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(57) ABSTRACT

Apparatus and methods are described including a tube (20)
that defines a flared downstream portion (30) that diverges
toward a downstream end (32) of the tube, and a flared
upstream portion (26) that diverges toward an upstream end
(28) of the tube, such that a central portion (34) of the tube
is narrower than at the ends of the tube. The tube defines a
plurality of lateral openings (36). A support frame (24)
supports the tube within a subject’s vena cava, such that the
downstream portion is sealed with respect to the wall of the
vena cava downstream of junctions of the vena cava with all
of the subject’s renal veins, and the upstream portion is
sealed with respect to the inner wall of the vena cava
upstream of junctions of the vena cava with all of the
subject’s renal veins. Other applications are also described.
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BLOOD VESSEL TUBE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application claims priority from U.S.
Provisional Patent Application 62/401,403 to Tuval, filed
Sep. 29, 2016, entitled “Blood vessel tube,” which is incor-
porated herein by reference.

FIELD OF EMBODIMENTS OF THE
INVENTION

[0002] Some applications of the present invention gener-
ally relate to medical apparatus. Specifically, some applica-
tions of the present invention relate to apparatus and meth-
ods associated with placing a passive medical device in a
subject’s vena cava.

BACKGROUND

[0003] Itis common for cardiac dysfunction or congestive
heart failure to develop into kidney dysfunction, which, in
turn, causes congestive heart failure symptoms to develop or
worsen. Typically. systolic and/or diastolic cardiac dysfunc-
tion causes systemic venous congestion, which gives rise to
an increase in renal venous and interstitial pressure. The
increase in the pressure causes fluid retention by the body to
increase due both to kidney dysfunction and renal neuro-
hormonal activation, both of which typically develop as a
result of the increase in renal venous and interstitial pres-
sure. The resulting fluid retention causes congestive heart
failure to develop or worsen, by causing a blood volume
overload at the heart and/or by increasing systemic resis-
tance. Similarly, it is common for kidney dysfunction and/or
renal neurohormonal activation to develop into cardiac
dysfunction and/or congestive heart failure. This patho-
physiological cycle, in which cardiac dysfunction and/or
congestive heart failure leads to kidney dysfunction and/or
renal neurohormonal activation, or in which kidney dys-
function and/or renal neurohormonal activation leads to
cardiac dysfunction and/or congestive heart failure, each
dysfunction leading to deterioration in the other dysfunction,
is called the cardio-renal syndrome.

[0004] Increased renal venous pressure has been experi-
mentally shown to cause azotemia, and a reduction in
glomerular filtration rate, renal blood flow, urine output, and
sodium excretion. It has also been shown to increase plasma
renin and aldosterone, and protein excretion. Venous con-
gestion may also contribute to anemia via three different
pathways: A reduction in the kidney’s erythropoietin pro-
duction, hemodilution by fluid retention, and an inflamma-
tory response leading to a reduced gastro-intestinal iron
uptake.

[0005] Mechanistically, increased renal venous pressure
may cause intracapsular pressure and, subsequently, inter-
stitial peritubular pressure, to rise. A rise in peritubular
pressure may impact tubular function (reduce sodium excre-
tion), as well as diminish glomerular filtration, by raising the
pressure in the Bowman capsule.

[0006] In heart failure patients, increased renal venous
pressure may not only result from increased central venous
(right atrial) pressure, but also from intraperitoneal fluid
accumulations (ascites) exerting direct pressure on the renal
veins. Reduction of intraabdominal pressure in heart failure
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patients by removal of fluid (e.g., via paracentesis, and/or
ultrafiltration), has been shown to reduce plasma creatinine
levels.

[0007] Increased venous return resulting from activation
of the “leg muscle pump” during physical activity such as
walking may raise systemic venous pressure, particularly in
heart failure patients, and may result in reflux into the renal
veins.

SUMMARY OF EMBODIMENTS

[0008] In accordance with some applications of the pres-
ent invention, a subject is identified as suffering from cardiac
dysfunction, congestive heart failure, reduced renal blood
flow, increased renal vascular resistance, arterial hyperten-
sion, diabetes, and/or kidney dysfunction. In response
thereto, a venturi tube is placed inside the subject’s vena
cava. The venturi tube (when disposed in a non-constrained
configuration) defines a flared downstream portion that
diverges toward a downstream end of the tube, and a flared
upstream portion that diverges toward an upstream end of
the tube, such that a central portion of the tube is narrower
than at the ends of the tube. The tube defines one or more
lateral openings along the central portion of the tube. The
tube is placed within the subject’s vena cava, such that the
downstream portion of the tube is sealed with respect to the
inner wall of the vena cava at a location that is downstream
of junctions of the vena cava with all of the subject’s renal
veins, and the upstream portion of the tube is sealed with
respect to the inner wall of the vena cava at a location that
is upstream of junctions of the vena cava with all of the
subject’s renal veins.

[0009] The tube, when placed in the vena cava in the
above-described manner, is configured to cause blood flow
through the tube to undergo the venturi effect as it passes
through the tube. That is, the tube generates a region of low
pressure between the ends of the tube, due to the blood
flowing from the upstream end of the tube through the
narrow central region of the tube. Pressure within the central
region of the tube is lower than the pressure in the subject’s
renal veins in the absence of the tube. Therefore, blood from
the subject’s renal veins is drawn into the tube, via the lateral
opening defined by the tube. In this manner, pressure within
the subject’s renal veins is reduced.

[0010] For some applications, a generally similar effect to
that described above with reference to the placement of a
venturi tube in the vena cava is achieved by placing a first
nozzle in the subject’s vena cava upstream of junctions of
the vena cava with all of the subject’s renal veins, such that
the first nozzle converges in a direction of antegrade blood
flow through the vena cava, and placing a second nozzle in
the subject’s vena cava downstream of the junctions of the
vena cava with all of the subject’s renal veins. Due the
convergence of the first nozzle, blood flowing through the
nozzle undergoes the venturi effect, thereby creating a
region within the vena cava downstream of the nozzle that
has a lower blood pressure than the blood pressure in the
renal veins in the absence of the nozzle. Therefore, blood
from the subject’s renal veins is drawn into the region within
the vena cava that is downstream of the nozzle. In this
manner, pressure within the subject’s renal veins is reduced.
[0011] For some applications, the second nozzle is placed
in the subject’s vena cava, such that the second nozzle
converges in the direction of antegrade blood flow through
the vena cava. The second nozzle is configured to impede
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backflow of blood toward the low-pressure region from
regions within the vena cava that are downstream of the
junctions of the vena cava with the subject’s renal veins.
Alternatively, the second nozzle is placed in the subject’s
vena cava, such that the second nozzle diverges in the
direction of antegrade blood flow through the vena cava (i.e.,
the second nozzle converges in the direction of retrograde
blood flow through the vena cava). The second nozzle is
configured to impede backflow of blood toward the low-
pressure region from regions within the vena cava that are
downstream of the junctions of the vena cava with the
subject’s renal veins. Furthermore, the second nozzle is
configured to cause any blood that does flow back, via the
second nozzle toward the low-pressure region, to undergo
the venturi effect by virtue of having flowed through the
nozzle. Therefore, backflowing blood that passes through
the nozzle is caused to be at low pressure once it passes
through the nozzle.

[0012] In general, in the specification and in the claims of
the present application, the term “downstream” and related
terms, when used with reference to a blood vessel, or with
reference to a portion of a device that is configured to be
placed inside a blood vessel, should be interpreted to mean
a location within the blood vessel, or a portion of the device
that is intended for placement at a location within the blood
vessel, that is downstream, with respect to the direction of
antegrade blood flow through the blood vessel, relative to a
different location within the blood vessel. The term
“upstream” and related terms, when used with reference to
ablood vessel, or with reference to a portion of a device that
is configured to be placed inside a blood vessel, should be
interpreted to mean a location within the blood vessel, or a
portion of the device that is intended for placement at a
location within the blood vessel, that is upstream with
respect to the direction of antegrade blood flow through the
blood vessel, relative to a different location within the blood
vessel.

[0013] There is therefore provided, in accordance with
some applications of the present invention, apparatus for use
with renal veins and a vena cava of a subject, the apparatus
including:

[0014] a tube that defines:

[0015] a flared downstream portion thereof that
diverges toward a downstream end of the tube, and a
flared upstream portion thereof that diverges toward an
upstream end of the tube, such that a central portion of
the tube is narrower than at the ends of the tube, and

[0016] a plurality of lateral openings; and

[0017] a support frame configured to support the tube
within the subject’s vena cava, such that:

[0018] the downstream portion of the tube is sealed with
respect to an inner wall of the vena cava at a location
that is downstream of junctions of the vena cava with
all of the subject’s renal veins, and

[0019] the upstream portion of the tube is sealed with
respect to the inner wall of the vena cava at a location
that is upstream of junctions of the vena cava with all
of the subject’s renal veins.

[0020] In some applications, the plurality of lateral open-
ings are shaped such as to converge toward a longitudinal
axis of the tube.

[0021] In some applications, an inner diameter of the tube
at a location at which the inner diameter is at its maximum
is greater than 12 mm.
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[0022] 1Insome applications, an inner diameter of the tube
at a location at which the inner diameter is at its minimum
is less than 8 mm.

[0023] In some applications, a ratio between an inner
diameter of the tube at a location at which the inner diameter
is at its maximum and an inner diameter of the tube at a
location at which the inner diameter is at its minimum is
greater than 3:1.

[0024] Insome applications, a length of the tube is greater
than 20 mm.

[0025] In some applications, the apparatus further
includes:

[0026] one or more blood pressure sensors configured to
measure blood pressure within the vena cava; and

[0027] a computer processor configured to modulate a
diameter of the central portion of the tube responsively to the
measured blood pressure.

[0028] In some applications, the one or more blood pres-
sure sensors are configured to measure an indication of renal
venous pressure of the subject.

[0029] In some applications, the one or more blood pres-
sure sensors are configured to measure an indication of
central venous pressure of the subject.

[0030] In some applications, the one or more blood pres-
sure sensors are configured to measure an indication of
lower-body venous pressure of the subject.

[0031] There is further provided, in accordance with some
applications of the present invention, a method for use with
renal veins and a vena cava of a subject, the method
including:

[0032] providing a tube that defines:

[0033] a flared downstream portion thereof that
diverges toward a downstream end of the tube, and a
flared upstream portion thereof that diverges toward an
upstream end of the tube, such that a central portion of
the tube is narrower than at the ends of the tube, and

[0034] a plurality of lateral openings; and
[0035] placing the tube within the subject’s vena cava,
such that:

[0036] the downstream portion of the tube is sealed with

respect to an inner wall of the vena cava at a location
that is downstream of junctions of the vena cava with
all of the subject’s renal veins, and
[0037] the upstream portion of the tube is sealed with
respect to the inner wall of the vena cava at a location
that is upstream of junctions of the vena cava with all
of the subject’s renal veins.
[0038] In some applications, providing the tube includes
providing the tube, the plurality of lateral openings being
shaped such as to converge toward a longitudinal axis of the
tube.
[0039] In some applications, providing the tube includes
providing the tube, an inner diameter of the tube at a location
at which the inner diameter is at its maximum being greater
than 12 mm.
[0040] In some applications, providing the tube includes
providing the tube, an inner diameter of the tube at a location
at which the inner diameter is at its minimum being less than
8 mm.
[0041] In some applications, providing the tube includes
providing the tube, a ratio between an inner diameter of the
tube at a location at which the inner diameter is at its
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maximum and an inner diameter of the tube at a location at
which the inner diameter is at its minimum being greater
than 3:1.

[0042] In some applications, providing the tube includes
providing the tube, a length of the tube being greater than 20
mm.

[0043] In some applications, the method further includes:

[0044] measuring blood pressure within the vena cava,
and
[0045] modulating a diameter of the central portion of the

tube responsively to the measured blood pressure.

[0046] In some applications, measuring blood pressure
within the vena cava includes measuring an indication of
renal venous pressure of the subject.

[0047] In some applications, measuring blood pressure
within the vena cava includes measuring an indication of
central venous pressure of the subject.

[0048] In some applications, measuring blood pressure
within the vena cava includes measuring an indication of
lower-body venous pressure of the subject.

[0049] In some applications, the method further includes
identifying the subject as suffering from a condition selected
from the group consisting of: cardiac dysfunction, conges-
tive heart failure, reduced renal blood flow, increased renal
vascular resistance, arterial hypertension, diabetes, and kid-
ney dysfunction, and placing the tube within the subject’s
vena cava includes placing the tube within the subject’s vena
cava, in response to identifying the subject as suffering from
the selected condition.

[0050] In some applications, placing the tube within the
subject’s vena cava includes treating the selected condition
by reducing renal venous pressure of the subject.

[0051] There is further provided, in accordance with some
applications of the present invention, a method for use with
renal veins and a vena cava of a subject, the method
including:

[0052] placing a first nozzle in the subject’s vena cava
upstream of junctions of the vena cava with all of the
subject’s renal veins, such that the first nozzle converges in
a direction of antegrade blood flow through the vena cava;
and

[0053] placing a second nozzle in the subject’s vena cava
downstream of the junctions of the vena cava with all of the
subject’s renal veins.

[0054] In some applications, placing the second nozzle in
the subject’s vena cava includes placing the second nozzle
in the subject’s vena cava, such that the second nozzle
converges in the direction of antegrade blood flow through
the vena cava.

[0055] In some applications, placing the second nozzle in
the subject’s vena cava includes placing the second nozzle
in the subject’s vena cava, such that the second nozzle
diverges in the direction of antegrade blood flow through the
vena cava.

[0056] In some applications, the method further includes:
[0057] measuring blood pressure within the vena cava;
and

[0058] modulating a diameter of an opening defined by the

first nozzle responsively to the measured blood pressure.
[0059] In some applications, measuring blood pressure
within the vena cava includes measuring an indication of
renal venous pressure of the subject.
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[0060] In some applications, measuring blood pressure
within the vena cava includes measuring an indication of
central venous pressure of the subject.

[0061] In some applications, measuring blood pressure
within the vena cava includes measuring an indication of
lower-body venous pressure of the subject.

[0062] In some applications, the method further includes
modulating a diameter of an opening defined by the second
nozzle responsively to the measured blood pressure.

[0063] In some applications, the method further includes:
[0064] measuring blood pressure within the vena cava;
and

[0065] modulating a diameter of an opening defined by the

second nozzle responsively to the measured blood pressure.
[0066] In some applications, measuring blood pressure
within the vena cava includes measuring an indication of
renal venous pressure of the subject.

[0067] In some applications, measuring blood pressure
within the vena cava includes measuring an indication of
central venous pressure of the subject.

[0068] In some applications, measuring blood pressure
within the vena cava includes measuring an indication of
lower-body venous pressure of the subject.

[0069] In some applications, the method further includes
identifying the subject as suffering from a condition selected
from the group consisting of: cardiac dysfunction, conges-
tive heart failure, reduced renal blood flow, increased renal
vascular resistance, arterial hypertension, diabetes, and kid-
ney dysfunction, and placing the first and second nozzles in
the subject’s vena cava includes placing the first and second
nozzles in the subject’s vena cava, in response to identifying
the subject as suffering from the selected condition.

[0070] In some applications, placing the first and second
nozzles in the subject’s vena cava includes treating the
selected condition by reducing renal venous pressure of the
subject.

[0071] There is further provided, in accordance with some
applications of the present invention, apparatus for use with
renal veins and a vena cava of a subject, the apparatus
including:

[0072] a first nozzle configured to be placed in the sub-
ject’s vena cava upstream of junctions of the vena cava with
all of the subject’s renal veins, such that the first nozzle
converges in a direction of antegrade blood flow through the
vena cava; and

[0073] a second nozzle in the subject’s vena cava down-
stream of the junctions of the vena cava with all of the
subject’s renal veins.

[0074] In some applications, the second nozzle is config-
ured to be placed in the subject’s vena cava, such that the
second nozzle converges in the direction of antegrade blood
flow through the vena cava.

[0075] 1In some applications, the second nozzle is config-
ured to be placed in the subject’s vena cava, such that the
second nozzle diverges in the direction of antegrade blood
flow through the vena cava.

[0076] In some applications, the apparatus further
includes:
[0077] one or more blood pressure sensors configured to

measure blood pressure within the vena cava; and

[0078] a computer processor configured to modulate a
diameter of an opening defined by the first nozzle respon-
sively to the measured blood pressure.
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[0079] In some applications, the one or more blood pres-
sure sensors are configured to measure an indication of renal
venous pressure of the subject.

[0080] In some applications, the one or more blood pres-
sure sensors are configured to measure an indication of
central venous pressure of the subject.

[0081] In some applications, the one or more blood pres-
sure sensors are configured to measure an indication of
lower-body venous pressure of the subject.

[0082] In some applications, the computer processor is
further configured to modulate a diameter of an opening
defined by the second nozzle responsively to the measured
blood pressure.

[0083] In some applications, the apparatus further
includes:
[0084] one or more blood pressure sensors configured to

measure blood pressure within the vena cava; and

[0085] a computer processor configured to modulate a
diameter of an opening defined by the second nozzle respon-
sively to the measured blood pressure.

[0086] In some applications, the one or more blood pres-
sure sensors are configured to measure an indication of renal
venous pressure of the subject.

[0087] In some applications, the one or more blood pres-
sure sensors are configured to measure an indication of
central venous pressure of the subject.

[0088] In some applications, the one or more blood pres-
sure sensors are configured to measure an indication of
lower-body venous pressure of the subject.

[0089] The present invention will be more fully under-
stood from the following detailed description of embodi-
ments thereof, taken together with the drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0090] FIG. 1 is a schematic illustration of a venturi tube
disposed inside a subject’s vena cava, in accordance with
some applications of the present invention;,

[0091] FIG. 2is a schematic illustration of the venturi tube
and a support frame for supporting the venturi tube inside
the vena cava, in accordance with some applications of the
present invention;

[0092] FIG. 3 is a schematic illustration of first and second
nozzles disposed inside a subject’s vena cava, in accordance
with some applications of the present invention;

[0093] FIG. 4 is a schematic illustration of first and second
nozzles disposed inside a subject’s vena cava, in accordance
with some applications of the present invention;

[0094] FIG. 5 is a schematic illustration of a nozzle and a
pump disposed inside a subject’s vena cava, in accordance
with some applications of the present invention; and
[0095] FIG. 6 is a graph showing the results of calcula-
tions that were performed to model the effects of placing a
venturi tube inside a subject’s vena cava, in accordance with
some applications of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0096] Reference is now made to FIG. 1, which is a
schematic illustration of a venturi tube 20 disposed inside a
subject’s vena cava 22, in accordance with some applica-
tions of the present invention. Reference is also made to
FIG. 2, which is a schematic illustration of venturi tube 20

Aug. 8,2019

and a support frame 24 for supporting the venturi tube inside
the vena cava, in accordance with some applications of the
present invention.

[0097] Venturi tube 20 is typically placed inside the sub-
ject’s vena cava in order to provide chronic treatment for a
subject suffering from cardiac dysfunction, congestive heart
failure, low renal blood flow, high renal vascular resistance,
arterial hypertension, diabetes, and/or kidney dysfunction.
Typically, venturi tube 20 and support frame 24 are inserted
into the subject’s vena cava via a delivery device, such as a
catheter (not shown). For example, the catheter may be
advanced to the subject’s vena cava via any one of the
subject’s femoral vein, subclavian vein, or jugular vein.
[0098] For some applications, the support frame is made
of a shape-memory alloy, such as nitinol. The venturi tube
is typically made of a blood-impermeable material (e.g.,
polyester, polyurethane, and/or a different polymer), and is
coupled to the support frame (for example, via stitching, or
via an adhesive). The support frame and the venturi tube are
inserted into the vena cava, while in constrained configura-
tions inside the delivery device. Upon being released from
the delivery device, inside the vena cava, the support frame
and the venturi tube assume their non-constrained configu-
rations by virtue of the support frame having been shape set
to its non-constrained configuration. The support frame and
the venturi tube are shown in their non-constrained configu-
rations in FIGS. 1 and 2.

[0099] Venturi tube 20 (when disposed in its non-con-
strained configuration) defines a flared upstream portion 26
that diverges toward an upstream end 28 of the tube, and a
flared downstream portion 30 that diverges toward a down-
stream end 32 of the tube, such that a central portion 34 of
the tube is narrower than at the ends of the tube. The tube
defines a plurality of lateral openings 36. The tube is placed
within the subject’s vena cava, such that the downstream
portion of the tube is sealed with respect to the inner wall of
the vena cava at a location 38 that is downstream of
junctions of the vena cava with all of the subject’s renal
veins 39, and the upstream portion is sealed with respect to
the inner wall of the vena cava at a location 40 that is
upstream of junctions of the vena cava with all of the
subject’s renal veins. Typically, the flared upstream and
downstream portions of the tube become sealed with respect
to the inner wall of the vena cava, by virtue of the flared
portions of the tube being coupled (e.g., stitched, or bonded
with adhesive) to the support frame, and the support frame
radially expanding such that the support frame contacts the
inner wall of the vena cava.

[0100] The tube, when placed in the vena cava in the
above-described manner, is configured to cause blood flow
through the tube to undergo the venturi effect as it passes
through the tube. That is, the tube generates a region of low
pressure between the ends of the tube, due to the blood
flowing through narrow central portion 34 of the tube.
Pressure within the central portion of the tube is lower than
the pressure in the subject’s renal veins in the absence of the
tube. Therefore, blood from the subject’s renal veins is
drawn into the tube, via the one or more lateral openings 36
defined by the tube. In this manner, pressure within the
subject’s renal veins is reduced.

[0101] Typically, the reduced pressure within the central
portion of the tube causes pressure within the region of the
vena cava that surrounds the tube to be reduced. For some
applications, due to the reduced pressure within the region
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of the vena cava that surrounds the tube, in the absence of
support frame 24, the walls of the vena cava would collapse
inwardly around against the tube. Typically, the support
frame holds open the walls of the vena cava in the region
surrounding the tube, such that the walls of the vena cava do
not collapse inwardly as a result of the reduced pressure in
the region of the vena cava surrounding the tube.

[0102] For some applications, the one or more lateral
openings 36 are shaped to converge toward the longitudinal
axis of the tube, as shown in the enlarged portion of FIG. 2.
By being shaped in this shape, the lateral openings are
configured to direct blood to flow into the interior of the tube
from outside the tube.

[0103] With reference to FIG. 2, typically, (in its non-
constrained configuration) inner diameter D1 of the tube at
the location at which the inner diameter is at its maximum
(which is typically toward the ends of the tube) is greater
than 12 mm (e.g., greater than 18 mm) and/or less than 40
mm (e.g., less than 28 mm), e.g., 12-40 mm, or 18-28 mm.
It is noted that, for some applications (not shown), there is
a slight convergence of the tube at the ends of the tube, such
that the inner diameter of the tube is at its maximum at
locations that are slightly inset from the ends of the tube.
Typically, (in its non-constrained configuration) inner diam-
eter D2 of the tube at the location at which the inner diameter
is at its minimum (which is typically toward the longitudinal
center of the tube) is greater than 3 mm (e.g., greater than 4
mm) and/or less than 8 mm (e.g., less than 6 mm), e.g., 3-8
mm, or 4-6 mm. For some applications, as shown in FIGS.
1 and 2, the tube is at its minimum diameter (D2) over a
length of up to 6 cm (e.g., between 0.5 and 6 cm, or between
2 and 6 cm), such that the narrowest portion of the tube has
an elongate cylindrical shape that extends over this length.
Typically, the ratio of D1 to D2 is greater than 3:1, e.g.,
greater than 4:1. Alternatively (application not shown), the
flared downstream portion (which diverges toward to the
downstream end of the tube) abuts the flared upstream
portion (which diverges toward the upstream end of the
tube), such that the tube is at its minimum inner diameter
only at a single longitudinal location, at which the diverging
upstream portion abuts the diverging downstream portion.
[0104] For some applications, a total length L of tube 20
is greater than 20 mm (e.g., greater than 50 mm) and/or less
than 160 mm (e.g., less than 120 mm), e.g., 20-160 mm, or
50-120 mm.

[0105] Typically, tube 20 is placed inside the vena cava of
a subject suffering from cardiac dysfunction, congestive
heart failure, low renal blood flow, high renal vascular
resistance, arterial hypertension, diabetes, and/or kidney
dysfunction. Typically, placing tube 20 in the vena cava of
such a subject causes a lowering and flattening of the
subject’s renal vein pressure profile, even though the sub-
ject’s central venous pressure is elevated, e.g., as described
with reference to FIG. 4B of WO 14/141284 to Schwam-
menthal, which is incorporated herein by reference.

[0106] Typically, due to the reduction in pressure in the
renal veins that is caused by the placing tube 20 inside the
vena cava, perfusion of the subject’s kidney increases. In
turn, this may cause pressure in the renal veins to rise
relative to the pressure in the renal veins immediately
subsequent to placing tube 20 inside the vena cava, due to
increased blood flow into the renal vein. Typically, even
after perfusion of the kidney increases, the placement of tube
20 inside the vena cava is configured to maintain the

Aug. 8,2019

pressure in the renal vein at a lower value than the pressure
in the renal vein before the placement of tube 20 inside the
vena cava.

[0107] It is noted that, for some applications, due to the
reduction in pressure in the renal vein that is caused by the
placement of tube 20 inside the vena cava, the subject’s
renal vascular resistance decreases, in accordance with
physiological mechanisms that are described, for example,
in an article by Haddy et al., entitled “Effect of elevation of
intraluminal pressure on renal vascular resistance™ (Circu-
lation Research, 1956), which is incorporated herein by
reference. It is further noted that a treatment of the subject
that increases renal perfusion by increasing blood pressure
in the subject’s renal arteries would typically not effect the
aforementioned physiological mechanisms.

[0108] Typically, when placement of tube 20 inside the
vena cava is used to reduce pressure in the subject’s renal
veins, it is expected that there will be an improved respon-
siveness by the subject to administration of diuretics to the
subject, due to the reduction in renal venous pressure.
Therefore, for some applications, a reduced dosage of
diuretics may be administered to the subject relative to a
dosage of diuretics that would be administered to the subject
in the absence of performing the techniques described
herein. Alternatively, a regular dosage of diuretics may be
administered to the subject, but the diuretics may have a
greater effect on the subject, due to the reduction in renal
Venous pressure.

[0109] Typically, high central venous pressure leads to a
high level of blood pressure within the heart, which in turn
leads to the release of atrial natriuretic peptide (ANP) and
B-type natriuretic peptide (BNP) by the subject, both of
which act as natural diuretics. For some applications, when
placement of tube 20 inside the vena cava is used to reduce
pressure in the subject’s renal veins, there is expected to be
an improved responsiveness by the subject to the release of
the natural diuretics by the subject, due to the reduction in
renal venous pressure. For some applications, since the
subject’s central venous pressure is not lowered by place-
ment of tube 20 inside the vena cava, it is expected that the
subject will continue to release atrial natriuretic peptide
(ANP) and B-type natriuretic peptide (BNP), even while the
subject’s renal venous pressure is reduced by the placement
of tube 20 inside the vena cava. Thus, for some applications,
placement of tube 20 inside the vena cava may result in the
subject continuing to release atrial natriuretic peptide (ANP)
and B-type natriuretic peptide (BNP), as well as resulting in
the effectiveness of the aforementioned natural diuretics
being greater than the effectiveness of the diuretics in the
absence of the placement of tube 20 inside the vena cava.

[0110] Reference is now made to FIGS. 3 and 4, which are
schematic illustrations of a first nozzle 50 and a second
nozzle 52 disposed inside vena cava 22, in accordance with
some applications of the present invention. For some appli-
cations, a generally similar effect to that described above
with reference to the placement of tube 20 in the vena cava
is achieved by placing first nozzle 50 in the subject’s vena
cava upstream of junctions of the vena cava with all of the
subject’s renal veins 39, such that the first nozzle converges
in a direction of antegrade blood flow through the vena cava,
and placing a second nozzle 52 in the subject’s vena cava
downstream of the junctions of the vena cava with all of the
subject’s renal veins. Due the convergence of nozzle 50,
blood flowing through the nozzle undergoes the venturi
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effect, thereby creating a region 54 within the vena cava
downstream of the nozzle that has a lower blood pressure
than the blood pressure in the renal veins in the absence of
the nozzle. Therefore, blood from the subject’s renal veins
is drawn into region within the vena cava that is downstream
of the nozzle. In this manner, pressure within the subject’s
renal veins is reduced.

[0111] For some applications, second nozzle 52 is placed
in the subject’s vena cava, such that the second nozzle
converges in the direction of antegrade blood flow through
the vena cava, as shown in FIG. 3. The second nozzle is
configured to impede backflow of blood toward low pressure
region 54 from regions within the vena cava that are
downstream of the junctions of the vena cava with the
subject’s renal veins. Alternatively, the second nozzle is
placed in the subject’s vena cava, such that the second
nozzle diverges in the direction of antegrade blood flow
through the vena cava (i.e., the second nozzle converges in
the direction of retrograde blood flow through the vena
cava), as shown in FIG. 4. The second nozzle is configured
to impede backflow of blood toward low pressure region 54
from regions within the vena cava that are downstream of
the junctions of the vena cava with the subject’s renal veins.
Furthermore, the second nozzle is configured to cause any
blood that does flow back, via the second nozzle toward the
low-pressure region, to undergo the venturi effect by virtue
of having flowed through the nozzle. Therefore, backflowing
blood that passes through the nozzle is caused to be at low
pressure once it passes through the nozzle.

[0112] Reference is now made to FIG. 5, which is a
schematic illustration of nozzle 50 and a blood pump 60
disposed inside a subject’s vena cava, in accordance with
some applications of the present invention. Nozzle 50 is
generally as described hereinabove. The nozzle is placed in
the subject’s vena cava 22 upstream of junctions of the vena
cava with all of the subject’s renal veins 39, such that the
nozzle converges in a direction of antegrade blood flow
through the vena cava.

[0113] Blood pump 60 is placed in the subject’s vena cava
downstream of the junctions of the vena cava with all of the
subject’s renal veins and is configured to pump blood in the
downstream (i.e., antegrade) direction, toward the subject’s
right atrium.

[0114] Tvpically, nozzle 50 is configured to partially
occlude the subject’s vena cava upstream of the junctions of
the vena cava with the subject’s renal veins. The nozzle is
configured to partially occlude the subject’s vena cava such
that, in response to the pumping of the downstream blood
pump, there is not a substantial increase of blood flow from
the subject’s lower body toward the subject heart, but such
that region 54 of low pressure within the vena cava is
generated, between the nozzle and the blood pump, within
which the blood pressure is lower than the subject’s central
venous pressure. In addition, due the convergence of nozzle
50, blood flowing through the nozzle undergoes the venturi
effect, thereby adding to the reduction in pressure within
region 54, relative to central venous pressure. Typically, by
generating a region of low pressure, blood flow from the
renal veins into the vena cava increases, thereby lowering
renal blood pressure and enhancing renal perfusion. It is
noted that the nozzle is configured to partially occlude, but
not to totally occlude, the vena cava, in such a manner as to
generate a region of low pressure within the vena cava, but
to allow a substantial flow of blood through the vena cava.
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[0115] For some applications, blood pump 60 includes a
radially-expandable impeller 62 disposed inside a radially-
expandable impeller cage 64. Typically, nozzle 50 and blood
pump 60 are disposed at the end of a catheter 66. The
impeller and the cage of the blood pump are shape set such
as to assume radially-expanded configurations thereof in the
absence of any radially-constraining force acting upon the
impeller and the cage. For some applications, an engage-
ment mechanism engages the impeller and the cage with
respect to one another, such that in response to the cage
becoming radially constrained the impeller becomes radially
constrained, e.g., in accordance with apparatus and methods
described in described in WO 14/141284 to Schwammen-
thal, which is incorporated herein by reference. In general,
the blood pump is generally similar to the blood pumps
described in WO 14/141284 to Schwammenthal, WO
15/177793 to Schwammenthal, and/or WO 16/185473 to
Schwammenthal, all of which are incorporated herein by
reference.

[0116] For some applications, one or more blood pressure
sensors 68, 70, and/or 72 are disposed on catheter 66,
respectively, downstream of pump 60, between pump 60 and
nozzle 50, and upstream of nozzle 50. Thus, the blood
pressure measured by blood pressure sensor 68 is indicative
of central venous pressure, the blood pressure measured by
blood pressure sensor 70 is indicative of renal venous
pressure, and the blood pressure measured by blood pressure
sensor 72 is indicative of lower-body venous pressure. For
some applications, a control unit modulates the pumping of
the blood by pump 60 responsively to the pressure measured
by one or more of the pressure sensors, for example, as
described in WO 14/141284 to Schwammenthal, WO
15/177793 to Schwammenthal, and/or International Patent
Application WO 16/185473 to Schwammenthal, all of
which are incorporated herein by reference. The control unit
is typically a computer processor 69 that includes hardware
components.

[0117] For some applications, the extent to which nozzle
50 occludes the vena cava is controllable. For example, as
shown the nozzle may be constructed from a frame 56
(which is typically made of a shape-memory material, such
as nitinol) and a blood-impermeable material 58 (e.g., poly-
ester, polyurethane, and/or a different polymer) that is sup-
ported by the frame. The frame of the nozzle may be
expandable (e.g., by heating the frame, or by applying an
electrical current to the frame), such that the diameter of the
opening defined by the nozzle is controllable. For some
applications, the extent to which nozzle 50 occludes the vena
cava is modulated by a control unit (e.g., control unit 69),
responsively to blood pressure measurements that are mea-
sured by blood pressure sensor 68, 70, and/or 72. The control
unit is typically a computer processor (e.g., computer pro-
cessor 69) that includes hardware components. For some
applications, a nozzle that is controllable such that the
diameter of the opening defined by the nozzle may be
modulated as described in the present paragraph, is used
even in the absence of blood pump 60. For example, in the
configurations shown in FIGS. 3 and 4, nozzle 50 and/or
nozzle 52 may be controllable such that the diameter of the
opening defined by the nozzle may be modulated, as
described in the present paragraph.

[0118] For some applications, nozzle 50 is used in the
absence of both nozzle 52 and blood pump 60. Typically, the
nozzle is configured to partially occlude the subject’s vena
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cava such as to reduce the subject’s central venous pressure.
Alternatively or additionally, due the convergence of nozzle
50, blood flowing through the nozzle undergoes the venturi
effect, thereby adding to the reduction in pressure within
region 54, relative to central venous pressure. Typically, by
generating a region of low pressure, blood flow from the
renal veins into the vena cava increases, thereby lowering
renal blood pressure and enhancing renal perfusion. For
some such applications, nozzle 50 is controllable by a
control unit, such that the diameter of the opening defined by
the nozzle may be modulated. Typically, the control unit is
a computer processor (e.g., computer processor 69) that
includes hardware components. For example, the control
unit may modulate the diameter of the opening defined by
the nozzle responsively to blood pressure measurements that
are measured by blood pressure sensor 68, 70, and/or 72.
[0119] Although FIG. 5 shows the blood pump and the
nozzle disposed on a catheter that is inserted into the vena
cava from above the junctions of the vena cava with the
subject’s renal veins (e.g., via the subject’s subclavian vein
or jugular vein), for some applications, the blood pump and
the nozzle are disposed on a catheter that is inserted into the
vena cava from below the junctions of the vena cava with the
subject’s renal veins (e.g., via the subject’s femoral vein),
mutatis mutandis. Alternatively or additionally, the nozzle is
disposed on a first catheter which is inserted into the vena
cava from below the junctions of the vena cava with the
subject’s renal veins (e.g., via the subject’s femoral vein),
and the blood pump is disposed on a second catheter, which
inserted into the vena cava from above the junctions of the
vena cava with the subject’s renal veins (e.g., via the
subject’s subclavian vein, or jugular vein).

[0120] Although blood pump 60 is described as being an
impeller-based pump, the scope of the present invention
includes using any other type of pump for pumping blood in
the manner described herein, mutatis mutandis. For
example, a roller pump, an Archimedes screw pump, a
centrifugal pump, a pneumatic pump, and/or a compression
pump may be used.

[0121] Typically, the apparatus shown in FIG. 5 is used to
apply an acute treatment to the subject, in order to treat the
subject for one or more of the conditions described herein.
[0122] Reference is now made to FIG. 6, which is a graph
showing the results of calculations that were performed to
model blood flowing through the renal veins and the vena
cava via a venturi tube having characteristics generally as
described herein with reference to FIGS. 1 and 2. Pressure
reduction within the renal veins was calculated for tubes
having respective minimum inner diameters. FIG. 6 shows
the pressure reduction that was calculated for the venturi
tubes having the respective inner diameters.

[0123] It may be observed that as the minimum inner
diameter is reduced the resultant pressure reduction within
the renal veins is greater (i.e.. the pressure within the renal
veins is reduced by increasing amounts). These results
indicate that techniques as described herein may cause a
reduction in renal venous pressure, and that reducing the
minimum inner diameter of the venturi tube (or of the
nozzle, for applications as described with reference to FIGS.
3 and 4) may cause a greater reduction in the renal venous
pressure. It is noted that there is a lower limit to the
minimum inner diameter of the tube or the nozzle that can
be used, due to the fact that below a given minimum
diameter, the drag force that would be generated by the tube

Aug. 8,2019

(or the nozzle) on the blood flow through the tube (or the
nozzle) would impede blood flow via the tube (or the
nozzle), which would reduce blood flow toward the heart via
the vena cava, thereby endangering the patient. The inven-
tors hypothesize that the lower limit for the minimum
diameter of the tube or the nozzle is 3 mm.

[0124] Therefore, as described hereinabove, typically, (in
its non-constrained configuration) inner diameter D2 of the
tube at the location at which the inner diameter is at its
minimum (which is typically toward the longitudinal center
of the tube) is greater than 3 mm (e.g., greater than 4 mm)
and/or less than 8 mm (e.g., less than 6 mm), e.g., 3-8 mm,
or 4-6 mm. Similarly, the minimum diameter of the nozzle
(i.e., the diameter at the tip of the nozzle) is typically greater
than 3 mm (e.g., greater than 4 mm) and/or less than 8 mm
(e.g., less than 6 mm), e.g., 3-8 mm, or 4-6 mm.

[0125] For some applications, venturi tube 20 is config-
ured such that the minimum inner diameter of the tube may
be modulated, for example, by constructing the tube in a
similar manner to that described with reference to nozzle 50
as shown in FIG. 5, and using techniques as described with
reference to nozzle 50 as shown in FIG. 5, mutatis mutandis.
For some such applications, the minimum inner diameter of
the tube is modulated by a control unit. Typically, the control
unit is a computer processor (e.g., computer processor 69,
shown in FIG. 5) that includes hardware components. For
example, the control unit may modulate the minimum inner
diameter of the tube responsively to blood pressure mea-
surements that are indicative of central venous pressure,
renal venous pressure, and/or lower-body venous pressure,
as described hereinabove, with reference to blood pressure
sensor 68, 70, and/or 72. It is noted that venturi tube 20,
nozzles 50 and 52, and blood pump 60 are generally
described as being placed within the subject’s vena cava in
the vicinity of the junctions of the renal veins with the vena
cava. However, the scope of the present invention includes
placing venturi tube 20, nozzles 50 and 52, and/or blood
pump 60 in any vein that has junctions with a tributary
vessel, in accordance with the techniques described herein,
mutatis mutandis. For example, venturi tube 20, nozzles 50
and 52, and/or blood pump 60 may be placed within the vena
cava in the vicinity of junctions of the vena cava with the
subject’s hepatic veins, and may be used to increase blood
flow from the subject’s hepatic veins into the subject’s vena
cava, in order to increase perfusion of the subject’s liver,
mutatis mutandis. Alternatively or additionally, venturi tube
20, nozzles 50 and 52, and/or blood pump 60 could be
placed within the subclavian vein or jugular vein at junctions
of the vein with a lymph duct and could be used to increase
flow of lymphatic fluid from the lymph duct into the vein,
mutatis mutandis.

[0126] The scope of the present invention includes com-
bining any of the apparatus and methods described herein
with any of the apparatus and methods described in one or
more of the following applications, all of which are incor-
porated herein by reference:

[0127] International Patent Application PCT/IL2016/
050525 to Schwammenthal (published as WO 16/185473),
filed May 18, 2016, entitled “Blood pump,” which U.S.
Provisional Patent Application 62/162,881 to Schwammen-
thal, filed May 18, 2015, entitled “Blood pump;”

[0128] International Patent Application PCT/IL2015/
050532 to Schwammenthal (published as WO 15/177793),
filed May 19, 2015, entitled “Blood pump,” which claims
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priority from U.S. Provisional Patent Application 62/000,
192 to Schwammenthal, filed May 19, 2014, entitled “Blood
pump;”
[0129] International Patent Application PCT/IL2014/
050289 to Schwammenthal (published as WO 14/141284),
filed Mar. 13, 2014, entitled “Renal pump,” which claims
priority from (a) U.S. Provisional Patent Application 61/779,
803 to Schwammenthal, filed Mar. 13, 2013, entitled “Renal
pump,” and (b) U.S. Provisional Patent Application 61/914,
475 to Schwammenthal, filed Dec. 11, 2013, entitled “Renal
pump;”
[0130] U.S. patent application Ser. No. 14/567,439 to
Tuval (issued as U.S. Pat. No. 9,764,113), filed Dec. 11,
2014, entitled “Curved catheter,” which claims priority from
U.S. Provisional Patent Application 61/914,470 to Tuval,
filed Dec. 11, 2013, entitled “Curved catheter;” and
[0131] International Patent Application PCT/IL2013/
050495 to Tuval (published as WO 13/183060), filed Jun. 6,
2013, entitled “Prosthetic renal valve,” which claims priority
from U.S. Provisional Patent Application 61/656,244 to
Tuval, filed Jun. 6, 2012, entitled “Prosthetic renal valve.”
[0132] There is therefore provided, in accordance with
some applications of the present invention, the following
inventive concepts:
Inventive concept 1. A method for use with renal veins and
a vena cava of a subject, the method comprising:
[0133] placing a nozzle in the subject’s vena cava
upstream of junctions of the vena cava with all of the
subject’s renal veins, such that the first nozzle converges in
a direction of antegrade blood flow through the vena cava;
[0134] placing a blood pump in the subject’s vena cava
downstream of the junctions of the vena cava with all of the
subject’s renal veins; and
[0135] operating the blood pump to blood pump in direc-
tion of antegrade blood flow through the vena cava.
Inventive concept 2. Apparatus for use with renal veins and
a vena cava of a subject, the apparatus comprising:
[0136] a nozzle configured to be placed in the subject’s
vena cava upstream of junctions of the vena cava with all of
the subject’s renal veins, such that the first nozzle converges
in a direction of antegrade blood flow through the vena cava;
and
[0137] a blood pump configured to be placed in the
subject’s vena cava downstream of the junctions of the vena
cava with all of the subject’s renal veins, and to blood pump
in the direction of antegrade blood flow through the vena
cava.
[0138] Tt will be appreciated by persons skilled in the art
that the present invention is not limited to what has been
particularly shown and described hereinabove. Rather, the
scope of the present invention includes both combinations
and subcombinations of the various features described here-
inabove, as well as variations and modifications thereof that
are not in the prior art, which would occur to persons skilled
in the art upon reading the foregoing description.

1. Apparatus for use with renal veins and a vena cava of
a subject, the apparatus comprising:

a tube that defines:

a flared downstream portion thereof that diverges
toward a downstream end of the tube, and a flared
upstream portion thereof that diverges toward an
upstream end of the tube, such that a central portion
of the tube is narrower than at the ends of the tube,
and
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a plurality of lateral openings; and

a support frame configured to support the tube within the

subject’s vena cava, such that:

the downstream portion of the tbe is sealed with
respect to an inner wall of the vena cava at a location
that is downstream of junctions of the vena cava with
all of the subject’s renal veins, and

the upstream portion of the tube is sealed with respect
to the inner wall of the vena cava at a location that
1s upstream of junctions of the vena cava with all of
the subject’s renal veins.

2. The apparatus according to claim 1, wherein the
plurality of lateral openings are shaped such as to converge
toward a longitudinal axis of the tube.

3. The apparatus according to claim 1, wherein an inner
diameter of the tube at a location at which the inner diameter
is at its maximum is greater than 12 mm.

4. The apparatus according to claim 1, wherein an inner
diameter of the tube at a location at which the inner diameter
is at its minimum 1is less than 8 mm.

5. The apparatus according to claim 1, wherein a ratio
between an inner diameter of the tube at a location at which
the inner diameter is at its maximum and an inner diameter
of the tube at a location at which the inner diameter is at its
minimum is greater than 3:1.

6. The apparatus according to claim 1, wherein a length of
the tube is greater than 20 mm.

7. The apparatus according to claim 1, further comprising:

one or more blood pressure sensors configured to measure

blood pressure within the vena cava; and

a computer processor configured to modulate a diameter

of the central portion of the tube responsively to the

measured blood pressure.

8. The apparatus according to claim 7, wherein the one or
more blood pressure sensors are configured to measure an
indication of renal venous pressure of the subject.

9. The apparatus according to claim 7, wherein the one or
more blood pressure sensors are configured to measure an
indication of central venous pressure of the subject.

10. The apparatus according to claim 7, wherein the one
or more blood pressure sensors are configured to measure an
indication of lower-body venous pressure of the subject.

11. A method for use with renal veins and a vena cava of
a subject, the method comprising:

providing a tube that defines:

a flared downstream portion thereof that diverges
toward a downstream end of the tube, and a flared
upstream portion thereof that diverges toward an
upstream end of the tube, such that a central portion
of the tube is narrower than at the ends of the tube,
and

a plurality of lateral openings; and

placing the tube within the subject’s vena cava, such that:

the downstream portion of the tube is sealed with
respect to an inner wall of the vena cava at a location
that is downstream of junctions of the vena cava with
all of the subject’s renal veins, and

the upstream portion of the tube is sealed with respect
to the inner wall of the vena cava at a location that
is upstream of junctions of the vena cava with all of
the subject’s renal veins.
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12. The method according to claim 11, wherein providing
the tube comprises providing the tube, the plurality of lateral
openings being shaped such as to converge toward a longi-
tudinal axis of the tube.

13. The method according to claim 11, wherein providing
the tube comprises providing the tube, an inner diameter of
the tube at a location at which the inner diameter is at its
maximum being greater than 12 mm.

14. The method according to claim 11, wherein providing
the tube comprises providing the tube, an inner diameter of
the tube at a location at which the inner diameter is at its
minimum being less than 8 mm.

15. The method according to claim 11, wherein providing
the tube comprises providing the tube, a ratio between an
inner diameter of the tube at a location at which the inner
diameter is at its maximum and an inner diameter of the tube
at a location at which the inner diameter is at its minimum
being greater than 3:1.

16. The method according to claim 11, wherein providing
the tube comprises providing the tube, a length of the tube
being greater than 20 mm.

17. The method according to claim 11, further compris-
ing:

measuring blood pressure within the vena cava; and

modulating a diameter of the central portion of the tube

responsively to the measured blood pressure.

18. The method according to claim 17, wherein measuring
blood pressure within the vena cava comprises measuring an
indication of renal venous pressure of the subject.

19. The method according to claim 17, wherein measuring
blood pressure within the vena cava comprises measuring an
indication of central venous pressure of the subject.

20. The method according to claim 17, wherein measuring
blood pressure within the vena cava comprises measuring an
indication of lower-body venous pressure of the subject.
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21. The method according to claim 11, further comprising
identifying the subject as suffering from a condition selected
from the group consisting of: cardiac dysfunction, conges-
tive heart failure, reduced renal blood flow, increased renal
vascular resistance, arterial hypertension, diabetes, and kid-
ney dysfunction, wherein placing the tube within the sub-
ject’s vena cava comprises placing the tube within the
subject’s vena cava, in response to identifying the subject as
suffering from the selected condition.

22. The method according to claim 21, wherein placing
the tube within the subject’s vena cava comprises treating
the selected condition by reducing renal venous pressure of
the subject.

23. A method for use with renal veins and a vena cava of
a subject, the method comprising:

placing a first nozzle in the subject’s vena cava upstream
of junctions of the vena cava with all of the subject’s
renal veins, such that the first nozzle converges in a
direction of antegrade blood flow through the vena
cava; and

placing a second nozzle in the subject’s vena cava down-
stream of the junctions of the vena cava with all of the
subject’s renal veins.

24-36. (canceled)

37. Apparatus for use with renal veins and a vena cava of

a subject, the apparatus comprising:

a first nozzle configured to be placed in the subject’s vena
cava upstream of junctions of the vena cava with all of
the subject’s renal veins, such that the first nozzle
converges in a direction of antegrade blood flow
through the vena cava; and

a second nozzle in the subject’s vena cava downstream of
the junctions of the vena cava with all of the subject’s
renal veins.

38-48. (canceled)
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