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SEALED NEUROVASCULAR EXTENDABLE
CATHETER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 16/503,899, filed on Jul. 5, 2019, and issued as
U.S. Pat. No. 11,517,335 on Dec. 6, 2022, which claims the
benefit of U.S. Provisional Application No. 62/694,796, filed
Jul. 6, 2018, the entirety of each of these applications is
hereby incorporated by reference herein.

BACKGROUND

[0002] Stroke is the third most common cause of death in
the United States and the most disabling neurologic disorder.
Approximately 700,000 patients suffer from stroke annually.
Stroke is a syndrome characterized by the acute onset of a
neurological deficit that persists for at least 24 hours, reflect-
ing focal involvement of the central nervous system, and is
the result of a disturbance of the cerebral circulation. Its
incidence increases with age. Risk factors for stroke include
systolic or diastolic hypertension, hypercholesterolemia,
cigarette smoking, heavy alcohol consumption, and oral
contraceptive use.

[0003] Hemorrhagic stroke accounts for 20% of the annual
stroke population. Hemorrhagic stroke often occurs due to
rupture of an aneurysm or arteriovenous malformation
bleeding into the brain tissue, resulting in cerebral infarc-
tion. The remaining 80% of the stroke population are
ischemic strokes and are caused by occluded vessels that
deprive the brain of oxygen-carrying blood. Ischemic
strokes are often caused by emboli or pieces of thrombotic
tissue that have dislodged from other body sites or from the
cerebral vessels themselves to occlude in the narrow cere-
bral arteries more distally. When a patient presents with
neurological symptoms and signs which resolve completely
within 1 hour, the term transient ischemic attack (TIA) is
used. Etiologically, TIA and stroke share the same patho-
physiologic mechanisms and thus represent a continuum
based on persistence of symptoms and extent of ischemic
insult.

[0004] Emboli occasionally form around the valves of the
heart or in the left atrial appendage during periods of
irregular heart rhythm and then are dislodged and follow the
blood flow into the distal regions of the body. Those emboli
can pass to the brain and cause an embolic stroke. As will be
discussed below, many such occlusions occur in the middle
cerebral artery (MCA), although such is not the only site
where emboli come to rest.

[0005] When a patient presents with neurological deficit,
a diagnostic hypothesis for the cause of stroke can be
generated based on the patient’s history, a review of stroke
risk factors, and a neurologic examination. If an ischemic
event is suspected, a clinician can tentatively assess whether
the patient has a cardiogenic source of emboli, large artery
extracranial or intracranial disease, small artery intraparen-
chymal disease, or a hematologic or other systemic disorder.
Ahead CT scan is often performed to determine whether the
patient has suffered an ischemic or hemorrhagic insult.
Blood would be present on the CT scan in subarachnoid
hemorrhage, intraparenchymal hematoma, or intraventricu-
lar hemorrhage.
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[0006] Traditionally, emergent management of acute isch-
emic stroke consisted mainly of general supportive care, e.g.
hydration, monitoring neurological status, blood pressure
control, and/or anti-platelet or anti-coagulation therapy. In
1996, the Food and Drug Administration approved the use of
Genentech Inc.’s thrombolytic drug, tissue plasminogen
activator (t-PA) or Activase®, for treating acute stroke. A
randomized, double-blind trial, the National Institute of
Neurological Disorders and t-PA Stroke Study, revealed a
statistically significant improvement in stoke scale scores at
24 hours in the group of patients receiving intravenous t-PA
within 3 hours of the onset of an ischemic stroke. Since the
approval of t-PA, an emergency room physician could, for
the first time, offer a stroke patient an effective treatment
besides supportive care.

[0007] However, treatment with systemic t-PA is associ-
ated with increased risk of intracerebral hemorrhage and
other hemorrhagic complications. Patients treated with t-PA
were more likely to sustain a symptomatic intracerebral
hemorrhage during the first 36 hours of treatment. The
frequency of symptomatic hemorrhage increases when t-PA
is administered beyond 3 hours from the onset of a stroke.
Besides the time constraint in using t-PA in acute ischemic
stroke, other contraindications include the following: if the
patient has had a previous stroke or serious head trauma in
the preceding 3 months, if the patient has a systolic blood
pressure above 185 mm Hg or diastolic blood pressure
above 110 mmHg, if the patient requires aggressive treat-
ment to reduce the blood pressure to the specified limits, if
the patient is taking anticoagulants or has a propensity to
hemorrhage, and/or if the patient has had a recent invasive
surgical procedure. Therefore, only a small percentage of
selected stroke patients are qualified to receive t-PA.

[0008] Obstructive emboli have also been mechanically
removed from various sites in the vasculature for years.
Mechanical therapies have involved capturing and removing
the clot, dissolving the clot, disrupting and suctioning the
clot, and/or creating a flow channel through the clot. One of
the first mechanical devices developed for stroke treatment
is the MERCI Retriever System (Concentric Medical, Red-
wood City, Calif.). A balloon-tipped guide catheter is used to
access the internal carotid artery (ICA) from the femoral
artery. A microcatheter is placed through the guide catheter
and used to deliver the coil-tipped retriever across the clot
and is then pulled back to deploy the retriever around the
clot. The microcatheter and retriever are then pulled back,
with the goal of pulling the clot, into the balloon guide
catheter while the balloon is inflated and a syringe is
connected to the balloon guide catheter to aspirate the guide
catheter during clot retrieval. This device has had initially
positive results as compared to thrombolytic therapy alone.

[0009] Other thrombectomy devices utilize expandable
cages, baskets, or snares to capture and retrieve clot. Tem-
porary stents, sometimes referred to as stentrievers or revas-
cularization devices, are utilized to remove or retrieve clot
as well as restore flow to the vessel. A series of devices using
active laser or ultrasound energy to break up the clot have
also been utilized. Other active energy devices have been
used in conjunction with intra-arterial thrombolytic infusion
to accelerate the dissolution of the thrombus. Many of these
devices are used in conjunction with aspiration to aid in the
removal of the clot and reduce the risk of emboli. Suctioning
of the clot has also been used with single-lumen catheters
and syringes or aspiration pumps, with or without adjunct
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disruption of the clot. Devices which apply powered fluid
vortices in combination with suction have been utilized to
improve the efficacy of this method of thrombectomy.
Finally, balloons or stents have been used to create a patent
lumen through the clot when clot removal or dissolution was
not possible.

[0010] Notwithstanding the foregoing, there remains a
need for new devices and methods for treating vasculature
occlusions in the body, including acute ischemic stroke and
occlusive cerebrovascular disease.

SUMMARY

[0011] Disclosed herein is a sealed neurovascular extend-
able catheter having an outer catheter, an inner catheter, and
an annular gap between an outer surface of the inner catheter
and an inner surface of the outer catheter. The outer catheter
has a proximal end and a distal end and the inner catheter has
a proximal end and a distal end. The outer catheter is
extendable through the outer catheter such that the distal end
of'the inner catheter is configured to extend beyond the distal
end of the outer catheter. The extendable catheter also has a
sealing feature positioned between the inner catheter and the
outer catheter. The sealing feature is configured to fluidly
seal at least a portion of a length of the annular gap. The
sealing feature is configured to allow axial translation of the
inner catheter relative to the outer catheter.

[0012] The sealing feature may have at least one annular
protrusion extending around a circumference of the inner
catheter. The at least one protrusion may be compliant and
may comprise an outer diameter slightly larger than an inner
diameter of the outer catheter. The at least one protrusion
may be a plurality of protrusions. The at least one protrusion
may have a chevron-shape pointing in the distal direction
and/or a chevron-shape pointing in the proximal direction.
The protrusion may be a skirt-shaped protrusion configured
to allow distal fluid flow but not proximal fluid flow through
the sealing feature.

[0013] The sealing feature may be an expandable bulge
surrounding a circumference of the inner catheter. The
expandable bulge may have a sealed configuration in which
an outer diameter of the expandable bulge seals the annular
gap and an unsealed configuration in which the outer diam-
eter of the expandable bulge does not seal the annular gap.
The expandable bulge may be mechanically expandable.
The expandable bulge may be positioned at a proximal end
of the inner catheter. A tension cable may be joined to the
expandable bulge at or near a distal end of the expandable
bulge and pulling the tension cable proximally may be
configured to axially contract and radially expand the
expandable bulge. The expandable bulge may be expandable
in response to receiving an electric current and/or in
response to stimulation by light. The expandable bulge may
be a hydrogel. The expandable bulge may be inflatable. The
inner catheter may have a proximal spine having a lumen.
The lumen may be configured to transmit a stimulus to the
expandable bulge for activating the expandable bulge and
causing it to expand.

[0014] The sealing feature may be an elastic flange posi-
tioned at a distal tip of the outer catheter. The elastic flange
may have an inner diameter smaller than an outer diameter
of the inner catheter.

[0015] The sealing feature may be a hub having an
expanded diameter. The hub may be positioned at a proximal
end of the inner catheter and be configured to form an
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interference fit with an inner diameter of the outer catheter.
The inner catheter may have a proximal spine having a
lumen. The lumen may extend through the hub to form a
fluid port through the sealing feature. A flushing solution
may be delivered through the fluid port to the annular gap in
a space distal to the sealing feature.

[0016] The sealing feature may have a proximal sliding
ring and a distal sliding ring surrounding the inner catheter.
Each sliding ring may have an inner annulus configured to
form a sliding interference fit around the inner catheter and
an outer annulus configured to form a sliding interference fit
with an inner diameter of the outer catheter. Each sliding
ring may have a plurality of spokes joining the inner annulus
and the outer annulus. The sealing feature may have one or
more springs surrounding the inner catheter and joining the
inner annulus of the proximal sliding ring to the inner
annulus of the distal sliding ring and an elastic membrane
configured to form a fluid barrier. The elastic membrane may
be coupled to the one or more springs such that the fluid
barrier circumferentially surrounds the inner catheter and
extends from the proximal sliding ring to the distal sliding
ring. The sealing feature may further have a ridge feature
fixed to an outer surface of the inner catheter. The ridge
feature may be positioned between the proximal sliding ring
and the distal sliding ring and may be configured to catch
and pull the proximal sliding ring in a proximal direction and
to catch and pull the distal sliding ring in a distal direction.
The one or more springs may force the elastic membrane
into compression against an inner surface of the outer
catheter to seal the annular gap in an unbiased configuration.
Translating the inner catheter to pull one of the sliding rings
in a proximal or distal direction may cause the pulled sliding
ring to axially extend and radially compress the one or more
springs. Radially compressing the one or more springs may
cause the elastic membrane to be at least partially retracted
from the inner surface of the outer catheter, breaking the
fluid seal for a period while the inner catheter is in motion.

[0017] The sealing feature may have a large diameter ring
surrounding the inner catheter and a small diameter ring
surrounding the inner catheter. The large diameter ring may
have an inner annulus configured to receive the inner
catheter, an outer annulus configured to form a sliding
interference fit with an inner diameter of the outer catheter,
and a plurality of spokes joining the inner annulus and the
outer annulus. The small diameter ring may be positioned
either proximally or distally of the large diameter ring and
may form a sliding interference fit with an outer surface of
the inner catheter. The small diameter ring may have one or
more recesses configured to receive one or more key fea-
tures extending axially along at least a portion of the inner
catheter. The one or more recesses may be configured to
rotate the small diameter ring with the inner catheter. The
sealing feature may also have a torsion spring surrounding
the inner catheter and joining the small diameter ring to the
large diameter ring and an elastic membrane coupled to the
torsion spring. The elastic membrane may be configured to
form a fluid barrier circumferentially surrounding the inner
catheter and extending from the large diameter ring to the
small diameter ring. The torsion spring may force the elastic
membrane into compression against an inner surface of the
outer catheter to seal the annular gap in an unbiased con-
figuration. Rotating the inner catheter to rotate the small
diameter ring may cause the torsion spring to axially extend
and radially compress such that elastic membrane is at least
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partially retracted from the inner surface of the outer cath-
eter, breaking the fluid seal for a period while the inner
catheter is in motion.

[0018] In another aspect of the present disclosure, dis-
closed herein is a neurovascular catheter for sealing a blood
vessel. The neurovascular catheter has an elongate body
having a proximal end and a distal end and a sealing feature
configured to fluidly seal an annular gap positioned between
an outer surface of the elongate body and the blood vessel.
The sealing feature has a compliant annular ring configured
to be placed into compression with a wall of the blood vessel
without damaging the blood vessel.

[0019] The ring may comprise an elastomeric polymer.
The ring may be a hydrogel. The hydrogel may be electro-
sensitive and configured to expand upon receiving an elec-
tric current and/or may be photosensitive and configured to
expand upon receiving a light stimulus. The hydrogel may
be configured to expand upon exposure the intravascular
physiological environment. The ring may be inflatable. The
outer surface of the elongate body may have a recess for
receiving the ring. The ring may be detachable from the
elongate body. The ring may be custom-formed to the size
of the blood vessel. The neurovascular catheter may further
include a replacement ring that is sized differently from the
ring and interchangeable with the ring.

[0020] Any feature, structure, or step disclosed herein can
be replaced with or combined with any other feature, struc-
ture, or step disclosed herein, or omitted. Further, for pur-
poses of summarizing the disclosure, certain aspects, advan-
tages, and features of the embodiments have been described
herein. It is to be understood that not necessarily any or all
such advantages are achieved in accordance with any par-
ticular embodiment disclosed herein. No individual aspects
of this disclosure are essential or indispensable. Further
features and advantages of the embodiments will become
apparent to those of skill in the art in view of the Detailed
Description which follows when considered together with
the attached drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 is a side elevational schematic view of an
intracranial aspiration catheter in accordance with the pres-
ent invention, with a distal segment in a proximally retracted
configuration.

[0022] FIG. 2 is a side elevational view as in FIG. 1, with
the distal segment in a distally extended configuration.
[0023] FIGS. 3A-3B are cross-sectional elevational views
of a distal end of catheter 10, with the distal section 34 fully
extended.

[0024] FIG. 4 schematically illustrates a device compris-
ing an inner catheter extendable through an outer catheter in
which a protrusion serves as a sealing feature for sealing an
annular gap between the inner catheter and the outer cath-
eter.

[0025] FIG. 5 schematically illustrates a device compris-
ing a skirt shaped protrusion or flange for creating a one-way
valve to seal the annular gap.

[0026] FIG. 6 schematically illustrates an inner device
comprising multiple protrusions.

[0027] FIGS. 7A-7F schematically illustrate various
examples of side views of slanted protrusions which extend
at an angle along the axial length of the inner catheter.
[0028] FIGS. 8A-8E schematically illustrate side views of
two examples of inner catheters which comprise a chevron-
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shaped protrusion for sealing the device. FIG. 8A depicts an
inner catheter comprising a substantially constant diameter.
FIG. 8B depicts an inner catheter comprising a reduced
distal diameter. FIGS. 8C-8E illustrate close-up side views
of an example of chevron-shaped protrusions on the inner
device. The view in FIG. 8D is approximately 90 degrees
offset around the circumference of the inner device from the
view in FIG. 8C. FIG. 8E is the same as FIG. 8C but also
showing the orientation of the seal on the back side of the
catheter.

[0029] FIG. 9 schematically illustrates a device compris-
ing a mechanically expandable bulge for sealing the annular
gap.

[0030] FIG. 10 schematically illustrates a device compris-

ing a distal flange for sealing the annular gap.

[0031] FIG. 11 schematically illustrates a device in which
the inner catheter comprises a proximal hub for sealing the
annular gap and in which a fluid port extends through the
proximal hub.

[0032] FIGS. 12A-12C schematically illustrate a device
comprising a spring sealing feature in which axial transla-
tion of the inner catheter axially extends and radially con-
tracts the spring sealing mechanism. FIG. 12A depicts the
device in a sealed configuration. FIG. 12B depicts the device
in an unsealed configuration. FIG. 12C depicts a sliding ring
used in the spring sealing feature.

[0033] FIGS. 13A-13C schematically illustrate a device
comprising a spring sealing feature in which rotation of the
inner catheter axially extends and radially contracts the
spring sealing mechanism. FIG. 13 A depicts the device in an
unsealed configuration.

[0034] FIG. 13B depicts a cross section of the inner
catheter including a plurality of key features for rotating the
torsion spring. FIG. 13C depicts a ring actuated by the key
features to turn the torsion spring.

[0035] FIG. 14 schematically illustrates a catheter device
comprising a vessel sealing feature configured to fluidly seal
the gap between the outer diameter of the catheter and the
blood vessel or other body lumen the device is inserted
within.

[0036] FIG. 15 illustrates a cross-sectional elevational
view of a catheter wall according to an embodiment.
[0037] FIG. 16A illustrates a side elevational view of a
progressively enhanced flexibility catheter according to an
embodiment.

[0038] FIG. 16B is a proximal end view of the enhanced
flexibility catheter of FIG. 34A.

DETAILED DESCRIPTION

[0039] Referring to FIG. 1, there is disclosed a catheter 10
in accordance with one aspect of the present invention.
Although primarily described in the context of an axially
extendable distal segment aspiration catheter with a single
central lumen, catheters of the present invention can readily
be modified to incorporate additional structures, such as
permanent or removable column strength enhancing man-
drels, two or more lumen such as to permit drug, contrast or
irrigant infusion or to supply inflation media to an inflatable
balloon carried by the catheter, or combinations of these
features, as will be readily apparent to one of skill in the art
in view of the disclosure herein. In addition, the present
invention will be described primarily in the context of
removing obstructive material from remote vasculature in
the brain, but has applicability as an access catheter for
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delivery and removal of any of a variety of diagnostics or
therapeutic devices with or without aspiration.

[0040] The catheters disclosed herein may readily be
adapted for use throughout the body wherever it may be
desirable to distally advance a low profile distal catheter
segment from a larger diameter proximal segment. For
example, axially extendable catheter shafts in accordance
with the present invention may be dimensioned for use
throughout the coronary and peripheral vasculature, the
gastrointestinal tract, the urethra, ureters, Fallopian tubes
and other lumens and potential lumens, as well. The tele-
scoping structure of the present invention may also be used
to provide minimally invasive percutaneous tissue access,
such as for diagnostic or therapeutic access to a solid tissue
target (e.g., breast or liver or brain biopsy or tissue excision),
delivery of laparoscopic tools or access to bones such as the
spine for delivery of screws, bone cement or other tools or
implants.

[0041] The catheter 10 generally comprises an elongate
tubular body 16 extending between a proximal end 12 and
a distal functional end 14. The length of the tubular body 16
depends upon the desired application. For example, lengths
in the area of from about 120 cm to about 140 cm or more
are typical for use in femoral access percutaneous translu-
minal coronary applications. Intracranial or other applica-
tions may call for a different catheter shaft length depending
upon the vascular access site, as will be understood in the
art.

[0042] In the illustrated embodiment, the tubular body 16
is divided into at least a fixed proximal section 33 and an
axially extendable and retractable distal section 34 separated
at a transition 32. FIG. 2 is a side elevational view of the
catheter 10 shown in FIG. 1, with the distal segment in a
distally extended configuration.

[0043] Referring to FIGS. 3A and 3B, there is illustrated
a cross-sectional view of the distal segment 34 shown
extended distally from the proximal segment 33 in accor-
dance with the present invention. Distal segment 34 extends
between a proximal end 36 and a distal end 38 and defines
at least one elongate central lumen 40 extending axially
therethrough. Distal end 38 may be provided with one or
more movable side walls or jaws 39, which move laterally
in the direction of an opposing side wall or jaw 41 under the
influence of aspiration, to enable the distal end 38 to bite or
break thrombus or other material into smaller particles, to
facilitate aspiration through lumen 40. Both walls 39 and 41
may be movable towards and away from each other to break
up thrombus as is discussed further below.

[0044] The inner diameter of the distal section 34 may be
between about 0.030 inches and about 0.112 inches, between
about 0.040 inches and about 0.102 inches, between about
0.045 inches and about 0.097 inches, between about 0.050
inches and about 0.092 inches, between about 0.055 inches
and about 0.087 inches, between about 0.060 inches and
about 0.082 inches, between about 0.062 inches and about
0.080 inches, between about 0.064 inches and about 0.078
inches, between about 0.066 inches and about 0.076 inches,
between about 0.068 inches and about 0.074 inches, or
between about 0.070 inches and about 0.072 inches.
[0045] The inner diameter and the outer diameter of the
distal section 34 may be constant or substantially constant
along its longitudinal length. The inner diameter may be at
least about 0.06 inches, 0.065 inches, 0.07 inches, 0.075
inches, 0.08 inches, or more than 0.08 inches. The outer
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diameter may be at least about 0.07 inches, 0.075 inches,
0.08 inches, 0.085 inches, 0.09 inches, 0.095 inches, 0.1
inches, or more than 0.1 inches. The total thickness of the
sidewall extending between the inner and outer diameter
may be at least about 0.005 inches, 0.010 inches, 0.015
inches, 0.02 inches, 0.025 inches, or more than 0.025 inches.
For example, the distal section may 34 may have an inner
diameter of about 0.071 inches and an outer diameter of
about 0.083 inches. Alternatively, the distal section 34 may
be tapered near its distal end. A larger lumen (internal
diameter) may increase the applied aspiration force through
the distal end of the distal section 34. A smaller outer
diameter may provide better catheter trackability and/or may
better enable the catheter to reach more distal anatomy (e.g.
neuroanatomy), as the tapered distal end may be better
accommodated in smaller blood vessels. The inner and outer
diameters of the distal section 34 may be correlated in order
to maintain a sufficient sidewall thickness that provides
sufficient structural integrity to the catheter. The distal
section 34 may be tapered at less than or equal to about 5 cm,
about 10 cm, about 15 cm, about 20 ¢m, about 23 c¢m, about
25 cm, about 30 cm, about 31 ¢cm, about 35 ¢m, about 40 cm,
about 45 cm, about 50 cm, about 60 ¢cm, or about 70 cm from
its distal end. In some embodiments, the taper may be
positioned between about 25 cm and about 35 cm from the
distal end of the distal section 34. In some embodiments, the
taper may be positioned between about 15 cm and about 25
cm from the distal end of the distal section 34.

[0046] The inner diameter of the distal section 34 may be
tapered or decreased in the distal direction near the distal end
to an internal diameter that is less than or equal to about
95%, about 90%, about 85%, about 80%, about 75%, about
70%, about 65%, about 60%, about 55%, or about 50% of
the adjacent, untapered internal diameter. In some embodi-
ments, the internal diameter of the tapered distal section 34
may be between about 50% and about 70% of the adjacent,
untapered internal diameter. For example, the untapered
internal diameter at the proximal end of the distal section 34
may be about 0.071 inches and the tapered internal diameter
at the distal end of the distal section 34 may be about 0.035
inches, 0.045 inches, or 0.055 inches. The inner diameter of
the distal section 34 may be tapered or increased near the
distal end by greater than or equal to about 102%, 104%,
106%, 108%, or more of the internal diameter just proximal
to a transition into the taper. The tapered inner diameter of
the distal section 34 may be less than or equal to about 0.11
inches, about 0.1 inches, about 0.090 inches, about 0.080
inches, about 0.070 inches, about 0.065 inches, about 0.060
inches, about 0.055 inches, about 0.050 inches, about 0.045
inches, about 0.040 inches, about 0.035 inches, about 0.030
inches, about 0.025 inches, about 0.020 inches, about 0.015
inches, or about 0.010 inches. The taper in the outer diameter
of the tapered portion of the distal section 34 may be
matched to maintain a constant thickness of the sidewall.
Alternatively, the sidewall may be thinner along the tapered
portion. For instance, the sidewall may be no greater than
95%, 90%, 85%, 80%, 75%, 70%, or less than 70% of the
thickness of the sidewall along the proximal portion of the
distal section 34. In some embodiments, the length of the
distal tapered portion of the distal section 34 may be
between about 25 cm and about 35 cm, between about 25 cm
and about 30 cm, between about 30 cm and 35 cm, or
approximately 30 cm.
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[0047] In some embodiments, the proximal segment 33
may have an inner diameter of at least about 0.07 inches,
0.075 inches, 0.08 inches, 0.085 inches, 0.09 inches, 0.1
inches, 0.105 inches, or more than 0.105 inches. The proxi-
mal segment 33 may have an outer diameter of at least about
0.08 inches, 0.085 inches, 0.09 inches, 0.095 inches, 0.01
inches, 0.105 inches, 0.11 inches, 0.0115 inches, 0.012
inches, or more than 0.012 inches. For example, the inner
diameter may be approximately 0.088 inches and the outer
diameter may be approximately 0.106 inches. The sidewall
of the proximal segment 33 may have a thickness of at least
about 0.005 inches, 0.01 inches, 0.015 inches, 0.02 inches,
0.025 inches, or more than 0.25 inches. In some embodi-
ments, the proximal segment 33 has a constant inner and/or
outer diameter along its length. In some embodiments, the
proximal segment 33 may slightly taper or decrease in
diameter along the distal direction. For example, in some
embodiments, the outer diameter of the proximal segment
33 may be about 0.106 inches at the distal end and about
0.108 inches at the proximal end.

[0048] The length of the proximal segment 33 may be at
least about 90 cm, 95 cm, 100 cm, 105 ¢cm, 110 cm, 115 cm,
120 cm, 125 cm, 130 cm, 135 cm, or more than 135 cm. For
example, in one embodiment the length is approximately
106 cm. In another embodiment, the length is approximately
117 cm. In some neurovascular applications, the distal end
of the proximal segment 33 may extend at least to the
Horizontal Petrous segment of the vasculature.

[0049] In some embodiments, the length of the distal
section 34 may be between about 13 cm and about 53 cm,
between about 18 cm and about 48 cm, between about 23 cm
and about 43 cm, between about 28 cm and about 38 cm,
between about 20 cm and 30 cm, or between about 25 cm
and 30 cm. The length of the distal section 34 may be less
than or equal to about 20 cm, about 25 cm, about 30 cm,
about 33 cm, about 35 cm, about 40 ¢m, about 41 cm, about
45 cm, about 50 cm, about 55 ¢cm, about 60 ¢cm, about 70 cm,
or about 80 cm. The length of the distal section 34 may
depend on the degree of tapering of the internal diameter of
the distal section 34.

[0050] The proximal end 36 of distal section 34 is pro-
vided with a proximally extending pull wire 42. Pull wire 42
extends proximally throughout the length of the tubular
body 16, to control 24 which may be carried by manifold 18.
Axial movement of control 24 produces a corresponding
axial movement of distal section 34 with respect to proximal
section 33 as has been discussed. Alternatively, the proximal
end of pull wire 42 may exit through a port on manifold 18,
such that it may be manually grasped and pulled or pushed
by the clinician to extend or retract the distal section 34. The
length of the pull wire 42 may be between about 700 mm and
about 1556 mm, between about 800 mm and about 1456
mm, between about 850 mm and about 1406 mm, between
about 900 mm and about 1356 mm, between about 950 mm
and about 1306 mm, between about 1000 mm and about
1256 mm, between about 1020 mm and about 1236 mm,
between about 1040 mm and about 1216 mm, between about
1060 mm and about 1196 mm, between about 1080 mm and
about 1176 mm, between about 1100 mm and about 1156
mm, between about 1110 mm and about 1146 mm, or
between about 1120 mm and about 1136 mm. In some
preferred embodiments, the length of the pull wire 42 may
be between approximately 110-120 cm.
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[0051] Upon distal advance of pull wire 42 to its limit of
travel, an overlap 44 remains between the proximal end 36
of distal section 34 and the proximal section 33. This overlap
44 is configured to provide a seal to enable efficient trans-
mission of vacuum from proximal section 33 to distal
section 34. In some embodiments, the length of the pull wire
42 may be limited to ensure that there is a minimal overlap
44 between the proximal segment 33 and the distal segment
34 when the pull wire 42 is fully inserted into the proximal
segment 33 or attached manifold in a distal direction. In
some embodiments, the length of the proximal segment 33
may be sufficiently long for neurovascular applications such
that when the proximal segment is positioned in a relatively
proximal position (e.g., the horizontal petrous segment), the
neuroanatomy effectively limits the distance by which the
distal segment 34 may be extended, ensuring a sufficient
overlap 44. For example, the distal segment 34 may not be
able to extend further than the M2 segment of the middle
cerebral artery (MCA) given its dimensions. Overlap 44
may be provided with any of a variety of additional features
to facilitate a seal, such as a gasket, coating or tightly
toleranced sliding fit, as described elsewhere herein. In some
embodiments, the proximal end of the distal segment 34 may
be slightly expanded to create a seal. For instance, the outer
diameter of the proximal end of the distal segment 34 and
the inner diameter of the proximal segment 33 may both be
about 0.088 inches. Preferably the clearance between the
OD of the distal section 34 and ID of the proximal section
33, at least in the vicinity of transition 32, will be no more
than about 0.005 inches and preferably no more than about
0.003 inches to provide an effective seal in a blood envi-
ronment. A larger clearance may be more feasible in
embodiments comprising a sealing feature as described
elsewhere herein.

[0052] Following positioning of the distal end of proximal
section 33 within the vasculature, such as within the cervical
carotid artery, the control 24 is manipulated to distally
advance distal section 34 deeper into the vasculature. For
this purpose, the pull wire 42 will be provided with sufficient
column strength to enable distal advance of the distal tip 38
as will be discussed below.

[0053] The pull wire 42 and distal section 34 may be
integrated into a catheter as illustrated in FIGS. 1 and 2.
Alternatively, distal section 34 and pull wire 42 may be
configured as a stand-alone catheter extension device as is
discussed in greater detail below. The catheter extension
device may be introduced into the proximal end of proximal
section 33 after placement of proximal section 33 and
advanced distally there through as illustrated in FIG. 3A, to
telescopically extend the reach of the aspiration system.

[0054] Referring to FIG. 3B, the pull wire 42 may com-
prise a tubular wall having an axially extending central
lumen 45. The central lumen 45 permits introduction of
media such as lubricants, drugs, contrast agents or others
into the distal section 34. In addition, the central lumen 45
extending through pull wire 42 permits introduction of an
agitator as is discussed in greater detail below. As shown in
FIG. 3B, the central lumen 45 may open into the lumen 40.
The distal opening of the central lumen 45 may be posi-
tioned at a point along the length of the distal section 34 such
that the central lumen 45 terminates where the lumen 40
begins (the distal opening of central lumen 45 may be
longitudinally aligned with the proximal opening of lumen
40). The proximal opening of lumen 40 may be angled or
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slanted as shown in FIG. 3B. In some embodiments, the
opening of lumen 40 may be flat. The distal opening of
central lumen 45 may be flat as shown in FIG. 3B. In some
embodiments, the opening may be angled or slanted, similar
to the opening of lumen 40 in FIG. 3B.

[0055] In some embodiments, the central lumen 45 may
terminate proximal to the opening of the lumen 40. In some
embodiments, the central lumen 45 may terminate distal to
the opening of the lumen 40 and/or the proximal end of the
distal section 34 (e.g., at a point within the lumen 40). For
example, the central lumen 45 may terminate at the distal
end of the distal section or just short of the distal end (e.g.,
no more than approximately 1 cm from the distal end). In
some implementations, the portion of the pull wire 42, with
or without a central lumen 45, which extends beyond the
proximal end of the distal section 34 (e.g., into lumen 40)
may decrease in stiffness (durometer) in a distal direction.
The pull wire 42 may be relatively stiff along the portion
proximal to the proximal end of the distal section 34 in order
to provide sufficient pushability of the extension catheter.
The stiffness of the portion of the pull wire 42 distal of the
proximal end of the distal section 34 may substantially
match or be less than the stiffness of the distal section 34
along the length of the distal section 34. The portion of the
pull wire 42 distal of the proximal end of the distal section
34 may have a uniform stiffness less than the stiffness of the
portion proximal of the proximal end of the distal section 34
or it may have a gradated or gradually decreasing stiffness
in the distal direction, decreasing from the stiffness of the
portion proximal of the proximal end of the distal section 34.
For example, the pull wire 42 may comprise metal along the
portion proximal to the proximal end of the distal section 34
and may comprise a polymer, softer than the metal, along the
portion distal to the proximal end of the distal section 34.
The portion distal to the proximal end, in some embodi-
ments, may be extruded with decreasing stiffness in the
distal direction.

[0056] Disclosed herein are various embodiments for seal-
ing an annular gap between an inner device 3402, such as a
tube or catheter, and an outer device 3404, such as a tube or
catheter. The inner device 3402 may be the axially translat-
able distal section 34 of the tubular body 16 of catheter 10
and the outer device 3404 may be the fixed proximal section
33 of the tubular body 16 of catheter 10. The inner device
3402 and the outer device 3404 may form a sealed extend-
able catheter device 3400. The device 3400 may be sealed
within an area of overlap, such as the overlap 44 between the
proximal section 33 and the distal section 34 by a sealing
feature or mechanism 3406. See FIG. 3B

[0057] Providing a sealing feature 3406 between the
proximal section 33 and the distal section 34 may advanta-
geously provide a seal, and eliminate or reduce the volume
of space and/or surface area of device that can act as a
stagnation zone for blood that is drawn into the annular gap,
which may help reduce or mitigate thrombogenesis. See
FIG. 4. Mitigating the opportunity for thrombogenesis to
occur may help prevent formation of emboli resulting from
the intravascular treatment. It is to be understood that sealing
features 3406 disclosed herein may just as suitably apply to
an extendable device in which the inner device 3402 is fixed
and the outer device 3404 is extendable/retractable relative
to the inner device 3402.

[0058] In some embodiments, the sealing feature 3406
may be a protrusion 3408 extending from either the outer
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surface of the inner device 3402 (e.g., an expanded diameter
section) or the inner surface of the outer device 3404 (e.g.,
a reduced diameter section). The protrusion 3408 may form
a ring or ring-like annular feature around the outer surface
of the inner device 3402 or the inner surface of the outer
device 3404. As used herein, “annular” merely requires that
the sealing feature extend all the way or substantially all the
way around the inner device, sufficient to achieve the sealing
function. However it does not require that the seal reside
within a single transverse plane as shown in FIG. 4. Annular
rings may also reside on a plane that is angled other than 90°
from the longitudinal axis, such as for example shown in
FIGS. 7 and 8.

[0059] The protrusion 3408 may operate by forming a
close or slight interference sliding fit with the opposing
device (the outer diameter of the inner device 3402 or the
inner diameter of the outer device 3404). FIG. 4 schemati-
cally illustrates a cross section of a device 3400, which may
comprise the same or similar features as device 10 described
elsewhere herein, comprising a single protrusion 3408
extending from the inner device 3402. The protrusion 3408
may comprise an outer diameter substantially equal to the
inner diameter of the outer device 3404. The protrusion 3408
may comprise an outer diameter slightly larger than the inner
diameter of the outer device 3404 but be compliant enough
such that the outer device 3404 radially compresses the
protrusion 3408 in order to accommodate the protrusion
3408 forming a sliding fluid seal in the process.

[0060] As shown in FIG. 4, the protrusion 3408 prevents
or inhibits blood flow which may enter the annular gap
between the inner device 3402 and the outer device 3404
from flowing proximally past the protrusion 3408. In some
implementations, the annular gap may be flushed with a
solution in the volume proximal to the protrusion 3408. The
solution may be saline. The solution may contain heparin
and/or another anticoagulant which helps reduce the risk of
thrombogenesis. The flushing solution may be particularly
beneficial for washing the surfaces of the inner device 3402
and/or outer device 3404 along a length that was previously
exposed to blood flow when the inner device 3402 and
protrusion 3408 were in a retracted position, once the device
is in a relatively extended position such that the protrusion
3408 is now positioned distally of that length of the outer
device 3404. If the inner device 3402 is subsequently
retracted again such that the protrusion 3408 is now posi-
tioned proximally to that previously exposed length of
device, the flushing solution, particularly one comprising an
anticoagulant, will reduce the risk that any thrombus, or
activated coagulation factors, will be re-exposed to the
blood stream.

[0061] In some embodiments, the protrusion 3408 may
prevent the flushing solution from flowing distally beyond
the protrusion 3408 (distal or antegrade flow). In some
embodiments, the protrusion 3408 may act as a one-way
valve allowing distal flow but not fluid flow proximally past
the protrusion 3408 (proximal or retrograde flow). The
protrusion 3408 may be shaped or otherwise constructed to
more easily bend in a distal direction than in a proximal
direction to achieve a one-way valve effect. In some embodi-
ments, the protrusion 3408 may be configured to allow distal
fluid flow only upon surpassing a threshold fluid pressure. A
flushing fluid could be continually maintained proximal the
protrusion 3408 and forced to flow past the protrusion 3408
on demand by increasing the fluid pressure, such as with a
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syringe or other control at a proximal end of the device 3400.
The flushing fluid may be provided through a separate tube
or lumen which is configured to extend into the annular gap.
[0062] The flushing fluid may be provided at times when
aspiration is not provided through the catheter 10 or the
flushing fluid may be provided contemporaneously with
aspiration. The flushing fluid may flush the portion of the
gap proximal to the protrusion 3408 and be aspirated via the
aspiration provided through the catheter 10. In some imple-
mentations, the pressure of the flushing fluid may be suffi-
cient to overpower the suction pressure, at least transiently,
and force the one-way fluid seal open to distal flow to flush
the portion of the annular gap distal to the protrusion 3408.
In some embodiments, flushing fluid may be provided
through the entire catheter 10 so as to flush through the inner
device 3402, the outer device 3404, and the annular gap
between the inner device and outer device, at times when
aspiration is not provided through the catheter.

[0063] FIG. 5 schematically illustrates a device 3400
comprising a skirt-shaped protrusion 3408. The skirt-shaped
protrusion 3408 may comprise an annular conical flap 3409
which extends radially outward from the inner device 3402
and distally. The flap 3409 may be compliant enough to
deform in a distal direction under the pressure of the flushing
solution, bending toward the axis of the inner device 3402,
in order to allow distal fluid flow. The flap 3409 may be
forced under pressure from the proximal blood flow and/or
aspiration to deform or extend in a more radial direction,
normal to the longitudinal axis of the inner device 3402, so
as to form a tighter seal with the outer device 3404. In some
embodiments, the annular protrusion 3408 may comprise a
non-uniform stiffness around the circumference of the pro-
trusion 3408. For instance, certain segments of the circum-
ference may be softer or more compliant than other seg-
ments forming flaps 3409 or one-way valves while other
portions of the circumference may be sufficiently rigid such
that neither distal nor proximal fluid flow is permitted.
[0064] The protrusion 3408 may be the same material or
a different material as the portion of the device (e.g., tubular
body 16) from which it extends. In some embodiments, the
protrusion 3408 may comprise polyether block amide (e.g.,
PEBAX®), polyethylene, polyurethane, Tecothane®, nylon,
etc. In some embodiments, the protrusion 3408 may be
formed from a softer material than the inner device 3402, or
at least an outer layer (e.g., an outer jacket) of the inner
device 3402. In some embodiments, the protrusion 3408
may be formed from a softer material than the outer device
3404 or at least an inner layer (e.g., an inner liner) of the
outer device 3404. For example, the protrusion 3408 may be
formed as part of an outer jacket of the inner device 3402.
In some embodiments, the protrusion 3408 may be coex-
truded with the outer jacket.

[0065] In some embodiments, the protrusion may be
adhered to the outer jacket, such as with a biocompatible
adhesive, melted onto the outer jacket, molded onto the
outer jacket, or otherwise adhered to the outer diameter of
the inner device 3402. In some embodiments, the protrusion
3408 may be formed by a discrete tubular segment of the
outer jacket having a larger outer diameter than two adjacent
segments of the outer jacket which the protrusion 3408 is
positioned between. In some embodiments, the protrusion
3408 may be formed as an expanded diameter portion of a
tubular segment of the outer jacket. In some embodiments,
the protrusion 3408 may be solid throughout. In some
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embodiments, the protrusion 3408 may be at least partially
hollow, which may increase the flexibility of the protrusion
3408.

[0066] The protrusion 3408 may have a cross-section
along its circumferential axis (around the outer diameter of
the outer device 3404) of any suitable shape. For example,
the cross-section may be rectangular, square, rounded, tri-
angular, etc. The cross-section may be symmetric or asym-
metric about a proximal-to-distal midline. The protrusion
3408 may comprise a proximal surface and a distal surface.
In some embodiments, the distal surface may be convex,
concave, and/or substantially flat. In some embodiments, the
proximal surface may be convex, concave, and/or substan-
tially flat.

[0067] The proximal surface and distal surface may have
different degrees of stiffness or flexibility. For example, the
proximal surface may more easily bend to produce a one-
way valve effect as described elsewhere herein. The protru-
sion 3408 may be shaped with a hinge feature (e.g., a divot
in the distal surface) that allows fluid flow in the distal
direction but not the proximal direction. Thinner portions of
the cross section may be more flexible than thicker portions
of the cross-section. In some embodiments, the cross-section
may thin-out towards the outer diameter of the protrusion
3408 to facilitate bending of the protrusion 3408 near the
point of contact with the outer device 3404 and axial
translation of the sealing protrusion 3408 along the inner
surface of the outer device 3404.

[0068] Insome embodiments, the protrusion 3408 or other
sealing feature 3406, as described elsewhere herein, may be
positioned on an inner surface of the outer device 3404. The
protrusion 3408 may be fabricated in the same or similar
manner (e.g., from the inner liner of the outer device 3404).
In some embodiments, both the inner device 3402 and the
outer device 3402 may comprise protrusions 3408 or other
sealing feature 3406. A protrusion 3408 on the outer device
3404 may be positioned to be proximal to, distal to, or
axially aligned with a protrusion 3408 on the inner device
3402 when the extendable device 3400 is in a fully extended
position or when the extendable device 3400 is in a fully
retracted position. A protrusion 3408 on the inner device
3402 may be configured to axially cross over a protrusion
3408 on the outer device 3404 as the inner device 3402 is
axially translated relative to the fixed outer device 3404, or
the inner device 3402 and outer device 3404 may be
configured such that the protrusions 3408 remain in their
respective proximal/distal spatial relationships. In some
embodiments, protrusions 3408 on the inner device 3402
and the outer device 3404 may be configured to serve as
stops that abut one another and limit axial translation of the
inner device 3402 with respect to the outer device 3404 in
a distal and/or proximal direction.

[0069] The inner device 3402 may contain one or more
protrusions 3408 (e.g., 1, 2, 3, 4, 5, etc.) and/or the outer
device 3404 may contain one or more protrusions 3408 (e.g.,
1, 2, 3, 4, 5, etc.). FIG. 6 schematically depicts an inner
device 3402 having multiple axially spaced protrusions 3408
or multiple revolutions of one or two or more helical
protrusions spiraling or positioned along a proximal end of
the inner device 3402. In devices 3400 in which the inner
device 3402 and the outer device 3404 comprise protrusions
3408 and at least one of the inner or outer devices 3402,
3404 comprises multiple protrusions 3408, the protrusion
3408 may be arranged in any combination of the spatial
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relationships described elsewhere herein. For example, the
inner device 3402 may comprise a protrusion 3408 sur-
rounded on its proximal and distal sides by protrusions 3408
on the outer device 3404 or vice-versa. The inner device
3402 may comprise a protrusion 3408 and the outer device
3404 may comprise multiple protrusions 3408 positioned
proximally and/or distally of the protrusion 3408 on the
inner device or vice-versa. Some or all of the protrusions
3408 on the inner device 3402 may be positioned to be
axially translatable over some or all of the protrusions 3408
on the outer device 3408 or vice-versa.

[0070] In some embodiments, one or more protrusions
3408 on the inner device 3402 may be configured to extend
distally beyond the distal end of the outer device 3404, such
as in a fully extended configuration. In some embodiments,
one or more protrusions 3408 on the inner device 3402 may
be configured not to extend distally beyond the distal end of
the outer device 3404 such that they remain within the
annular gap, such as in a fully extended configuration. In
some embodiments, one or more protrusions 3408 on the
outer device 3404 may be configured to extend proximally
beyond the proximal end of the inner device 3402, such as
in a fully extended configuration. In some embodiments, one
or more protrusions 3408 on the outer device 3404 may be
configured not to extend proximally beyond the proximal
end of the inner device 3402, such as in a fully extended
configuration.

[0071] In some embodiments, the protrusion 3408 may be
uniformly distributed around the circumference of the inner
device 3402 or outer device 3404 at a given axial position
along the length of the inner device 3402 or outer device
3404, forming a simple ring defining a transverse plane that
is 90° from the longitudinal axis of the catheter. In other
embodiments, the protrusion 3408 may incline in an axial
direction as it circumnavigates the outer circumference of
the inner device 3402 or the inner circumference of the outer
device 3404. For example, the protrusion 3408 may shaped
as an annular circle (90° to the longitudinal axis), oval
(inclined at an angle other than 90°), diamond, or other
suitable shape that is slanted along the axial direction such
that the protrusion 3408 forms a proximal tip 3408a and/or
a distal tip 3408b.

[0072] FIGS. 7A-7F schematically illustrate side views of
various configurations of inclined or angled protrusions
3408. In some embodiments, the slanted protrusion 3408
may form a rounded proximal and/or distal edge as shown
in FIG. 7A, showing a proximal tip 3408a. FIG. 7B,
showing a distal tip 34085 rotationally offset from the
proximal tip 3408a.

[0073] In some embodiments, the slanted protrusion may
form a pointed tip as shown in FIG. 7C, showing the
proximal tip 34084, and 7D, showing the distal tip 34085, in
which the tips comprise a chevron-shaped profile. The views
in FIGS. 7A and 7C may be substantially rotationally
opposite the views in FIGS. 7B and 7D, respectively, such
that the proximal tip 3408a and the distal tip 34086 are
positioned on substantially opposite sides of the inner device
3402. FIGS. 7E and 7F show examples of side views which
may be approximately 90 degrees offset from the views in
FIGS. 7A-7D.

[0074] Protrusions 3408 may comprise any combination
of'the views and shapes depicted as well as other shapes. For
example, in some embodiments, the protrusion 3408 may
comprise a rounded proximal tip 3408a and a pointed distal
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tip 34085 or vice versa. In some embodiments, the protru-
sion may comprise a proximal tip 3408a¢ but no defined
distal tip 34085 (e.g., the protrusion is distributed evenly
around at least a portion of the circumference at its distal
end) or vice versa. The configuration of the slanted protru-
sions 3408, particularly the chevron-shaped profiles, may
reduce the force required to axially translate the inner device
3402 relative to the outer device 3404, while maintaining a
sealed space.

[0075] FIGS. 8A and 8B schematically illustrate two
examples of a spined catheter inner device 3402, similar to
those described elsewhere herein, in which a proximal end
of the catheter extension tube portion of the device 3402
comprises a chevron-shaped protrusion 3408. The tubular
body 3400 in FIG. 8A comprises a constant internal diam-
eter, which may be approximately 0.71 inches. The device
3400 in FIG. 8B comprises an expanded diameter portion at
the proximal end, which may have an internal diameter of
about 0.71 inches, and transitions to a reduced diameter
portion near the distal diameter, which may have an inner
diameter of approximately, 0.35 inches, 0.45 inches, 0.55
inches, or any diameter in a range defined there between.
FIGS. 8C-8E illustrate close-up views of an example of
chevron-shaped protrusions 3408 on the inner device 3402.
The view in FIG. 8D is approximately 90 degrees offset
around the circumference of the inner device 3402 from the
view in FIG. 8C. FIG. 8E is a view like FIG. 8C, but also
showing the orientation of the protrusion on the back side of
the catheter.

[0076] As shown in FIG. 8D, the protrusion 3408 may
comprise dimensions including a width 3407a in an axial
direction and an angle 6 defined relative to the longitudinal
axis of the inner tubular body 3402. In some embodiments,
the width 3407a of the protrusion 3408 may be substantially
constant around the circumference of the inner device 3402.
For example, the width 3407a may be between approxi-
mately 0.01 and 0.3 inches, 0.02 and 0.2 inches, 0.03 and 0.1
inches, 0.035 and 0.08 inches, 0.04 and 0.06 inches, or 0.045
and 0.055 inches. In some embodiments, the width 3407a
may be larger at and/or near the proximal trailing tip 3408«
and/or the distal leading tip 34085 of the protrusion 3408, as
shown in FIG. 8C. For example, the width 3407a at these
points may be approximately 1.5x, 1.75x, 2x, 2.25x%, 2.5x%,
2.75%, 3%, 3.25x%, 3.5%, 3.75%, 4%, 4.25x, 4.5, 4.75x%, or 5x
larger than the width 34075 at a point where it is the smallest
(e.g., halfway between the proximal point 3408a and the
distal point 34085).

[0077] For instance, in some embodiments, the width
3407a near the proximal point 34084 and/or the distal point
34085 may be between approximately 0.05 and 0.3 inches,
0.1 and 0.2 inches, or 0.11 and 0.13 inches. The width 3407a
may vary in a continuous pattern across the circumference of
the inner device 3402.

[0078] In some embodiments, the angle 6 may be defined
via a straight line connecting the proximal tip 3408a to a
point 3452 on the proximal edge opposite the distal tip
34085 or connecting the distal tip 34085 to a point 3452 on
the distal edge opposite the proximal tip 3408a, which in the
illustrated embodiment lies on a proximal edge 3409 of the
inclined seal. In some embodiments, the angle 8 may be
defined by a best fit straight line along the proximal and/or
distal edge of the protrusion, in the case of nonlinear edges.
The other examples of protrusions 3408 disclosed herein
may have the same or similar dimensions.



US 2023/0165596 Al

[0079] In some embodiments, the trailing and/or leading
edge of the protrusion 3408 may form an angle 0 relative to
the longitudinal axis that is no larger than about 10 degrees,
15 degrees, 20 degrees, 25 degrees, 30 degrees, 35 degrees,
40 degrees, 45 degrees, 50 degrees, 55 degrees, or 60
degrees. In some embodiments, the angle 6 may be between
about 15 and 45 degrees, 20 and 40 degrees, 20 and 30
degrees, or 30 and 40 degrees. Protrusions 3408 having a
lower angle 6 may facilitate sliding of the inner device 3402
within the outer device 3404 in an axial direction.

[0080] The illustrated protrusion 3408 is in the form of an
inclined annular seal having a distal edge 3450 on the
opposite axial end of the seal from proximal edge 3409. The
distal edge 3450 may reside on a plane that is substantially
parallel to the proximal edge 3409 in an embodiment having
a constant thickness 3407a, both of which are non perpen-
dicular to the longitudinal axis of the catheter.

[0081] The inclined distal edge 3450 has a first, distal
transition or limit at leading point 34085 and a second,
proximal limit 3452 which is axially proximally offset from
the first distal limit by at least about 2 mm; at least about 3
mm or 4 mm or more.

[0082] The inclined proximal edge 3409 extends between
a distal limit 3454 and a proximal limit 3408a. As a result
of the axial offset and width 3407a of the protrusion 3408,
a window 3456 may be formed between the distal limit 3454
and proximal limit 3452 of the opposing edges of the seal
depending upon the incline angle of the seal. See FIG. 8E.
A distal sliding surface 3458 is thus axially offset from a
proximal sliding surface 3460 by an amount that corre-
sponds to the axial length of the window 3456. In the
illustrated embodiment, the window 3456 has a major axis
extending in the catheter longitudinal axis direction. At any
point within the window, a line can be drawn transverse
through the catheter without intersecting the protrusion
3408.

[0083] The window 3456 may have a major axis within
the range of from about negative 0.5 mm (slight axial
overlap of the distal sliding surface 3458 and proximal
sliding surface 3460) to about 4 mm, and in some imple-
mentations at least about 1 mm or 2 mm and in some cases
within the range of from about 2 mm to about 3 mm. The
major axis of the window 3456 is about 2.6 mm in one
implementation having a seal width 34074 of about 2 mm
and a catheter OD of about 0.086 inches.

[0084] An end view of the distal edge 3450 and or
proximal edge 3409 taken along a viewing axis that is
perpendicular to the plane of the respective edge can define
an ellipse. In one implementation, the ellipse dimensions are
0.086" in the minor axis direction, which is equal to the OD
of' the catheter. The ellipse is about 0.2057" in the major axis
direction, about 2 to 2.5 times the catheter diameter. This
means the seal inclines at about 30 degrees to the long axis
of the catheter. At an incline of about 15 degrees the long
axis increases to almost 4 times the catheter diameter. This
is rather steep and may be a reasonable limit. At the other
extreme a 75 degree angled seal (almost straight across)
would not have sufficient axial offset of the opposing sliding
surfaces, (desirable to minimize drag) if the seal width was
25% or less of the catheter diameter. This would be an
ellipse ratio of only about 1.03. As the seal gets wider, the
minimum ratio would climb with the angle dropping off.
Thus, ellipse major axis dimensions within the range of from
about 1.25 to about 4 times the minor axis dimension will
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typically be used, often within the range of from about 1.5
to about 3x the minor axis dimension.

[0085] Preferably, the trailing edge 3454 (inside the
ellipse) of the seal on one side should overlap minimally, or
ideally not at all with the leading edge 3452 (inside of the
ellipse) of the seal on the opposite side.

[0086] As a consequence of the angled nature of the
annular seal, the overall length in the catheter axial direction
from distal tip 34084 to proximal tip 3408a will often be at
least about 1.5 times or two times the width 3407a. In some
implementations, the overall tip to tip length may be at least
about 2.5 times or 3 times the width 3407a. Multiples within
the range of from about 1.5 times and about 5 times, or from
about 2 times and about 3.5 times may be utilized depending
upon desired performance. In one implementation having a
width 3407a of about 2 mm and a catheter OD of about
0.086 inches, the overall axial length from tip to tip is
between about 4 mm and about 8 mm, between about 6 mm
and about 7 mm and optionally about 6.7 mm.

[0087] The overall length may be elongated further by
introducing an axial extension segment on each side of the
catheter such as at about the midpoint between proximal tip
3408a and distal tip 34085. In this implementation the distal
edge 3450 for example would not appear as it does in side
elevational view (FIG. 8D) to be a linear edge between
3408a and 3408b. Instead, a distally facing segment extend-
ing proximally from point 34086 and a distally facing
segment extending distally from point 3408a would be
separated by a central segment facing a different angle such
as laterally in the case of an axially extending central
extension segment.

[0088] The chevron configured seal allows for effective
sealing inside another tube by not requiring the other (outer)
tube to have a friction fit around a full 360 degrees at the
same axial location transverse plane. The contact points of
the chevron allow the inner and outer tubes to be inclined
slightly to each other to relieve the friction of the sealing
surface and at the midpoint of the chevron the outer tube can
ovalize slightly while never allowing a leak path to form.
[0089] The protrusions 3408 disclosed herein may be any
suitable thickness. For example, the protrusions 3408 may
be no greater than approximately 0.01 mm, 0.025 mm, 0.05
mm, 0.075 mm, 0.1 mm, 0.25 mm, 0.5 mm, 0.75 mm, 1 mm,
2 mm, 3 mm, 4 mm, 5 mm, less than 0.1 mm, more than 5
mm, or a thickness within a range defined there between. In
some embodiments, the protrusions 3408 may have uniform
thickness. In some embodiments, the thickness may be
between about 0.001 and 0.005 inches, 0.0015 and 0.004
inches, or 0.002 and 0.003 inches. In some embodiments, the
protrusions 3408 may have variable thickness as they extend
circumferentially around the circumference of the inner
device 3402 or outer device 3404. As described elsewhere
herein, the protrusion 3408 may have an outer diameter that
is substantially equal to the inner diameter of the outer
device 3404. For example, both diameters may be between
about 0.085 and 0.09 inches, 0.086 and 0.089 inches, or
0.087 and 0.088 inches. In some implementations, the outer
diameter of the protrusion 3408 and the inner diameter of the
outer device 3404 may vary by less than about 0.002 inches,
0.001 inches, or 0.005 inches.

[0090] In some embodiments, the protrusion 3408 may be
formed from the same material as an outer layer of the inner
device 3402, such as Pebax®. The protrusion may be formed
by extruding the material in a similar way one or more layers
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of the inner device 3402 are formed. The extruded material
may be cut (e.g., diagonally cut) to form the shape of the ring
having dimensions 34074 and 34085. In some embodiments,
the protrusion 3408 may be positioned around the inner
device 3402 and then heated to laminate the protrusion 3408
to the outer surface of the inner device 3402, such as in a hot
box. In some embodiments, the protrusion 3408 may be
adhered to the inner device 3402 using an adhesive, such as
a biocompatible adhesive. In some implementations, the
protrusion may be post-processed. For example, the protru-
sion may be shaped by heating in a mold. The mold may be
a glass mold. The mold may have an inner diameter approxi-
mately equal to the inner diameter of the outer device 3404
or slightly larger. For example, the mold may have an inner
diameter of about 0.088 inches to achieve a protrusion 3408
having a diameter of approximately 0.0874 inches.

[0091] Insome implementations, the protrusion 3408 may
be molded or otherwise processed prior to attachment of the
protrusion 3408 to the inner device 3408. In some embodi-
ments, the protrusion 3408 may be attached or formed near
the proximal end of the inner device 3402 as described
elsewhere herein. For example, the protrusion 3408 may be
formed within 5 cm, 4 cm, 3 cm, or 2 cm from the proximal
end of the inner tubular body 3402. In some embodiments,
as described elsewhere herein, the protrusion 3408 may be
attached or formed on the most proximal Pebax® segment
(e.g. a 72D segment). The protrusion 3408 may be attached
or formed distally to any proximal Vestamid® segments.
When attached or formed near the proximal end of the inner
device 3402, the protrusion may have a durometer that is the
same or less than that of the inner device 3402 at the same
location. For example, the protrusion 3408 may have a
durometer between about 45D and 70D, 50D and 65D, or
55D and 60D. For instance, a 55D protrusion 3408 may be
positioned around a 72D segment of the outer jacket of the
inner device 3402.

[0092] In some embodiments, the protrusion 3408 may be
a spiral that extends along an axial length of the inner device
3402 and/or the outer device 3404. In some embodiments,
the spiral may terminate at either its distal end and/or
proximal end in closed circumference rings or connect to
closed circumference rings. In some embodiments, the spiral
may terminate at its distal end and/or proximal end in an
open configuration which may allow some blood to pass
through a helical passage formed by the spiral. The spiral
may nonetheless impede the flow of blood into the annular
gap. In some implementations, the smaller the pitch of the
spiral the larger the impediment the spiral may provide
against blood ingress. Rotation of the inner device 3402 in
a first direction, depending on the direction (e.g., right
handed or left-handed) of the spiral, may cause the spiral to
expel fluid in a distal direction while rotation in a second
direction may draw in blood. Rotation in the first direction
may be used to expel a flushing solution as described
elsewhere herein.

[0093] In some embodiments, the sealing feature 3406
may be an active feature which expands or otherwise
activates to seal the annular gap and/or which can be
deactivated to allow flow through the annular gap. The
sealing feature 3406 may be deactivated when the inner
device 3402 and the outer device 3404 are axially translated
relative to one another so as to allow easier movement (e.g.,
less friction). The sealing feature 3406 may be activated
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when the inner device 3402 and the outer device 3404 are
being used in a fixed position, such as a fully retracted and/or
fully extended position.

[0094] Referring to FIG. 9 the active sealing feature 3406
may be an expandable bulge 3410. In various embodiments,
the expandable bulge 3410 may be activated via a connec-
tion extending through the central lumen 3401 of a spine
3403 of the inner device 3402, such as the lumen 45
extending through the pull wire 42 described elsewhere
herein. The expandable bulge 3410 may be mechanically
expandable. For example, as schematically illustrated in
FIG. 9, the expandable bulge 3410 may be formed from a
soft or compliant polymer, such as an elastomeric polymer.
The soft expandable bulge 3410 may be formed such that in
an inactivated or un-expanded state the outer profile of the
expandable bulge 3410 is in a reduced profile configuration
such as flush with or in-line with the outer diameter of the
inner device 3402. For example, the inner device 3402 may
comprise a reduced diameter recess for receiving the
expandable bulge 3410. The expandable bulge 3410 may be
ring-shaped or cuff-shaped. In some embodiments, the
expandable bulge 3410 may replace an outer layer of the
inner device 3410 (e.g., the outer jacket) over a small axial
length of the inner device 3410. The expandable bulge 3410
may not be adhered or fixed to the outer diameter of the inner
device 3402 or it may be partially fixed, such as at a
proximal end of the expandable bulge 3410.

[0095] The expandable bulge 3410 may be coupled to the
inner device 3410 in a manner that allows axial compression
of the expandable bulge 3410 along the outer surface of the
inner device 3402. In some embodiments, the outer diameter
of the expandable bulge 3410 in an un-activated or un-
expanded state may extend beyond the outer diameter of the
inner device 3402 but may not extend to the inner diameter
of the outer device 3404 such that it does entirely seal the
annular gap. In other embodiments, the expandable bulge
3410 may be applied over a smooth portion of the outer
circumference of the inner device 3402. The expandable
bulge 3410 may be fixed, such as at a proximal end, to the
inner device 3402.

[0096] As shown in FIG. 9, the expandable bulge 3410
may be positioned at a proximal end of the inner device
3402. The expandable bulge 3410 may be sandwiched
between a portion of the outer jacket of the inner device
3410 and a proximal structure. The proximal structure may
be, for example, a radiopaque ring for determining the
location of the proximal end of the inner device 3402. A
tension cable or wire 3411 may extend from a proximal end
of the device 3400 to the expandable bulge 3410. The
tension cable 3411 may attach to a distal end of the expand-
able bulge 3410. Proximal retraction of the tension cable
3411 may apply an axially compressive force to the expand-
able bulge 3410 which causes the axial length of the
expandable bulge 3410 to be compressed and the radial
diameter of the expandable bulge 3410 to expand. Full
expansion of the expandable bulge 3410 may increase the
outer diameter of the expandable bulge 3410 to a size such
that it is compressed against the inner diameter of the outer
device 3404 and forms a fluid seal with the inner diameter
of the outer device 3404.

[0097] Providing a distally directed counterforce on the
inner device 3402 such as by pushing on the inner device
3402 (e.g., pushing on the spine 3403 through which the
tension cable 3411 extends) may facilitate expanding the



US 2023/0165596 Al

expandable bulge 3410 without axially translating the inner
device 3402 relative to the outer device 3402, such as
pulling the inner device 3410 proximally along with the
tension cable 3411. In other embodiments, the expandable
bulge 3410 may be compressed by pushing on a push wire
which may be connected to a proximal end of the expand-
able bulge 3410. The expandable bulge 3410 may be fixed
to the inner device 3410 at a distal end of the expandable
bulge 3402. The expandable bulge 3402 may be positioned
at a distal end or intermediate portion of the inner device
3402.

[0098] In some embodiments, the expandable bulge 3410
may be expandable by non-mechanical means. For example,
the expandable bulge 3410 may comprise a light-sensitive or
electrosensitive material, such as a light-sensitive hydrogel
and/or an electrosensitive hydrogel. An electric current or
light may be passed through the lumen, which may serve as
or may comprise an insulator or fiber optic cable. The
hydrogel may expand upon the application of light and/or an
electric current and may collapse upon removal of the
stimuli or vice-versa. In some embodiments, the expandable
bulge 3410 may be inflatable and the lumen may serve as a
passage for providing pressurized fluid (e.g. a gas or liquid,
such as saline) which serves to inflate the expandable bulge
3410. The expandable bulge 3410 may be inflated and
deflated to a controllable extent by controlling the pressure
applied to the inflating fluid.

[0099] In some embodiments, the sealing feature 3406
may comprise a flange 3412. FIG. 10 schematically illus-
trates an example of a device 3400 comprising a flange
3412. The flange 3412 may be annular in shape. The flange
3412 may be located at the distal end of the outer device
3404. In some implementations, the flange 3412 may com-
prise similar features as the protrusion 3408 described
elsewhere herein. The flange 3412 may incline radially
inward toward the inner device 3402 to form a frusto conical
skirt configuration. In some embodiments, the flange 3412
may extend from an inner diameter of the outer device 3404.
In some embodiments, the flange 3412 may be coupled to a
distal face of the outer device 3404. The flange 3412 may
comprise a soft and/or elastic material. The flange 3412 may
be relatively softer and/or more flexible than the outer
device 3404 or one or more layers of the outer device 3404
and/or relatively softer and/or more flexible than the inner
device 3402 or one or more layers of the inner device 3402.

[0100] In some embodiments, the flange 3412 may be
formed integrally with the outer device 3404. For example,
the flange 3412 may be extruded as a part of an inner liner
and/or a part of an outer jacket of the outer device 3412. In
some embodiments, the flange 3412 may be the same
material as a layer of the outer device 3412 but may be
formed relatively thinner so that it is more flexible. In some
embodiments, the flange 3412 may be formed as a separate
component which is coupled to the outer device 3404. For
example, the flange 3412 may be adhered to the outer device
3404 or melted or molded onto the outer device 3404. The
flange may be a distal segment of an outer jacket of the outer
device 3404. The flange 3412 may be relatively compliant.
The flange 3412 may be configured to extend, in an unbiased
configuration, radially inward in a substantially normal
relation to the inner surface of the outer device 3404. The
flange 3412 may be configured to extend, in an unbiased
configuration, radially inward and somewhat in a distal
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direction such that it forms an oblique angle with the inner
surface of the outer device 304.

[0101] The flange 3412 may comprise an inner diameter in
an unbiased configuration which is smaller than the outer
diameter of the inner device 3402. In some embodiments,
the flange 3412 may be thicker along or near its outer
diameter than along or near its inner diameter. In some
embodiments, the flange 3412 may comprise uniform thick-
ness. Extending the inner device 3402 past the distal end of
the outer device 3404 may cause the flange 3412 to bend in
a distal direction such that the inner diameter of the flange
3412 expands to accommodate the inner device 3404 and
form a fluid seal along the outer surface of the inner device
3402 as shown in FIG. 10. An inner-most portion of the
flange 3412 may deform to lie substantially flat against the
outer surface of the inner device 3402. In some implemen-
tations, the flange 3412 may act like a squeegee along the
outer surface of the inner device 3404. The flange 3412 may
be made of a lubricious material and/or coated with a
lubricious material to promote smooth translation of the
inner device 3402 relative to the outer device 3404.

[0102] In some embodiments, the flange 3414 may main-
tain a flushing fluid proximal to the flange 3414 and/or may
act as a one-way valve in the same manner as described with
various configurations of the protrusion 3408 described
elsewhere herein. Providing a flange 3414 or other sealing
feature 3406 at a distal end of the outer device 3404 may
advantageously maximize the volume of the annular gap
which is sealed from the physiological environment. In
some embodiments, the inner device 3402 may comprise a
flange 3412 extending from its outer diameter in a radially
outward direction, which may comprise features similar to
the flange 3412 extending from the outer device 3402. For
example, the outer diameter of the flange 3412 may be larger
than the inner diameter of the outer device 3404. The flange
3412 may be positioned at a proximal end of the inner device
3402.

[0103] In some embodiments, the sealing feature 3406
may comprise an expanded diameter portion of the inner
device 3402, such as a hub 3414. FIG. 11 schematically
illustrates an example of a device 3400 comprising a hub
3414. The hub 3414 may be configured to form a tight
interference fit with the inner surface of the outer device
3404. The hub 3404 may prevent or reduce the amount of
contact between a portion of the inner device 3402 distal to
and/or proximal to the hub 3414 with the outer device 3404,
which may reduce friction and facilitate translation of the
inner device 3402 relative to the outer device 3404.

[0104] Insome embodiments, the hub 3414 may comprise
the same material as an outer jacket of the inner device 3404
or as any other layer of the inner device 3402. In some
embodiments, the hub 3414 may be relatively softer and/or
more flexible than the remaining length of the inner device
3402. In some embodiments, the hub 3414 may be relatively
harder and/or stiffer than the remaining length of the inner
device 3402. In some embodiments, the hub 3414 may
comprise a uniform material extending between the non-
expanded outer diameter of the inner device 3402 and the
inner diameter of the outer device 3404. In some embodi-
ments, the hub 3414 may comprise multiple layers between
the non-expanded outer diameter of the inner device 3402
and the inner diameter of the outer device 3404. The layers
may be of the same or different materials. In some embodi-
ments, one or more outer layers may be softer, more flexible,
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and/or more lubricious than one or more inner layers. The
outer layer or layers may facilitate smooth interaction with
the outer device 3404 and the inner layers may provide
structural support to the outer layers. In some embodiments,
the hub 3414 may be positioned adjacent to a radiopaque
ring as illustrated in FIG. 11, such as distally adjacent to the
radiopaque ring.

[0105] In some embodiments, the inner device 3404 may
comprise a spine 3403 (e.g., a hypotube spine) as described
elsewhere herein. The spine 3403 may comprise a lumen
3401. The spine 3403 may be positioned along an outer-
most diameter of the inner device 3402. The spine 3403 may
merge with the hub 3414 as shown in FIG. 11. The lumen
3401 may extend through the hub 3414 and open on a distal
face of the hub 3414. In some embodiments, the outer
diameter of the lumen 3401 may be flush with the non-
expanded outer diameter of the inner device 3402. In some
embodiments, the outer diameter of the lumen 3401 may be
entirely surrounded by portions of the hub 3414. In some
embodiments, a portion of outer diameter of the lumen 3401
may be positioned along the outer diameter of the hub 3414,
such that the lumen 3404 forms a groove along an outer
surface of the hub 3414.

[0106] The hub 3414 may thereby comprise a distal port
3454 on a lumen extending through the seal which allows
delivery of flushing fluid through the lumen 3401 across the
seal and into the annular gap. Providing pressure from the
proximal end of the lumen 3401 may allow delivery of
flushing fluid while preventing proximal fluid flow through
the port of the sealing feature 3406. In some embodiments,
the lumen 3401 may extend linearly through the hub 3414
such that the port 3454 is collinear with the remainder of the
lumen 3401. In some embodiments, the lumen may turn,
such as in a circumferential direction, and/or branch off into
multiple ports. Multiple ports may be positioned, for
example, at different circumferential points around the hub
3414.

[0107] In some embodiments, the sealing feature 3406
may be dynamically responsive to movements of the inner
device 3402 and/or outer device 3404. For example, the
sealing feature 3406 may comprise spring devices which
expand in an unbiased state and contract under force pro-
vided by movement of the inner device 3402, for example,
and a counter frictional force between the inner device 3402
and the outer device 3404. FIGS. 12A-12C schematically
illustrate an example of a device 3400 comprising a spring
sealing feature 3416 which is radially compressed and
axially extended by axial movement of the inner device
3402. FIG. 12A depicts the spring sealing feature 3416 in an
axially compressed/radially expanded sealed configuration.
FIG. 12B depicts the spring sealing feature 3416 in an
axially extended/radially compressed non-sealed configura-
tion. FIG. 12C depicts an example of a sliding ring 3418
used in the spring sealing feature 3416 of FIGS. 12A and
12B.

[0108] As shown in FIG. 12A, the inner device 3402 may
be coupled to the outer device 3404 by two sliding rings
3418. One sliding ring 3418 may be positioned at a distal
end of the spring sealing feature 3416 and one sliding ring
3418 may be positioned at a proximal end of the spring
sealing feature 3416. As shown in FIG. 12C, the sliding ring
3418 may comprise an inner annulus 3418a, an outer
annulus 34185, and one or more spokes 3418c¢ joining the
inner annulus 34184 and the outer annulus 34185. Multiple
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spokes 3418¢ may be positioned substantially uniformly
around the circumference of the sliding ring 3418. Fluid may
generally flow through the sliding rings 3418 between the
spokes 3418c¢.

[0109] The inner annulus 3418a may be configured to
form a sliding interference fit with the outer diameter of the
inner device 3402. The outer annulus 34185 may be con-
figured to form a sliding interference fit with the inner
diameter of the outer device 3404. The inner annulus 3418a
may have a first coefficient of friction with respect to the
inner device 3402 and the outer annulus 34185 may have a
second coeflicient of friction with respect to the outer device
3404. The first and second coeflicients of friction may be the
same or one may be larger than the other. Although the outer
annulus 3418 is shown as comprising a complete circum-
ference in FIG. 12C, in some embodiments, the outer
annulus 34185 may not extend around the complete circum-
ference. The circumference of the outer annulus 34185 may
be broken up into one or more partial arcuate sections, each
section being connected to one or more spokes 3418c.
Reducing the circumferential coverage of the outer annulus
34185 may decrease friction between the sliding ring 3418
and the outer device 3404 and promote easier sliding of the
sliding ring 3418 over the inner surface of the outer device
3404. The inner device 3402 may comprise a ridge feature
3420 projecting from the outer surface of the inner device
3402. For example, the ridge feature 3420 may be a ring
fixed to the outer surface of the inner device 3402. The ridge
feature 3420 may be positioned between the proximal and
distal sliding rings 3418. The ridge feature 3420 may be
configured to abut a proximal side of the distal sliding ring
3418 and push the sliding ring 3418 in a distal direction
along the inner surface of the outer device 3404. Likewise,
the ridge feature 3420 may be configured to abut a distal side
of the proximal sliding ring 3418 and push the sliding ring
3418 in a proximal direction along the inner surface of the
outer device 3404.

[0110] The spring sealing feature 3416 may comprise one
or more radially compressible support structures such as
springs 3422 extending from around the circumference of
the inner annulus 3418a of the proximal sliding ring 3418 to
the inner annulus 3418a of the distal sliding ring 3418. For
instance, the springs 3422 may comprise a plurality of spring
struts extending parallel to a longitudinal axis of the device
3400 from one sliding ring 3418 to another. The spring 3422
may comprise a coil spring wrapping helically around the
inner device 3402. The spring 3422 may comprise a spring
mesh. The spring 3422 may be convex around the inner
device 3402 or configured to bulge radially outward, within
at least one portion positioned intermediately between the
proximal end and distal end of the spring 3422, when in an
unbiased or relaxed state, as shown in FIG. 12A.

[0111] The spring or springs 3422 may be covered or
coated with an elastic membrane or film (not shown) which
covers an outer and/or inner surface of the springs 3422 such
that a fluid barrier is formed by the membrane circumfer-
entially around the inner device 3402, the fluid barrier
extending from the proximal sliding ring 3418 to the distal
sliding ring 3418. In an unbiased configuration, the spring
3422 and the elastic membrane are compressed against an
inner surface of the outer device 3404, as depicted in FIG.
12A, such that the fluid barrier forms a fluid seal around the
entire circumference of the inner surface of the outer device
3404. The spring sealing feature 3416 may inhibit or pro-
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hibit distal and proximal fluid flow through or across the
spring sealing feature 3416 in a fully expanded configura-
tion.

[0112] FIG. 12B schematically illustrates the device 3400
of FIG. 12A with the spring sealing feature 3416 in an
axially extended/radially compressed unsealed configura-
tion during translational movement of the inner device 3402.
As shown, in FIG. 12B, the inner device 3402 has been
sufficiently translated in a proximal direction such that the
ridge feature 3420 is pushing against the proximal sliding
ring 3418. As the inner device 3402 is further translated in
a proximal direction, the ridge 3420 causes the proximal
sliding ring 3418 to slide in a proximal direction along the
inner surface of the outer device 3404. As the proximal
sliding ring 3418 slides in a proximal direction it exerts a
force on the spring 3422 in the proximal direction. The
friction between the distal sliding ring 3418 and the inner
surface of the outer device 3404 resists, at least partially, the
movement of the distal sliding ring 3418 along the inner
surface of the outer device 3404 and can provide a counter
force to the proximal force of the proximal sliding ring 3418,
placing the spring 3422 in a state of tension.

[0113] Under tension, the spring 3422 may stretch in the
axial direction thereby reducing its outer diameter. The outer
diameter of the spring 3422 may be reduced such that the
spring 3422 and/or elastic membrane no longer contacts the
inner surface of the outer device 3404, at least along a
portion of the circumference, and allows fluid flow across
the spring sealing feature 3416. Fluid may flow between the
spokes 3418¢ of the proximal and distal sliding rings 3418
to flow across the surface of the fluid barrier formed around
the inner device 3402. Removing contact between the mem-
brane-encompassed spring 3422 and the inner surface of the
outer device 3402 may reduce overall friction and facilitate
axial translation of the inner device 3402 relative to the outer
device 3404. In some embodiments, the axial extension of
the spring 3422 may reduce the compressive force of the
spring sealing feature 3416 against the outer device 3404 but
still maintain the spring sealing feature 3416 in contact with
the outer device 3404. Reducing the compressive force may
reduce friction and facilitate translation of the inner device
3402 with respect to the outer device 3404 while maintain-
ing, at least to a degree, a fluid seal.

[0114] When the proximal force on the inner device 3402
is removed, the tension may be removed from the spring
3422 and the spring 3422 may contract bringing the proxi-
mal and distal rings 3418 closer together. The spring 3422
may expand to the inner surface of the outer device 3404
sealing device 3400, blocking fluid flow across the spring
sealing feature 3416. The spring 3422 may be designed with
a spring constant, such that it requires less force to deform
the spring 3422 than to overcome the friction resisting
sliding between the outer annulus 34185 and the inner
surface of the outer device 3404. The spring 3422 may be
configured to extend before the lagging sliding ring 3418
begins to translate, following the leading sliding ring 3418.
[0115] In some embodiments, the spring sealing feature
3416 may use two ridge features 3420, one positioned on a
distal side of the distal sliding ring 3418 and one positioned
on the proximal side of the proximal sliding ring 3418, in
addition to or alternatively to the intermediate ridge feature
3420. Providing a transient seal that only allows fluid flow
during axial translation of the inner device may significantly
reduce exposure of the annular gap to proximal blood flow.
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Providing a transient seal that reduces friction upon axial
translation of the inner device 3402 may improve the ability
to readily translate the inner device 3402 while generally
maintaining a fluid seal. The same tradeoff between friction
that seals the annular gap and friction that inhibits smooth
axial translation is not necessarily required with a dynamic
seal.

[0116] Other various configurations of the sealing feature
3406 may be dynamically responsive to movements of the
inner device 3402. FIGS. 13A-13C schematically illustrate
an example of a device 3400 comprising a spring sealing
feature 3426 which is compressed by rotational movement
of the inner device 3402 relative to the outer device 3404.
FIG. 13A depicts the device 3400 in a torqued/radially
compressed non-sealed configuration. FIG. 13B depicts a
cross section of the inner device 3402 in FIG. 13A taken
along the longitudinal axis at a point comprising a key
feature 3432. FIG. 13C depicts an example of a small
diameter ring 3430 used in the spring sealing feature 3426
of FIGS. 13A and 13B.

[0117] As shown in FIG. 13A, the spring sealing feature
3426 may comprise a large diameter ring 3428 and a small
diameter ring 3430. The large diameter ring 3428 may be
positioned proximal to the small diameter ring 3430 or vice
versa. The large diameter ring 3428 may be similar to the
sliding rings 3418 described elsewhere herein. However, in
some embodiments, the large diameter ring 3428 may be
fixed to the internal diameter of the outer device 3404, as
depicted in FIG. 13A, such that the large diameter ring 3428
neither translates (e.g., slides) nor rotates with respect to the
outer device 3404. The small diameter ring 3430 may extend
around the circumference of the inner device and may have
an outer diameter that does not extend to or near the inner
surface of the outer device 3404. In some embodiments, the
outer diameter of the small diameter ring 3430 may be
minimized, such as to a size sufficient to couple to a torsion
spring 3434.

[0118] The inner device 3402 may comprise one or more
key features 3432 as illustrated in FIG. 13B. The key
features 3432 may lock into the small diameter ring at
particular circumferential locations. FIG. 13C depicts a
small diameter ring comprising a plurality of recesses or
grooves 3433, each being configured to receive one of the
key features 3432 depicted in FIG. 13B. The key features
3432 may extend axially along the entire length or a portion
of the length of the inner device configured to interact with
the spring sealing feature 3426, as shown in FIG. 13A. The
inner device 3402 may be axially translatable (e.g., slidable)
within the inner diameter of the small diameter ring 3430.
The key features 3432, however, may rotationally lock the
small diameter ring 3430 to the inner device 3402 such that
the small diameter ring 3430 rotates with the inner device
3432.

[0119] A torsion spring 3434 may extend between the
large diameter ring 3428 and the small diameter ring 3430.
The torsion spring 3434 may have a convex configuration
around the inner device 3402 such that it extends radially
outward between the large diameter ring 3428 and the small
diameter ring 3430 so as to compress against the inner
surface of the outer device 3404. The spring sealing device
3426 may comprise an elastic membrane or film coupled to
the torsion spring 3434 to form a fluid barrier circumferen-
tially surrounding the inner device 3402 as described else-
where herein.
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[0120] Rotation of the small diameter ring 3430 in a first
direction (e.g., clockwise or counter clockwise) may cause
the torsion spring 3434 to collapse such that the elastic
membrane is no longer pressed into contact with the outer
device 3404. The elastic membrane may form a fluid seal
around the circumference of the inner surface of the outer
device 3404 when compressed against the outer device
3404, similar to the spring sealing feature shown in FIG.
12A. The small diameter ring 3430 may be free to axially
translate as needed along the outer surface of the inner
device, such as to accommodate the radial compression of
the torsion spring 3434.

[0121] Rotation of the inner device 3404 may thereby
allow fluid flow across the spring sealing device 3426. The
inner device 3404 may be rotated and maintained in a rotated
position to allow axial translation of the inner device 3402
with respect to the outer device 3404 in order to reduce the
friction between the inner device 3402 and outer device
3404. The large diameter ring 3428 may be fixed to the outer
device 3404 near a distal end of the outer device 3404,
maximizing the length of the annular gap that is sealed from
blood exposure.

[0122] In some embodiments, the small diameter ring
3430 may be fixed to the inner device 3402 such that it is not
axially translatable with respect to the inner device 3402.
The small diameter ring 3430 may be an annular projection
extending from the inner device 3402. The small diameter
ring 3430 may be integral with the inner device 3402. The
large diameter ring 3428 may be axially translatable (e.g.,
slidable) with respect to the inner surface of the outer device
3404. The large diameter ring 3428 may resist or prohibit
rotation with respect to the inner surface of the outer device
3404. The spring constant of the torsion spring 3434 may be
configured such that less torque is required to collapse the
spring than to rotate the large diameter ring 3428 with
respect to the outer device 3404. The large diameter ring
may provide a counter force that allows the torsion spring
3434 to collapse.

[0123] Insome embodiments, the large diameter ring 3428
may be mechanically prevented from rotating with respect to
the outer device 3404. For example, the large diameter ring
may comprise key features and the inner surface of the outer
device 3404 may comprises corresponding recesses or
grooves, as described elsewhere herein or vice versa. In
some embodiments, the torsion spring 3434 and/or the
elastic membrane may extend from the small diameter ring
to an outer annulus of the large diameter ring 3428 or some
circumference between an inner diameter and outer diameter
of the large diameter ring 3428. Rotation of the inner device
3402 may collapse the torsion spring 3434 to allow fluid
flow and/or reduce friction between the inner device 3402
and outer device 3404 as described with respect to FIGS.
13A-13C. However, the spring sealing feature 3426 may be
axially translatable with respect to the outer device 3404
such that it may move along with the inner device 3402.
[0124] Disclosed herein are various embodiments for seal-
ing an annular gap between vascular device such as device
3400, described elsewhere herein, and a body vessel such as
a blood vessel (e.g., a neurovascular artery). Sealing a blood
vessel around a catheter device, particularly a catheter
configured for the removal (e.g., aspiration) of a blood clot
may advantageously prevent blood flow from carrying a clot
or fragment of a clot, such as a clot captured on a distal end
of the catheter, further downstream. For example, for a
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device positioned upstream of the clot, such as in a neuro-
vascular artery, the seal between the device and the blood
vessel may prevent antegrade blood flow from dislodging a
captured blood clot from a distal end of the device and
carrying it downstream, which could result in an embolism
in a downstream location.

[0125] The device 3400 may comprise a vessel sealing
feature 3440 positioned on an outer surface of the device
3400 (e.g., on an outer surface of the outer access catheter
device 3404). FIG. 14 schematically illustrates an example
of a device 3400 comprising a vessel sealing feature 3440.
The vessel sealing feature 3440 may be annular and may
extend around the entire circumference of the device 3400.
The vessel sealing feature 3440 may be positioned at a distal
end of the device 3400, near a proximal end of the device
3400, or somewhere intermediate the distal end and proxi-
mal end. The vessel sealing feature 3440 may be passive
comprising a static structure that seals the vessel or it may
be active comprising a dynamic structure that is activated
and/or deactivate to transition between a sealing state and a
non-sealing state.

[0126] The vessel sealing feature 3440 may comprise the
same or similar features as protrusion 3408 configured to
extend around the outer surface of the inner device 3402,
except that it is configured to extend around the outer surface
of the outer device 3404. The vessel sealing feature 3440
may form an expanded diameter portion of the device 3400
(or at least of a portion of the device inserted into the
vasculature to be occluded by the vessel sealing feature
3440). The vessel sealing feature 3440 may be extremely
compliant such that it may have a diameter large enough to
seal a blood vessel of an unknown or variable diameter while
being soft and deformable enough to be compressed and
placed contact with the blood vessel wall without damaging
(e.g., rupturing or tearing) the blood vessel wall or intima.
[0127] The vessel sealing feature 3440 may be formed as
a part of an outer jacket as described elsewhere herein. The
vessel sealing feature 3440 may comprise a soft elastomeric
polymer. The vessel sealing feature 3440 may be formed
from a same or different material as the device 3400 (e.g.,
the outer jacket of the device). The vessel sealing feature
3440 may be a separate component which is coupled to the
device 3400. For example, the vessel sealing feature 3440
may be a preformed ring, similar to a wide O-ring, which is
placed over the outer surface of the device 3400. The device
3400 may be configured with a circumferential recess or
groove configured to receive the vessel sealing feature 3440.
The vessel sealing feature 3440 may have an inner diameter
that is smaller, in an unbiased state, than the outer diameter
of the device 3400 (or the recessed diameter of the groove).
The vessel sealing feature 3440 may need to be at least
partially expanded (e.g., stretched) in order to position the
vessel sealing feature 3440 over the device 3400 and the
compressive elastic force of the vessel sealing feature 3440
may frictionally secure the vessel sealing feature 3440 to the
device 3400.

[0128] In some embodiments, the vessel sealing feature
3440 may be additionally or alternatively secured to the
device by melting or molding the sealing feature onto the
device 3400 or using an adhesive (e.g., a biocompatible
adhesive). In some embodiments, the vessel sealing feature
3400 may be softer and more flexible or compliant along an
outer diameter than along an inner diameter. In some
embodiments, the vessel sealing feature 3400 may be thin-
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ner along an outer diameter than along an inner diameter. In
some implementations, the vessel sealing feature 3440 may
be custom-formed in size and/or shape to the anatomy of a
particular vessel. The anatomy may be patient-specific. In
some embodiments, the vessel sealing feature 3440 is inter-
changeable such that a custom or otherwise specifically
shaped and/or sized vessel sealing feature 3440 may be
replaceably attached to the device 3400. In some embodi-
ments, the vessel sealing feature 3440 may be a soft hydro-
gel. The hydrogel may be configured to swell nominally or
not at all in situ.

[0129] In some embodiments, the vessel sealing feature
3440 may be active. The vessel sealing feature 3440 may
comprise the same or similar features as the expandable
bulge 3410 described elsewhere herein. For example, the
vessel sealing feature 3440 may comprise a light-sensitive or
electrosensitive material, such as a light-sensitive hydrogel
and/or an electrosensitive hydrogel. An electric current or
light may be passed through an insulator or fiber optic cable
to the hydrogel or other active material. The hydrogel may
expand upon the application of light and/or an electric
current and may collapse upon removal of the stimuli or
vice-versa.

[0130] A hydrogel may be configured to swell to a con-
trolled or expected volume when exposed to the physiologi-
cal environment in situ. For example, the hydrogel may be
configured to swell in response to body temperature, blood
exposure, and/or interaction with a physiological factor,
such as an enzyme. In some implementations, the amount of
swelling may be controlled by a parameter of the stimulus
(e.g, the amount of current or intensity of the light).
[0131] In some embodiments, the vessel sealing feature
3440 may be inflatable via pressurized fluid (e.g. a gas or
liquid, such as saline) which serves to inflate the vessel
sealing feature 3440 such as an inflatable balloon. The vessel
sealing feature 3440 may be inflated and deflated to a
controllable extent by controlling the pressure applied to the
inflating fluid. In some embodiments, the vessel sealing
feature 3440 may be configured to be in-line or flush with
the outer diameter of the device 3400 in an inactivated state.
In other embodiments, the vessel sealing feature 3440 may
extend slightly beyond the outer diameter of the device 3400
in an inactivate state, but not to the extent that it seals the
blood vessel or comes into significantly increased contact
with the blood vessel creating additional friction.

[0132] Any of the catheter shaft or sections of the catheter
shaft or telescoping extensions in accordance with the
present invention, such as inner device 3402 or outer device
3404, may comprise a multi-layer construct having a high
degree of flexibility and sufficient push ability to reach deep
into the cerebral vasculature, such as at least as deep as the
petrous, cavernous, or cerebral segment of the internal
carotid artery (ICA).

[0133] In one example, referring to FIG. 15, a catheter
3000, which may be the same or similar to device 3400, may
have an effective length from the manifold to distal tip from
about 70 cm to about 150 ¢cm, from about 80 cm to about 140
cm, from about 90 cm to about 130 ¢cm, from about 100 cm
to about 120 cm, or from about 105 cm to about 115 ¢cm. The
outer diameter of the catheter 3000 may be from about 0.07
inches to about 0.15 inches, from about 0.08 inches to about
0.14 inches, from about 0.09 inches to about 0.13 inches,
from about 0.1 inches to about 0.12 inches, or from about
0.105 inches to about 0.115 inches, and may be lower in a
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distal segment than in a proximal segment. The inner
diameter 3108 of the catheter 3000 in a single central lumen
embodiment may be greater than or equal to about 0.11
inches, greater than or equal to about 0.1 inches, greater than
or equal to about 0.09 inches, greater than or equal to about
0.088 inches, greater than or equal to about 0.08 inches,
greater than or equal to about 0.07 inches, greater than or
equal to about 0.06 inches, or greater than or equal to about
0.05 inches. The inner diameter 3108 of the catheter 3000 in
a single central lumen embodiment may be less than or equal
to about 0.11 inches, less than or equal to about 0.1 inches,
less than or equal to about 0.09 inches, less than or equal to
about 0.088 inches, less than or equal to about 0.08 inches,
less than or equal to about 0.07 inches, less than or equal to
about 0.06 inches, or less than or equal to about 0.05 inches.
Referring to FIG. 15, an inner liner 3014 may be formed by
dip coating a mandrel (not shown) to provide a thin walled
tubular inside layer of the catheter body 3000. The dip
coating may be produced by coating a wire such as a silver
coated copper wire in PTFE. The mandrel may thereafter be
axially elongated to reduce diameter, and removed to leave
the tubular inner liner. The outside surface of the tubular
inner liner 3014 may thereafter be coated with a soft tie layer
3012 such as polyurethane (e.g., Tecotlex™), to produce a
layer having a thickness of no more than about 0.005 inches,
and in some implementations approximately 0.001 inches.
The tie layer 3012 will generally extend along at least about
the most distal 10 cm or 20 cm of the catheter shaft 3000
generally less than about 50 cm and may in one implemen-
tation extend approximately the distal 30 cm of the catheter
shaft 3000, 3100.

[0134] A braid such as a 75 ppi stainless steel braid 3010
may thereafter be wrapped around the inner liner 3014
through a proximal zone up to a distal transition 3011. From
the distal transition 3011 to the distal end of the catheter
3000, a coil 3024 comprising a shape memory material such
as a Nitinol alloy may thereafter be wrapped around the
inner liner 3014. In one implementation, the Nitinol coil has
a transition temperature below body temperature so that the
Nitinol resides in the austinite (springy) state at body
temperature. Adjacent loops or filars of the coil 3024 may be
closely tightly wound in a proximal zone with a distal
section having looser spacing between adjacent loops. In an
embodiment having a coil section 3024 with an axial length
of at least between about 20% and 30% of the overall
catheter length, (e.g., 28 cm coil length in a 110 cm catheter
shaft 3000), at least the distal 1 or 2 or 3 or 4 cm of the coil
will have a spacing that is at least about 130%, and in some
implementations at least about 150% or more than the
spacing in the proximal coil section. In a 110 cm catheter
shaft 3000 having a Nitinol coil the spacing in the proximal
coil may be about 0.004 inches and in the distal section may
be at least about 0.006 inches or 0.007 inches or more. In
embodiments comprising an extension catheter, the distal
extendable section of the catheter may be constructed
according to the foregoing. The length of the coil 3024 may
be proportioned to the length of the extendable catheter
segment or the total (e.g., extended) length of the catheter
3000. The coil 3024 may extend from a distal end of the
extendable segment over at least about 50%, 60%, 70%,
80%, or 90% of the length of the extendable segment. In
some embodiments, the catheter 3000 or the extendable
segment may not comprise a braid and the coil 3024 may
extend to the proximal end of the extendable segment (100%
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of the length). [0082] The distal end of the coil 3024 can be
spaced proximally from the distal end of the inner liner
3014, for example, to provide room for an annular
radiopaque marker 3040. The coil 3024 may be set back
proximally from the distal end, in some embodiments, by
approximately no more than 1 cm, 2 cm, or 3 cm. In one
embodiment, the distal end of the catheter 3000 is provided
with a beveled distal surface 3006 residing on a plane having
an angle of at least about 10° or 20° and in one embodiment
about 30° with respect to a longitudinal axis of the catheter
3000. The radiopaque marker 3040 may reside in a plane
that is transverse to the longitudinal axis. Alternatively, at
least the distally facing edge of the annular radiopaque
marker 3040 may be an ellipse, residing on a plane which is
inclined with respect to the longitudinal axis to complement
the bevel angle of the distal surface 3006.

[0135] After applying the proximal braid 3010, the distal
coil 3024 and the RO marker 3040 an outer Jacket 3020
maybe applied such as a shrink wrap tube to enclose the
catheter body 3000. The outer shrink-wrapped sleeve 3020
may comprise any of a variety of materials, such as poly-
ethylene, polyurethane, polyether block amide (e.g.,
PEBAX™) nylon or others known in the art. Sufficient heat
is applied to cause the polymer to flow into and embed the
proximal braid and distal coil.

[0136] In one implementation, the outer shrink wrap
jacket 3020 is formed by sequentially advancing a plurality
of short tubular segments 3022, 3026, 3028, 3030, 3032,
3034, 3036, 3038 concentrically over the catheter shaft
subassembly, and applying heat to shrink the sections on to
the catheter 3000 and provide a smooth continuous outer
tubular body. The foregoing construction may extend along
at least the most distal 10 cm, and preferably at least about
the most distal 20 cm, 25 cm, 30 cm, 35 cm, 40 cm, or more
than 40 cm of the catheter body 3000. The entire length of
the outer shrink wrap jacket 3020 may be formed from
tubular segments and the length of the distal tubular seg-
ments (e.g., 3022, 3026, 3028, 3030, 3032, 3034, 3036,
3038) may be shorter than the one or more tubular segments
forming the proximal portion of the outer shrink wrap jacket
3020 in order to provide steeper transitions in flexibility
toward the distal end of the catheter 3000.

[0137] The durometer of the outer wall segments may
decrease in a distal direction. For example, proximal seg-
ments such as 3022 and 3026, may have a durometer of at
least about 60 or 70D, with gradual decrease in durometer of
successive segments in a distal direction to a durometer of
no more than about 35D or 25D or lower. A 25 cm section
may have at least about 3 or 5 or 7 or more segments and the
catheter 3000 overall may have at least about 6 or 8 or 10 or
more distinct flexibility zones. The distal 1 or 2 or 4 or more
segments 3036, 3038, may have a smaller OD following
shrinking than the more proximal segments 3022-3034 to
produce a step down in OD for the finished catheter body
3000. The length of the lower OD section 3004 may be
within the range of from about 3 cm to about 15 cm and in
some embodiments is within the range of from about 5 cm
to about 10 cm such as about 7 or 8 cm, and may be
accomplished by providing the distal segments 3036, 3038
with a lower wall thickness.

[0138] Referring to FIGS. 16A-16B, there is illustrated
one example of an outer jacket segment stacking pattern for
a progressive flexibility catheter of the type discussed in
connection with FIG. 15. A distal segment 3038 may have a
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length within the range of about 1-3 cm, and a durometer of
less than about 35D or 30D. An adjacent proximal segment
3036 may have a length within the range of about 4-6 cm,
and a durometer of less than about 35D or 30D. An adjacent
proximal segment 3034 may have a length within the range
of about 4-6 cm, and a durometer of about 35D or less. An
adjacent proximal segment 3032 may have a length within
the range of about 1-3 cm, and a durometer within the range
of from about 35D to about 45D (e.g., 40D). An adjacent
proximal segment 3030 may have a length within the range
of about 1-3 cm, and a durometer within the range of from
about 50D to about 60D (e.g., about 55D). An adjacent
proximal segment 3028 may have a length within the range
of about 1-3 cm, and a durometer within the range of from
about 35D to about 50D to about 60D (e.g., about 55D). An
adjacent proximal segment 3026 may have a length within
the range of about 1-3 cm, and a durometer of at least about
60D and typically less than about 75D. More proximal
segments may have a durometer of at least about 65D or
70D. The distal most two or three segments may comprise
a material such as Tecothane, and more proximal segments
may comprise PEBAX or other catheter jacket materials
known in the art. At least three or five or seven or nine or
more discrete segments may be utilized, having a change in
durometer between highest and lowest along the length of
the catheter shaft of at least about 10D, preferably at least
about 20D and in some implementations at least about 30D
or 40D or more.

[0139] In another embodiment, the most distal portion of
the catheter 3000 may comprise a durometer of less than
approximately 35D (e.g., 25D) to form a highly flexible
distal portion of the catheter and have a length between
approximately 25 cm and approximately 35 cm. In other
embodiments, the length may be between approximately 15
cm and approximately 25 cm. The distal portion may
comprise one or more tubular segments of the same durom-
eter (e.g., segment 3038) or of different durometers. In some
embodiments, one or more of the distal most segments may
comprise a polyether-based thermoplastic polyurethane
(e.g., Tecothane®). More proximal segments may comprise
a polyether block amide (e.g., PEBAX®). A series of
proximally adjacent tubular segments to the distal portion
may form a transition region between a proximal stiffer
portion of the catheter 3000 and the distal highly flexible
portion of the catheter. The series of tubular segments
forming the transition region may have the same or sub-
stantially similar lengths, such as approximately 1 cm. The
relatively short length of the series of tubular segments may
provide a steep drop in durometer over the transition region.
For example, the transition region may have a proximal
tubular segment 3036 (proximally adjacent the distal por-
tion) having a durometer of approximately 35D. An adjacent
proximal segment 3034 may have a durometer of approxi-
mately 55D. An adjacent proximal segment 3032 may have
a durometer of approximately 63D. An adjacent proximal
segment 3030 may have a durometer of approximately 72D.
One or more of the segments within the transition region
may comprise a length between about 1 and 4 cm. For
example, the transition region may comprise a proximal
segment 3036 approximately 4 cm and 35D, an adjacent
segment 3034 approximately 3 cm and 37D, an adjacent
segment 3032 approximately 1 cm and 47D, an adjacent
segment 3030 approximately 1 cm and 55D, an adjacent
segment 3028 approximately 1 cm and 63D, and an adjacent
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segment 3026 approximately 1 cm and 72D. In some
embodiments, the length of the distal portion of the catheter
3000, including the highly flexible distal portion and the
transition region, may be between about 25-30 cm, between
about 30-35 cm, between about 35 to 40 c¢m, or between
about 40-45 cm. More proximal segments may comprise a
durometer or durometers greater than approximately 72D
and may extend to the proximal end of the catheter or
extension catheter segment. For instance, an extension cath-
eter segment may comprise a proximal portion greater than
approximately 72D between about 1 cm and about 3 cm. In
some embodiments, the proximal portion may be about 2 cm
long. In some embodiments, the most distal segments (e.g.,
3038-3030) or at least the transition region may comprise
PEBAX® and more proximal segments may comprise a
generally stiffer material, such as Vestamid®.

[0140] The inner diameter of the catheter 3000 or catheter
extension segment may be between approximately 0.06 and
0.08 inches, between approximately 0.065 and 0.075 inches,
or between 0.068 and 0.073 inches. In some embodiments,
the inner diameter is approximately 0.071 inches. In some
embodiments, the distal most portion may taper to a
decreased inner diameter as described elsewhere herein. The
taper may occur approximately between the distal highly
flexible portion and the transition region (e.g., over the most
proximal portion of the distal highly flexible portion). The
taper may be relatively gradual (e.g., occurring over
approximately 10 or more cm) or may be relatively steep
(e.g., occurring over less than approximately 5 cm). The
inner diameter may taper to an inner diameter between about
0.03 and 0.06 inches. For example, the inner diameter may
be about 0.035 inches, about 0.045 inches, or about 0.055
inches at the distal end of the catheter 3000. In some
embodiments, the inner diameter may remain constant, at
least over the catheter extension segment. In some embodi-
ments, the coil 3024 may extend from a distal end of the
catheter 3000 along the highly flexible distal portion ending
at the distal end of the transition region. In other embodi-
ments, the coil 3024 may extend from a distal end of the
catheter to the proximal end of the transition region, to a
point along the transition region, or proximally beyond the
transition region. In other embodiments, the coil 3024 may
extend the entire length of the catheter 3000 or catheter
extension segment as described elsewhere herein. The braid
3010, when present, may extend from the proximal end of
the coil 3024 to the proximal end of the catheter 3000 or
catheter extension segment.

[0141] The catheters of the present invention may be
composed of any of a variety of biologically compatible
polymeric resins having suitable characteristics when
formed into the tubular catheter body segments. Exemplary
materials include polyvinyl chloride, polyethers, poly-
amides, polyethylenes, polyurethanes, copolymers thereof,
and the like. In one embodiment, both the proximal body
segment 33 and distal body segment 34 will comprise a
polyvinyl chloride (PVC), with the proximal body segment
being formed from a relatively rigid PVC and the distal body
segment being formed from a relatively flexible, supple
PVC. Optionally, the proximal body segment may be rein-
forced with a metal or polymeric braid or other conventional
reinforcing layer.

[0142] Although the present invention has been described
in terms of certain preferred embodiments, it may be incor-
porated into other embodiments by persons of skill in the art
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in view of the disclosure herein. The scope of the invention
is therefore not intended to be limited by the specific
embodiments disclosed herein, but is intended to be defined
by the full scope of the following claims.

[0143] It is understood that this disclosure, in many
respects, is only illustrative of the numerous alternative
device embodiments of the present invention. Changes may
be made in the details, particularly in matters of shape, size,
material and arrangement of various device components
without exceeding the scope of the various embodiments of
the invention. Those skilled in the art will appreciate that the
exemplary embodiments and descriptions thereof are merely
illustrative of the invention as a whole. While several
principles of the invention are made clear in the exemplary
embodiments described above, those skilled in the art will
appreciate that modifications of the structure, arrangement,
proportions, elements, materials and methods of use, may be
utilized in the practice of the invention, and otherwise,
which are particularly adapted to specific environments and
operative requirements without departing from the scope of
the invention. In addition, while certain features and ele-
ments have been described in connection with particular
embodiments, those skilled in the art will appreciate that
those features and elements can be combined with the other
embodiments disclosed herein.

[0144] When a feature or element is herein referred to as
being “on” another feature or element, it can be directly on
the other feature or element or intervening features and/or
elements may also be present. In contrast, when a feature or
element is referred to as being “directly on” another feature
or element, there are no intervening features or elements
present. It will also be understood that when a feature or
element is referred to as being “connected”, “attached” or
“coupled” to another feature or element, it can be directly
connected, attached or coupled to the other feature or
element or intervening features or elements may be present.
In contrast, when a feature or element is referred to as being
“directly connected”, “directly attached” or “directly
coupled” to another feature or element, there are no inter-
vening features or elements present. Although described or
shown with respect to one embodiment, the features and
elements so described or shown can apply to other embodi-
ments. It will also be appreciated by those of skill in the art
that references to a structure or feature that is disposed
“adjacent” another feature may have portions that overlap or
underlie the adjacent feature.

[0145] Terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the invention. For example, as used herein,
the singular forms “a”, “an” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms “comprises” and/or “comprising,” when used in this
specification, specify the presence of stated features, steps,
operations, elements, and/or components, but do not pre-
clude the presence or addition of one or more other features,
steps, operations, elements, components, and/or groups
thereof. As used herein, the term “and/or” includes any and
all combinations of one or more of the associated listed
items and may be abbreviated as “/”.

[0146] Spatially relative terms, such as “under”, “below”,
“lower”, “over”, “upper” and the like, may be used herein
for ease of description to describe one element or feature’s

relationship to another element(s) or feature(s) as illustrated
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in the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if a device in the figures
is inverted, elements described as ‘“under” or “beneath”
other elements or features would then be oriented “over” the
other elements or features. Thus, the exemplary term
“under” can encompass both an orientation of over and
under. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly. Similarly,
the terms “upwardly”, “downwardly”, “vertical”, “horizon-
tal” and the like are used herein for the purpose of expla-
nation only unless specifically indicated otherwise.

[0147] Although the terms “first” and “second” may be
used herein to describe various features/elements (including
steps), these features/elements should not be limited by
these terms, unless the context indicates otherwise. These
terms may be used to distinguish one feature/element from
another feature/element. Thus, a first feature/element dis-
cussed below could be termed a second feature/element, and
similarly, a second feature/element discussed below could
be termed a first feature/element without departing from the
teachings of the present invention.

[0148] Throughout this specification and the claims which
follow, unless the context requires otherwise, the word
“comprise”, and variations such as “comprises” and “com-
prising” means various components can be co-jointly
employed in the methods and articles (e.g., compositions
and apparatuses including device and methods). For
example, the term “comprising” will be understood to imply
the inclusion of any stated elements or steps but not the
exclusion of any other elements or steps.

[0149] As used herein in the specification and claims,
including as used in the examples and unless otherwise
expressly specified, all numbers may be read as if prefaced
by the word “about” or “approximately,” even if the term
does not expressly appear. The phrase “about” or “approxi-
mately” may be used when describing magnitude and/or
position to indicate that the value and/or position described
is within a reasonable expected range of values and/or
positions. For example, a numeric value may have a value
that is +/-0.1% of the stated value (or range of values),
+/-1% of the stated value (or range of values), +/-2% of the
stated value (or range of values), +/-5% of the stated value
(or range of values), +/-=10% of the stated value (or range of
values), etc. Any numerical values given herein should also
be understood to include about or approximately that value,
unless the context indicates otherwise. For example, if the
value “10” is disclosed, then “about 10” is also disclosed.
Any numerical range recited herein is intended to include all
sub-ranges subsumed therein. It is also understood that when
a value is disclosed that “less than or equal to” the value,
“greater than or equal to the value” and possible ranges
between values are also disclosed, as appropriately under-
stood by the skilled artisan. For example, if the value “X” is
disclosed the “less than or equal to X as well as “greater
than or equal to X” (e.g., where X is a numerical value) is
also disclosed. It is also understood that the throughout the
application, data is provided in a number of different for-
mats, and that this data, represents endpoints and starting
points, and ranges for any combination of the data points.
For example, if a particular data point “10” and a particular
data point “15” are disclosed, it is understood that greater
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than, greater than or equal to, less than, less than or equal to,
and equal to 10 and 15 are considered disclosed as well as
between 10 and 15. It is also understood that each unit
between two particular units are also disclosed. For
example, if 10 and 15 are disclosed, then 11, 12, 13, and 14
are also disclosed.

[0150] Although various illustrative embodiments are
described above, any of a number of changes may be made
to various embodiments without departing from the scope of
the invention as described by the claims. For example, the
order in which various described method steps are per-
formed may often be changed in alternative embodiments,
and in other alternative embodiments one or more method
steps may be skipped altogether. Optional features of vari-
ous device and system embodiments may be included in
some embodiments and not in others. Therefore, the fore-
going description is provided primarily for exemplary pur-
poses and should not be interpreted to limit the scope of the
invention as it is set forth in the claims.

[0151] The examples and illustrations included herein
show, by way of illustration and not of limitation, specific
embodiments in which the subject matter may be practiced.
As mentioned, other embodiments may be utilized and
derived there from, such that structural and logical substi-
tutions and changes may be made without departing from
the scope of this disclosure. Such embodiments of the
inventive subject matter may be referred to herein individu-
ally or collectively by the term “invention” merely for
convenience and without intending to voluntarily limit the
scope of this application to any single invention or inventive
concept, if more than one is, in fact, disclosed. Thus,
although specific embodiments have been illustrated and
described herein, any arrangement calculated to achieve the
same purpose may be substituted for the specific embodi-
ments shown. This disclosure is intended to cover any and
all adaptations or variations of various embodiments. Com-
binations of the above embodiments, and other embodi-
ments not specifically described herein, will be apparent to
those of skill in the art upon reviewing the above descrip-
tion.

1. A sealed neurovascular extendable catheter comprising:
an outer catheter having a proximal end and a distal end;
an inner catheter having a proximal end and a distal end
and extendable through the outer catheter such that the
distal end of the inner catheter is configured to extend
beyond the distal end of the outer catheter;
an annular gap between an outer surface of the inner
catheter and an inner surface of the outer catheter; and
a seal positioned between the inner catheter and the outer
catheter and configured to fluidly seal at least a portion
of a length of the annular gap, the seal having a
proximal edge, a distal edge and a thickness configured
to allow axial translation of the inner catheter relative
to the outer catheter;
wherein the distal edge has a leading point and a trailing
point, and the leading point is displaced axially distally
relative to the trailing point.
2. The sealed neurovascular extendable catheter of claim
1, wherein the seal comprises at least one annular protrusion
extending around a circumference of the inner catheter, and
wherein the protrusion is a skirt-shaped protrusion, the
skirt-shaped protrusion configured to allow distal fluid flow
but not proximal fluid flow through the sealing feature.
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3. The sealed neurovascular extendable catheter of claim
1, wherein the sealing feature comprises an expandable
bulge surrounding a circumference of the inner catheter, the
expandable bulge comprising a sealed configuration in
which an outer diameter of the expandable bulge seals the
annular gap and an unsealed configuration in which the outer
diameter of the expandable bulge does not seal the annular
gap.

4. The sealed neurovascular extendable catheter of claim
3, wherein the expandable bulge is mechanically expand-
able.

5. The sealed neurovascular extendable catheter of claim
4, wherein the expandable bulge is positioned at a proximal
end of the inner catheter, and wherein a tension cable is
joined to the expandable bulge at or near a distal end of the
expandable bulge, and wherein pulling the tension cable
proximally is configured to axially contract and radially
expand the expandable bulge.

6. The sealed neurovascular extendable catheter of claim
3, wherein the expandable bulge is expandable in response
to receiving an electric current.

7. The sealed neurovascular extendable catheter of claim
3, wherein the expandable bulge is expandable in response
to stimulation by light.

8. The sealed neurovascular extendable catheter of claim
3, wherein the expandable bulge is inflatable.

9. The sealed neurovascular extendable catheter of claim
3, wherein the inner catheter comprises a proximal spine
comprising a lumen, the lumen being configured to transmit
a stimulus to the expandable bulge for activating the expand-
able bulge and causing it to expand.

10. The sealed neurovascular extendable catheter of claim
1, wherein the sealing feature comprises an elastic flange
positioned at a distal tip of the outer catheter, the elastic
flange having an inner diameter and the inner diameter of the
elastic flange being smaller than an outer diameter of the
inner catheter.

11. The sealed neurovascular extendable catheter of claim
1, wherein the sealing feature comprises a hub of an
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expanded diameter positioned at a proximal end of the inner
catheter, the hub configured to form an interference fit with
an inner diameter of the outer catheter, and wherein the inner
catheter comprises a proximal spine comprising a lumen, the
lumen extending through the hub to form a fluid port through
the sealing feature through which a flushing solution may be
delivered to the annular gap in a space distal to the sealing
feature.

12. A neurovascular catheter for sealing a blood vessel,
the neurovascular catheter comprising:

an elongate body having a proximal end and a distal end;

and

a sealing feature configured to fluidly seal an annular gap

positioned between an outer surface of the elongate
body and the blood vessel, the sealing feature compris-
ing a compliant annular ring configured to be placed
into compression with a wall of the blood vessel
without damaging the blood vessel.

13. The neurovascular catheter of claim 12, wherein the
ring comprises an elastomeric polymer.

14. The neurovascular catheter of claim 12, wherein the
ring comprises a hydrogel.

15. The neurovascular catheter of claim 14, wherein the
hydrogel is electrosensitive and configured to expand upon
receiving an electric current.

16. The neurovascular catheter of claim 14, wherein the
hydrogel is configured to expand upon exposure the intra-
vascular physiological environment.

17. The neurovascular catheter of claim 12, wherein the
ring is inflatable.

18. The neurovascular catheter of claim 12, wherein the
outer surface of the elongate body comprises a recess for
receiving the ring.

19. The neurovascular catheter of claim 12, wherein the
ring is detachable from the elongate body.

20. The neurovascular catheter of claim 12, further com-
prising a replacement ring that is sized differently from the
ring and interchangeable with the ring.
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