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IMPLANTABLE DUAL PATHWAY
THERAPEUTIC AGENT DELIVERY PORT

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] The medical devices and methods described herein relate generally to devices
and methods for delivery of a treatment through a vessel to a target tissue for the treatment of a

disease or other medical condition.
2. State of the Art

[0002] For some diseases, systemic treatments are used to treat the patient. The
effectiveness of some such systemic treatments can vary due at least in part to the treatment
agent (e.g., a radio-embolization agent, a biologic agent and/or other treatment formulation) not
reaching target tissue. For example, in the treatment of some diseases such as pancreatic cancer
and/or diabetes, it may be desirable to deliver biological cells to the pancreas where efficient
and safe engraftment can be achieved, and especially to the pancreatic tail, for example, where
a large number of the endogenous islet cells reside. Some systemic treatments for diabetes,
which affects the body's ability to produce and/or regulate insulin, have attempted to transplant
insulin producing beta cells into pancreatic tissue, however, with limited success due to a lack
of supply and a long-term need for immunosuppression. In other forms of treatment for
diabetes, transplantation of autologous stem cells (mesenchymal, bone marrow, and others) can
increase and/or replace the supply of insulin, especially in Type II diabetes where autoimmune
reaction against these cells appears limited. In such treatments, various methods have been used
such as, for example, transplanting the cells surgically in the sub capsular space in the kidney,
the liver, and nonselective systemic injection both intravenously and intra-arterially, with the
hope of “homing” these cells to the pancreatic tissue to allow engraftment, however, a best

mode of transplantation has yet to established.

[0003] In some instances, a treatment can include transplanting such cells into the
pancreas itself. For example, one treatment has included sub-selective endovascular injection of

these cells into the arterial supply of the pancreatic tissue. Such an approach, however, is
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subject to variation in the number of cells actually introduced to the pancreas (versus other
organs in the same vascular bed including the spleen, the liver, and/or the stomach).
Furthermore, inadvertent exposure of other non-target organs to such cells can result in health

risks for the patient.

[0004] Treatments for pancreatic cancer can be similarly ineffective. For example,
pancreatic cancer is considered an almost chemoresistant tumor. The ineffective result of
systemic chemotherapy is at least in part due to an insufficient drug concentration within the
tumor because of dose-limited toxicity in bone marrow and epithelial tissue. Since systemic
chemotherapy is limited in its effectiveness, treatments beyond systemic chemotherapy can be
desirable for advanced pancreatic cancer patients. For example, one such treatment can include
local intra-arterial delivery of chemotherapy. Intra-arterial infusion allows higher drug
concentration to reach the tumor. Furthermore, intra-arterial chemotherapy can also take
advantage of the first pass effect of chemotherapeutics, generating higher-level drug
concentrations at the tumor cell membrane and therefore, enhancing cellular drug uptake as

compared to intravenous infusion. Lastly, local delivery can reduce systemic side effects.

[0005] Portal venous pressure is the blood pressure in the hepatic portal vein, and is
normally between 5-10 mmHg. Raised portal venous pressure is termed portal hypertension,
and has numerous sequalae such as ascites, hepatic encephalopathy and variceal bleeding.
Systemic venous pressure is the blood pressure typically measured in the hepatic vein, superior
vana cava, inferior vena cava, or right atrium; i.e., as close as reasonable to the heart. The
porto-systemic gradient is a measurement of the pressure gradient between the portal vein and
systemic venous pressure. When the porto-systemic gradient exceeds S mmHg a condition of
portal hypertension is defined, and if the gradient exceeds 10 mmHg a condition of clinically
signal portal hypertension is defined. This gradient is significant monitor because at a gradient

above 12 mmHg, variceal hemorrhaging may occur.

[0006] Whereas normal portal vein blood flow is at 1 to 1.5 liters per minute, an
increased gradient is indicative of increased resistance to portal blood flow which causes
formation of portosystemic collateral vessels that divert portal blood flow to the systemic
circulation, this bypassing the liver. While not widely performed, such gradient assessment in
persons with chronic liver disease is recommended to monitor a response and potential

effectiveness of treatment.
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[0007] Intra-vascular chemotherapy treatment to an organ is usually administered
through a small catheter placed in a blood vessel in close fluid communication with the organ.
An issue in catheter localization is the redundant nature of blood supply to the pancreas
overlapping adjacent organs. Furthermore, the small size and anatomical variability of the
branches of the hepatic and splenic arteries to the pancreas precludes reproducible cannulization
via interventional techniques. Delivering the therapy to the correct location requires knowledge
of the patient's arterial anatomy, preferably obtained through visualization techniques in

advance of therapeutic delivery of the treatment.

[0008] Even then, standard catheters permit only limited control of the infused
treatment. The treatment will flow from an area of high pressure to an area of lower pressure.
Given the cyclic pressure operating on the blood as the heart beats, the treatment can reflux into

healthy tissues where it will do harm, rather than good.

[0009] In order to alleviate certain of these issues, co-owned US Pat. No. 8,696,698 to
Chomas describes a pressure-controlled therapeutic delivery device in the form of a microvalve
mounted at the distal end of catheter. The microvalve dynamically expands and contracts
within a blood vessel in relation to the surrounding blood pressure. A treatment can be infused
through the catheter under significant pressure. When the treatment agent is infused, the
pressure in the vessel downstream (distal) of the treatment is always higher than that upstream
(proximal) of the treatment, causing the microvalve to automatically and dynamically open and

block reflux of the agent.

[0010] US Pub. No. 2016/0082178 to Agah discloses a device and method for isolating
and visualizing feeder vessels using an endovascular approach. The device includes an outer
catheter and an inner catheter longitudinally displaceable in a telescoping arrangement. An
occlusive element is coupled to each catheter. The outer catheter includes side openings, and
an agent can be infused through the outer catheter and out of the side openings between the two
occlusive elements. In use, the device is advanced to the portal vein, and the catheters are
displaced to locate the occluders on opposing sides of feeder vessels. The occluders are then
expanded to isolate a region of the portal vein containing the feeder vessels, thereby causing
cessation of blood flow within the isolated region. Then a contrast agent is injected through the
outer catheter, out the side openings, and into the portal vein, where it travels only within the

isolated region of the portal vein and off to the feeder vessels of the portal vein to visualize the
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vessels. A similar subsequent step can be performed to inject a therapeutic agent into the portal

vein and feeder vessels.

[0011] This system has several disadvantages. As the portal vein does not have
significant tubular strength and can expand when subject to the increased pressure of the
injected therapeutic agent, the agent may flow around the occluders and out into areas that are
not intended to receive the agent. This would result in a reduced concentration of therapeutic
agent in the feeder vessels where it is most needed and may also result in therapeutic agent
travelling to and detrimentally acting upon unintended tissues. In addition, if the occluders are
expanded to too large a size to attempt to prevent leakage, the vessels can be damaged. Further,
the release of the therapeutic agent is into the portal vein;, however, the size of the opening or
openings in the catheter for release of the therapeutic agent is very small in relation to the
diameter of the portal vein, further preventing generation of the pressure desired to saturate and

penetrate the intended tissues with the therapeutic agent.

[0012] As another concern, for long term treatment it may be advantageous to have an
implanted port that can be utilized for the repeated administration of a therapeutic treatment to

an intravascular site.

[0013] U.S. Pub. No. 2017/0319820 to Johnson describes an implantable port adapted
to provide localized delivery of a therapeutic treatment directly into the portal vein. The
Johnson device includes a three lumen catheter with a first lumen connecting to an anchoring
balloon provided at a distal end of the catheter to stabilize location of the distal end of the
catheter, a second lumen opening at a distal end of the catheter, and a third lumen opening
proximal of the distal end. To applicant’s understanding, Johnson does not describe how the
second and third lumen are intended to be used, other than for delivery of a therapeutic

treatment.

[0014] In addition, certain disease states may recommend that patients be treated with
targeted radiation in addition to systemic and/or localized therapeutic agents. For example,
pancreatic cancer is aggressively treated with both agents and radiotherapy. Targeted radiation
requires that fiducial markers be guided, often percutaneously or endoscopically, to adjacent the

tissue being treated, to provide a target onto which the radiation beam can be registered and
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tracked in real-time during the delivery of the radiation dose. Such precisely aimed radiation

doses ensure that the tumor receives the optimal dose of radiation with the verified accuracy.

[0015] However, the different and separate patient preparations for the therapeutic agent
and targeted radiation treatments are taxing to a patient, who is already in a weakened disease

state. Further, current fiducial marker delivery technology is less than ideal.
SUMMARY OF THE INVENTION

[0016] A dual pathway treatment delivery device is provided. The device includes an
implantable delivery port for communication with selected first and second blood vessels for
treatment with different therapeutic agents. The first blood vessel is adapted for systemic
perfusion, whereas the second blood vessel is adapted to localized perfusion into a selected

organ.

[0017] In an embodiment, the delivery port has at its proximal end a hub that operably
connects to a first lumen and a second lumen. The first lumen is directly open to the first blood
vessel but not the second blood vessel, and the second lumen is directly open to the second
blood vessel but not the first blood vessel. The first lumen is preferably defined in a first
catheter connected with the hub and includes a first distal opening. The second lumen may be
defined in the first catheter or a second catheter, and has a second distal opening. The second
lumen has a length sufficient such that its second distal opening is at a greater distance from the
hub than the first distal opening. Optionally, a dynamic occlusion device may be provided
longitudinally displaced from the hub, distally displaced from the first distal opening, along the

second lumen, and preferably adjacent the second distal opening.

[0018] When a first therapeutic agent is infused at the hub and into the first lumen, the
first agent is delivered into the first blood vessel and circulated systemically through the
vasculature. When a second therapeutic agent is infused at the hub and into the second lumen,
the second agent is delivered regionally to the second blood vessel at a location distal of the

first distal opening.

[0019] When the second lumen is provided with a dynamic occlusion device adjacent
its second distal opening and second therapeutic agent is infused through the hub and into the
second lumen, infusion of the second therapeutic agent generates a relative higher fluid

pressure on the distal (downstream) side of the dynamic occlusion device than on the proximal
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(upstream) side of the dynamic occlusion device, and the dynamic occlusion device
automatically moves from a closed configuration in which it is displaced from a vessel wall to
an open configuration in which it is in contact with the vessel wall. This prevents reflux of the
second therapeutic agent, segregating the second therapeutic agent from systemic delivery and
permitting the second agent to be delivered with higher pressure than at which the first agent is
delivered. Such higher-pressure delivery facilitates deep perfusion of the second therapeutic

agent into the small vessels of the selected organ.

[0020] In another embodiment, the delivery portion includes a first catheter having a
proximal end and a distal end, and an implantable hub provided at the proximal end of the
catheter. The first catheter includes first and second lumens. The first lumen has a proximal
first end open to a first port of the hub and a distal first opening. The second lumen has a
proximal second end open to a second port of the hub and a distal second opening. A second
catheter is adapted to be received through the second port and advanced beyond the distal
second opening of the second lumen. The second catheter optionally includes a dynamic
occlusion device at its distal end. A first therapeutic agent can be infused through the first port
and into the first lumen, and circulated systemically through the vasculature. A second
therapeutic agent can be infused through the second catheter and beyond its distal end; i.e., to

be delivered regionally at a regional location

[0021] If the second lumen includes a dynamic occlusion device, when the second
therapeutic agent is infused through the second port and into the second lumen, the infusion of
the agent generates a relative higher fluid pressure on the distal (downstream) side of the
dynamic occlusion device than on the proximal (upstream) side of the dynamic occlusion
device, and the dynamic occlusion device automatically moves from a closed configuration in
which it is displaced from a vessel wall to an open configuration in which it is in contact with
the vessel wall, preventing reflux of the second agent, segregating the second therapeutic agent
from systemic delivery and circulation, and permitting the second agent to be delivered with
higher pressure than at which the first agent is delivered. Such higher-pressure delivery

facilitates penetration of the small vessel of the target tissue with the second agent.

[0022] The dynamic occlusion device preferably is a microvalve that automatically
expands to the diameter of the vessel in which it is deployed when subject to predetermined

fluid pressure conditions and contracts to a smaller diameter when subject to relatively lower
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fluid pressure conditions. A microvalve suitable for use preferably includes a microporous
polymer advantageously formed by electrospinning or dip-coating a polymer over a filamentary
braid having a frustoconical portion. The microporous polymer allows generation of fluid
pressure at one side of the microvalve, while blocking particles on the pressurized side of the

microvalve that exceed 5 um from passing through the microvalve.

[0023] In an embodiment, the system also includes at least one pressure-detecting
element. The pressure-detecting element may be at least one pressure sensor to sense the fluid
pressure at the first and/or second lumens. A pressure-detecting element for the first lumen
may be mounted within the port or hub, on or in the first lumen of the catheter, or may be
provided on a wire or other device inserted within the first lumen. A pressure-detecting
element for the second lumen is preferably adapted for sensing pressure distal of (i.e.,
downstream of) the dynamic occlusion device. The second pressure-detecting element may be
located in the port or hub, on or in the second lumen of the catheter, provided on a wire or other
device inserted within the second lumen, on the distal or downstream side of the dynamic

occlusion device, or an a wire or other device inserted within the second lumen.

[0024] In an embodiment, the first pressure-detecting element allows monitoring of
systemic conditions or functions, and the second pressure-detecting element allows monitoring
of regional conditions or functions distal of the occlusion device. For example, with respect to
a pressure-detecting element located in the portal vein, the pressure monitored can be used to
identify conditions that indicate or can be used to prevent liver damage. To that end, a detected
high pressure or rising pressure or a measured or calculated significant portosystemic gradient
(difference between the portal venous pressure and systemic pressure) may be indicative of

cirrhosis of the liver, fatty liver disease, or other liver disease.

[0025] In another aspect of the system, the second catheter or lumen is provided with
fiducial markers that are adapted to be located adjacent the organ or tumor. The fiducial
markers may be in the form of radiopaque marker bands that can be tracked by an image-
guided radiotherapy device. As an alternative, the fiducial markers may be located on a
guidewire inserted through the second lumen and advanced to the organ necessitating

radiotherapy.
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[0026] In yet another aspect of the system, the second catheter having the fiducial
markers, or a guidewire passing within the second catheter, can be shapeable. The shapeable
second catheter or guidewire can be activated to cause the second catheter or guidewire to
change its shape in three-dimensions. This change in shape repositions the fiducial markers in
three dimensions. The dimensional information is used to focus the image-guided radiotherapy

device on the treatment location.
BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Fig. 1 is a schematic illustration of one embodiment of an implantable, dual

pathway therapeutic agent delivery port system.

[0028] Fig. 2 is an enlarged schematic illustration across line 2-2 in Fig. 1.
[0029] Fig. 3 is an enlarged schematic distal end view of the system of Fig. 1.
[0030] Figs. 4 and 5 illustrate a method of using an implantable, dual pathway

therapeutic agent delivery port.

[0031] Fig. 6 is a schematic illustration of another embodiment of an implantable, dual

pathway therapeutic agent delivery port.

[0032] Fig. 7 is a schematic illustration of another embodiment of an implantable, dual

pathway therapeutic agent delivery port.

[0033] Fig. 8 is a schematic illustration of another embodiment of an implantable, dual

pathway therapeutic agent delivery port.

[0034] Fig. 9 is a schematic illustration showing use at the distal end of another
embodiment of an implantable, dual pathway therapeutic agent delivery port provided with a

catheter with fiducial markers.

[0035] Fig. 10 is a schematic illustration showing use at the distal end of another
embodiment of an implantable, dual pathway therapeutic agent delivery port in combination

with a guidewire with fiducial markers.

[0036] Fig. 11 is a schematic illustration showing use at the distal end of another
embodiment of an implantable, dual pathway therapeutic agent delivery port provided with a

shapeable catheter with fiducial markers.
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[0037] Fig. 12 is a schematic illustration showing use at the distal end of another
embodiment of an implantable, dual pathway therapeutic agent delivery port in combination

with a shapeable guidewire with fiducial markers.

[0038] Fig. 13 is a rear perspective view of an embodiment of a hub of an implantable

treatment system.

[0039] Fig. 14 is a side perspective view of the embodiment of the hub shown in Fig.
13.

[0040] Fig. 15 is a top view of the embodiment of the hub shown in Fig. 13.

[0041] Fig. 16 is a section view across line 16-16 in Fig. 15.

[0042] Fig. 17 is a top view of the hub shown in Figs. 13 through 16 as part of an

implantable treatment system for delivering a therapeutic treatment to a patient.

[0043] Fig. 18 is a top view of the hub shown in Figs. 13 through 16 as part of a more

complete implantable treatment system for delivering a therapeutic treatment to a patient.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0044] With reference to the following description, the terms “proximal” and “distal”
are defined in reference to an implant site for the hub of the device, described herein, with the
term “proximal” being closer to the user’s hand, and the term “distal” being further from the

implant site such as to be located further within a body of the patient during use.

[0045] Apparatus and methods are described herein related to the use of a system to
infuse and/or inject one or more therapeutic agents into a mammalian body, including a test
subject or a human patient. The apparatus and methods can be used to monitor and treat
systemic and/or local conditions by delivering treatments systemically as well as locally.
Systemic delivery may be for dispersed conditions or for localized conditions that can be
treated via large vessel circulation. In addition, the system can be used to monitor and treat
localized conditions of one or more organs. For example, the localized condition may be a
solid tumor in an organ. In some cases, the tumor can be a cancerous tumor, such as a tumor
specific to, for example, cancer of the pancreas, colon, liver, lung, or uterus. Examples of

treatment are provided below.
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[0046] As described herein, an implantable treatment system is used to provide a first
treatment agent for systemic circulation within the body. As also described herein, the
implantable treatment system is used to provide a second treatment agent to a localized region
of the body in a manner that prevents the second treatment agent from circulating systemically.
For example, the localized second treatment agent may be delivered to a solid tumor, to permit
targeted treatment of a region by the second treatment agent, isolation of the second treatment
agent within the target region, all without isolating a larger region than necessary from blood
flow during the treatment procedure. In some cases, the solid tumor is associated with cancer
of the pancreas, colon, liver, lung or uterus. With the treatment system in place, the second
treatment agent (e.g., an immunotherapy agent, chemoembolization agent, radio-embolization
agent) can be injected under pressure into a region of an organ or other defined area of tissue
served by one or more feeder vessels. As such, the treatment system is used to deliver the
second treatment agent to small tumor feeder vessels connected to a tumor and selectively

inject the second treatment agent under pressure into the small tumor feeders.

[0047] In an embodiment, the treatment system 10 includes a catheter 12 having a
proximal end 14 and a distal end 16. The catheter has a first lumen 18 and a second lumen 20.
The first lumen 18 has a first distal opening 22, and the second lumen 20 has a second distal

opening 24 that is distally displaced relative to the first distal opening 22.

An implantable hub 28 is provided at the proximal end 14 of the catheter. The implantable hub
28 includes a first port 30 in communication with the first lumen 18, and a second port 32 in
communication with the second lumen 20. The hub 28 is adapted to be implanted subdermally
and is composed of a material that is biocompatible when implanted subdermally to minimize
thrombus formation and tissue encapsulation. For example, the hub may be constructed of a
styrene-isobutylene-styrene block copolymer. Further, the hub 28 is preferably formed as a
generally low-profile housing to prevent pain, discomfort and unsightliness to the recipient
patient when implanted. Nevertheless, the hub 28 is adapted to couple to first and second
sources of treatment agents to be infused or injected into the first and second ports 30, 32,
respectively. The first and second ports 30, 32 may have different sizes, shapes, and/or textures
to facilitate subdermal identification of the respective ports. The first and second ports 30, 32
may have different connections, including, by way of example, threaded couplings, leur locks,

piercable septums 34, 36, and/or friction connectors at which to receive an infusion or injection
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of the first and second treatment agents, respectively. By way of example, the first port 30 can
be coupled to an infusion pump to administer therapy for extended periods of time. By way of
example, the second port 32 can be coupled to a syringe for injection of a bolus of therapy. The
first port 30, coupled to the first lumen 18, is preferably adapted to receive low flow infusion
such as at 20 mL/hour. The second port 32, coupled to the second lumen 20, is preferably
adapted for significantly (order of magnitude) higher rates of infusion, such as 0.1 to 1.0
mL/second (or 360 to 3600 mL/hour). Such rates are exemplar only. However, during
retrograde venous infusion into the pancreas and adrenal gland in animal studies, it was
determined that infusion should be performed at slower rates to prevent tissue damage.
Preferred infusion rates for retrograde venous infusion in the pancreas and adrenal gland is

preferably on the order of 0.1-1 ml/minute.

[0048] The first distal opening 22 of the first lumen 18 is located proximal of the distal
end 16 of the catheter. The second lumen 20 includes a second distal opening 24 at the distal
end 16 of the catheter. Further, the first and second lumen 18, 20 may be coaxial lumen of
common shape or of different shape, and/or have the same or different cross-sectional areas
within the catheter. The first distal opening 22 may be formed by removing at least a portion of
the cross-section of the catheter material surrounding the first lumen 18. In such configuration,
the catheter 12 has a reduced overall diameter distal of the first distal opening 22.

Alternatively, the first lumen 18 may be plugged at a location distal of the first distal opening
22 such that fluid is forced out of the first lumen 18 at the first distal opening 22.

[0049] A dynamic occlusion device 40 is coupled to the catheter 12 at a location
between the first and second distal openings 22, 24. In a preferred embodiment, the dynamic
occlusion device 40 is a filter valve that fully expands to the vessel wall (i.e., reaches an open
condition) when the pressure at the second distal opening 24 is greater than the blood pressure.
The filter valve 40 is also in a deployed but closed condition (with filter valve retracted away
from full contact with the vessel wall) when blood is flowing with pressure greater on the
proximal side of the filter valve than on the distal side of the filter valve (i.e., in a proximal to
distal direction). In addition, when the radial force of expansion on the filter valve (i.e., the
expansion force of the filter valve itself in addition to the force of pressure in the distal vessel
over the distal surface area of the valve) is greater than the radial force of compression on the

filter valve (i.e., force of pressure in the proximal vessel over the proximal surface area of the
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filter valve), the filter valve fully expands so that the valve assumes the open configuration.
Thus, the radial force of expansion of the filter valve 1s chosen to be low so that normal blood
flow in the downstream distal direction will prevent the deployed filter valve from reaching the
open condition. This low expansion force is different than the expansion forces of prior art
stents, stent grafts, distal protection filters and other vascular devices, which have significantly
higher radial forces of expansion. Thus, once the filter valve is in the deployed configuration in
the vessel, the filter valve is dynamically movable (opens and closes) depending on the local
fluid pressure about the filter valve: when the fluid pressure s higher on the proximal side of
the filter valve, the filter valve assumes a relatively contracted configuration with a first
diameter smaller than the diameter of the vessel such that fluid flow about the filter valve is
permitted, and when the fluid pressure is higher on the distal side of the filter valve, the filter
valve assumes an expanded configuration with a second diameter relatively larger than the first

diameter in which the filter valve is adapted to contact the vessel wall.

[0050] A filter valve 40 suitable for use in the system includes a filamentary braid 40a
coated with a microporous polymer 40b. The microporous polymer 40b allows generation of
fluid pressure at one side of the microvalve 40, while blocking particles on the pressurized side
of the microvalve that exceed 5 um from passing through the microvalve. The braid 40a
preferably expands into a frustoconical form. The braid 40a is made from metal filaments,
polymer filaments, ceramic filaments, glass filaments, radiopaque oxides, or a combination of
metal and polymer filaments, which are formed into a substantially frustoconical shape when
not subject to outside forces. Where metal filaments are used, the filaments are preferably
elastic or superelastic metal such as stainless steel or shape memory nickel-titanium alloy
(Nitinol). Where polymeric filaments are utilized, the filaments may be composed of
polyethylene terephthalate (PET), polyethylene-napthalate (PEN), liquid crystal polymer,
fluorinated polymers, nylon, polyamide or any other suitable polymer. The polymer filaments
may be impregnated with a radiopaque agent such as barium sulfate, iodine compounds,
radiopaque metallic particles, or other contrast agents to facilitate imaging of the filter valve
during use. Todinated polymeric materials may also be employed as the polymeric filaments. It
is desirable that the braid 40' be biased into an expanded configuration at a predetermined force.
Therefore, when polymeric filaments are utilized, one or more metal filaments may be utilized

in conjunction with the polymeric filaments to provide a desired expansion force to the braid.
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The diameter of one, more or all of the filaments also can be selected to control the expansion
force. In addition, the braid angle can be altered to change the expansion force. Further, as
indicated below, the thickness of the polymer coating can be adjusted to alter the expansion

force.

[0051] The radial force of expansion of a braid is described by Jedwab and Clerc
(Journal of Applied Biomaterials, Vol. 4, 77-85, 1993) and later updated by DeBeule (DeBeule

et al., Computer Methods in Biomechanics and Biomedical FEngineering, 2005) as:

GI i
Feon » 2smﬁ_K1 _ Litanf ZCOS/S_K2
3 K3 K3 K3
[0052]
[0053] where K1, K3, K3 are constants given by:
sin2f3, 2cos’ B, D,
0054 K = K,=— K, =
[ ] 1 DO 2 DO 3 cos [))0 b
[0055] and I and I,, are the surface and polar moments of inertia of the braid filaments, E

is the Young’s modulus of elasticity of the filament, and G is the shear modulus of the filament.
These material properties along with the initial braid angle (Po), final braid angle (), stent

diameter (Do), and number of filaments (n) impact the radial force of the braided valve.

[0056] The filaments of the braid 40a are not bonded to each other along their lengths to
allow the element 40 to rapidly open and close in response to dynamic flow conditions. (The
filaments may be coupled together at their proximal ends in a frustoconical construct, or at their

proximal and distal ends in a tubular shape.)

[0057] As will be appreciated by those skilled in the art, the braid geometry and
material properties are intimately related to the radial force and time constant of the valve.
Since the valve is useful in vessels of arteries of different diameters and flow conditions, each
implementation can have a unique optimization. By way of example only, in one embodiment,
the braid has ten filaments, whereas in another embodiment, the braid has forty filaments.
Preferably, the filament diameter is chosen in the range of 0.025 mm to 0.127 mm, although
other diameters may be utilized. Preferably, the braid angle (i.e., the crossing angle assumed by

the filaments in the fully open position - the shape memory position) is chosen in the range of
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100° to 150°, although other braid angles may be used. Preferably, the Young’s modulus of the
filament is at least 100 MPa, and more preferably at least 200 MPa.

[0058] The polymer 40b can be coated onto the braid 40a by several methods, including
by spraying, spinning, electrospinning, bonding with an adhesive, thermally fusing,
mechanically capturing the braid, melt bonding, dip-coating, or any other desired method, to
form a filter. The filter can either be a material with pores such as ePTFE, a solid material that
has pores added such as polyurethane with laser drilled holes, or the filter can be a web of very
thin filaments that are laid onto the braid. Where the polymer filter is a web of thin filaments,
the characteristic pore size of the filter can be determined by attempting to pass beads of
different diameters through the filter and finding which diameter beads are capable of passing
through the filter in large quantities. The very thin filaments can be spun onto a rotating
mandrel according to U.S. Patent 4,738,740 with the aid of an electrostatic field or in the
absence of an electrostatic field or both. The filter thus formed can be adhered to the braid
structure with an adhesive or the braid can be placed on the mandrel and the filter spun over it,
or under it, or both over and under the braid to essentially capture it. The filter can have some
pores formed from spraying or electrospinning and then a secondary step where pores are laser
drilled or formed by a secondary operation. In one embodiment a material capable of being
electrostatically deposited or spun is used to form a filter on the braid, with the preferred
material being capable of bonding to itself. The filter may be made of polyurethane, pellethane,
polyolefin, polyester, fluoropolymers, acrylic polymers, acrylates, polycarbonates, or other
suitable material. The polymer is spun onto the braid in a wet state, and therefore it is desirable
that the polymer be soluble in a solvent. In the preferred embodiment, the filter is formed from
polyurethane which is soluble in dimethylacetamide. The polymer material is spun onto the
braid in a liquid state, with a preferred concentration of 5-20% solids for an electrostatic spin

process and 15-25% solids for a wet spin process.

[0059] As another alternative construct for polymer-coating the braid, the braid can be
dip-coated to form a filter onto the braid. The braid is mounted on a mandrel having the same
outer diameter as the inner diameter of the fully expanded braid. The mandrel is preferably
polytetrafluoroethylene (PTFE)-coated steel, in which the PTFE acts as a release surface.
Alternatively, a non-coated mandrel may be used. It is important that inner diameter of the

braid and the outer diameter of the mandrel not be spaced from each other when the braid is
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mounted on the mandrel. Thus, they preferably have a common diameter within a tolerance of
+0.065 mm. Keeping the entire inner braid in contact with the mandrel allows for the filaments
to be evenly coated with the polymer, as subsequently described, so that the filter valve expands
uniformly after the polymer dries. Alternately, the braid can be mounted on an oversized
mandrel (greater than the inner diameter of the braid), but such will result in an increase in the
braid angle of the filaments, and thereby resize the filter valve and effect the expansion force
thereof. In an alternate arrangement the braid may be mounted within a tubular mandrel having
the same size as the outer diameter of the braid, provided with like tolerances described above.
As yet another alternative, the braid can be mounted inside an undersized tubular mandrel
(having an inner diameter smaller than the outer diameter of the braid), but such will result in a
decrease in the braid angle of the filaments, and thereby also resize the filter valve and effect
the expansion force thereof. The type of mandrel (solid or tubular), and the location of the
braid thereon (external or internal), will effect localization of the polymer on the braid
(providing a smooth internally coated filter valve for external mounting on a solid mandrel and
providing a smooth externally coated filter valve for internally mounting within a tubular

mandrel), and thereby alter areas of lubricity for the resulting filter valve.

[0060] Once the braid is tightly mounted on (or within) the mandrel, the braid is dip
coated into a polymer solution at a controlled steady rate. The solution is an elastomeric
thermoplastic polymer dissolved in a solvent system with a vapor point ranging from 30-200°C
to produce a solution with a dynamic viscosity range of 50-10,000cP. The rate of decent and
accent is inversely dependent upon the viscosity of the solution and ranges from 1-100 mm/sec.
The rate is critical to provide an even coating of the polymer on the braid, to allow wetting of
all surfaces of the braid even at locations where the braid filaments are in contact with the
mandrel and consequent wicking of the polymer coating into the braid particularly to the
surface in contact with the mandrel, and to release air bubbles that may be trapped during the
dipping process. By way of example, in one embodiment of the method for dipping into a
pellethane solution (pellethane dissolved in the solvents dimethylacetamide (DMA) and
tetrahydrofuran (THF)), the rate is such that the dwell time of a 135 mm (6 inch) braid is 16
seconds. The rate is also preferably such that the polymer wicks down the length of the entire
braid during withdrawal of the braid from the solution. The braid is dipped one time only into

the solution to limit the thickness of the coating and thereby prevent restraint on the braid
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filaments and/or control smoothness of the polymer coating membrane. The controlled rate
may be controlled by coupling the mandrel to a mechanized apparatus that dips and raises the

braid on the mandrel at the steady and controlled rate into the polymer solution.

[0061] After the braid is withdrawn from the polymer solution, the solvent is evaporated
over a time frame relative and temperature range corresponding to the solvent boiling point,
with higher temperatures and longer durations utilized for high vapor point solvents. All
preferred polymer solutions use some DMA to control the uniformity of the coating thickness,
and may use THF to control the rate of solvent evaporation. The ratio of high vapor point
solvents such as DMA to low vapor point solvents such as THF allows for control over the rate
of transition from a lower viscosity high solvent content polymer solution to a high viscosity
low solvent content polymer solution to a solid solvent free material, affecting the quality of the
polymer membrane. In one method, the solvents are released in an oven heated to a temperature
above the boiling point of DMA (165°C) in order to rapidly release the DMA. A preferred time
of heating at this temperature is 5 minutes which is sufficient to release the DMA. Itis
appreciated that THF has a substantially lower boiling point (66°C) and will vaporize quickly
without such substantial heating. Alternatively, the polymer-coated braid can be oven heated at
a temperature below the boiling point of DMA, e.g., 80°C-100°C, which will release of the
DMA from the coated braid, but at a slower rate than would occur above the boiling point of
DMA. This temperature rapidly drives off the DMA while keeping the coating braid safely
below the melting or softening point of the braid. A preferred time of heating at this
temperature is 10 minutes which is sufficient to release the DMA. As yet another alternative,
the polymer-coated braid can be allowed to dry ambient room temperature, which results in

DMA release occurring at a slower rate than each of the above.

[0062] After the solvents have been released from the polymer-coated braid, the coated
braid is cooled below the glass transition temperature of the polymer to plasticize the polymer
on the braid. Once cooled, the coated braid is released from the mandrel. If the mandrel is
coated with PTFE, the braid may self-release from the mandrel or may be readily released. If
the mandrel is uncoated, a release agent such as isopropyl alcohol (IPA) may be used to
facilitate removal of the coated braid from the mandrel. The resulting elastomeric membrane
filter formed on the braid may be elastically deformed over a range of 100-1000% elongation.

In addition to pellethane, the membrane may be formed from, but not limited to, other
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thermoplastic elastomers including other urethanes such as aliphatic polyether-based
thermoplastic polyurethanes (TPUs), and styrene-isoprene-butadiene-styrene (SIBS). These
polymers may be dissolved in appropriate solvents or heated to their melting point to form a

fluid.

[0063] Dynamic filter valves 40 suitable for use with the treatment system 10 are
described in detail in US Pat. Nos. 8,500,775, 8,696,698, 8,696,699, 9,539,081, 9,770,319, and
9,808,332, as well as in US Pub. Nos. 2018055620 and 20160256626, and further in US Serial

No. 15/464,036, all of which are hereby incorporated by reference herein in their entireties.

[0064] The system 10 preferably includes at least one of a first pressure-detecting
element 42 adapted to sense the fluid pressure at the first lumen 18, and a second pressure-
detecting element 44 adapted to second pressure in the second lumen 20; i.e., distal of or at the
downstream side of the dynamic occlusion device 40. Each of the pressure-detecting elements
42, 44 may be mounted within the port in fluid communication with the first and second lumen
18, 20, or on or in the catheter, or may be provided as a sensor on a wire 46 or other device

inserted within the respective lumen.

[0065] Turning now to Fig. 4, in one method of use, the treatment system 10 is inserted
into the patient through a puncture incision 50 and into the vascular system 52. In an exemplar
method, the catheter 12 is inserted along a venous track. The distal end of the catheter is
advanced to a target location. By way of example, the target location may be the portal vein 54.
When the distal end of the catheter is at the target location, the first distal opening 22 is
preferably located in the superior vena cava 56. Thus, the catheter 12 has a length sufficient to
extend from the incision 50 to the portal vein 54, and the first and second distal openings 22, 24
are spaced apart to position the first and second distal openings 22, 24 at the respective target

locations.

[0066] The first pressure-detecting element 42 is used to monitor systemic pressure.
The second pressure-detecting element 44 is used to monitor pressure at the target location.
Because the portal vein 54 is a pathway that provides a significant portion of the blood flow to
the liver 58, the second pressure-detecting element 44 allows monitoring of regional pressure
conditions at the liver. For example, the second pressure-detecting element 44 in the portal

vein 54 can be used to identify conditions that indicate or can be used to prevent liver damage.
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To that end, a detected high pressure or rising pressure may be indicative of cirrhosis of the

liver, fatty liver disease, or another disease state of the liver.

[0067] Before operating the pressure sensors to detect in vivo pressures, or using the
detected pressures to determine an i# vivo portosystemic gradient, the pressures sensors should
be calibrated to a reference pressure. The sensors are preferably calibrated to pressure using

one of several techniques.

[0068] Each sensor may be calibrated to atmosphere to achieve absolute pressure
measurements. This can be accomplished by opening a fluid channel to air, using a syringe
needle in the port, while occluding the distal end of the catheter. Such method thus requires a
mechanism for occluding the catheter end during calibration, and thus necessitates that the
sensor be within the catheter lumen or within the port housing in fluid communication with the
catheters. A second method of calibration using relative measurements obtained by calibrating
the sensor on the second catheter (in the portal system) relative to the sensor on the first
catheter (within systemic circulation). The difference or the portosystemic gradient required to
assess, e.g., fatty liver disease. In a third method, two sensors are placed on the second

catheter, one to measure and one to act as reference.

[0069] A first treatment agent can be infused or injected at a relatively low flow rate
into the patient via the first port 30 for systemic circulation. For systemic circulation, high
pressure higher flow rates and higher developed pressures for infusion are not required. A slow
drip or release rate via the first port 30, the first lumen 18, and out of the first distal opening 22
can be effective. A second treatment agent be injected into the patient through the second port
32 and the second lumen 20, out of the second distal opening 24, and into the portal vein 54 for
delivery to the pancreas, spleen or liver. The second treatment can be injected as a bolus at a
relatively higher flow rate than the first agent. In conjunction with the dynamic occlusion
device 40, such injection through the second lumen 20 and out of the second distal opening 24

can be made under significantly higher pressure than infusion through the first lumen 18.

[0070] Turning to Fig. 5, when the second treatment agent is injected through the
second port 32, the pressure in the downstream delivery vessel is increased above systemic
pressure causing the dynamic occlusion device 40 to expand into an open configuration and

block the vessel 54. With the vessel 54 blocked upstream, the treatment agent is forced under
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pressure downstream into a target organ, such as the pancreas, spleen or liver. Such higher-
pressure delivery facilitates deep penetration of the second treatment agent into the small
vessels of the target organ, as well as generates a longer dwell time of the second treatment
agent within the target organ. Further, the bolus of medication through the second port 32 can
be followed up with a bolus of saline under a relatively higher pressure to advance the flow of
the second therapeutic agent into the target vessels under a relatively higher pressure than that
which it was originally infused; i.e., to provide reduced stress to the medication while passing
through the catheter, yet provide reproducible cannulization into the target organs and tissues,

and deep penetration of the medication into the target vessels.

[0071] Turning now to Fig. 6, another embodiment of a treatment system 110 is shown.
The treatment system includes a first catheter 112 having a proximal end 114 and a distal end
116. The first catheter 112 has a first lumen 118 with a first distal opening 122. An
implantable hub 128 is provided at the proximal end 114 of the first catheter. The implantable
hub 128 includes a first port 130 in communication with the first lumen 118. The hub 128 is
adapted to be implanted subdermally. The first catheter 112 has a length between the hub 128
and first distal opening 122 that permits the hub to be implanted at an access site, and the distal
end 116 of the catheter to be delivered into a relatively large venous site such that it is subject
to consistent systemic circulation. A first pressure sensor (not shown) is provided to sense a

pressure in the first lumen 118 of the first catheter 112.

[0072] The system 110 also includes a second catheter 113 defining a second lumen
120, and a second distal opening in 124 communication with the second lumen. A dynamic
occlusion device 140 is provided at the distal end 117 of the second catheter 113. The second
distal opening 124 opens distal of or within the dynamic occlusion device 140. By way of
example, the dynamic occlusion device 140 may be any of the devices described in US Pat.
Nos. 8,500,775, 8,696,698, 8,696,699, 9,539,081, 9,770,319, and 9,808,332, as well as in US
Pub. Nos. 2018055620 and 20160256626, and further in US Serial No. 15/464,036, all of which
are hereby incorporated by reference herein in their entireties. The proximal end 115 of the
second catheter 113 includes a port 132 adapted to be coupled to a source of a treatment agent
that can be delivered at a relatively high pressure; i.e., substantially higher pressure than the

first port 130, and up to and beyond an order of magnitude higher pressure. A second pressure
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sensor (not shown) is provided to sense a pressure within the second lumen 120 of the second

catheter 113.

[0073] In use, the first catheter 112 is delivered through an incision to a venous location
such that the first distal opening 122 is open to system circulation and system venous pressures.
The first distal opening 122 may be located in the superior vena cava. The second catheter 113
is then advanced through the hub 128 so that the second distal opening 117 of the second
catheter is displaced beyond the distal end 116 of the first catheter.

[0074] A first therapeutic agent may be delivered through the first lumen 118 of the first
catheter 112. Systemic pressure may be measured via the first pressure sensor. A second
therapeutic agent may be delivered through the second lumen to a target location distal of the
first distal opening 122. More specifically, the second therapeutic agent may be delivered to a
restricted tissue location. Further, the second therapeutic agent can be delivered at a relatively
higher fluid pressure. The second therapeutic agent is delivered on the distal (downstream) side
of the dynamic occlusion device 140, and the pressure of the therapeutic delivery automatically
moves the dynamic occlusion device 140 from a closed configuration in which it is displaced
from a vessel wall to an open configuration in which it is in contact with the vessel wall,
preventing reflux of the second therapeutic agent, segregating the second therapeutic agent
from systemic delivery, and permitting the second therapeutic agent to be delivered with higher
pressure than at which the first therapeutic agent is delivered. Such higher-pressure delivery

facilitates penetration of the small vessel of the target tissue with the second therapeutic agent.

[0075] Turning now to Fig. 7, another embodiment of a treatment system 210 is shown.
The treatment system 210 includes a first catheter 212 having a proximal end 214 and a distal
end 216. The first catheter 212 has a first lumen 218 with a first distal opening 222, and a
second lumen 220 with a second distal opening 224. An implantable hub 228 is provided at the
proximal end 214 of the first catheter. The implantable hub 228 includes first and second ports
230, 232 in communication with the first and second lumen 218, 220, respectively. The hub
228 is adapted to be implanted subdermally. The first catheter 212 has a length between the
hub 228 and first distal opening 222 that permits the hub to be implanted at an access site and
the first distal opening 222 to be delivered into a relatively large venous site such that it is
subject to consistent systemic circulation. By way of example, the length of the first catheter

212 between the hub 228 and the first distal opening 222 is sufficient to extend subdermally
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from an implant site (near the clavicle) to the superior vena cava (SVC). The first catheter 212
has a length between the hub 228 and second distal opening 224 that permits the second distal
opening 224 to be intravascularly located, and more preferably intravenously located, at a
selected organ. By way of example, the length of the first catheter 212 between the hub 228
and the second distal opening 224 is sufficient to extend subdermally from an implant site (near
the clavicle) into the portal vein. Pressure sensors (not shown) are provided to sense pressures

in the first and second lumen 218, 220.

[0076] In use, the first catheter 212 is delivered through an incision to a venous location
such that the first distal opening 222 is open to systemic circulation and systemic venous
pressures. The first distal opening 222 may be located in the superior vena cava, and the
second distal opening 224 is located at or adjacent a major vein leading from a target organ,
such as the pancreas (or the liver or the adrenal gland, depending on the location of the second
distal opening). The first lumen 218 can be used to periodically deliver a systemic therapeutic
treatment. The second lumen 220 can be used to deliver a targeted therapeutic treatment to the
target organ. Therapeutic delivery can be regulated based on sensed pressure in one or both of

the first and second lumen.

[0077] Referring now to Fig. 8, another embodiment of a treatment system 310 is
shown. The treatment system 310 includes an implantable hub 328, a first catheter 312
extending from the hub, and a second catheter 314. The first catheter 312 has a proximal end
314 and a distal end 316, a first lumen 318 defined between its ends, and a first distal opening
322 at the distal end of the first lumen 318. The second catheter 313 is preferably introduceable
through a port 332 in the hub 328, longitudinally displaceable relative to the hub 328, and
preferably removable from the hub. The second catheter 313 has a second lumen 320 with a
second distal opening 324 at its distal end 317. The first catheter 312 has a length between the
hub 328 and its distal opening 322 that permits the hub to be implanted at an access site, and
the distal end 322 of the first catheter to be located within a relatively large venous site such
that it is subject to consistent systemic circulation. The second catheter 313 has a length
between the hub 328 and its distal opening 324 that permits it to be intravenously located at a
selected organ. Pressure sensors (not shown) are provided to sense systemic and localized

pressures relative to the first and second lumen 318, 320, respectively.
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[0078] In use, the first catheter 312 is delivered through an incision to a venous location
such that the first distal opening 318 is open to systemic circulation and systemic venous
pressures. The first distal opening 318 may be located in the superior vena cava. The second
catheter 313 is then advanced through the port in the hub 328 and intravenously traversed to a
target location at the venous outlet of a target organ. At a first time a first therapeutic agent is
systemically delivered through the first lumen of the first catheter 312. At a second time a
second therapeutic agent is delivered locally to the target organ through the second lumen 320
of the second catheter 313. The first and second times may be the same or different. The first
and second times may occur periodically, or alternate. The first and second times may occur at
different periods, with either of the first or second times occurring with greater frequency. The
first and second therapeutic agents may be the same or different. The first therapeutic agent
may be a chemotherapy agent; the second therapeutic agent may be a living cell therapy. At the
completion of each or all treatments with the second therapeutic agent, the second catheter 313
may be withdrawn from the hub 328, while the hub 328 and first catheter 312 remain implanted
in the patient. Similar therapeutic delivery can be carried out with any of the described

embodiments.

[0079] Turning now to Figs. 13 through 16, another embodiment of an implantable hub
828 is shown. The hub 828 includes a first port 830 and a second port 832. The first port 830
is preferably defined by a first pierceable, self-healing septum 834 and a first reservoir 833,
with the first reservoir 833 in fluid communication with a first lumen connector 842. The
second port 832 is preferably defined by a second reservoir 837, a second septum 836 covering
the second reservoir 837, and a valved opening 835 separate from the second septum 836. The
second septum 836 is a pierceable, self-healing material that covers entry into the second
reservoir 837. The valved opening 835 is directed in-line with a second lumen connector 844,
The valved opening 835 preferably has a funnel shaped mouth 835a, generally tapering inward
toward the valve 835b to guide a device into the mouth and toward the valve. The valve 835b
is preferably a slit valve or appropriate alternative that permits opening upon the force of
insertion of a device through the valve, and self-closing once the device is removed. The
mouth 835a, the valve 835b, the second reservoir 837, and the second catheter connector 844
are located substantially in-line with each other such that an instrument can be guided into the

mouth, through the valve, into the second reservoir, and out of the second catheter connector.
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Whereas the second septum 836 is provided at a top 828a of the hub 828, the opening 835 may
be provided within a side wall 828b of the hub such that infusion through the second septum
836 and insertion of a device through the opening 835 can occur along relatively transverse or
oblique axes A1, Az. At least the second reservoir 837, and preferably each of the first and

second reservoirs 833, 837, is provided with a respective pressure sensor 839.

[0080] Turning now to Figs. 18 and 19, the first and second lumen connectors 842, 844
are connected to respective first and second catheters 18, 20. The first catheter is preferably
implanted into a vessel communicating to deliver fluid into systemic circulation, whereas the
second catheter is implanted to into a vessel communicating directly or closely with a target
organ. More preferably, the opening at the distal end of the first catheter is implanted into a
venous conduit at or near the heart, such the hepatic vein, superior vena cava, inferior vena
cava, or right atrium, and the opening at the distal end of the second catheter is implanted into a

vein of the target organ.

[0081] With the port 828 and first and second catheters 18, 20 implanted in the patient,
the first therapeutic agent is delivered via the first port 830 into systemic circulation. The
second therapeutic agent is delivered by syringe (not shown) through a small puncture in the
skin, through the first septum 834, and into a first reservoir (not shown). The therapeutic agent
flows from the first reservoir through the first catheter 18 and out into preferably venous side,
systemic circulation. The first sensor in the first reservoir senses and indicates general venous
pressure conditions during agent delivery. The first pressure sensor is preferably coupled via a

first link, such as wires 860 or a wireless connection, to a first display 862.

[0082] In addition, a therapeutic infusion device 850 in the form of a catheter with an
occluder (not shown) provided at its distal end can be inserted through a small incision and
advanced into the mouth of the second port 832, through the valve 835b, into the second
reservoir 837, and out into the second catheter 20, where it is advanced to a locus of targeted
therapeutic treatment. A second therapeutic agent is then delivered through the infusion device
850 and to the locus of treatment within the patient on the distal side of the occluder such that
the occluder prevents reflux of the second therapeutic agent. A pressure sensor on the infusion
device 850 can sense and indicate local pressure conditions in the vessel at the delivery site.
The therapeutic infusion device 850 can be removed from the second port 832 after delivery of

the second therapeutic agent. Alternatively, the therapeutic infusion device can be coupled to



WO 2020/076596 PCT/US2019/054406

24

an injection pump for metered or otherwise controlled infusion of the second therapeutic agent

over time.

[0083] In another method of treatment, the infusion device 850 is not necessarily
required for local delivery of the second therapeutic agent to the target organ. Rather, the
second therapeutic agent is delivered by syringe (not shown) through a small puncture in the
skin, through the second septum 836, and into the second reservoir 837. The second
therapeutic agent flows from the second reservoir 837 through the lumen of the second catheter
20 and to the delivery site. The second sensor 839 in the second reservoir 837 senses and
indicates local pressure conditions in the vessel during delivery of the second therapeutic agent.
The second pressure sensor 839 is preferably coupled via a second link, such as wires 864 or a

wireless connection, to a second display 866.

[0084] Further, in any of the embodiments, the pressure sensors can be physically
coupled to electronics at the hub and indicators that directly access the pressure readings.
Alternatively, the pressure sensors or associated circuitry in the hub can be wirelessly coupled
to indicators, such as displays that read the sensed pressures without direct access to the
treatment system. Such wireless systems can be inductively charged using suitably antennas,

batteries, and charging elements.

[0085] The pressure sensors can electrical sensors. Alternatively, the pressure sensors
can be fiber optic sensors that sense pressure correlated to an optical displacement. The physics
of such systems are well-known. One advantage of a fiber optic system is that the catheters
may be sized by cutting material on the proximal side of the device. The fiber optic cable uses
a single light channel to process pressure changes and may be easier to reconnect with a

processing unit in the port than the multiple small wires used in electrical systems.

[0086] It has been noted that patients with certain diseases are aggressively treated with
both therapeutic agents and targeted radiation. The foregoing addressed how to facilitate both
systemic and/or localized infusable therapeutic agents. However, pancreatic cancer is
aggressively treated with both therapeutic agents and radiotherapy. In accord with another
aspect of the system, combination treatments with systemic and/or localized therapeutic

treatments, as well as targeted radiation is facilitated.
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[0087] Turning now to Fig. 9, another embodiment of a treatment system 410 is shown.
The treatment system 410 includes an implantable hub (not shown, but it can be similar to any
of hubs 28, 128 228 328 828), a first catheter 412 extending from the hub, and a second
catheter 413. The second catheter 413 has a second distal opening 424 at its distal end 417.
The first catheter 412 has a length between the hub and its distal opening 422 that permits the
hub to be implanted at an access site, and the distal end 422 of the first catheter 412 to be
located within a relatively large venous site such that it is subject to consistent systemic
circulation. The second catheter 413 has a length between the hub and its distal opening 424
that permits it to be intravenously located at a selected organ, such as within the portal vein to
treat the pancreas 448. As described above, pressure sensors are provided to sense systemic
and localized pressures relative to the first and second distal openings 422, 424, respectively.
In order to facilitate targeted radiation, the second catheter is provided with a series of a fiducial
markers 450. The markers 450 are preferably radiopaque and/or otherwise adapted to be visible
by an imaging system on an image-guided radiotherapy treatment device. The markers may be
bands, beads, or tags. The markers 450 may be rotationally uniform (such as a cylindrical
tube), and/or may have a constant cross-sectional linear shape (such as a rectangular tube about
the catheter wall, or may be wire-like elements extending within the side wall of the second
catheter 413, or may be non-uniform in cross-sectional area along their length such that each
marker provides information on its individual orientation when imaged, or may each have a
different size and/or shape. When the markers 450 on the second catheter 413 are located
inside a venous tract, such as the portal vein, of the patient, the markers can be brought into
close proximity with the cancerous tissue 452 required to be treated. “Close proximity” for
purposes herein means within 10 mm, and more preferably within 1-5 mm. The imaging
system can then accurately track the markers 450 as reference points in real-time to target
delivery of a radiation dose even as the pancreas 448 and associated cancer tissue 452 move

slightly during respiration or other movement.

[0088] Turning now to Fig. 10, another embodiment of a treatment system 510 is
shown. The treatment system 510 includes an implantable hub (not shown, but it can be similar
to any of hubs 28, 128, 228, 328, 828), a first catheter 512 extending from the hub, and a
second catheter 513. The second catheter 513 has a second distal opening 524 at its distal end

517. The first catheter 512 has a length between the hub and its distal opening 522 that permits
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the hub to be implanted at an access site, and the distal end 522 of the first catheter 512 to be
located within a relatively large venous site such that it is subject to consistent systemic
circulation. The second catheter 513 has a length between the hub and its distal opening 524
that permits it to be intravenously located at a selected organ, such as within the portal vein to
treat the pancreas 548. As described above, pressure sensors are provided to sense systemic
and localized pressures relative to the first and second distal openings 522, 524, respectively.
In order to facilitate targeted radiation, a guidewire 560, provided with a series of a fiducial
markers 550 along its distal end, is provided into the second catheter and in alignment with the
cancerous tissue 552 that is desired to be treated with targeted radiation. The imaging system
can then track the markers 550 even as the pancreas 548 and associated cancer tissue 552

slightly move during respiration or other slight movements.

[0089] Turning now to Fig. 11, another embodiment of a treatment system 610 is
shown. The treatment system 610 includes an implantable hub (not shown, but it can be similar
to any of hubs 28, 128, 228, 328, 828), a first catheter 612 extending from the hub, and a
second catheter 613. The second catheter 613 has a second distal opening 624 at its distal end
617. The first catheter 612 has a length between the hub and its distal opening 622 that permits
the hub to be implanted at an access site, and the distal end 622 of the first catheter 612 to be
located within a relatively large venous site such that it is subject to consistent systemic
circulation. The second catheter 613 has a length between the hub and its distal opening 624
that permits it to be intravenously located at a selected organ, such as within the portal vein to
treat the pancreas 648. As described above, pressure sensors are provided to sense systemic
and localized pressures relative to the first and second distal openings 622, 624, respectively.

In order to facilitate targeted radiation, the second catheter is provided with a series of a fiducial
markers 650, as described with respect to Fig. 9. In addition, the tip of the second catheter 613
is coupled to a control wire 654 that extends back to the proximal end of the second catheter.
The control wire 654 may be incorporated into a handle or coupled to the hub. When the
proximal end of the control wire 654 is actuated to pull the distal end of the control wire
relative to the distal end of the second catheter 613, the distal end 617 of the second catheter
changes shape in three dimensions to reposition the fiducial markers 650 in three dimensions.
The second catheter 650 may include weaknesses in the catheter wall that biases how the distal

end of the second catheter will change shape when subject to the force of the actuation wire
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654. For example, the distal end 617 of the second catheter 613 may take the form of a three-
dimensional loop or a coil. The dimensional information is used by the image-guided
radiotherapy device to focus the treatment to the treatment site. Particularly where the second
catheter is also used to deliver a localized therapeutic treatment, the second catheter may
include a seal 656 through which the actuation wire 654 returns into the lumen of the second
catheter 613 to prevent inadvertent leakage of the therapeutic treatment other than from the

distal opening 624.

[0090] Turning now to Fig. 12, another embodiment of a treatment system 710 is
shown. The treatment system 710 includes an implantable hub (not shown, but it can be similar
to any of hubs 28, 128, 228, 328, 828), a first catheter 712 extending from the hub, and a
second catheter 713. The second catheter 713 has a second distal opening 724 at its distal end
717. The first catheter 712 has a length between the hub and its distal opening 722 that permits
the hub to be implanted at an access site, and the distal end 722 of the first catheter 712 to be
located within a relatively large venous site such that it is subject to consistent systemic
circulation. The second catheter 713 has a length between the hub and its distal opening 724
that permits it to be intravenously located at a selected organ, such as within the portal vein to
treat the pancreas 748. As described above, pressure sensors are provided to sense systemic
and localized pressures relative to the first and second distal openings 722, 724, respectively.

In order to facilitate targeted radiation, a guidewire 760, provided with a series of a fiducial
markers 750 along its distal end, is provided into the second catheter and in alignment with the
cancerous tissue that is desired to be treated with targeted radiation. In addition, the tip of the
guidewire 760 is coupled to a control wire 754 that extends back into the lumen of the second
catheter 713. The control wire 754 may be incorporated into a handle or coupled to the hub.
When the proximal end of the control wire 754 is actuated to pull the distal end of the
guidewire 760 relative to the distal end of the second catheter 713, the distal end of the
guidewire 760 changes shape in three dimensions to reposition the fiducial markers 750 in three
dimensions. The dimensional information is used by the image-guided radiotherapy device to

focus the treatment to the treatment site.

[0091] There have been described and illustrated herein embodiments of treatment
systems and methods for therapeutic delivery. While particular embodiments of the invention

have been described, it is not intended that the invention be limited thereto, as it is intended that
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the invention be as broad in scope as the art will allow and that the specification be read
likewise. Thus, while particular embodiments include preferred dimensions for the occlusion
elements in relation to particular vessels in around the pancreas, it will be appreciated that the
system can be adapted, for example, in length or diameter, for a treatment provided through
vessels in and around other organs, and the occlusion elements can be likewise adapted for
extending completely across the relevant vessels of such other organs. Also, while the system
is primarily adapted for therapeutic treatment of humans, it has been demonstrated on porcine
tissues and organs, and can be used for the treatment of mammals, in general. Both humans
and animals shall be considered 'patients' for purpose of this application. Further, while the
systems have been described for treatment via the portal vein, the system and the pressure-
responsive methods of use, may also be used to infuse treatment agents during arterial side
infusions. Moreover, while various exemplar therapeutics have been disclosed, the system and
methods are not limited to any specific therapeutic agent. By way of further example, and not
by limitation, checkpoint inhibitors and oncolytic virus can also be used as the therapeutic
agent. Also, combinations of therapeutic agents may be infused. While particular dimensions
and ratios have been disclosed, it will be understood that the invention is not limited thereto.
Further, while specific catheters, occluders, etc. that have been referenced with respect to the
terms 'first' and 'second' in relation to the devices disclosed herein, the terms 'first' and second'
with respect to such elements does not indicate that one is primary or more important, or
require that the first be provided in order to have the second. Moreover, the terms 'first and
'second' can be used interchangeably with respect to such described components, as either
catheter or occluder could have been designated as a 'first' or a 'second’. While various
exemplar features of different embodiments are shown and described, it is fully within the
teaching set forth herein that embodiments using various compatible and/or adaptable features
described herein are within the explicit scope of the described inventions. It will therefore be
appreciated by those skilled in the art that yet other modifications could be made to the

provided invention without deviating from its scope as claimed.
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WHAT IS CLAIMED IS:

1. An implantable hub for subdermal implantation and delivery of one or more therapeutic
agent to a patient, comprising:

a) a housing defining a first reservoir and a second reservoir fluidly separate from each other;

b) a first catheter connector in fluid communication with the first reservoir;

¢) a second catheter connector in fluid communication with the second reservoir;

d) a pierceable first septum enclosing a portion of the first reservoir and allowing access into
the first reservoir via a needle;

e) a pierceable second septum enclosing a portion of the second reservoir and allowing access
into the second reservoir via a needle; and

f) a valve within the housing and providing access to the second reservoir from a pathway
excluding the second septum, the housing having a funnel-like mouth leading to the valve to

guide an instrument through the valve.

2. The hub of claim 1, wherein the first and second septa are self-healing.

3. The hub of claim 1, further comprising:

a pressure sensor located in the second reservoir.

4. The hub of claim 3, further comprising:

another pressure sensor located in the first reservoir.

5. The hub of claim 1, wherein the mouth and second catheter connector are located
substantially in-line with each other such that an instrument can be guided into the mouth,

through the valve, into the reservoir, and out of the second catheter connector.

6. A system for therapeutic delivery of a therapeutic agent in a vessel having a vessel wall, the
system comprising:
a) a subdermally implantable hub defining a first port and a second port through which

respective first and second therapeutic agents can be delivered,;
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b) at least one catheter defining a first lumen and a second lumen, the first lumen extending
from in fluid communication with the first port to a first distal opening, and the second lumen
extending from in fluid communication with the second port to a second distal opening, the
second distal opening that opens at a location distally displaced from first distal opening;

¢) a first pressure sensor adapted to sense a first fluid pressure within the first lumen; and

d) a second pressure sensor adapted to sense a second fluid pressure within the second lumen.

7. The system of claim 6, wherein the at least one catheter comprises first and second catheters,
the first catheter defining the first lumen and the first distal opening, and the second catheter
defining the second lumen and the second distal opening, each of the first and second catheters

coupled to the hub.

8. The system of claim 6, wherein at least one of the first and second pressure sensors is an

optical sensor.

9. The system of claim 6, further comprising a set of fiducial markers provided on or through
the at least one catheter adjacent the second distal opening of the second lumen, the fiducial
markers adapted to be tracked by an image-guided radiotherapy system as reference points to

target delivery of radiation.

10. A system for therapeutic treatment of a patient, the system comprising:

a) a subdermally implantable hub defining a first port and a second port through which
respective first and second therapeutic agents can be delivered,

b) at least one catheter defining a first lumen and a second lumen, the first lumen extending
from in fluid communication with the first port to a first distal opening, and the second lumen
extending from in fluid communication with the second port to a second distal opening, the
second distal opening that opens at a location distally displaced from first distal opening; and

¢) a set of fiducial markers provided on or through the at least one catheter adjacent the second
distal opening of the second lumen, the fiducial markers adapted to be tracked by an image-

guided radiotherapy system as reference points to target delivery of radiation.
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11. The system of claim 10, wherein the fiducial markers are linearly arranged in a spaced apart

manner on the at least one catheter.

12. The system of claim 10, further comprising an actuator, wherein:

a shapeable portion of the at least one catheter carries at least a plurality of the fiducial
markers and is adapted to be re-shaped into a three-dimensional shape, and

the actuator, upon actuation, is adapted to move the shapeable portion into the three-

dimensional shape.

13. The system of claim 10, further comprising a guidewire extendable through the second
lumen, wherein:

the fiducial markers are provided to the guidewire.

14. The system of claim 13, further comprising an actuator, wherein:
the guidewire includes a shapeable portion that carries at least a plurality of the fiducial
markers and that is adapted to be re-shaped into a three-dimensional shape, and  the actuator,

upon actuation, is adapted to move the shapeable portion into the three-dimensional shape.

15. A system for therapeutic delivery of a therapeutic agent in a vessel having a vessel wall, the
system comprising:

a) a subdermally implantable hub defining a first port and a second port through which
respective first and second therapeutic agents can be delivered,

b) at least one catheter defining a first lumen and a second lumen, the first lumen extending
from in fluid communication with the first port to a first distal opening, and the second lumen
extending from in fluid communication with the second port to a second distal opening, the
second distal opening that opens at a location distally displaced from first distal opening; and

¢) a dynamic occlusion device attached about the second lumen at a location between the first
and second distal openings, the dynamic occlusion device, when in a deployed configuration in
the vessel, adapted to automatically move between an expanded configuration in which the
dynamic occlusion vessel extends across the vessel and is in contact with the vessel wall and a

contracted configuration in which the dynamic occlusion device contracts away from the vessel
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wall, the dynamic occlusion device moving between the expanding and contracted
configuration in response to fluid pressure within the vessel on the relative proximal and distal

sides of the dynamic occlusion device.

16. The system of claim 15, wherein the at lcast one catheter comprises a first catheter defining

the first lumen and a second catheter defining the second lumen.

17. The system of claim 15, wherein the at least one catheter is a single multi-lumen catheter.

18. The system of claim 15, wherein the first and second lumens run parallel to each other.

19. The system of claim 18, wherein the first and second lumens are arranged adjacent to each

other.

20. The system of claim 18, wherein the first and second lumen are coaxial.

21. The system of claim 15, wherein the first and second lumen have diftferent cross-sectional

sizes.

22. The system of claim 15, wherein the first and second lumen have diftferent cross-sectional

shapes.

23. The system of claim 15, wherein the dynamic occlusion device is a filter valve including a

plurality of a flexible filaments at least partially coated in a polymeric coating.

24. The system of claim 15, further comprising at least one pressure sensor adapted to sense a

fluid pressure within at least one of the first and second lumens.

25. The system of claim 24, further comprising first and second pressure sensors adapted to

sense fluid pressure within the first and second lumens, respectively.
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26. The system of claim 24, further comprising a set of fiducial markers provided on or through
the at least one catheter adjacent the second distal opening of the second lumen, the fiducial
markers adapted to be tracked by an image-guided radiotherapy system as reference points to

target delivery of radiation.

27. The system of claim 15, further comprising a set of fiducial markers provided on or through
the at least one catheter adjacent the second distal opening of the second lumen, the fiducial
markers adapted to be tracked by an image-guided radiotherapy system as reference points to

target delivery of a dose of radiation.
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