consequence of the device changing shape. 560

FIG. 5
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PARTIALLY ERODABLE SYSTEMS FOR
TREATMENT OF OBSTRUCTIVE SLEEP
APNEA

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional of U.S. application
Ser. No. 13/954,589 filed Jul. 30, 2013 which is a continua-
tion of application Ser. No. 13/443,839 filed Apr. 10, 2012,
now U.S. Pat. No. 8,523,760, which is a divisional of appli-
cation Ser. No. 11/969,201 filed Jan. 3, 2008, now U.S. Pat.
No. 8,167,787, each of which is herein incorporated by ref-
erence in its entirety.

INCORPORATION BY REFERENCE

[0002] All publications, patents and patent applications
mentioned in this specification are herein incorporated by
reference to the same extent as if each individual publication,
patent or patent application was specifically and individually
indicated to be incorporated by reference.

FIELD

[0003] The invention relates to the field of methods and
devices for the treatment of obstructive sleep apnea, and more
particularly to opening the airway of subjects with symptoms
of obstructive sleep apnea.

BACKGROUND

[0004] Sleep apnea is defined as the cessation of breathing
for ten seconds or longer during sleep. During normal sleep,
the throat muscles relax and the airway narrows. During the
sleep of a subject with obstructive sleep apnea (OSA), the
upper airway narrows significantly more than normal, and
during an apneic event, undergoes a complete collapse that
stops airflow. In response to a lack of airflow, the subject is
awakened at least to a degree sufficient to reinitiate breathing.
Apneic events and the associated arousals can occur up to
hundreds of times per night, and become highly disruptive of
sleep. Obstructive sleep apnea is commonly but not exclu-
sively associated with a heavy body type, a consequence of
which is a narrowed oropharyngeal airway.

[0005] Cyclic oxygen desaturation and fragmented sleep-
ing patterns lead to daytime sleepiness, the hallmark symp-
tom of the disorder. Further consequences of sleep apnea may
include chronic headaches and depression, as well as dimin-
ished facilities such as vigilance, concentration, memory,
executive function, and physical dexterity. Ultimately, sleep
apnea is highly correlated with increased mortality and life
threatening comorbidities. Cardiology complications include
hypertension, congestive heart failure, coronary artery dis-
ease, cardiac arrhythmias, and atrial fibrillation. OSA is a
highly prevalent disease conditions in the United States. An
estimated 18 million Americans suffer from OSA to degrees
that range from mild to severe, many of whom are undiag-
nosed, at least in part because the afflicted subjects are often
unaware of their own condition.

[0006] Treatment of OSA usually begins with suggested
lifestyle changes, including weight loss and attention to
sleeping habits (such as sleep position and pillow position), or
the use of oral appliances that can be worn at night, and help
position the tongue away from the back of the airway. More
aggressive physical interventions include the use of breathing
assist systems that provide a positive pressure to the airway
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through a mask that the subject wears, and which is connected
to a breathing machine. In some cases, pharmaceutical inter-
ventions can be helpful, but they generally are directed
toward countering daytime sleepiness, and do not address the
root cause. Some surgical interventions are available, such as
nasal surgeries, tonsillectomy and/or adenoidectomy, reduc-
tions in the soft palate or the uvula or the tongue base, or
advancing the tongue base by an attachment to the mandible
and pulling the base forward. These surgical approaches can
be quite invasive and thus have a last-resort aspect to them,
and further, simply do not reliably alleviate or cure the con-
dition. There is a need for less invasive procedures that show
promise for greater therapeutic reliability.

SUMMARY

[0007] The invention relates to a method of alleviating
obstructive collapse of airway-forming tissues, and for
devices with which to implement the method. Typical patients
for whom the method and device may provide therapeutic
benefit are those who suffer from obstructive sleep apnea. The
method includes implanting a device at a site in the tissue and
bioeroding the bioerodible portion ofthe device to change the
shape of the device and to remodel the airway-forming tissue.
The implanted device is sized and shaped to conform to the
airway-forming tissue site in a manner compatible with nor-
mal physiological function of the site; and includes a resil-
iently deformable portion and a bioerodible portion. In typi-
cal embodiments of the method, remodeling the airway-
forming tissue results in the airway being unobstructed
during sleep, and further, typically, the thus-unobstructed
airway diminishes the frequency of apneic events. Remodel-
ing may include reshaping or otherwise altering the position
or conformation of airway associated tissue so that its ten-
dency to collapse during sleep is diminished.

[0008] The airway is formed from various tissues along its
length from the mouth to the lungs. Embodiments of the
method include implanting a partially-erodible device into
any one or more of these tissues, including, for example, the
soft palate, the tongue, generally the base of the tongue, and
the pharyngeal walls, typically the posterior and lateral por-
tions of the pharyngeal wall.

[0009] In some embodiments, the device is in a deformed
shape when implanted, and bioeroding to change the shape of
the device includes the shape changing toward a preferred
shape. In some embodiments, the bioerodible portion of the
device constrains the device in a deformed shape prior to the
bioeroding step.

[0010] With regard to the bioeroding of the bioerodible
portion of the device, this may occur over a time span that
ranges from days to months. In some embodiments, the bio-
eroding proceeds at a rate that correlates with the ratio of the
biologically-exposed surface area of the bioerodible portion
to the volume of the bioerodible portion.

[0011] Insomeembodiments of the method, the bioerosion
occurs at a rate that is sufficiently slow for the tissue site to
recover from the implanting prior to the device substantially
changing shape. In some of these embodiments, the recovery
of' the tissue site includes a forming of fibrotic tissue around
the device, which typically stabilizes the device in the site,
and provides the device greater leverage with which to reform
the shape of the implant site and its surrounding tissue. In
some embodiments, after implanting, and as part of the heal-
ing response or recovery from the implantation wound, the
newly formed fibrotic tissues infiltrates into holes, pores, or
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interstices in the device. In some embodiments of the method,
a bioactive agent, previously incorporated into the bioerod-
ible material, is released or eluted from the bioerodible por-
tion of the device as it is eroding.

[0012] Inanother aspect of the methods described herein, a
method of forming a device to alleviate obstructive collapse
of an airway during sleep is provided. The method includes
forming a resiliently deformable material into an initial shape
that corresponds to the preferred shape of the device, the
initial shape having a site for accommodating bioerodible
material; changing the initial shape of the resiliently deform-
able material into a non-preferred shape that is sized and
configured into an implantable shape that conforms to an
airway-forming tissue site and is compatible with normal
physiological function after implantation; and stabilizing the
implantable shape by incorporating the bioerodible material
into the accommodating site. In some of these method
embodiments, changing the initial shape of the resiliently
deformable material includes absorbing a force sufficient to
remodel the airway as the force is transferred from the device
into an implant site after implantation of the device. That level
of force is further typically insufficient to remodel the airway
to an extent that it is unable to move in a manner that allows
substantially normal or acceptable physiological function of
the airway.

[0013] As noted above, the invention further provides a
device for alleviating obstruction in an airway, such obstruc-
tion typically occurring during sleep. Embodiments of the
device include an implantable device sized and shaped to
conform to an airway-forming tissue site in a manner com-
patible with normal physiological function of the site, the
device including a resiliently deformable portion and a bio-
erodible portion. In these embodiments, the resiliently
deformable portion has a preferred shape that is constrained
in a deformed shape by the bioerodible portion, and the device
is configured to return toward the preferred shape of the
resiliently deformable portion upon erosion of the bioerod-
ible portion. In some embodiments, the preferred configura-
tion is adapted to remodel the shape of the airway so as to
provide a more open airway during sleep.

[0014] Intypical embodiments of the device, the resiliently
deformable portion may include any one or more of a metal or
a polymer. In these embodiments, a resiliently deformable
metal may include any one or more of stainless steel, spring
steel, or superelastic nickel-titanium alloy, and a resiliently
deformable polymer may include any one or more of silicone
rubber, polyesters, polyurethanes, or polyolefins. In some
embodiments, the bioerodible portion may include any one or
more of polycaprolactone, polylactic acid, polyglycolic acid,
polylactide coglycolide, polyglactin, poly-L-lactide, polyhy-
droxalkanoates, starch, cellulose, chitosan, or structural pro-
tein.

[0015] Some embodiments of the device include a portion
adapted to engage the tissue into which it is implanted, and in
some of these embodiments, the so-adapted portion includes
a site for tissue in-growth, such in-growth serving to keep the
device and tissue in close proximity, serving to promote
implant site remodeling in a manner that conforms to the
changing shape of the device. Finally, in some embodiments,
the implantable device is configured with sufficient elasticity
to allow normal physiological movement around an airway-
forming tissue implant site when the device is implanted in
the implant site.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 provides an overview of the healthy human
airway anatomy, with particular attention to the nasopharyn-
geal, oropharangeal, and hypopharyngeal regions.

[0017] FIG. 2 provides a view of a compromised airway,
with an occlusion in the oropharyngeal region due to posterior
slippage of the base of the tongue and a thickened posterior
pharyngeal wall.

[0018] FIG. 3 provides a view of a compromised airway,
with an occlusion in the nasopharyngeal region due to poste-
rior slippage of the soft palate.

[0019] FIG. 4 provides a view of a compromised airway,
with an occlusion in the oropharyngeal region due to posterior
slippage of the base of the tongue and the soft palate, a
thickened posterior pharyngeal wall, and posterior flopping
of the epiglottis.

[0020] FIG. 5 is a flow diagram of steps in a method for
opening an airway with an obstruction that is causing obstruc-
tive sleep apnea.

[0021] FIGS. 6A1-6D2 show various embodiments of
shape-changing devices or portions thereof that shorten after
implantation. FIGS. 6A-1 and 6A-2 depict a device that
includes an expanded spring that is stabilized in an expanded
configuration by an encasement of bioerodible material (FIG.
6A-1); upon erosion of the bioerodible material, the spring
returns to a preferred compressed configuration, thereby
shortening the device (FIG. 6A-2). FIGS. 6B-1 and 6B-2
depict a device that includes a stretched silicone rubber mem-
ber that is stabilized in an expanded configuration by an
encasement of confining and optionally adhering bioerodible
material (FIG. 6B-1); upon erosion of the bioerodible mate-
rial, the silicone rubber returns to a preferred retracted con-
figuration, thereby shortening the device (FIG. 6B-2). FIGS.
6C-1 and 6C-2 depict a device that includes a collapsed
lantern-like structure integrated into the length of the device
that is stabilized in that collapsed configuration by an encase-
ment of bioerodible material (FIG. 6C-1); upon erosion of the
bioerodible material, the laterally-constrained lantern mem-
bers bow outward in accordance with their preferred configu-
ration, thereby shortening the device (FIG. 6C-2). FIGS.
6D-1 and 6D-2 depict a device that includes linearly con-
strained or confined resiliently deformable member which
has a preferred sine-wave shape (FIG. 6D-1); upon erosion of
the bioerodible material, the linearly constrained member
reverts to its preferred sine-wave shape, thereby shortening
the device (FIG. 6D-2).

[0022] FIGS. 7A-7H show various stages in a life cycle of
an embodiment of shape changing device that shortens after
implantation, the device at various stages during its develop-
ment and tenure. FIG. 7A shows a proto-device comprising a
silicone rubber member with radially peripheral notches that
ultimately will accommodate bioerodible material, the mem-
ber as a whole in its preferred shape, neither compressed nor
expanded. FIG. 7B shows bioerodible portions of the device
ready for assembly, and FIG. 7C shows a cross section of the
bioerodible portion of the device. FIG. 7D shows the proto-
device of FIG. 7A stretched into an expanded configuration,
all linear portions being expanded, particularly including the
notches 105, which because of their smaller diameter, stretch
more easily. FIG. 7E shows the device after the incorporation
of bioerodible material into the notches. FIG. 7F shows a
cross section of the device as depicted in FIG. 7E, with the
bioerodible material surrounding the resiliently deformable
material. FIG. 7G shows the device after a period of implan-
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tation, following the erosion of a portion of the bioerodible
material, and a consequent shortening of the device.

[0023] FIG. 7F shows the device in its final state, following
the complete erosive loss of such material, thus allowing the
return of the silicone rubber to its preferred (non-stretched)
configuration.

[0024] FIGS. 8A-8C show an embodiment of a shape-
changing device that lengthens after implantation by an out-
ward bowing of a lantern-like portion. FIG. 8A depicts a
device in the process of being assembled, FIG. 8B shows the
device in its implant-ready form, and FIG. 8C shows the
device in its mature form, following implantation, erosion of
the bioerodible material, and the device consequently in a
lengthened configuration.

[0025] FIGS. 9A-9C show an embodiment of a shape-
changing device that lengthens following implantation by
expansion of a spring. In a manner similar to that shown in
FIG. 8, FIG. 9A depicts a device in the process of being
assembled, FIG. 9B shows the device in its implant-ready
form, and FIG. 9C shows the device in its mature form,
following implantation, erosion of the bioerodible material,
and the device consequently in a lengthened configuration.
[0026] FIGS. 10A-10C depict a rod-like shape-changing
device or portion thereof that forms a curve after implanta-
tion. In its nascent (FIG. 10A) form the device is curved. In its
implant-ready form (FIG. 10B) it is straight. And in its post-
implant, post-eroded form (FI1G. 10C), it is once again curved.
[0027] FIGS. 11A-11C depict a broadened planar shape-
changing device or portion thereof that forms a curve after
implantation. In its nascent form (FIG. 11A) the device is
curved, in its implant-ready form (FIG. 11B) it is straight.
And in its post-implant, post-eroded form (FIG. 11C), it is
once again curved.

[0028] FIGS. 12A-12C depict a rod-like shape-changing
device or portion thereof with a curve that flattens after
implantation. In its nascent form (FIG. 12A) the device is
straight. In its implant-ready form (FIG. 12B) it is curved.
And in its post-implant (FIG. 12C), post-eroded form, it is
once again straight.

[0029] FIGS. 13A-13C depict a broadened planar shape-
changing device or portion thereof with a curved portion that
flattens after implantation. In its nascent form (FIG. 13A) the
device is flat. In its implant-ready form (FIG. 13B) it is
curved. And in its post-implant, post-eroded form (FIG. 13C),
it is once again straight or flat.

[0030] FIGS. 14A-14C show curvilinear shape-changing
device or portion thereof wherein a curved portion is radially
expanded. In its nascent and preferred form the device is
obtusely curved, in its implant-ready form it is more acutely
curved, and in its post-implant, post-eroded form, it is once
again more obtusely curved.

[0031] FIGS. 15A-15C show a rod-like shape-changing
device or portion thereof that assumes an S-shaped curve after
implantation. In its nascent form (FIG. 15A) the device is
forms an S-shaped curve. In its implant-ready form (FIG.
15B) it is substantially straight. And in its post-implant, post-
eroded form (FIG. 15C), it once assumes an S-shaped curve.
[0032] FIGS. 16A-16C show a broadened planar-config-
ured shape-changing device or portion thereof that assumes a
planar S-shaped curve after implantation. In its nascent form
(FIG. 16A) the device forms a planar S-shaped curve. In its
implant-ready form (FIG. 16B) it is substantially flat. And in
its post-implant, post-eroded form (FIG. 16C), it once again
becomes a planar S-shaped curve.
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[0033] FIGS. 17A-17C show a rod-like shape-changing
device or portion thereof that changes shape after the erosion
of peripherally-attached bioerodible suture. In its nascent
form (FIG. 17A) the device is curved. In its implant ready
form (FIG. 17B) the device is straight, secured by a suture
extending the length of the device and secured at either end. In
its post-implant, post-eroded form (FIG. 17C) the device is
once again curved.

[0034] FIGS. 18A-18E show bowl-shaped shape-changing
device or portion thereof that assumes a disk-like shape after
implantation. In its nascent form the device has a bowl-like
portion. In its nascent form (FIG. 18A), the device is bowl-
shaped. As it is being formed (FIG. 185) into an implant ready
device, it is flattened and combined with bioerodible material.
In its implant-ready form (FIG. 18C), it has taken a disk-like
shape. FIG. 18D shows a cross-sectional portion of the disk-
like form, with bioerodible material constraining the device
as whole in a flat configuration. In its post-implant, post-
eroded form (FIG. 18E), the device or portion thereof has
returned to a bowl-like configuration.

[0035] FIGS. 19A and 19B provide sagittal views of an
airway that are used as reference for the coronal views of
FIGS. 20A and 20B. FIG. 19A depicts an airway with an
occlusion due to thickening and shortening of the posterior
pharyngeal wall before treatment. FIG. 19B depicts with
airway with an implanted shape-changing, linearly-expand-
ing device that has resolved the obstructed region.

[0036] FIGS. 20A and 20B provide coronal, downward-
directed views of the airways depicted in FIGS. 19A and 19B.
FIG. 20A shows an airway obstructed by a compressed pos-
terior pharyngeal wall, and FIG. 20B shows the resolution of
the compression by the implantation of a curve-expanding
shape-changing device.

[0037] FIG. 21 shows a schematic cutaway view of a por-
tion of a pharyngeal wall that has been expanded by the
implantation of a series of curve-expanding devices.

[0038] FIGS. 22A-22C show sagittal views of an airway
obstructed by posterior slippage of the soft palate, and reso-
Iution of the obstruction by the implantation of a shape-
changing device that provides a caudally and/or anteriorly
deflecting curve to the soft palate.

[0039] FIGS. 23A and 23B show schematic views of a soft
palate being treated by the implantation of a shape-changing
device that provides a caudally and/or anteriorly deflecting
curve to the soft palate.

[0040] FIGS. 24A and 24B show sagittal views of an air-
way obstructed by posterior slippage of the base of the
tongue, and resolution of the slippage by a shape-changing
device that is hard-anchored in the jaw and harnessed to the
hyoid bone, and pulls or advances the hyoid toward the jaw by
becoming shorter.

[0041] FIGS. 25A and 25B show sagittal views of an air-
way obstructed by posterior slippage of the base of the
tongue, and resolution of the slippage by a shape-changing
device that is hard-anchored in the jaw, engages tissue at the
base of the tongue, and pulls the tongue toward the jaw by
becoming shorter.

[0042] FIGS. 26A and 26B provides a detailed view of a
device embodiment that may be used as an alternative to the
device shown in FIG. 25.

[0043] FIGS. 27A and 27B show an embodiment of a
shape-changing device that is inserted into tongue tissue,
anchored at a site on the inner aspect of the jaw, and changes
shape in a curvilinear manner, drawing the tongue anteriorly
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as a whole, and superiorly, particularly at the base. FIG. 27A
shows the device upon implantation; FIG. 27B shows the
device after bioerosion and changing shape.

[0044] FIGS. 28A and 28B show another embodiment of a
device that may be used alternatively to the devices shown in
FIGS. 24-27 for pulling the base of the tongue forward toward
the jaw.

[0045] FIGS. 29A-29C show an embodiment with a shape-
changing profile similar to that of the embodiment depicted in
FIGS. 11A-11B, this embodiment having an alternative pro-
file for the bioerodible material component.

[0046] FIGS. 30A-30D show an embodiment of a shape-
changing device similar to that of FIGS. 9A-9C in that it
lengthens following implantation and subsequent erosion of
bioerodible material. The present embodiment, however,
constrains a spring in a compressed configuration by securing
it with bioerodible sutures. FIG. 30A shows a nascent device
in its preferred configuration. FIG. 30B shows the device atan
implant-ready stage, the spring secured in a compressed state
by bioerodible sutures. FIG. 30C shows the device following
implantation and in a state of partial erosion of bioerodible
material and in a partially expanded stage. FIG. 30D shows
the device after complete erosion of bioerodible material, and
in a fully expanded state, a shape that substantially corre-
sponds to the original and preferred shape of the device.

[0047] FIGS. 31A-31D show a device that has a three-
dimensionally curved configuration when at an implant ready
stage, and that flattens upon erosion of bioerodible material.
This device is, to some extent, functionally the complement
of'the device depicted in FIGS. 18 A-18E, in that the previous
(FIG. 18) device is in a flat configuration at implant, and
assumes a three-dimensional bowl-like configuration follow-
ing implantation and bioerosion. FIG. 31 shows the device at
a nascent stage where it is flat, and has leaf-cuts included to
accommodate being curved. FIG. 31B shows the device after
being formed into a bowl-like shape, such shape stabilized by
the incorporation of bioerodible material into slots on the
outer surface of the curve, as shown in the cross-sectional
view of FIG. 31C. FIG. 31D shows the device in the flattened
shape it returns to following implantation and erosion of the
bioerodible material. This embodiment also features holes
108 for tissue engagement or in-growth, such in-growth
engaging the tissue implant site and the device such that the
tissue tends to adhere to the device while the device changes
shape, rather than pulling away from it.

[0048] FIGS. 32A and 32B show applications of shape-
changing devices, as depicted in FIGS. 18 and 31, as they are
implanted into the base of the tongue, where they each create
a shape-change in remodeling that brings the tongue forward,
thereby opening the airway behind it. FIG. 32A shows flat but
bowl-forming device implanted in the base of the tongue.
FIG. 32B shows the device at a time period following implan-
tation, bioerosion, and consequent shape change in the form
where the creation of an anteriorly directed curve has formed.

[0049] FIGS. 33A and 33B show a three-dimensionally
curved device, convex surface facing anteriorly in situ in the
base of the tongue. FIG. 33 A shows the device in situ, imme-
diately after implantation. F1G. 33B shows the same device at
apoint in time after implantation, bioerosion, and subsequent
shape change in the form of a flattening of the three dimen-
sional curve that pulls tissue forward, expanding the airway
opening behind the tongue.
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DETAILED DESCRIPTION

A. Anatomy of the Pharynx

[0050] FIG. 1 is a sagittal view of the structures that form
the pharyngeal airway 4; some of these structures can become
compromised under various conditions to the extent that they
obstruct or occlude passage of air through the airway 4, and
thus contribute to obstructive sleep apnea. The pharynx is
divided, from superior to inferior, into the nasopharynx 1, the
oropharynx 2 and the hypopharynx 3. Variations of FIG. 1 are
provided in FIGS. 2, 3, and 4, which depict airway obstruc-
tion sites 5 at various levels in the pharyngeal airway. FIG. 2,
for example, shows an occlusion 5 at the level of the orophar-
ynx 2, where the base of the tongue 16 and a thickened
posterior pharyngeal wall 22 have collapsed against each
other. FIG. 3 shows an occlusion 5 at the level of the nasophar-
ynx 1, where an elongated and/or floppy soft palate has col-
lapsed against a thickened posterior pharyngeal wall. FIG. 4
shows an occlusion 5 at the level of the hypopharynx 3, where
both an elongated soft palate and a floppy epiglottis have
collapsed against the pharyngeal wall 22.

[0051] With reference to FIGS. 1-4, the nasopharynx is the
portion of the pharynx at the level or above the soft palate 6.
In the nasopharynx, a deviated nasal septum or enlarged nasal
turbinates may occasionally contribute to upper airway resis-
tance or blockage. Rarely, a nasal mass, such as a polyp, cyst
or tumor may be a source of obstruction. The oropharynx 2
includes structures from the soft palate 6 to the upper border
of the epiglottis 12 and includes the inferior surface of the
hard palate 14, tongue 16, tonsils 18, palatoglossal arch 20,
the posterior pharyngeal wall 22 and the mandible 24. The
mandible typically has a bone thickness of about 5 mm to
about 10 mm anteriorly with similar thicknesses laterally. An
obstruction in the oropharynx 2 may result when the tongue
16 is displaced posteriorly during sleep as a consequence of
reduced muscle activity during deep or non-REM sleep. The
displaced tongue 16 may push the soft palate 6 posteriorly and
may seal off the nasopharynx 1 from the oropharynx 2. The
tongue 16 may also contact the posterior pharyngeal wall 22,
which causes further airway obstruction.

[0052] The hypopharynx 3 includes the region from the
upper border of the epiglottis 12 to the inferior border of the
cricoid cartilage 14. The hypopharynx 3 further includes the
hyoid bone 28, a U-shaped, free-floating bone that does not
articulate with any other bone. The hyoid bone 28 is attached
to surrounding structures by various muscles and connective
tissues. The hyoid bone 28 lies inferior to the tongue 16 and
superior to the thyroid cartilage 30. A thyrohyoid membrane
17 and a thyrohyoid muscle 18 attaches to the inferior border
of'the hyoid 28 and the superior border of the thyroid cartilage
30. The epiglottis 12 is infero-posterior to the hyoid bone 28
and attaches to the hyoid bone by a median hyoepiglottic
ligament. The hyoid bone attaches anteriorly to the infero-
posterior aspect of the mandible 24 by the geniohyoid muscle.

B. Method of Opening an Obstructed Airway with
Implantable Shape-Changing Devices

[0053] Embodiments of the invention include methods for
opening a collapsed or obstructed airway with devices that
can be implanted into various tissues that form the airway.
Embodiments of the devices include resiliently deformable
materials and bioerodible materials. The deformable portion
of the devices, when first formed, is formed into a preferred
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shape which is then subsequently deformed, and stabilized in
that deformed shape by incorporation or application of bio-
erodible materials to create a device in its implantable form.
Once implanted into a tissue site, and thus exposed to an
aqueous environment and subject to cellular and enzymatic
action, the bioerodible portions of the device erode, thereby
allowing the deformable portion of the device to return
toward the preferred form. Embodiments of the method, in
their simplest form, thus include implanting a device, the
bioerodible portion of the device bioeroding, the device
changing shape as a consequence of the bioeroding, and the
tissue remodeling in accordance with the force being exerted
by the shape changing of the device. Reciting the method in a
more complete form, it may be understood that the method of
treating sleep apnea or treating the underlying obstruction
that provokes the sleep apnea, may begin by forming the
device to be implanted. These methods are broadly depicted
in FIG. 5, as described below.

[0054] FIG. 5 depicts various steps in a method for treating
sleep apnea, as described in basic form above, wherein a
bioerodible device is formed, implanted, and tissue thereby
beneficially reformed by the presence of the device. In a Step
510, a device that may be considered a preliminary device, or
a proto-device, or a device in its initial form is formed from
materials that include, or substantially include the deform-
able materials that will be present in the final form of the
device. The preliminary device is formed into a shape by
casting or other methods well known in the art into a shape
that is preferred, a shape to which the device will return absent
constraints or conditions that prevent such return. Embodi-
ments of the proto-device typically include sites or features
that will later be occupied by bioerodible materials.

[0055] In Step 520, the proto-device is shaped into a
deformed shape or configuration that corresponds to what
will be the final shape of an implant-ready device. Such
deforming of the proto-device may also alter or create sites or
features that will accommodate the bioerodible materials.
[0056] In Step 520, the shape-memory material-based
proto-device is combined with, or receives the bioerodible
materials. As will be described below, such incorporation of
bioerodible materials may occur in various ways. For
example, the bioerodible materials may fill in vacant sites
such as inlets, pores, or holes; in other embodiments, the
bioerodible materials may be built up on top of deformable
materials, or the proto-device may be partially- or fully-en-
cased in a layer of bioerodible materials. In some embodi-
ments, the bioerodible materials may be soft or malleable
when being combined with deformable materials. In these
embodiments, after combining the deformable proto-device
with bioerodible materials, a hardening or curing step may be
needed to complete formation of a stable device. In other
embodiments, the bioerodible materials may be rigid or hard,
in which case, after inserting bioerodible pieces, or snapping
them into place, the device may assume a substantially final
form. In some embodiments of the method, Steps 2 and 3 may
be integrated or overlapping to the extent that there is no
demarcation between them.

[0057] In Step 530, the completed and implant-ready
device is implanted in a tissue site, the tissue being any of
several that form portions of the airway, such as, by way of
example, the soft palate, a site in the pharyngeal wall, or the
tongue. Tissue implantation is typically an atraumatic inser-
tion, and has a minimal immediate effect on the shape or
conformation of the implantation site.
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[0058] In Step 540, the bioerodible portion or portions of
the implanted device erode. This erosion occurs by virtue of
the device being in the aqueous biological environment, at
body temperature, and being subject to attack by cells of the
immune system and enzymes present in the interstitial fluid.
As the bioerodible portion(s) of the device erode, the shape-
memory portion of the device becomes increasingly loosed
from the constraints imposed by the previously confining or
constraining bioerodible materials, and the device begins to
change shape toward the preferred shape (Step 550). The time
course or rate of the shape-change varies according to the
particulars of the embodiment. However, such variation in
shape-change rate is controllable by varying features such as
the thickness, volume, or accessibility of the bioerodible
materials, and the rate is predictable, based on empirical
observations from in vitro model systems and in vivo studies.

[0059] Also occurring after implantation, and typically at a
faster rate than shape change, is the biological reaction of host
tissue to the presence of a foreign body. Such reaction
includes formation of fibrotic tissue that, in time, substan-
tially encases the implant. The fibrotic tissue stabilizes the
device within the host site, and is a form of tissue healing
following the disruption or injury associated with implanta-
tion. The fibrotic response provides a level of traction
between the device and tissue that allows the shape change of
the device to gradually change the shape of the host site, and
to effectively reform it. This gradual rate of tissue shape
reforming, over a time course that varies from days to months,
is advantageous, and stands in contrast to an implant that
corresponds to the intended post-implant configuration
immediately, or that changes shape more quickly than the site
can actually accommodate such change. In cases of immedi-
ate or too-soon shape change, the implanted device may be at
risk for cutting or eroding through host tissue, instead of
actually reforming or therapeutically remodeling it; and in
more extreme cases, a device may disrupt or extrude from the
implant site.

[0060] The stabilization of the device in the desired tissue
site by such fibrotic tissue can be enhanced, as described
further below, by tissue-interactive, tissue-adhering, or tis-
sue-engaging features of the device embodiments. Such
device features may include, for example, sites oftissue inter-
calation, whereby fibrotic tissue becomes enmeshed or grows
into or through sites of the device. Embodiments of tissue-
engaging sites such as these may be described as holes or
pores, and may either dead-end into a device surface or pen-
etrate entirely through a portion of a device. Tissue-interac-
tive aspects of may also include features that simply increase
the surface area to volume ratio of portions of device embodi-
ments, the increased surface area providing a scaffolding or
simply more surface for fibrotic tissue to cover or to incorpo-
rate into, or greater associated volume of tissue to engage.

[0061] In Step 560, the tissue surrounding the implant site
becomes remodeled in accordance with the changing shape of
the device. The change in shape will vary according to par-
ticulars of the implant site and the device, and the preferred
shape of the device. Despite such variation, what embodi-
ments of the method have in common is that such changes in
tissue shape will counteract the dysfunctional shape changes
that had lead to the airway occlusion, and, accordingly, the
embodiments will increase the opening provided by the air-
way such that air flows therethrough more easily, at a higher
rate per unit airway pressure. The remodeling of tissue is such
that the increased opening of the airway is substantially mani-
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fests during sleep. Step 560 (tissue shape changing) follows
as a consequence of Step 550 (device shape changing), and
can, to some extent, lag behind Step 550. However, the pro-
cesses associated with Steps 550 and 560 generally proceed
coincidentally, i.e., as the device changes shape, force is
released by such change and is absorbed by the surrounding
tissue, encouraging the tissue to remodel so as to conform to
the device.

C. Shape Changing Devices that are Implantable in
Tissues of the Airway

[0062] The shape-changing of devices that include deform-
able or shape-memory materials 100 and bioerodible materi-
als 107, as provided in specific embodiments described fur-
ther below, proceeds by way of various types of changes in
shape, and by combinations of such approaches. Shape
changing, as performed by device and method embodiment
described herein, happens with implantable devices over a
period of time after they are implanted, as a result of erosion
of'the bioerodible portion of the device. Atthe time of implan-
tation, the devices are in a shape or configuration that is
different from that of a preferred shape or configuration, such
preferred shape substantially defined by the resiliently
deformable portion of the device.

[0063] The nature of the shape-change, once-implanted is
toward the shape or configuration that is preferred by the
deformable or shape-memory portion 100 of the device, such
shape change being facilitated by the erosion of bioerodible
material 107 that (until erosion) had been constraining the
device in a non-preferred or deformed shape. The gradual
aspect of shape change that embodiments of the device
undergo is by an intended feature of the device design, and is
advantageous in that it facilitates a gradual and effective
remodeling of tissue surrounding the implant site. Another
aspect of embodiments of the shape-changing devices is that
the resiliently deformable material, once loosed from bio-
eroded constraints, remains at least substantially as flexible as
it was when it was in the form of the proto-device, prior to the
incorporation of bioerodible material. Such flexibility
imparts a forgiving aspect to the stabilization of shape that the
device imparts to the remodeled tissue. The airway-forming
tissues, such as, by way of example, soft palate, tongue, or
pharyngeal wall, are all soft tissues, that flex within a range of
shapes during the movements associated with swallowing
and breathing, and also as a function of bodily position, such
as when the individual is standing or reclining. Thus, chang-
ing the shape of portions of the airway, as provided by
embodiments of the invention, may be appropriately under-
stood as shifting the range of shapes that such tissues assume
dynamically as part of their anatomical form, serving their
physiological function.

[0064] Still another aspect of embodiments the shape-
changing devices and methods of changing shape relates to an
appreciation of two classes of force that are exchanged
between the device and the host tissue site as they engage each
other. One aspect of force exchange involves the force load
kinetically applied to the proto-device in its preferred shape in
order to force it into a non-preferred shape that is then held in
place as potential energy by the bioerodible material. This
amount of force may be considered a force of alevel F1. This
force F1, corresponding to the force associated with main-
taining the device in its non-preferred shape, is also that
which is released gradually by the device into the tissue, over
a time course that may range up to several months, for
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example. This force F1 is what is responsible for the remod-
eling of the tissue site, as it is transferred from the device to
the tissue site that absorbs it.

[0065] Thus, force that is required to effect the change of
shape of a nascent device from its preferred shape to the
non-preferred shape of the implant ready device is a level of
force sufficient to remodel an airway such that it is unob-
structed during sleep, as such force F1 is released into and
absorbed by the tissue site. However, the force F1 imparted to
the tissue site may not exceed a level sufficient to remodel the
airway to the extent that the site or surrounding tissue is
unable to move in a manner that allows normal or near-normal
physiological function.

[0066] A second aspect of force exchange between the
device and the tissue site may be called F2, which is repre-
sented by the level of force that the tissue site imparts on the
device, and which the device absorbs by way of the resilience
or elasticity of the device as a whole. Absorbing F2 is thus a
property of the material device design which is substantially
independent of the preferred-non-preferred shape status of
the device, and follows from the materials that comprise the
device and the overall device design. As a simple example of
design or shape of the deformable portion of the device that
affects the overall elasticity of the device within the host
tissue site, a thin device will be more elastic than a thick
device of the same material. Force F2 thus engages the resil-
ience or elasticity of the device with respect to the movement
that it undergoes as it responds to normal physiological move-
ment of the implant site, and is an important feature of the
behavior of the device within tissue that is dynamically
changing as part of its normal function.

[0067] Embodiments of the inventive device and method
appropriately balance the forces F1 and F2 with respect to the
device, the amount of desired shape-change to be imparted to
the host tissue, and the amount of movement and shape-
changing inherent to natural and proper functioning of the
hosttissue site. By way of example, with an excessive amount
of shape-changing force F1, it would be easy to pull the base
of the tongue, as in embodiments shown in FIGS. 24-28 too
far forward, overwhelming force F2, and this could interfere
with swallowing. With a device too stiff, it would also be easy
to disallow natural movement of the tongue during swallow-
ing. In general, the amount of force F1 needed to effect tissue
shape-changing is relatively small compared to the very
strong muscular forces (corresponding to F2) involved in
swallowing. Accordingly, embodiments of shape-changing
devices provided herein are designed with an appropriate
level of potential energy corresponding to F1 and an appro-
priate level of elasticity of the device as a whole, correspond-
ing to F2, to be compatible with normal tissue function. The
appropriate levels of F1 and F2 may be independent of each
other, but in some embodiments the appropriate levels may
have a relationship, either positive or negative. In embodi-
ments where such a relationship exists, there further being an
appropriate ratio or function that that relates F1 and F2 to each
other.

Device Materials

[0068] Resiliently deformable or elastic materials that
comprise the deformable portion of embodiments of the
device may include plastics or metal that can be forcibly
deformed from an initial or preferred shape to a deformed or
contorted shape, and then, by virtue of their material proper-
ties, return to the preferred shape upon release of deforming
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force or constraint. Deformable plastics appropriate for
devices described herein are well known in the art and may
include, merely by way of example, silicone rubber (Silas-
tic®), polyesters, polyurethanes, and/or polyolefins. Resil-
iently deformable metals appropriate for devices described
herein may include, merely by way of example, stainless
steel, spring steel, and shape-memory, superelastic metals
such as nickel-titanium alloy (NiTi, Nitinol). The resiliently
deformable portion of embodiments of the device may also be
formed from combinations of materials, such as, merely by
way of example, elastic polymer portions with Nitinol wire
embedded therein.

[0069] Bioerodible materials may be understood as any
material that erodes, degrades, is absorbed, is resorbed, or
loses its structural integrity when exposed to a biological
environment. Bioerodible materials are typically polymers,
both natural and synthetic, such as, merely by way of
example, polycaprolactone, polylactic acid, polyglycolic
acid, polylactide coglycolide, polyglactin, poly-L-lactide,
polyhydroxalkanoates, and polysaccharides such as starch,
cellulose, and chitosan, as well as structural proteins such as,
merely by way of example, collagen. Some particular
embodiments may include calcium carbonate-based ceramic
materials; a contemporary example of an appropriate material
is a resorbably beta-tricalcium phosphate manufactured by
Orthovita (Malvern, Pa., USA), as further formulated with
collagen and synthetic polymers by Kensey Nash Corpora-
tion (Exton Pa., USA). Further, as with the resiliently deform-
able portion of device embodiments, the bioerodible portion
of device embodiments may include combinations of such
materials.

[0070] The rate at which bioerodible materials are
degraded in the body varies according to the composition of
the material, but may be tested empirically in model systems
so that it becomes predictable. Further, the rate of erosion of
a region of bioerodible material can be controlled by the
configuration and exposure of the material. For example,
larger or thicker regions will degrade more slowly than
smaller or thinner regions. The ratio of exposed surface area-
to-volume will affect the rate of degradation of the erodible
site as a whole. In some embodiments, it may be advanta-
geous to configure separate bioerodible regions within a
device such that they degrade at differing rates. Further
design features that may provide control or predictability
with regard to bioerosion include the incorporation of areas
particularly susceptible to erosion, such sites being deliber-
ately designed and positioned points of failure or frangibility.
With bioerosion staged in such a way, the resiliently deform-
able materials may be released from erodible material con-
straints in a programmed or step-by-step manner. Methods of
forming units of bioerodible polymer are well known in the
art, and generally include processes such as molding or pro-
file extrusion.

[0071] Bioerodible materials within embodiments of the
implantable device, in addition to their utility for degradation
and removal from the implanted device per se, may also be
advantageously utilized for the delivery of elutable bioactive
agents. Bioactive agents such as drugs or hormones that are
eluted during the course of erosion of the bioerodible mate-
rials, may serve, for example, to promote healing of the
implant wound, or to promote stabilization of the implanted
device within the tissue site by, for example, promoting the
toughening the fibrotic tissue capsule that forms around the
implanted device.
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Types of Shape Changes

[0072] Shape-changing devices described and depicted
herein (FIGS. 6-29) herein can be broadly understood as
having a life cycle that takes them through three basic stages.
Shape changing devices described herein, regardless of the
particulars of form, or stage within manufacturing or post-
implant status or intended implant site may be generally
referred to as a device 200. The initial stage of a device 200

CLIT)

may be variously referred to simply as a “device”, “proto-
device”, “nascent device” and is that of a device in a pre-
implant ready form or, in some instances, a kit or exploded
assembly of parts which may be so-labeled. In some embodi-
ments, the nascent device is simply the resiliently deformable
portion 100 of the device in its preferred shape or configura-
tion, before the incorporation of bioerodible material 107. A
complete kit or proto-device 200 may further include the
bioerodible material itselfin a form that is prepared for incor-
poration into a device, as well as any ancillary parts, such as
a tissue stabilizing end bar or end piece 205, or a tissue
connector 111, such as a screw.

[0073] The second stage of the device is an implant-ready
device 200', which includes the resiliently deformable mate-
rial after having been placed into a non-preferred shape, i.e.,
the shape appropriate for implantation into a site in an airway-
forming tissue, or an implant-ready shape. As the method
description above has set out, the process of making a device
includes putting the resiliently deformable portion of the
proto-device 200 into an appropriately contorted or deformed
shape, and combining that portion with bioerodible material
107. The incorporated bioerodible material 107 stabilizes the
resiliently deformable material ofthe proto- or nascent device
in the deformed shape. The complete and implant-ready
device 200' thus includes the resiliently-deformable material
and the bioerodible material combined together. The bioerod-
ible material may be incorporated more specifically into spe-
cific sites 105 within the resiliently-deformable material. The
complete implant-ready device 200" may further include any
ancillary features such as tissue stabilizing features 205 or
tissue connectors 207.

[0074] After implantation of a device 200', the erodible
material 107 within accommodating sites 105 begins to
erode, and with such erosion, the device as a whole begins to
change shape, ultimately arriving at a final state 200", a shape
that is substantially determined by the preferred shape of the
resiliently deformable portion 100 of the device. This final
shape of the device in situ, (or more particularly, the range of
final shapes, per the general description of shape-changing
devices, above) as compared to the non-preferred shape, is
thus toward that of the preferred shape, as manifested by the
shape of the proto-device 200. In some embodiments, the
final shape of device 200" may be substantially identical to
that of nascent device 200, in other embodiments the changed
shape may not fully return to that of the nascent device 200.
The degree of similarity or dissimilarity between the shape of
the nascent device 200 and the implanted and post-bioeroded
device 200" may be a function of variables such as the resil-
ience of the resiliently deformable portion 100 of the device,
and of the amount of resistance provided by the host tissue
into which the device is implanted.

[0075] Another aspect of change of shape or configuration
of device is associated with the shape or condition of the
bioerodible material accommodating sites or slots 105 that
may be present in the nascent device 200, the implant ready
device 200", and the post-eroded device 200". The shape of
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the empty sites 105 in the nascent device 200 will vary
according to the configuration of the device as a whole, but
generally the empty sites 105 will have the form of slots or
compressed or flattened space. The shape of the bioerodible
material-filled sites 105' will be their fullest form. The shape
of the empty, post-erosion accommodating sites 105 in the
shape-changed device 200" substantially returns to that of the
sites 105 in the nascent device. Some embodiments of a
proto-device 200 may not have a discrete bioerodible mate-
rial-awaiting site, but the bioerodible material-occupied site
105 may form a broader feature or aspect or portion of an
implant-ready device, as for example when the bioerodible
material is an encasement, covering or filling the device,
either in part or as a whole, as seen, for example, in embodi-
ments shown in FIG. 6. Further, as described above, in some
embodiments, the bioerodible material may provide a reser-
voir of bioactive agents that are gradually released from the
material as it erodes. Device embodiments that make use ofan
encasing layer of bioerodible material may be particularly
appropriate for eluting bioactive agents into the implant site,
encouraging a beneficial healing response.

[0076] The description will now turn to a basic description
of the geometric aspect of various types of shape-changes
devices 200" may undergo following their implantation into
tissues lining the airway. Devices may shorten (FIGS. 6 and
7) or lengthen (FIGS. 8 and 9), and such shortening or length-
ening may occur in the context of a substantially linear or
rod-like device, or a linear portion of a device, and such
shortening or lengthening may further occur in the context of
a linear dimension of a substantially planar device, or planar
portion of a device. Typically, the shortening of an implanted
device serves to pull or compress tissue that is adherent to the
device, or connected to the ends of an implanted device by
specific features of the device. Examples of embodiments
where a device that shortens and effects a shape change by
pulling anchoring sites from two tissues together is described
below where an embodiment of an implanted device is
anchored at one end to the hyoid bone and at the other end at
a site in the mandible (FIG. 24), the shortening of the device
causing the base of the tongue to move forward, thereby
opening the airway. In another example, an embodiment of an
implanted device is anchored at one end in tissue at the base
of the tongue and at the other end at a site in the mandible
(FIGS. 25-28), the shortening of the device (as in the preced-
ing example), causing the base of the tongue to move forward,
thereby opening that local portion of airway. Shortening or
lengthening of a device, described above basically in the
context of a single dimension, may also occur in two dimen-
sions. For example, depending on particulars of structure, a
device embodiment could expand or contract along an x-axis
and a y-axis. In some embodiments, expansion could occur
along one axis, and contraction could occur along the other
axis. Further, the axes need not be perpendicularto each other.
The effect of these variations of shape change along separate
axes may manifest in expansion or contraction of surface
areas, which may further cause shape change in a third dimen-
sion.

[0077] Devices may also change shape by forming curves
once implanted and bioeroded (e.g., FIGS. 10, 11, 15, 16),
and such curve-forming may occur in the context of a sub-
stantially linear or rod-like device, or a linear portion of a
device. Such curve-forming may also occur in the context of
a linear dimension of substantially planar device, or planar
portion of a device. Curve forming may occur in complex
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linear patterns as well, a rod-like device, for example, may
vary in the degree of curvature along a linear section, and
curves may occur in alternate directions along a linear portion
of'a rod so as to create S-shaped curves, or multiple S-shape
curves, in a sine-wave like manner.

[0078] Devices may also change shape by flattening
already-formed curves (e.g., FIGS. 12 and 13). Such curve
flattening may occur in the context of a substantially linear or
rod-like device, or a linear portion of a device, and such
curve-flattening may occur in the context of a linear dimen-
sion of substantially planar device, or planar portion of a
device. In a converse manner to the formation of S-shaped
sections, or sine-wave sections, such complex curves may be
flattened wholly, or to varying degree.

[0079] Curve forming may also occur across two and three
dimensions, as for example, a flat or planar device, or a planar
portion of a device, may change shape so as to form a cup-like
shape (e.g., FIG. 18), a convex- or concave portion, depend-
ing on the perspective from which the device is observed.
Similarly, curve flattening may also occur across two or three
dimensions (e.g., FIG. 31), as for example, a two-dimensional
device, or a substantially two-dimensional portion of a
device, may change from a cup-like shape (a convex- or
concave portion, depending on the perspective from which
the device is observed) to a flattened shape.

Tlustrating Shape Changes

[0080] The shape-changes of devices implantable in tissues
that form the airway, as described in basic geometric terms
above, will now be described and depicted more specifically
as they are created by various device embodiments. FIGS.
6A-6D and 7 show various approaches by which an implant-
able device comprising resiliently deformable material and
bioerodible material can change shape by shortening. In these
and other figures, label 100" refers to resiliently deformable
material in its non-preferred state, such as being expanded,
and label 100 refers to the resiliently deformable material
after having returned to its preferred state, such as being
non-expanded. Label 105 refers to a site for bioerodible mate-
rial that is empty either for not yet being filled or for the
bioerodible material having been eroded, and label 105' refers
to a site that is filled with bioerodible material. Further, as
noted above, label 200" refers to a device in its implantable
state, in a non-preferred configuration per the resiliently
deformable portion of the device, and 200" refers to the same
device after bioerosion and a return toward the preferred
shape per the resiliently deformable portion of the device.
FIGS. 6 A-1 and 6 A-2 depict an embodiment wherein device
200' includes a deformable component in the form of a spring
that is constrained in an expanded configuration by an encase-
ment of bioerodible material. After erosion of the bioerodible
material and consequent shape change, device 200" emerges,
which is shorter than device 200' as a consequence of the
spring-form deformable material resiliently returning to its
preferred non-expanded shape.

[0081] FIGS. 6B-1and 6B-2 depict an embodiment similar
wherein the silicone rubber core is stretched and then encased
in layer of bioerodible material which holds the core in that
stretched configuration (FIG. 6B-1, device 200'). In some
embodiments a broad mutual adhesion between the silicone
rubber material and the bioerodible material contributes to
the constraining in this configuration; in other embodiments,
the erodible and deformable portions may not necessarily be
mutually adherent. Following a period of implantation and
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consequent erosion of the bioerodible material, device 200"
(FIG. 6B-2) emerges, which is shorter than device 200' as a
consequence of the silicone rubber material contracting to its
preferred and shorter state.

[0082] FIGS. 6C-1 and 6C-2 depict an embodiment of
device 200" wherein a lantern-like arrangement of deformable
materials is held in a laterally-compressed configuration by a
wrapping or encasement within a layer of bioerodible mate-
rial. The lantern-like structural components have a preferred
bowed-outward shape that emerges as the bioerodible mate-
rial erodes, allowing the deformable components to resil-
iently bow outward, and thus contract the device in its linear
dimension, and causing the emergence of device 200".
[0083] FIGS. 6D-1 and 6D-2 depict an embodiment of
device 200" wherein a Nitinol-based central component that
includes one or more curves in a preferred state, but the
component is held in a linear configuration by a shape-con-
straining encasement of bioerodible material. Upon erosion
of the bioerodible encasement, the Nitinol core assumes its
preferred and multiply-curved configuration, causing the
emergence of device 200", which is shorter than its parent
form 200'.

[0084] FIGS. 7A-7G depict a shortening device in some
considerable detail over the course of'its life cycle. As in FIG.
7A, an embodiment of device 200 includes a silicone rubber
component in the form of a central core with intervening
circumferentially peripheral notches or available sites for the
inclusion of bioerodible materials, as well as bioerodible
material segments 107 configured to fit within the slots 105,
circumferentially around the narrowed rod portions. Refer-
ence line 7B identifies the location of cross section seen in
FIG. 7B. Reference line 7C identifies the location of the cross
section seen in FIG. 7C. In FIG. 7D, the device has been
stretched into an expanded configuration (a non-preferred
shape). It can be seen that the slots, in particular, are expanded
over their length seen in FIG. 7A.

[0085] In FIG. 7E, the segments of bioerodible material
107 have been fitted into the slots 105, to form an implant-
ready device. Reference line 7F of FIG. 7E identifies the
location of cross section seen in FIG. 7F. FIG. 7G shows the
device as it would appear in situ after a period of time that has
allowed a degree of partial erosion of the bioerodible material
107. It can be seen that in this particular embodiment, partial
erosion has created a partial shortening of the regions of the
device occupied by the bioerodible material. Finally, FIG. 7H
shows a device 200" in which all of the bioerodible material
has eroded away, leaving a device now substantially consist-
ing of the silicone rubber material, and now returned to its
preferred and contracted or shorter length.

[0086] FIGS. 8 and9 show exemplary approaches by which
an implantable device comprising deformable material and
bioerodible material can change shape by lengthening. FIG.
8A shows a proto-device 200 at a point during its fabrication.
In this particular embodiment the resiliently deformable por-
tion includes lantern like-forming regions that can accommo-
date bioerodible material where components can be forced to
bow outward thereby (1) shortening the total length of the
device, and (2) creating a site 105 that can accommodate a
unit of bioerodible material 107, which, once placed in the
site, stabilizes the lantern-like bowed-out components in their
bowed configuration. The preferred state of the lantern-like
components is a straight configuration, as depicted in the
upper portion of the device 200. FIG. 8B shows the device in
its implant-ready form 200', with two bowed-out regions,
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each stabilized by the inclusion of a bioerodible unit con-
tained therein. FIG. 8C shows the device in its post-eroded
form 200", wherein the bioerodible units have been eroded
away, thus allowing the lantern-like bowed-out regions to
laterally compress into their preferred shape, and thus length-
ening the device as a whole with respect to the parent device
200'.

[0087] FIGS. 9A-9C show an embodiment of a shape-
changing device that lengthens following implantation by
expansion of a spring at various stages in its life cycle. In a
manner similar to that shown in FIG. 8, FIG. 9A depicts a
device kit 200 in the process of being assembled from the
resiliently deformable portion of the device 100 in the form of
a spring, and with tissue stabilizing end pieces 205, and the
bioerodible material 107 standing by. Also shown is an empty
accommodating space for the bioerodible material 105. FIG.
9B shows the assembled device 200' in its implant-ready
form, with the spring-form portion 100', now compressed, the
bioerodible material 107 in place within coils of the spring.
FIG. 9C shows the device 200" in its mature form, following
implantation, the bioerodible material now eroded and gone,
and the device consequently in a lengthened configuration.

[0088] FIGS.30A-30D show anembodiment similar to that
depicted in FIGS. 9A-9C in that the device 200' lengthens
upon implantation and erosion of bioerodible material that
holds a spring-like mechanism in a compressed state. In the
present embodiment, however, rather than having an encase-
ment of bioerodible material, the material is in the form of
bioerodible sutures 107. FIG. 30A shows the device in its
nascent form 200, with the deformable material in its pre-
ferred, non-compressed form. FIG. 30B shows the device
200' in its implant-ready form, with the resiliently deformable
material in a compressed form, held by sutures 107'. F1G. 30C
shows the device 200' in a partially eroded and consequently
partially-expanded form. FIG. 30D shows device 200" in its
mature form, expanded toward its original and preferred
shape per the resiliently deformable material, with the bio-
erodible suture material now gone. The use of bioerodible
sutures is also seen in the device embodiments depicted in
FIG. 17, below. In the present embodiment, sutures may
connect the respective ends of the compressed device, and
they may also connect the compressed portion of the device at
various intermittent locations. Further, such segmented con-
straints, here, in the form of sutures, may vary amongst each
other with regard to their resistance or susceptibility to bio-
erosion. The effect of variable rates of erosion in such an
arrangement is that the device can expand in stages, as con-
straints erode at their varied rates. Erosion rates can be varied
by a number of approaches and combinations thereof, such
as, for example, the use of varied materials, or by varying, for
example, the thickness of sutures of identical material.

[0089] FIGS. 10 and 11 show exemplary approaches by
which an implantable device comprising resiliently deform-
able material and bioerodible material can change shape by
forming a curve. FIG. 10A shows a linear proto-device 200
that is comprised of deformable material in its preferred
curved configuration, with sites 105 for the insertion of bio-
erodible material pieces 107. FIG. 10B shows an implant-
ready device 200", with the bioerodible material 107 included
in the sites 105 within the deformable portion 100 of the
device. By such insertion, the device 200 has been forced to
assume a straight configuration. FIG. 10C shows the device,
now in configuration 200" following the erosion of the bio-
erodible materials, and by such erosion, the deformable por-
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tion has been freed to resume its preferred configuration,
giving the device 200" a curved shape.

[0090] FIG. 11A shows a planar proto-device 200 that is
comprised of resiliently deformable material in its preferred
curved configuration, with linear sites 105 for the insertion of
bioerodible material pieces 107. FIG. 11B shows an implant-
ready device 200", with the bioerodible material 107 included
in the sites 105 within the deformable portion 100 of the
device. By such insertion, the device 200" has been forced to
assume a straight planar configuration. FIG. 11C shows the
device, now in configuration 200" following the erosion of the
bioerodible materials, and by such erosion, the deformable
portion has been freed to resume its preferred configuration,
giving the device 200" a curved planar shape.

[0091] FIGS. 29 A-29C show an embodiment with a shape-
changing profile similar to that of the embodiment depicted in
FIGS. 11A-11B, this embodiment having an alternative pro-
file for the bioerodible material component 107. This embodi-
ment thus is initially formed as a curved nascent device 200
(FIG. 29A), which is formed into a substantially flat implant
device 200' (FIG. 29B), which upon implant and subsequent
erosion of the bioerodible material, changes into a curved
planar device 200" (FI1G. 29C). The bioerodible material seg-
ments 107, as seen in FIGS. 29A and 29B are wedge-shaped,
in contrast to the spherical or cylindrical configurations
depicted in FIGS. 10 and 11 respectively. The configuration
of the bioerodible segments may thus vary, a wedge-shape
merely being an example of such variation, and one that may
provide advantage in the device fabrication process.

[0092] FIGS. 12 and 13 show exemplary approaches by
which an implantable device comprising resiliently deform-
able material and bioerodible material can change shape by
flattening a curve. FIG. 12A shows a curved proto-device 200
that is comprised of deformable material in its preferred
straight configuration, with sites 105 for the insertion of bio-
erodible material pieces 107. FIG. 12B shows an implant-
ready device 200", with the bioerodible material 107 included
in the sites 105 within the deformable portion 100 of the
device. By such insertion, the device 200" has been forced to
assume a curved configuration. FIG. 12C shows the device,
now in configuration 200" following the erosion of the bio-
erodible materials, and by such erosion, the deformable por-
tion has been freed to resume its preferred configuration,
giving the device 200" a straight shape.

[0093] FIG. 13A shows a planar proto-device 200 that is
comprised of resiliently deformable material in its preferred
straight configuration, with linear sites 105 for the insertion of
bioerodible material pieces 107. FIG. 13B shows an implant-
ready device 200", with the bioerodible material 107 included
in the sites 105 within the deformable portion 100 of the
device. By such insertion, the device 200" has been forced to
assume a curved planar configuration. FIG. 13C shows the
device, now in configuration 200" following the erosion of the
bioerodible materials, and by such erosion, the deformable
portion has been freed to resume its straight configuration,
giving the device 200" a straight planar shape.

[0094] FIGS. 14A-14C show an embodiment of the shape-
changing device that expands an existing curvature. FIG. 14A
is of a proto-device 200 in a preferred configuration, in this
case, a rod configured into a U- or horseshoe-shape. On the
outer aspect of the circumference bioerodible material sites
105 (empty at this point) can be seen as narrow cuts. In FIG.
14B, the device 200' has been forced into a narrower or
V-shaped configuration, and the bioerodible material sites
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105 have been filled with biomaterial 107, such filling stabi-
lizing the device in the narrower configuration. FIG. 14C
shows the device, now 200", after the bioerodible material has
eroded away, the device has radially expanded, the resiliently
deformable material 100 having returned to its preferred
shape. A device of this type has utility in expanding narrowed
pharyngeal passageway, as described below and shown in
FIGS. 21A-21C and 22.

[0095] FIGS. 15A-15C show an example of the formation
of an implantable rod-like device, or a linear portion of a
device with two contrary curves, forming a simple S-shape.
FIG. 15A shows a planar proto-device 200 that is comprised
of resiliently deformable material in its preferred S-shaped
configuration, with linear sites 105 for the insertion of bio-
erodible material pieces 107. FIG. 15B shows an implant-
ready device 200", with the bioerodible material 107 included
in the sites 105 within the deformable portion 100 of the
device. By such insertion, the device 200" has been forced to
assume a straight planar configuration. FIG. 15C shows the
device, now in configuration 200" following the erosion of the
bioerodible materials, and by such erosion, the deformable
portion has been freed to resume its preferred configuration,
giving the device 200" an S-shaped planar shape. FIGS. 16 A-
16C depict a series analogous to that of FIGS. 15A-15C
wherein the device, or portion of a device, is configured in a
planar form rather than a rod, the plane extending perpen-
dicularly in relation to the main axis.

[0096] Other embodiments of the invention can be under-
stood to include variations on this theme of alternating curves.
It can be further understood, for example, that by varying the
spacing of insertion sites 105, and the size and depth of such
insertion sites relative to the thickness of the resiliently
deformable portion of the device, the angles formed at each
vertex represented by an insertion site can be controlled.
Embodiments of a generally rod-like shape that have been
depicted have had the insertion sites 105 on either one side of
the rod, or, in the case of the embodiment depicted in FIGS.
15A-15¢, the insertion sites 105 occur on radially opposite
sides of the rod. It thus can be understood that other embodi-
ments of the invention include those where the insertion sites
are not confined to a single radial position on a rod, or on two
opposite radial positions, but rather can wind around the rod,
thereby creating embodiments that curve in a corkscrew man-
ner. Various embodiments may thus have a preferred configu-
ration that is either a straight or corkscrew like, and upon
incorporation of bioerodible material into insertion sites are
contorted into a corkscrew-like or straight configuration,
respectively, and upon erosion of the erodible material, once
again assume the preferred configuration.

[0097] FIGS. 17A-17C show a rod-like shape-changing
device or portion thereof that changes shape after the erosion
of peripherally-attached bioerodible suture. The use of
sutures is also illustrated by the embodiments depicted in
FIGS. 30A-30D, as described above. In its nascent form 200
(FIG. 17A) the present device is curved. In its implant-ready
form 200" (FIG. 17B) the device is straight, secured by a
suture extending the length of the device and secured at either
end. In its post-implant, post-eroded form 200" (FIG. 17C)
the device is once again curved. Related embodiments may
have more complex curves, and may also have a converse
preferred: non-preferred shape scheme, where the device is
curved upon implantation, and straightens during the course
of erosion of the constraining bioerodible suture. Further, in
other embodiments encircling grooves may be in place, in
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varied form, and may have deepened portions at spaced inter-
vals to provide security against the suture slipping within the
groove. There may also be multiple suture segments, and the
segments may vary in thickness so their erosion times will
vary, and allow release the device from its shape constraint
over a protracted time course.

[0098] FIGS. 18A-18E shows an example of a shape
change where, once implanted, a two-dimensional substan-
tially flat portion of a device can assume a three dimensional
shape. In this particular embodiment, a bowl-shaped shape-
changing device or portion thereof that assumes a disk-like
shape after implantation. In its nascent form (FIG. 18A), the
resiliently deformable portion 100 of nascent device is bowl-
shaped, and it has slots 105 on its inner aspect for accommo-
dating bioerodible material. As the device 200 is being
formed (FIG. 18b) into an implant ready device, it is flattened
and combined with bioerodible material 107. In its implant-
ready form 200' (FIG. 18C), it has assumed a disk-like shape,
with bioerodible material 107" filling the accommodating
slots. FIG. 18D shows a cross-sectional portion of the disk-
like form, with bioerodible material-accommodating slots of
various configurations (1054-1054) for constraining the
device as whole in a flat configuration. In its post-implant,
post-eroded form (FIG. 18E), the device or portion thereof
has returned to a bowl-like configuration. The embodiment
depicted in FIG. 18 includes bioerodible material insertion
sites or slots 105 that are generally concentric, symmetric,
and circumferentially complete. These characteristics can be
varied in other embodiments. The insertion sites or slots, for
example, may be asymmetrical, and may include arcs that are
circumferentially incomplete. By such variations, asym-
metrical bowl-like or cup-like shapes of infinite variety can be
formed, either as a preferred shape, or as a non-preferred
shape.

[0099] FIGS. 31A-31D shows an example of a shape
change where, once implanted, a three-dimensional device or
portion thereof can change shape to become a substantially
flat device. In brief, FIGS. 31 A-31D show a device that has a
three dimensionally curved configuration when at an implant
ready stage, which flattens upon erosion of bioerodible mate-
rial. This device is, to some extent, functionally the comple-
ment of the device depicted in FIGS. 18A-18E, in that the
previous (FIG. 18) device is in a flat configuration at implant,
and assumes a three-dimensional bowl-like configuration fol-
lowing implantation and bioerosion. FIG. 31A shows the
device or components thereof 200 at a nascent stage where the
resiliently deformable portion 100 is flat, and has leaf-cuts
112 included to accommodate being curved. FIG. 31B shows
the device 200" after being formed into a bowl-like shape,
such shape stabilized by the incorporation of bioerodible
material into slots on the outer surface of the curve, as shown
in the cross-sectional view of FIG. 31C. FIG. 31D shows the
device 200" in the flattened shape it returns to following
implantation and erosion of the bioerodible material.

[0100] When the preferred shape (FIG. 31A) of this
embodiment is being forced into a non-preferred shape (FIG.
31B), a surface compression that accompanies such a shape
change needs to be accommodated. This aspect of the forma-
tion of the device is thus more complex and not the converse
of the stretching that occurs in the fabrication of so-called
curve-forming devices, as in the embodiments depicted in
FIG. 18. Shape compression is handled by an embodiment of
the shape-changing method through the use of cut-outs or
leaf-cut 112 features as described further below. Bioerodible
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material 107 is seen in FIG. 31 A prior to being conjoined with
the resiliently deformable portion 100; it is seen also in FIG.
31B when the resiliently deformable portion has now been
formed into the non-preferred shape of an implantable device
100, and in the cross-sectional view (FIG. 31C).

[0101] Embodiments of a shape-changing device such as
these (i.e., a three-dimensional curve to atwo dimensional flat
surface) may also include other advantageous features. Tis-
sue-engaging features, as exemplified by holes, interstices, or
pores 108 through the device, allow for tissue in-growth into
the device after being implanted. These sites of in-growth,
through or across the device embodiment, create an engage-
ment between the device and the tissue, in the absence of
tissue could pull away from the device as the surface of the
device advances in a pulling direction. These pores 108, in
some embodiments, may be also occupied by bioerodible
material when the device is in its implant ready form, and
such holes may further contribute to the ability of the device
to change shape by providing sites that can accommodate
material compression during shape-changing.

[0102] The embodiments of shape-changing devices that
are curved in their implant-ready form, and which flatten
upon returning to a preferred shape may include leaf-cut
features 112, which separate portions of the device in the form
of cuts that penetrate from peripheral regions of the device
toward the center of the device. The leaf-cut spaces of a
nascent or proto-device in a flat form allow a three-dimen-
sional curve to be imparted to the device or portion thereof
without crimping, folding, or wrinkling that would otherwise
occur. As the device as a whole is formed into a three-dimen-
sional or bowl-shaped curve, the leaf cuts come together in
the third dimension. As the device in its implant ready form is
eroded of shape-stabilizing bioerodible material, and flattens
out, the leaf cuts emerge once again as separations between
leaves of the device. Embodiments of devices such as these in
FIG. 31 and in FIG. 18 are shown in an in situ environment in
FIGS. 32A, 32B, 33A, and 33B, as described further below.
[0103] It may further be understood that by combining the
various above-described approaches to changing shape geo-
metrically in fundamental ways, an immense variety of
shape-changing forms may be embodied in implantable
devices. By these approaches, an immense variety of tissue
reforming tasks may be created by such shape-changing
devices.

D. Shape-Changing Devices In Situ

Reshaping the Airway

[0104] The various shape-changing devices, described and
depicted above in geometric shape-changing terms, will now
be described in terms of various specific device embodiments
and their airway-opening eftects when implanted into various
tissue sites that form the airway. FIGS. 19-21 depict the use of
anembodiment of an airway-opening device that is implanted
within the pharyngeal wall. This treatment method and device
would be appropriate for a subject with an airway occlusion at
the level of the oropharynx, whereby posterior wall thicken-
ing contributes to the occlusion, particularly during sleep, as
depicted in detail in FIGS. 2 and 3.

[0105] By way of a brief overview, FIGS. 19A and 19B
provide sagittal views of an airway with reference lines 20A
and 20B, that are used to locate the planes, respectively, for
the coronal views of FIGS. 20A and 20B. FIG. 19A depicts an
airway with an occlusion 5 due to thickening and shortening
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of the posterior pharyngeal wall before treatment. FIG. 19B
depicts with airway with an implanted shape-changing, lin-
early-expanding device (such as those, for example, depicted
in FIGS. 8 and 9) that has opened the obstructed region by
expanding the pharyngeal walls superiorly and inferiorly,
thus limiting or diminishing the amount of thickening of the
walls. In practice, one or more devices may be implanted at
circumferential intervals at the approximately same ceph-
alad-caudal position along the airway, or at slightly varying
positions. The embodiment of the device as shown in FIG.
19B is sized and shaped to conform to a pharyngeal wall
tissue site in a manner compatible with normal physiological
function of the site and thus the dimensions provided here are
only an approximation for the purpose of illustration, and are
not meant to be limiting. The overall dimensions may vary
according to the full extent that human subjects vary in their
anatomical dimensions. These considerations notwithstand-
ing, a typical device such as that depicted in FIG. 19B may
have a length when implanted in the range of about 1 cm to
about 5 cm, and after bioerosion and consequent lengthening,
may have a length of about 2 cm to about 6 cm.

[0106] FIGS. 20A and 20B provide coronal, downward-
directed views of the airways depicted in FIGS. 19A and 19B.
FIG. 20A shows obstructed by a compressed posterior pha-
ryngeal wall; and FIG. 20B shows the resolution of the com-
pression by the implantation of a curve-expanding shape-
changing device. FIG. 21 shows a schematic cutaway view of
a portion of a pharyngeal wall that has been expanded by the
implantation of a series of curve-expanding devices.

[0107] Now, in a more detailed description, FIG. 20A
depicts the general oropharyngeal site of occlusion 5 and the
contribution of the thickened and shortened posterior pharyn-
geal wall to the occlusion. An embodiment of a device 200,
depicted in detail in FIGS. 8A-8C is shown as implanted in
the pharyngeal wall in FIG. 20B. Particularly advantageous
features ofthis embodiment include the tissue-stabilizing end
pieces 205, on either end of the device, which provide a level
of traction against which the device can push, as the device
lengthens as a consequence of bioerosion, gradually taking
the lengthened form of device 200". The end pieces 205 may
generally take any of form that is appropriate for the implant
site. Their function is to provide surface area for engagement
between the tissue of the implant site and the device such that
the device, as it lengthens, does not destructively push
through tissue, but rather pushes against a tissue mass, lin-
early stretching that region of tissue, and over time, reforming
and/or maintaining it into a longer configuration. By length-
ening the tissue of the pharyngeal wall or by maintaining it in
a lengthened conformation, the thickness of the wall is con-
sequently decreased, and thereby, in turn, expanding the
opening of the adjacent or local portion of the airway.

[0108] FIGS. 20A-20B and 21 relate to a shape-changing
device (such as, for example, the embodiment depicted in
FIG. 14) that is implanted into the posterior pharyngeal wall
where it supports an expansion of the circumference of the
airway. FIGS. 19A and 19B serve as a orienting references for
FIGS. 20A and 20B. The horizontal marking line through the
sagittal view of an airway marks the level at which a down-
ward-looking coronal view is taken; the cross hatched bilat-
eral sections of the tongue 16 also serve as a useful reference.
The soft palate 6 and posterior pharyngeal wall 22 define the
circumferential bounds of the airway at this level. Other local
orienting features include the epiglottis 12, and the esophagus
34. FIGS. 19A and 20A depict an airway that is narrowed
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because of a stenotic posterior pharyngeal wall. FIGS. 19B
and 205 depict the same airway with a shape changing device
200B implanted into the wall which has had the effect of
expanding the radial curve circumscribed by the wall. In
comparing the radius of the wall of FIG. 20A (preimplant)
and 20B (post-implant, and post erosion such that the device
is in its preferred configuration), it can be seen that the radius
absent the implant is comparatively V-shaped, and with the
implant is comparatively U-shaped. The device implanted
into this site is an embodiment of the invention described
above and depicted in FIGS. 14A-14C. The embodiment of
the device as shown in FIGS. 20 and 21 is sized and shaped to
conform to a pharyngeal wall tissue site in a manner compat-
ible with normal physiological function of the site and thus
the dimensions provided here are only an approximation for
the purpose of illustration, and are not meant to be limiting.
The overall dimensions may vary according to the full extent
that human subjects vary in their anatomical dimensions. If
the embodiment is understood as to approximate a U-shape
(U-shape in such general terms that it also includes a
V-shape), typical dimensions, merely by way of example,
could approximate a range of about 3 cm to 6 cm across the
U-shape, and a depth or height of about 1 cm to about 3 cm.

[0109] FIG. 21 is cutaway, posteriorly-directed perspective
view of the relevant portion of the pharyngeal wall into which
three devices 200" of this particular type have been
implanted, and have, through bioerosion, expanded their
curve toward the preferred shape of the device. In various
embodiments of the method, one or more devices may be
implanted. The embodiments depicted are V-shaped rods
which, upon bioeroding and changing into the preferred
shape, take on a U-shaped configuration. In cross section, the
depicted embodiments are substantially cylindrical, other
embodiments may have other cross-sectional shapes, such as,
merely by way of example, flattened, belt-like shapes, or
oval-shapes. These devices are thus like the embodiment
depicted in FIGS. 14A-14C, as described above, wherein an
implanted device has an existing curvature, and after implan-
tation and subsequent erosion, the device changes shape into
an expanded curvature, embracing an arc of greater radius.
Some embodiments of the type shown in FIGS. 20 and 21
may also include lengthening features, as seen, for example in
embodiments seen in FIG. 6. Thus, while the device changes
shape by expanding a curve, lengthening of arms of the device
allows the device to embrace a larger arc, in this case, thereby
more efficiently expanding the arc of the portion of the pha-
ryngeal wall implant site.

[0110] FIGS. 22A-22C depict the insertion of an embodi-
ment of an airway opening device 200A into the soft palate,
the device of a type depicted in FIG. 10 or 11. In various
embodiments of the method of opening the airway, the device
may be configured as rods or tubes, including one or more
rods as in FIG. 10, or it may be a broadened, more planar
structure, as in FIG. 11. FIG. 22A shows an embodiment of
the method whereby a device 200A is surgically inserted into
the soft palate by extruding it from a deployment tube 210.
The shape or configuration of the device 200A embodiment is
substantially straight (in the case of a rod-like embodiment)
or flat (in the case of a planar embodiment). FIG. 22B shows
the device 200A in situ after implantation. FIG. 22C shows
the device, now having assumed the curved shape of device
200", at some interval of time after implantation. During the
post-implant time interval the bioerodible portion of the
device has eroded, the shape of the device has consequently
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changed, and, as can be seen, the shape of the soft palate 6 has
accordingly reformed such that the airway 4 (occluded at
location 5 in FIGS. 22A and 22B) is now open (FIG. 22C).

[0111] These sequences of shape-changing events, in ref-
erence both to the device and the soft palate, are depicted in
FIG. 23 A and FIG. 23B shows the device 200' at a very early
stage after implantation into the soft palate 6. The device 200"
is substantially straight (or flat, in the case of a planar embodi-
ment) at this stage, and the bioerodible material accommo-
dating sites 105 (bioerodible material not shown) within the
deformable material portion 100 are fully expanded, as they
are maximally filled with the bioerodible material. FIG. 23B
shows a late stage following implantation, when the device
has assumed a fully mature and curved configuration 200" by
virtue of the bioerodible sites 105 now depleted of erodible
material and substantially closed, and the soft palate 6 now
fully reformed, in accordance with the reforming of the
device 200" into its preferred and stable shape. The embodi-
ment of the device as shown in FIGS. 22 and 23 is sized and
shaped to conform to the soft palate tissue site in a manner
compatible with normal physiological function of the site.
The overall dimensions may vary according to the full extent
that human subjects vary in their anatomical dimensions, and
thus the dimensions provided here are only an approximation
for the purpose of illustration, and are not meant to be limit-
ing. The embodiment typically is implanted at a site imme-
diately adjacent to the hard palate extending to about 1 cm
posterior to it. In some embodiments, the device may be
connected or affixed to the posterior edge of the hard palate,
thus serving to effectively extend the length of the hard palate;
further, the hard palate may be used as an anchor toward
which the soft palate may be advanced. The device embodi-
ment typically is rod-shaped, is configured to reside in an
anterior-posterior orientation, and has a range in length
between about 1 ¢cm and about 2 cm, and has a diameter or
thickness of a range of about 1 mm to about 4 mm. In other
embodiments, the device has a flattened shape, and a width of
about 5 mm to about 1.5 cm.

[0112] FIGS. 24A and 24B depict the use of an embodi-
ment of an airway-opening device 200" that shortens after
implantation; it is implanted within the tongue, connected
posteriorly to the hyoid bone 28 by atissue stabilizing harness
205 and anteriorly by a tissue connector 207 into a central site
on the inner aspect of the mandible 24. The device shortens in
amanner that is complementary to the mechanism depicted in
some detail in FIG. 8, which shows a lengthening mechanism.
In this shortening device embodiment 200', resiliently
deformable portions that have a preferred configuration of
being outwardly bowed are constrained in a lengthened and
linearized configuration of an encasing layer of bioerodible
material 107'. After implantation and subsequent bioerosion,
the resiliently deformable portions assume their preferred,
outwardly bowed configuration, thereby shortening the total
length of the device, and pulling the hyoid bone 28 forward
toward the jaw, and by such pulling forward, creating a more
open airway posterior to the tongue. This treatment would be
appropriate for a subject with an airway occlusion 5 at the
level of the oropharynx, whereby posteriorly-displaced
tongue contributes to the airway occlusion, particularly dur-
ing sleep, as depicted in detail in FIGS. 2 and 3. Embodiments
of'devices that shorten by erosion such as the devices depicted
in FIGS. 24-26 may also be applied to the soft palate, where
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the hard palate may serve as an anchor, as mentioned above in
the description of the embodiments depicted in FIGS. 22 and
23.

[0113] FIG. 24A shows the generally linear device shortly
after implantation in its initial, full-length configuration. The
initial length of the device is sized such that there is little if
any force pulling the hyoid forward; this is advantageous for
the procedure in that such minimal force allows the implan-
tation site to recover from the procedure, particularly at the
points of anterior and posterior attachment, but along the full
length ofthe device as well. Such recovery typically includes
the development of a surrounding fibrotic capsule that creates
a tissue adherence to the device, while protecting the imme-
diately surrounding tissue from further damage. Over time,
erosion of the bioerodible portion of the device occurs, and
the device as a whole, begins to shorten, drawing the hyoid
bone forward, and with it, the base of the tongue, thereby
facilitating the opening of the airway posterior to the tongue.
In the embodiment of the shortening device 200' depicted in
FIGS. 24 A and 24B, the shortening mechanism includes the
erosion of a bioerodible capsule that constrains a lantern-like
structure in a straight configuration, preventing it from flexing
outward (see FIG. 6C). As described above, and as depicted in
the other exemplary shortenable embodiments of FIGS. 6-8,
any of these device embodiments could be utilized for this
purpose of drawing the hyoid bone forward.

[0114] The embodiment of the device as shown in FIGS.
24A and 24B is sized and shaped to conform to the tongue
tissue site and the overall dimensions of the jaw posterior to
the mandible, is configured to reside in an anterior-posterior
orientation, in a manner compatible with normal physiologi-
cal function of the site. The overall dimensions may vary
according to the full extent that human subjects vary in their
anatomical dimensions, and thus the dimensions provided
here are only an approximation for the purpose of illustration,
and are not meant to be limiting. The embodiment in its
elongated state, as implanted (FIG. 24A), may typically be in
the range of about 5 cm to about 8 cm in length, from the
anterior end attached to the inner aspect of the mandible, and
the posterior aspect as attached or harnessed to the hyoid
bone. In its contracted state, after bioerosion and shortening
(FIG. 24B), the device may be in the range of about 4 cm to
about 7 cm in length.

[0115] FIGS. 25A and 25B depict an embodiment that
functions in a site and manner that is similar to those of the
embodiment depicted in FIGS. 24A and 24B. The device
embodiment 200" differs in that rather than engaging the
hyoid as a proximal or posterior anchor, it internally engages
the base of the tongue 16. The posterior base 205 of the device
is broad and flat, and oriented orthogonal to the main axis of
the device in order to provide engagement with a substantial
amount of tongue tissue, this being beneficially efficient in
pulling the tongue forward. The device base 205 also may
include holes, interstices, pores, or intercalation sites 108 (see
in FIGS. 26A and 26B) through which tongue tissue may
grow, thereby further increasing the grip that the device has
on the base of the tongue. In some embodiments, the device
may include tissue-engaging features such as hooks or barbs
to more aggressively engage the tissue and the device
together. The tissue-engaging base of the device 205 may
generally be implanted in the central portion ofthe base of the
tongue, but this is not necessarily the only appropriate
implant site. It may be advantageous, in some embodiments
of'the method of implanting this embodiment ofthe device, or
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other embodiments, to implant the device off center, such that
one side of the tongue is preferentially pulled forward.
Advantages of an off-center location may derive from it sim-
ply being a more effective treatment to pull one side forward,
for example, there may be less force required, and it may be
the case that an off-center site is more forgiving in that a
greater range of force allows effective pull forward without
interfering with normal tongue function.

[0116] FIGS. 26A and 26B provide a detailed view of a
device embodiment that may be used as an alternative to the
device shown in FIG. 25, the general mechanism of decreas-
ing length being that an embodiment described above and
shown earlier in FIGS. 6A-1 and 6 A-2. Further details shown
here include the tissue engaging pieces. The distal tissue
engaging piece 205 includes a tissue connecter 111 mounted
on a bracket 110, the connecter being exemplified by a screw
that can connect to the mandible. The proximal or posterior
tissue-engaging piece 205 includes holes or intercalation sites
108 for tissue in-growth. In other device embodiments, tissue
interactive features such as the holes or pores 108 may take
other forms while serving the same function of engaging
tissue, and stabilizing the implanted device. In some embodi-
ments, for example, tissue interactive pores may not penetrate
completely through a portion of a device, but may be a surface
dimple. Further, while in the embodiment shown in FIG. 26
the hole or pore is on an ancillary portion of the device
dedicated to tissue engagement, a tissue-engaging hole or
pore may also be located on the resiliently deformable portion
of the device, as seen in the embodiment shown in FIG. 31.
Further, in some embodiments, particularly those where the
tissue interactive pore is on a resiliently deformable portion of
a device, such pore may also be a site which accommodates
bioerodible material when the device is in its implant-ready
form.

[0117] The embodiment of the device as shown in FIGS.
25A,25B, 26 A, and 26B is sized and shaped to conform to the
tongue tissue site and the overall dimensions of the jaw pos-
terior to the mandible in a manner compatible with normal
physiological function of the site. The overall dimensions
may vary according to the full extent that human subjects vary
in their anatomical dimensions, and thus the dimensions pro-
vided here are only an approximation for the purpose of
illustration, and are not meant to be limiting. This embodi-
ment is of similar dimension to the embodiment of FIGS. 24A
and 24B, although it can be understood that this embodiment
may have more variability in the implant site of the posterior
end may have even more variability for not being associated
with a specific landmark such as the hyoid bone. The embodi-
ment in its elongated state, as implanted (FIG. 25A), may
typically be in the range of about 4 cm to about 8 cm in length,
from the anterior end attached to the inner aspect of the
mandible, and the posterior aspect as embedded in the base of
the tongue. In its contracted state, after bioerosion and short-
ening (FIG. 25B), the device may be in the range of about 3
cm to about 7 cm in length.

[0118] FIGS. 27A and 27B show another device embodi-
ment that operates in a manner similar to the embodiments
depicted in FIGS. 24-26, but with a shape-changing approach
that although shortening in nature, is more complex than the
approaches of the earlier embodiments. The device embodi-
ment is of a type depicted in FIGS. 16A-16C; in its implant-
ready (non-preferred) configuration the embodiment is a flat
or substantially flat planar device. FIG. 27 A shows the device
100" in situ, implanted at its proximal end in the base of the
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tongue 16, and at its distal end by way of tissue connector 111
into the mandible 24. Over the course of erosion of the bio-
erodible material, as seen in FIG. 275, the shape of the plane
of'device 100 changes in a complex way; the posterior portion
of'the device bends upward, raising the base of the tongue and
pulling it forward, and the anterior portion of the device bends
downward, creating greater leverage for the upward lift of the
base of the tongue. By the curving alone, irrespective of the
direction of the curves, the distance between the tongue and
the jaw is shortened, drawing the tongue base forward.

[0119] The embodiment of the device as shown in FIGS.
27A and 27B is sized and shaped to conform to the tongue
tissue site and the overall dimensions of the jaw posterior to
the mandible in a manner compatible with normal physiologi-
cal function of the site. The overall dimensions may vary
according to the full extent that human subjects vary in their
anatomical dimensions, and thus the dimensions provided
here are only an approximation for the purpose of illustration,
and are not meant to be limiting. This embodiment is of
similar dimension to the embodiment of FIGS. 25 and 26, and
may similarly include an element of variability associated
with the absence of a specific anatomical landmark such as
the hyoid bone at the posterior site of implantation. The
embodiment in its elongated state, as implanted (FIG. 27A),
may typically be in the range of about 4 cm to about 8 cm in
length, from the anterior end attached to the inner aspect of
the mandible, and the posterior aspect as embedded in the
base of the tongue. In its contracted state, after bioerosion,
taking on an S-shaped curve (FIG. 27B), the device may be in
the range of about 4 cm to about 7 cm in anterior-posterior
end-point length.

[0120] FIGS. 28A and 28B depict yet another embodiment
of'a device 200 that draws the tongue forward. This particular
embodiment screws into the central inner aspect of the man-
dible with tissue connector 111 mounted on tissue stabilizing
base 205, as do the embodiments depicted in FIGS. 25-27,
and is anchored in tissue in the base of the tongue. The
embodiment includes two parallel strands that shorten as a
consequence of the erosion of bioerodible material, in the
manner shown in detail in FIGS. 7A-7E. FIG. 28 A shows the
strands in their preferred configuration as they would be in
their proto-device form, prior to the incorporation of bioerod-
ible length-stabilizing portions; FIG. 28B shows the device in
its implant ready form. The posterior ends of both strands are
attached to a connecting piece, a tissue grasping end piece
205, with tissue intercalating sites 207, similar to those of
FIGS. 26A and 265.

[0121] The embodiment of the device as shown in FIGS.
28A and 28B is sized and shaped to conform to the tongue
tissue site and the overall dimensions of the jaw posterior to
the mandible in a manner compatible with normal physiologi-
cal function of the site. The overall dimensions may vary
according to the full extent that human subjects vary in their
anatomical dimensions, and thus the dimensions provided
here are only an approximation for the purpose of illustration,
and are not meant to be limiting. This embodiment is of
similar dimension to the preceding embodiments designed
for implantation in tongue tissue. The embodiment in its
elongated state, as implanted (FIG. 28A), may typically be in
the range of about 4 cm to about 8 cm in length, from the
anterior end attached to the inner aspect of the mandible, and
the posterior aspect as embedded in the base of the tongue. In
its contracted state, after bioerosion and thereby shortening
(FIG. 28B), the device may be in the range of about 4 cm to
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about 7 cm in anterior-posterior end-point length. The bio-
erodible segments 107 that occupy sites 105, as seen in FIG.
28A may be of any suitable length, but as illustrated in this
exemplary manner, are depicted as being about 1 cm in
length. The sites 105 into which the bioerodible segments are
fitted are stretched to accommodate the bioerodible segments,
but their preferred length, and the length to which they return
upon the erosion and disappearance of the segments 107 may
be about 0.7 cm.

[0122] FIGS. 32 and 33 schematically depict devices of the
type described above and depicted, respectively, in detail in
FIG. 18 (i.e., an implantable flat disk assuming a bowl-shape
after bioerosion) and F1G. 31 (i.e., an implantable bowl-shape
assuming a flat shape after bioerosion), as implanted in the
base of the tongue. FIGS. 32 and 33 all provide views looking
down on a tongue 16, with the tongue base at the right. FIG.
32A depicts an implanted device 100' in the form of a flat-
tened disk, circular or ovoid (an embodiment like that of FIG.
18); the device is shown as if the tongue were transparent, and
is oriented perpendicularly to the main axis of the tongue,
with the surfaces of the device facing toward the back and
front of the tongue. The device configuration need not be
circular or ovoid; it could be of any shape that conforms to the
implant site in the base of the tongue, such as being substan-
tially rectangular. In the simplest perspective, the device may
be understood as planar, whether or not a bowl-form aspect is
also present, and the generally planar structure is oriented
orthogonally to the main poster-anterior axis of the tongue.
FIG. 32B shows the device after bioerosion that has changed
the shape of the device such that the anterior, forward-facing
surface of the device having assumed a bowl-shape, the con-
vex surface facing anteriorly, and the concave surface facing
posteriorly, toward the airway. With the forward movement of
the emerging concavity, the device pulls the central portion of
the base of the tongue forward, thereby creating a more open
airway.

[0123] FIG. 33A depicts an implanted device 100' in the
form of a bowl-shaped disk, circular or ovoid (an embodiment
like that of FIG. 31); the device is shown as if the tongue were
transparent, and is oriented perpendicularly to the main axis
of the tongue, with the surfaces of the device facing toward
the back and front of the tongue. The device is oriented such
that as implanted, the concave surface is facing anteriorly, and
the convex surface is facing posteriorly, toward the airway.
FIG. 32B shows the device after bioerosion that has changed
the shape of the device it has become substantially flat. As the
device has flattened, it has pushed tissue anterior to it forward,
and it has also pulled tissue posterior to it forward, thereby
creating a more open airway.

[0124] The embodiment of the devices as shown in FIGS.
32 and 33 are sized and shaped to conform to the tongue tissue
site in a manner compatible with normal physiological func-
tion of the tongue. The overall dimensions may vary accord-
ing to the full extent that human subjects vary in their ana-
tomical dimensions, and thus the dimensions provided here
are only an approximation for the purpose of illustration, and
are not meant to be limiting. The device is configured to fit
into a site in the base of the tongue, orthogonal to the main
axis of the tongue. As noted above, the device may be gener-
ally circular in two-dimensional shape (including variations
of a circular shape, such as an ovoid shape), and in some
embodiments, the generally circular shape may be com-
pounded with a third dimensional bowl-like shape. Further,
the shape of the embodiment depicted in FIG. 31 may be
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embellished with leaf cuts 112, which can give a clover-like
appearance to the generally circular shape. These shape varia-
tions and dimensional variables being understood, typical,
though not-limiting dimensions of the device may include a
diameter that varies in the range of 0.8 cm to 2.5 cm.

Terms and Conventions

[0125] Unless defined otherwise, all technical terms used
herein have the same meanings as commonly understood by
one of ordinary skill in the art to which this invention belongs.
Specific methods, devices, and materials are described in this
application, but any methods and materials similar or equiva-
lent to those described herein can be used in the practice of the
present invention. While embodiments of the inventive device
and method have been described in some detail and by way of
exemplary illustrations, such illustration is for purposes of
clarity of understanding only, and is not intended to be lim-
iting.

[0126] Various terms have been used in the description to
convey an understanding of the invention; it will be under-
stood that the meaning of these various terms extends to
common linguistic or grammatical variations or forms
thereof. It will also be understood that when terminology
referring to devices or equipment has used trade names, brand
names, or common names, that these names are provided as
contemporary examples, and the invention is not limited by
such literal scope. Terminology that is introduced at a later
date that may be reasonably understood as a derivative of a
contemporary term or designating of a subset of objects
embraced by a contemporary term will be understood as
having been described by the now contemporary terminol-

ogy.
[0127] While some theoretical considerations have been
advanced in furtherance of providing an understanding of the
invention the claims to the invention are not bound by such
theory. Described herein are ways that embodiments of the
invention may engage the anatomy and physiology of the
airway, generally by opening the airway during sleep; the
theoretical consideration being that by such opening of the
airway, the implanted device embodiments alleviate the
occurrence of apneic events. Moreover, any one or more
features of any embodiment of the invention can be combined
with any one or more other features of any other embodiment
of the invention, without departing from the scope of the
invention. Further, it should be understood that while these
inventive methods and devices have been described as pro-
viding therapeutic benefit to the airway by way of interven-
tion in tissue lining the airway, such devices and embodi-
ments may have therapeutic application in other sites within
the body, particularly luminal sites. Still further, it should be
understood that the invention is not limited to the embodi-
ments that have been set forth for purposes of exemplifica-
tion, but is to be defined only by a fair reading of claims that
are appended to the patent application, including the full
range of equivalency to which each element thereof is
entitled.

What is claimed is:

1. A device for alleviating tissue obstruction of an airway in
a human subject comprising:

a first end;

a second end;

an elastomeric medial portion extending between the first

and second ends, the medial portion having a linear
configuration, a curvilinear configuration, and a site
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adapted to receive a plurality of bioerodible segments,
wherein the device is configured to transition from the
curvilinear configuration toward the linear configuration
upon erosion of the bioerodible segments, the device
being sized and shaped to be implanted in an airway-
forming tissue site in a manner compatible with normal
physiological function of the site.

2. The device of claim 1, wherein the curvilinear configu-
ration comprises varying degrees of curvature along the
medial portion.

3. The device of claim 1, wherein the curvilinear configu-
ration comprises an s-shaped curve.

4. The device of claim 1, wherein the curvilinear configu-
ration comprises a concave portion and a convex portion.

5. The device of claim 1, wherein the bioerodible segments
comprise a plurality of discrete bioerodible pieces adapted to
engage the said site to maintain the device in the curvilinear
configuration.

16
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6. The device of claim 1, wherein the linear configuration
comprises a substantially straight planar form.

7. The device of claim 1, wherein the curvilinear configu-
ration comprises an expanded state for said site, wherein the
bioerodible segments fill the site to maintain the curvilinear
configuration.

8. The device of claim 1, wherein the device comprises a
tissue in-growth portion.

9. The device of claim 1, wherein the device has a diameter
between about 1 mm to about 4 mm.

10. The device of claim 1, wherein the curvilinear configu-
ration has a first length between about 4 cm to about 8 cm and
the linear configuration has second length between about 4
cm to about 7 cm.

11. The device of claim 1, wherein the device has a length
between about 1 cm and 2 cm.
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