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1
ULTRASONIC EVALUATION OF VENOUS
STRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/303,137, filed Jan. 28, 2010, now U.S. Pat.
No. 8,529,452, which claims the benefit of U.S. Provisional
Application No. 60/810,246 filed Jun. 2, 2006, which is incot-
porated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

The need for access to the circulation is paramount for
delivery of renal replacement therapy (RRT) by hemodialy-
sis. The use of a native arterio-venous (AV) fistula provides
access with the fewest complications of thrombosis, infection
and hospitalization. The creation of the AV fistula is followed
by a maturing time in which vascular remodeling occurs. The
natural history of this process is not well defined. Moreover,
the current challenges of vascular access are expected to
increase over time as the typical incident patients are older
and have more co-morbid vascular and metabolic disease.

SUMMARY OF THE INVENTION

Provided are methods and systems for detecting a maturing
or mature arterio-venous fistula comprising a vein. Also pro-
vided are methods and systems for detecting the thickening of
a vein wall.

Other apparatus, methods, aspects and advantages of the
invention will be discussed with reference to the Figures and
to the detailed description of the preferred embodiments.

BRIEF DESCRIPTION OF THE FIGURES

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate several
aspects described below and together with the description,
serve o explain the principles of the invention.

FIG. 1 is a block flow diagram illustrating an exemplary
method of detecting a maturing AV fistula in a subject.

FIG. 2 is a block flow diagram illustrating an exemplary
method of detecting a maturing AV fistula in a subject.

FIG. 3 is a block flow diagram illustrating an exemplary
method of detecting a maturing or mature AV fistula in a
subject.

FIG. 4 is a block flow diagram illustrating an exemplary
method of detecting a maturing AV fistula in a subject.

FIG. 5 is a block flow diagram illustrating an exemplary
method of detecting a maturing AV fistula in a subject.

FIG. 6 is a longitudinal ultrasonic image of a fistula com-
prising a vein.

FIG. 7 is a longitudinal ultrasonic image of a fistula com-
prising a vein.

DETAILED DESCRIPTION OF THE INVENTION

The present invention can be understood more readily by
reference to the following detailed description, examples,
drawing, and claims, and their previous and following
description. However, before the present devices, systems,
and/or methods are disclosed and described, it is to be under-
stood that this invention is not limited to the specific devices,
systems, and/or methods disclosed unless otherwise speci-
fied, as such can, of course, vary. It is also to be understood
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2

that the terminology used herein is for the purpose of describ-
ing particular aspects only and is not intended to be limiting.

The following description of the invention is provided as an
enabling teaching of the invention in its best, currently known
embodiment. To this end, those skilled in the relevant art will
recognize and appreciate that many changes can be made to
the various aspects of the invention described herein, while
still obtaining the beneficial results of the present invention. It
will also be apparent that some of the desired benefits of the
present invention can be obtained by selecting some of the
features of the present invention without utilizing other fea-
tures. Accordingly, those who work in the art will recognize
that many modifications and adaptations to the present inven-
tion are possible and can even be desirable in certain circum-
stances and are a part of the present invention. Thus, the
following description is provided as illustrative of the prin-
ciples of the present invention and not in limitation thereof.

As used throughout, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a respiration
waveform” can include two or more such waveforms unless
the context indicates otherwise.

Ranges can be expressed herein as from “about” one par-
ticular value, and/or to “about” another particular value.
When such a range is expressed, another aspect includes from
the one particular value and/or to the other particular value.
Similarly, when values are expressed as approximations, by
use of the antecedent “about,” it will be understood that the
particular value forms another aspect. It will be further under-
stood that the endpoints of each of the ranges are significant
both in relation to the other endpoint, and independently of
the other endpoint.

As used herein, the terms “optional” or “optionally”” mean
that the subsequently described event or circumstance may or
may not occur, and that the description includes instances
where said event or circumstance occurs and instances where
it does not.

The present invention may be understood more readily by
reference to the following detailed description of preferred
embodiments of the invention and the examples included
therein and to the Figures and their previous and following
description.

By a “subject” is meant an individual. The term subject
includes small or laboratory animals as well as primates,
including humans. A laboratory animal includes, but is not
limited to, a rodent such as a mouse or a rat. The term labo-
ratory animal is also used interchangeably with animal, small
animal, small laboratory animal, or subject, which includes
mice, rats, cats, dogs, fish, rabbits, guinea pigs, rodents, etc.
The term laboratory animal does not denote a particularage or
sex. Thus, adult and newborn animals, as well as fetuses
(including embryos), whether male or female, are included.
The term “patient” includes human and veterinary patients.

The use of veins for the repeated puncture necessary to
perform hemodialysis on a patient requires vascular remod-
eling such that the vessel dilates and the walls, particularly the
muscular media, undergo hypertrophy. A remodeled vein
then provides the blood flow required to support dialysis and
the vessel integrity to withstand repeated cannulation and
hemodialysis. At this point the fistula is deemed to have
“matured.” Thus, an arterio-venous fistula comprises a vein
that has undergone a maturation process.

The methods described herein can be used to monitor the
maturation of a fistula and to determine when the fistula is
mature. The methods can utilize high frequency ultrasound to
analyze anatomical features of a fistula to determine if it is
maturing or mature. For example, non-limiting features that



US 9,232,930 B2

3

can be monitored or analyzed include, vein wall thickness,
vein lumen diameter, blood flow velocity, blood pressure, and
wall thickness consistency. These features can be used alone
or in combination to determine whether a fistula is maturing
or is mature. For various exemplary aspects, the pressure,
diameter of the vessel, and the wall thickness can be used to
determine the wall tension.

In one aspect, the systems, methods and apparatuses can
track the maturation of an AV fistula using a high frequency
ultrasound imaging system. As used herein, high frequency
ultrasound refers to ultrasound of a sufficiently high fre-
quency to accurately resolve vein wall thickness. In some
aspects, such systems can transmit ultrasound at a center
transducer frequency of 20 MHz or higher. A high frequency
ultrasound probe can be used to image the blood vessels. In a
further aspect, the natural history of effective maturation of
the fistula can be evaluated and the parameters that define
readiness for successful cannulation can be determined.

Provided herein are methods and systems for detecting a
maturing arterio-venous fistula comprising a vein. An exem-
plary method comprises determining an initial wall thickness
of the vein using a high frequency ultrasound imaging sys-
tem. A subsequent wall thickness can be determined by using
a high frequency ultrasound imaging system. The initial wall
thickness can be compared to a subsequent wall thickness.
When compared, an increase in the subsequent wall thickness
compared to the initial wall thickness indicates a maturing
arterio-venous fistula.

In the described methods, if the vein is part of an arterio-
venous fistula, a thickened wall vein can indicate a maturing
and/or a mature fistula. Therefore, comparing an initial wall
thickness to a subsequent wall thickness can be used to indi-
cate a maturing or mature arterio-venous fistula. One skilled
in the art will appreciate that, for example, an increase in the
subsequent wall thickness compared to the initial wall thick-
ness can indicate a mature arterio-venous fistula or can indi-
cate a maturing fistula.

In one aspect, the vein wall thickness can be determined
using a high frequency ultrasound system. For example, the
determination of an initial and subsequent wall thickness can
comprise producing an ultrasonic image of the vein using the
high frequency ultrasound system. In exemplary aspects, a
longitudinal B-mode image can be taken along the vein or a
portion thereof. Optionally, the ultrasonic image can also bea
horizontal B-scan image showing a cross-section of the vein.
In another aspect, one or more longitudinal or horizontal
B-scan images can be taken of the vein.

Optionally, longitudinal B-scan image slices are taken
from multiple angles. For example, an image can be taken
from the left side of the vein or fistula and an image can be
taken from the right side of the fistula. Ifhorizontal images are
taken, multiple B-mode slices can be taken along the length of
the vein or fistula. The thickness of the vein wall can be
measured at one or more location. Thus, if multiple horizontal
image slices are taken, the thickness of the vein wall can be
measured at one or more location in one or more image slice.
Similarly, if one or more longitudinal B-mode slice is taken,
then the vein wall thickness can be determined at one or more
location in one or more image slice. In the case of a longitu-
dinal image, the superficial wall of the vein can be designated
the near wall and the deep wall can be designated the far wall.
In a further aspect, measurement of vein thickness can com-
prise measurements of the thickness of the near and far wall.

In operation, ultrasound images are normally formed by
the analysis and amalgamation of multiple pulse echo events.
An image is formed, effectively, by scanning regions within a
desired imaging area using individual pulse echo events,
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referred to as “A-Scans” or ultrasound “lines.” Fach pulse
echo event requires a minimum time for the acoustic energy to
propagate into the subject and to return to the transducer. An
imageis completed by “covering” the desired image area with
a sufficient number of scan lines, referred to as “painting in”
the desired imaging area so that sufficient detail of the subject
anatomy can be displayed. The number of and order in which
the lines are acquired can be controlled by the ultrasound
system, which also converts the raw data acquired into an
image. Using a combination of hardware electronics and soft-
ware instructions in a process called “scan conversion,” or
image construction, the ultrasound image obtained is ren-
dered so that a user viewing the display can view the subject
being imaged.

Ultrasound imaging systems can transmit pulsed energy
along a number of different directions, or ultrasonic beams,
and thereby receive diagnostic information as a function of
both lateral directions across the body and axial distance into
the body. This information can be displayed as two dimen-
sional, “B-scan” images. Such a two-dimensional presenta-
tion gives a planar view, or “slice” through the body and
shows the location and relative orientation of many features
and characteristics within the body.

The desired ultrasound for use with the disclosed methods
can be applied, transmitted and received using an ultrasonic
scanning device that can supply ultrasound at a center fre-
quency sufficient to accurately resolve the thickness ofa vein
wall. For example, a system with a center frequency transmit
of at least about 10 MHz to the highest practical frequency
canbe used. In exemplary aspects, ultrasound can be supplied
at 20 MHz, 25 MHz, 30 MHz, 35 MHz, 40 MHz, 45 MHz, 50
MHz, 55 MHz, 60 MHz, 65 MHz, 70 MHz, or higher. Thus,
an ultrasound system or device capable of operating at 20
MHz or above can be used.

One such exemplary system is the VisualSonics™ (Tor-
onto, Calif.) UBM system model VS40 VEVO™ 660.
Another exemplary system is the VisualSonics™ (Toronto,
Calif.) model VEVO™ 770.

Another such exemplary system can have the components
and functionality described in U.S. patent application Ser.
No. 10/683,890, US patent application publication
20040122319, which is incorporated herein by reference.
Another such exemplary system can have components and
functionality described in PCT/US2006/042891, publication
number WO2007056104.

Itis contemplated that any system capable of producing an
ultrasound image using a high frequency ultrasound can be
used. Thus, the methods can be practiced using a mechani-
cally scanned ultrasound system that can translate an ultra-
sound beam as it sweeps along a path. The methods can also
be practiced using an array based system where the beam is
translated by electrical steering of an ultrasound beam along
the elements of the transducer. One skilled in the art will
readily appreciate that beams translated from either type sys-
tem can be used in the described methods, without any limi-
tation to the type of system employed. The type of system is
therefore not intended to be a limitation to any described
method because array and mechanically scanned systems can
be used interchangeably to perform the described methods.

In one aspect, measuring the thickness of the vein wall can
comprise identifying the lower surface of the vein tunica
adventitia on an ultrasonic image and identifying the interface
of the vein tunica intima with the vein lumen. The distance
between these two anatomical locations can be measured and
the distance between the two can indicate the thickness of the
vein wall at that given location. Thus, a location on the image
corresponding to the outer wall of the vein and a location
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corresponding to inner surface of the lumen of the vein can be
identified. Optionally, a location of an ultrasound image cor-
responding to the outer wall of the vein is identified by iden-
tifying the lower surface of the vein tunica adventitia on an
ultrasound image. A location corresponding to inner surface
of the lumen of the vein is optionally identified by identifying
the interface of the vein tunica intima with the vein lumen.

In another aspect, portions of the vein wall can also be
traced prior to determination of vein wall thickness. For
example, the thickness of the vein wall can be measured by
tracing at least a portion of the lower surface of the tunica
adventitia and at least a portion of the tunica intimia. Once
traced, the distance between any two points on the opposed
tracings can be determined that indicate the wall thickness.
An average distance between the tracings can be determined
to indicate an average wall thickness, and/or the area between
the traced wall portions can be determined. The selection of
any portion on the ultrasound images, the tracing functions,
and the measurement functions are common features of ultra-
sound imaging systems. These features can be automated,
semi-automated or can be accomplished by a user of an ultra-
sound system.

Optionally, a minimal vein wall thickness and a maximal
vein wall thickness at the initial and subsequent time can be
determined. An initial minimal wall thickness measurement
can be compared to a subsequent minimal wall thickness
measurement to determine if the wall has thickened, or if a
fistula is maturing or mature. In a further aspect, an initial
maximal wall thickness measurement can also be compared
to a subsequent wall thickness measurement.

It is contemplated that with all the methods of measuring
the thickness of one or more vein walls and/or determining
the maturity or maturation processes of a fistula, the same
general anatomical location of the fistula or vein can be
imaged. For example, markings canbe placed on the subject’s
skin or within the subject’s tissue indicating where an ultra-
sound probe should be placed to image the same or same
general area of the fistula or vein.

Another exemplary embodiment of a method of detecting a
thickened vein wall located in a subject comprises determin-
ing a wall thickness of the vein using a high frequency ultra-
sound imaging system and comparing the determined wall
thickness to a control wall thickness value. As one would
appreciate, a larger determined wall thickness as compared to
the control wall thickness value indicates a thickened vein
wall. Further, if the vein is part of a fistula, a determination
that the wall is thickened can indicate that the fistula is matur-
ing or that the fistula is mature.

As used herein, “thickening” or “increased thickness” or
“maturing fistula” can mean an increase in the thickness of a
vein wall as compared to a control value. A control value can
be from the same subject or can be from a different subject.
Thus, a “control” can comprise either a vein wall thickness
measurement obtained from a control subject (e.g., for
example and not meant to be limiting, from the same subject
before fistula formation, or at a time after fistula formation but
prior to the non-control measurement, or from a second sub-
ject without a fistula or after fistula formation but at a prior
time measured from the date of fistula formation as compared
to the time from fistula formation for the non-control mea-
surement) or can comprise a known standard. For example, a
standard vein wall thickness can be established for different
times subsequent to fistula formation in a subject.

In one aspect, the described methods can detect an increase
in wall thickness regardless of the cause of wall thickening.
For example, an increase in wall thickness can be correlated
with muscular hypertrophy in a vein located in a subject.
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One exemplary method for detecting thickened vein wall
located in a subject or for monitoring the maturation of a
fistula comprising a vein is shown in FIG. 1. The exemplary
method 100 comprises creating an image of the vein using a
high frequency ultrasound imaging system as shown in block
102. A location on the image corresponding to the outer wall
of the vein and a location corresponding to inner surface of
the lumen of the vein are identified. The distance between the
locations can be determined as shown in block 104. The
distance between the locations can correspond to a thickness
of the wall of the vein. The determined wall thickness deter-
mined can be compared to a control wall thickness value as
shown in block 106.

A larger determined wall thickness as compared to the
control wall thickness value can indicate a thickened vein
wall or maturing fistula as shown in block 110. If the vein wall
thickness is equal to or less than the control value, the fistula
is determined to not be mature and the process can be repeated
as shown in block 108.

Another exemplary method of detecting a thickened vein
wall located in a subject or a maturing fistula comprising a
vein is shown in FIG. 2. The method can comprise creating a
first image at time (t) of the vein using a high frequency
ultrasound imaging system as shown in block 202. A location
on the first image corresponding to the outer wall of the vein
and a location corresponding to inner surface of the lumen of
the vein can be identified. The distance between the locations
can be determined or measured as shown in block 204. The
distance between the locations can correspond to a first thick-
ness of the wall of the vein. A second image of the vein can
also be created using a high frequency ultrasound imaging
system as shown in block 206 at time (t+n) as shown in block
208. A location on the second image corresponding to the
outer wall of the vein and a location corresponding to inner
surface of the lumen of the vein can be identified. The dis-
tance between the locations identified on the second image
can be determined to measure the wall thickness at time (t+n).
The distance between the locations on the second image can
correspond to a second thickness of the wall of the vein at a
subsequent time. The determined first wall thickness can be
compared to the determined second wall thickness as shown
in block 210. A larger second determined wall thickness as
compared to the first determined wall thickness indicates a
thickened vein wall or a maturing fistula as shown in block
214. Ifthe wall thickness taken at time (t+n) is equal to or less
than the wall thickness at time (t) then the fistula is not
maturing as shown in block 212. The process can be repeated
by taking a subsequent image and repeating the measurement
a comparison steps.

Ithas been demonstrated that blood vessels typically main-
tain their original level of wall shear stress. Outflow vein
dilatation following AV fistula creation is governed in part by
a process of wall shear stress homeostasis. For Poiseuille
Flow (steady laminar flow in a cylindrical vessel), wall shear
stress .tau. is given by:

tav.=4mu. Q .pi. R 3 #EQUO00O1##

where .mu. is viscosity, Q is volumetric flow rate and R is
the radius of the vessel. Using this relationship, wall shear
stress is directly proportional to volumetric flow rate and
inversely related to the third power of the vessel radius. Con-
sequently, if the creation of an arteriovenous fistula increases
the volumetric flow in the outflow vein by a factor of X, the
radius of the vessel increases generally by a factor of
X.sup.1/3 in order to maintain the same level of wall shear
stress. Hoop stress, circumferential vessel wall stress, or
stress values are expressed herein in units of Newtons per
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square meter (N/m.sup.2). These terms are used synony-
mously throughout unless the context dictates otherwise.

The walls of blood vessels are made up of lamellar units,
which are circumferentially oriented musculo-elastic fas-
cicles of uniform size that are aligned in the direction of
tensile stress. Each lamellar unit supports approximately the
same level of tensile stress. Thus, if the tensile stress in the
vessel increases, the number of lamellar units increases pro-
portionally. This effectively creates a mechanism which
maintains a constant level of intramural stress (intramural
stress homeostasis). Thus, by application of Laplace’s Law,
the circumferential (hoop) stress .sigma. in a cylindrical ves-
sel can be approximated by:

.sigma.=P R h #EQUO00024##

where P is the pressure, R is the vessel radius and h is the
wall thickness. Intramural stress is therefore directly propor-
tional to the pressure-radius product and inversely propor-
tional to the wall thickness. Consequently, if the pressure-
radius product increases by a factor of X, the thickness of the
vessel should also increase generally by a factor of X in order
to maintain the same level of intramural stress.

Referring now to the embodiment of the present invention
illustrated in FIG. 3, further provided herein is a method of
detecting a mature arterio-venous fistula comprising a vein,
wherein the method comprises determining blood pressure in
the subject, as shown in block 301, determining wall thick-
ness of the vein as shown in block 304, and determining a
lumen diameter of the vein as shown in block 306 using a high
frequency ultrasound imaging system. Blood pressure can be
determined by methods known to those skilled in the art. One
skilled in the art will readily appreciate that the determined
lumen diameter can be used to determine the lumen radius.
The determined blood pressure, wall thickness, and lumen
radius can be used to determine a circumferential vessel wall
stress value .sigma. as shown in block 308. The determined
wall stress can be compared to a threshold stress value as
shown in block 310. A non-mature arterio-venous fistula is
indicated when the determined wall stress is greater than a
threshold stress as shown in block 312. A mature arterio-
venous fistula is indicated when the determined wall stress is
less than or equal to a threshold stress as shown in block 314.

Table 1 shows exemplary calculations of hoop stress (cit-
cumferential wall stress) based on exemplary calculations of
blood pressure, wall thickness and vessel radius (or diam-
eter).

TABLE 1

15

20

25

40

8

values for determining maturation of a fistula as described
herein. The determined hoop stress value can be determined
for a vessel of a fistula wherein the vessel has any variety of
wall thickness and radius (or diameter) characteristics and
wherein the subject has any blood pressure value given the
equations and description provided herein. Such determined
values can be compared to the exemplary threshold hoop
stress values or values therebetween provided in Table 1.

In some aspects, a determined hoop stress of between about
2.80E+05 and about 7.00E+04 or less can be used to indicate
a mature fistula. Thus, if a determined circumferential stress
value is greater than a threshold value of 2.80E+05 then it can
be determined that the fistula is not mature. If a determined
circumferential stress value is less than or equal to a threshold
value of 2.80E+05 then it can be determined that the fistula is
mature. In other aspects, a hoop stress of between about
1.40E+05 and 7.00E+04 or less can be used to indicate a
mature fistula. Thus, if a determined circumferential stress
value is greater than a threshold value of 1.40E+05 then it can
be determined that the fistula is not mature. If a determined
circumferential stress value is less than or equal to a threshold
value of 1.40E+05 then it can be determined that the fistula is
mature. In other aspects, a hoop stress of less than about
7.00E+04 can be used to indicate a mature fistula. Thus, ifa
determined circumferential stress value is greater than a
threshold value of 7.00E+04 then it can be determined that the
fistula is not mature. If a determined circumferential stress
value is less than or equal to a threshold value of 7.00E+04
then it can be determined that the fistula is mature.

In some aspects a determined circumferential vessel stress
value can be compared to a predetermined threshold stress
value. If the determined circumferential vessel stress is less
than or equal to the predetermined threshold stress value then
it can be determine that the fistula is mature. If the determined
circumferential vessel stress value is greater than the prede-
termined threshold stress then it can be determined that the
fistula is not mature. In these exemplary aspects the predeter-
mined stress value can be between about 7.00E+04 to 2.80E+
05. In other exemplary aspects, the predetermined stress
value can be between about 7.00E+04 to 1.40E+05. In other
exemplary aspects, the predetermined stress can be less than
or equal to about 7.00E+04.

In addition to determining whether an arterio-venous fis-
tula is mature, the methods discussed herein can also be used
to determine whether an arterio-venous fistula is maturing.

TABLE-US-00001 wall thickness MAP .times. radius .times. hoop

stress diameter is (mm) mmHg (mm) CF/N/m2 (cm) 5.54E-02 93 1.25 133.322

2.80E+05 0.25 9.74E-02 93 2.2 133.322 2.80E+05 0.44 1.11E-01 93 1.25 133.322
1.40E+05 0.25 1.95E-01 93 2.2 133.322 1.40E+05 0.44 2.21E-01 93 1.25 133.322

7.00E+04 0.25 3.90E-01 93 2.2 133.322 7.00E+04 0.44 6.73E-02 113 1.25 133.322
2.80E+405 0.25 1.18E-01 113 2.2 133.322 2.80E+05 0.44 1.35E-01 113 1.25 133.322
140E+05 0.25 2.37E-01 113 2.2 133.322 1.40E+05 0.44 2.69E-01 113 1.25 133.322
7.00E+04 0.25 4.73E-01 113 2.2 133.322 7.00E+04 0.44 7.50E-02 126 1.25 133.322
2.80E+05 0.25 1.32E-01 126 2.2 133.322 2.80E+05 0.44 1.50E-01 126 1.25 133.322
1.40E+05 0.25 2.64E-01 126 2.2 133.322 1.40E+05 0.44 3.00E-01 126 1.25 133.322
7.00E+04 0.25 5.28E-01 126 2.2 133.322 7.00E+04 0.44 CF = conversion factor to
harmonize the units vessel diameter range .25-.44 ¢m hoop stress range 0.7-2.8E5N/m2

pressure range 93-126 mmHg wall thickness range 5.534F-2 to 5.28E-1

Table 1 canbe used to determine exemplary threshold hoop
stress values for use in the described methods. The values in
Table 1 for wall thickness, vessel radius (or diameter) and

Accordingly, a method of detecting a maturing arterio-venous
fistula comprising a vein can comprise determining blood
pressure in the subject, wall thickness of the vein, and a lumen

blood pressure are not intended to be limiting. These numbers 65 diameter of the vein using a high frequency ultrasound imag-

are exemplary and are provided to demonstrate a range of
threshold hoop stress values for comparison to determined

ing system. One skilled in the art will readily appreciate that
the determined lumen diameter can be used to determine the
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lumen radius. The determined blood pressure, wall thickness,
and lumen radius can be used to determine circumferential
vessel wall stress. A maturing arterio-venous fistula is indi-
cated when the determined wall stress is less than or equal to
a threshold stress, and a non-maturing arterio-venous fistula
is indicated when the determined wall stress is greater than a
threshold stress.

Also provided herein is a method for monitoring the matu-
ration of an arterio-venous fistula in a subject wherein the
fistula defines a lumen. The method can comprise determin-
ing both the vein wall thickness and vein lumen diameter of
the fistula using a high frequency ultrasound imaging system.
The ratio of vein wall thickness and vein lumen diameter can
be compared to a predetermined threshold value, wherein a
determined ratio greater than the threshold value indicates a
mature arterio-venous fistula. As shown, for example, in
Table 1 vein wall thickness and radius (or diameter) can vary.
The predetermined threshold value can be determined by
determining the ratio at which the fistula fails.

‘When measuring the maturity level of a fistula using any of
the disclosed methods, the methods can further comprise
measuring the blood flow velocity associated with the fistula.
Blood flow velocity can be used to estimate the blood pres-
sure within a fistula.

Optionally, the velocity of blood flow can be measured
upstream from the fistula, downstream from the fistula, and/or
within the fistula. Known methods of ultrasonic blood flow
velocity measurement can be used. For example, Doppler
ultrasound imaging methods and modes can be used to mea-
sure the velocity of blood flow associated with a fistula. The
velocity can be analyzed along with the measurements on
vein wall thickness to determine the maturity of the fistula or
whether the fistula is maturing. The Doppler measurements
can be taken with the same high frequency ultrasound system
used to produce the vein wall thickness measurements. Alter-
natively, a separate, high or clinical frequency ultrasound
system could be used to produce blood flow velocity mea-
surements.

Also in conjunction with the methods of measuring vein
wall thickness, an ultrasound contrast agent can be delivered
to the lumen of the fistula and imaging the fistula comprising
ultrasound contrast agent can be performed. Images of the
fistula comprising contrast agent can be used with the mea-
surements of wall thickness and/or blood flow velocity to
determine the maturity of the fistula or whether the fistula is
maturing.

A contrast agent for use in the disclosed methods can
comprise a thin flexible or rigid shell composed of albumin,
lipid or polymer confining a gas such as nitrogen or a pet-
flurocarbon. Other examples of representative gases include
air, oxygen, carbon dioxide, hydrogen, nitrous oxide, inert
gases, sulfur fluorides, hydrocarbons, and halogenated
hydrocarbons, perfluorobutane, perfluoropropane, and sulfur
hexafluoride. Liposomes or other microbubbles can also be
designed to encapsulate gas or a substance capable of forming
gas.

Administration of contrast imaging agents can be carried
out in various fashions using a variety of dosage forms. One
preferred route of administration is intravascularly. For intra-
vascular use, the contrast agent can be injected intravenously,
but can be injected intra-arterially as well. The useful dosage
to be administered and the mode of administration can vary
depending upon the age and weight of the subject, and on the
particular diagnostic application intended. In one aspect, a
dosage can be initiated at lower levels and increased until the
desired contrast enhancement is achieved. A contrast agent
can be administered in the form of an aqueous suspension
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suich as in water or a saline solution (e.g., phosphate buffered
saline). In this aspect, the water can be sterile and the saline
solution can be a hypertonic saline solution (e.g., about 0.3 to
about 0.5% NaCl), although, if desired, the saline solution
can be isotonic. Optionally, the solution also can be buffered,
if desired, to provide a pH range of pH 6.8 to pH 7.4. In
addition, dextrose can be included in the media.

Further provided is a method comprising measuring the
thickness of the vein wall at multiple locations and determin-
ing alevel of statistical variation in thickness along a length of
the vein. Measured statistical variation can be used to deter-
mine the maturity of a fistula or whether a fistula is maturing.
For example, a lower level of statistical variation in the thick-
ness of the vein as compared to the level of statistical variation
in the thickness of the vein calculated at a prior time can
indicate a maturing fistula and/or a mature fistula.

An exemplary ultrasound system can comprise software
for producing an ultrasound image, for taking wall measure-
ments, for comparing wall measurements, and for analyzing
blood flow velocity. Such software can comprise an ordered
listing of executable instructions for implementing logical
functions, and can be embodied in any computer-readable
medium for use by or in connection with an instruction execu-
tion system, apparatus, or device, such as a computer-based
system, processor-containing system, or other system that
can fetch the instructions from the instruction execution sys-
tem, apparatus, or device and execute the instructions.

For example, the control value can be stored in the ultra-
sound system in a computer readable code or medium or can
be similarly stored in a separate computational device. Sof-
ware of the ultrasound system or computational device can
compare the measured wall thickness to a control value and
can determine whether wall thickening, fistula maturation, or
a mature fistula is present. Thus, the system can comprise
computer readable code and a processor for determining a
vein wall thickness from the image captured at an initial time
and from the image captured at a subsequent time. The system
can also comprise computer readable code and a processor for
comparing the initial wall thickness determined from an ini-
tial image to the subsequent wall thickness determined from
a subsequent image, wherein an increased subsequent wall
thickness as compared to the initial wall thickness indicates
wall thickening of the vein.

In the context of this document, a “computer-readable
medium” can be any means that can contain, store, commu-
nicate, propagate, or transport the program for use by or in
connection with the instruction execution system, apparatus,
or device. The computer readable medium can be, for
example but not limited to, an electronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system, appara-
tus, device, or propagation medium. More specific examples
(a non-exhaustive list) of the computer-readable medium
would include the following: an electrical connection (elec-
tronic) having one or more wires, a portable computer dis-
kette (magnetic), a random access memory (RAM), a read-
only memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory) (magnetic), an optical
fiber (optical), and a portable compact disc read-only memory
(CDROM) (optical). Note that the computer-readable
medium could even be paper or another suitable medium
upon which the program is printed, as the program can be
electronically captured, via for instance optical scanning of
the paper or other medium, then compiled, interpreted or
otherwise processed in a suitable manner if necessary, and
then stored in a computer memory.

An exemplary imaging system can include memory.
Memory can include the image data obtained by an ultra-
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sound system. A computer readable storage medium can be
coupled to the processor for providing instructions to the
processor to instruct and/or configure processor to perform
steps or algorithms related to the operation of the ultrasound
system, including algorithms related to the measurement ofa
vein wall or to analysis of blood flow velocity.

The computer readable medium can include hardware and/
or software such as, by way of example only, magnetic disks,
magnetic tape, optically readable medium such as a CD
ROM, and semiconductor memory such as a PCMCIA card.
In each case, the medium may take the form of a portable item
such as a small disk, floppy diskette, cassette, or it may take
the form of a relatively large or immobile item such as hard
disk drive, solid state memory card, or RAM provided in the
support system. It should be noted that the above listed
example mediums can be used either alone or in combination.

EXAMPLES

The following examples are put forth so as to provide those
of ordinary skill in the art with a complete disclosure and
description of how the compositions, articles, devices, sys-
tems, and/or methods claimed herein are made and evaluated,
and are intended to be purely exemplary and are not intended
to limit the scope of compositions, compositions, articles,
devices, systems, and/or methods. Efforts have been made to
ensure accuracy with respect to numbers (e.g., amounts, tem-
perature, etc.), but some errors and deviations should be
accounted for. Unless indicated otherwise, parts are parts by
weight, temperature is in .degree. C. or is at ambient tempera-
ture, and pressure is at or near atmospheric.

Example 1

An exemplary process 400 for analyzing an arterio-venous
fistula is shown in F1G. 4. A fistula is longitudinally scanned
from the left side and an approximate length is recorded as
shown in blocks 402, 404 and 406 respectively. The ultra-
sound beam is directed perpendicular to the near wall. The
minimal luminal diameter and maximal luminal diameter is
obtained as shown in block 408. Blood velocity is measured
by pulsed Doppler upstream from AVF (arterial end) as
shown in block 410. Blood velocity is measured by pulsed
Doppler downstream from AVF (venous end) as shown in
block 412. Blood velocity is measured by pulsed Doppler
within the AVF as shown in block 414. The maximal wall
thickness of AVF is measured and the minimal wall thickness
of AVF is measured as shown in block 416. Collateral veins
within approximately 3.0 cm from the anastomosis are iden-
tified as shown in block 418. The process steps can be
repeated with an image created from the right side of the
fistula as shown in block 420. Ultrasound contrast agent for
AVF luminal enhancement and targeted ultrasound contrast
agent targeted to a clot antigen can be used to better delineate
AVFT stenosis or AVF failure and the causes thereof can be
injected as shown in block 422. The analysis shown in block
424 can comprise determining if the fistula is maturing, is
mature or if a wall of the vein in the fistula has thickened.

Example 2

A second exemplary process 500 for analyzing an arterio-
venous fistula is shown in FIG. 5. A longitudinal ultrasound
image of the AVF is captured from the left side as shown in
blocks 502, 504, and 506. Measurements from the images on
the left side views of the AVF are performed. On the near wall
of the AVF a caliper is placed on the bottom of the adventitia
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(the bottom of the first bright reflection line) and the interface
is traced for a 5-7 mm length segment as shown in block 508
and in FIG. 6. A second caliper s placed at the interface where
the intima/media meets the lumen (the bottom of the second
bright reflection line) and this interface is traced for the same
5-7 mm length as shown in block 518 and in FIG. 6. On the far
wall of the AVF a third caliper is placed at the interface where
the lumen meets the intima/media (the top the first bright
reflection line) and this segment is traced for the same 5-7 mm
length as shown in block 512 and in FIG. 6. A fourth caliper
is placed at the interface where the intima/media meets the
adventitia (top of the second bright reflection line) and this
interface is traced for the same 5-7 mm length as shown in
block 512 and in FIG. 6. The placing of the calipers and
measurements can be repeated on the image taken of the right
side ofthe AVF as shown in block 514. The measurements can
be repeated at multiple positions along the fistula as shown in
FIG. 7. For example, as shown in FIG. 7, the adventitia-
intima/media interface can be identified at point 2 and the
intima/media-lumen interface can be identified at point 3 both
on the near wall. Similarly, on the far wall, the lumen-intima/
media interface can be identified at point 4 and the intima/
media-adventitia interface can be identified at point 5. The
thickness of the near wall can be determined by measuring the
distance between points 2 and 3, and the thickness of the far
wall can be determined by measuring the distance between
points 4 and 5. The measurements can be evaluated to deter-
mine if the fistula is maturing or if the fistula is mature. If the
fistula is mature, the vein can be accessed for dialysis. If the
fistula is not mature, the process steps can be repeated after a
period of time has passed to allow for further maturation.

The preceding description of the invention is provided as
an enabling teaching of the invention in its best, currently
known embodiment. To this end, those skilled in the relevant
art will recognize and appreciate that many changes can be
made to the various aspects of the invention described herein,
while still obtaining the beneficial results of the present
invention. It will also be apparent that some of the desired
benefits of the present invention can be obtained by selecting
some of the features of the present invention without utilizing
other features. The corresponding structures, materials, acts,
and equivalents of all means or step plus function elements in
the claims below are intended to include any structure, mate-
rial, or acts for performing the functions in combination with
other claimed elements as specifically claimed.

Unless otherwise expressly stated, it is in no way intended
that any method set forth herein be construed as requiring that
its steps be performed in a specific order. Accordingly, where
a method claim does not actually recite an order to be fol-
lowed by its steps or it is not otherwise specifically stated in
the claims or descriptions that the steps are to be limited to a
specific order, it is no way intended that an order be inferred,
in any respect. This holds for any possible non-express basis
for interpretation, including: matters of logic with respect to
arrangement of steps or operational flow; plain meaning
derived from grammatical organization or punctuation; and
the number or type of embodiments described in the specifi-
cation. The blocks in the flow charts described above can be
executed in the order shown, out of the order shown, or
substantially in parallel.

Accordingly, those who work in the art will recognize that
many modifications and adaptations to the present invention
are possible and can even be desirable in certain circum-
stances and are a part of the present invention. Other embodi-
ments of the invention will be apparent to those skilled in the
art from consideration of the specification and practice of the
invention disclosed herein. Thus, the preceding description is
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provided as illustrative of the principles of the present inven-
tion and not in limitation thereof. It is intended that the speci-
fication and examples be considered as exemplary only, with
atrue scope and spirit of the invention being indicated by the
following claims.

The invention claimed is:

1. A system configured to determine a maturation level of
an arterio-venous fistula in a subject, the arterio-venous fis-
tula defining a lumen, the system comprising:

an ultrasound transducer configured to operate at a center

frequency of 20 MHz or higher, wherein the ultrasound
transducer is configured to receive ultrasound echoes
from the subject;

amemory coupled to the transducer, wherein the memory

is configured to store instructions and ultrasound data
corresponding to the ultrasound echoes received by the
ultrasound transducer;

aprocessor coupled to the memory, wherein the processor

is configured to execute instructions stored on the

memory including instructions to—

produce an ultrasound image using the ultrasound data,

determine a wall thickness of an arterio-venous fistula in
the ultrasound image,

determine a diameter of a lumen defined by the arterio-
venous fistula,

determine a circumferential stress of the arterio-venous
fistula based on at least one of the wall thickness, the
diameter of the lumen, and a blood pressure of the
subject, and

compare the circumferential stress to a predetermined
threshold to determine the maturation level of the
arterio-venous fistula; and

a display coupled to the processor, wherein the display is

configured to output a notification to an operator that the
arterio-venous fistula is mature based on the maturation
level of the arterio-venous fistula.

2. The system of claim 1 wherein the instructions include
instructions to output a notification to an operator that the
arterio-venous fistula is not mature if the circumferential
stress is greater than the predetermined threshold.

3. The system of claim 1 wherein the predetermined thresh-
old is between about 7.00E+04 to 2.80E+05 N/m>.

4. The system of claim 1 wherein the predetermined thresh-
old is between about 7.00E+04 to 1.40E+05 N/m®.

5. The system of claim 1 wherein the predetermined thresh-
old is less than or equal to about 7.00E+04 N/m>.

6. The system of claim 1 wherein the instructions include
instructions to analyze the ultrasound data to determine a
velocity of a blood flow associated with the arterio-venous
fistula.

7. The system of claim 6 wherein the instructions include
instructions to estimate the blood pressure based on the deter-
mined velocity of the blood flow associated with the arterio-
venous fistula.

8. The system of claim 1 wherein the center frequency of
the ultrasound transducer is greater than 30 MHz.

9. The system of claim 1 wherein the center frequency of
the ultrasound transducer is greater than 30 MHz and less than
or equal to 70 MHz.

10. A method for operating an ultrasound system to deter-
mine a maturation level of an arterio-venous fistula in a sub-
ject, the arterio-venous fistula defining a lumen, the method
comprising:

transmitting ultrasound pulses into the subject from a

transducer coupled to the ultrasound system, wherein
the transducer is configured to operate at a center fre-
quency of 20 MHz or higher;
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receiving ultrasound echoes at the transducer;

determining a wall thickness and a diameter or radius of the

arterio-venous fistula using data acquired from the ultra-
sound echoes received at the transducer;
calculating a circumferential stress based on the wall thick-
ness and the diameter or radius of the lumen;

comparing the circumferential stress to a predetermined
threshold to determine the maturation level of the arte-
rio-venous fistula; and

producing a notification whether the arterio-venous fistula

is mature based on the maturation level of the arterio-
venous fistula.

11. The method of claim 10, further comprising receiving
a blood pressure of the subject, wherein determining the
circumferential stress comprises determining the circumfer-
ential stress of the arterio-venous fistula from the wall thick-
ness, the diameter or radius of the lumen, and the blood
pressure.

12. The method of claim 10, further comprising construct-
ing an ultrasound image of the arterio-venous fistula using the
acquired data.

13. The method of claim 12 wherein determining the wall
thickness of the arterio-venous fistula includes calculating a
first distance between a first point in the image corresponding
to afirst location on an outer wall of the arterio-venous fistula
and a second point in the image corresponding to a second
location on an inner surface of the lumen.

14. The method of claim 12 wherein determining the diam-
eter or radius of the lumen of the arterio-venous fistula
includes calculating a second distance between third and
fourth points in the ultrasound image corresponding to third
and fourth locations, respectively, on an inner surface of the
lumen, wherein the third point is diametrically opposed to the
fourth point.

15. The method of claim 10 wherein the predetermined
threshold is between about 7.00E+04 to 2.80E+05 N/m>,

16. The method of claim 10 wherein the predetermined
threshold is less than or equal to about 7.00E+04 N/m®.

17. A method of operating an ultrasound imaging system to
determine a maturation level of an arterio-venous fistula in a
subject, the arterio-venous fistula having a first end, a second
end, and a longitudinal axis, the method comprising:

transmitting ultrasound pulses into the subject from a

transducer coupled to the ultrasound imaging system,
wherein the transducer is configured to operate at a
center frequency of 20 MHz or higher;
receiving ultrasound echoes at the transducer, wherein the
transmitting and receiving begins at the first end of the
arterio-venous fistula, and wherein the transmitting
receiving are repeated at incremental steps a predeter-
mined first distance along the arterio-venous fistula in a
first direction generally parallel to the longitudinal axis
of the arterio-venous fistula;
constructing an ultrasound image of the arterio-venous
fistulain the subject using ultrasound data acquired from
the ultrasound echoes received at the transducer;

identifying a first wall and a second wall of the arterio-
venous fistula in the ultrasound image using the ultra-
sound imaging system;

calculating a first thickness of the first wall and a second

thickness of the second wall using the ultrasound imag-
ing system,;

determining the maturation level of the arterio-venous fis-

tula based on the calculated first and second thicknesses;
and

producing an output corresponding to the maturation level

of the arterio-venous fistula.
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18. The method of claim 17 wherein identifying the first
wall and the second wall includes tracing segments in the
ultrasound image along a first adventitia-intima/media inter-
face and a first intima/media-lumen interface of the first wall,
and tracing segments in the ultrasound image along a second
adventitia-intima/media interface and a second intima/me-
dia-lumen interface of the second wall.

19. The method of claim 18 wherein the first thickness
generally corresponds to a thickness of a intima/media of the
first wall and the second thickness generally corresponds to a
thickness of a intima/media in the second wall.

20. The method of claim 18 wherein the segments have a
length between five and seven millimeters.

21. The method of claim 17, further comprising repeating
the transmitting and receiving from the second end of the
arterio-venous fistula in incremental steps a second predeter-
mined distance along the arterio-venous fistula in a second
direction opposite the first direction.

22. The method of claim 17 wherein the producing the
output further comprises notifying an operator that the arte-
rio-venous fistula can be accessed for dialysis.

23. An ultrasound imaging system configured to determine
amaturation level of an arterio-venous fistulain a subject, the
system comprising:

an ultrasound transducer configured to operate at a center

frequency of 20 MHz or higher, wherein the ultrasound
transducer is configured to transmit ultrasound pulses
into the subject and to receive ultrasound data from the
subject at one or more locations along the arterio-venous
fistula;

amemory coupled to the transducer, wherein the memory

is configured to store instructions and ultrasound data
from the transducer;

a processor coupled to the memory, wherein the processor

is configured to execute instructions stored on the
memory including instructions to:
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produce an ultrasound image using the ultrasound data;

identify a first wall of the arterio-venous fistula using the
ultrasound imaging system, wherein the first wall
includes a first adventitia-intima/media interface and
a first intima/media-lumen interface;

identify a second wall of the arterio-venous fistula using
the ultrasound imaging system, wherein the second
wall includes a second adventitia-intima/media inter-
face and a second intima/media-lumen interface;

trace a first segment in the ultrasound image along the
first adventitia-intima/media interface of the first
wall;

trace a second segment in the ultrasound image along the
first intima/media-lumen interface of the first wall;

trace a third segment in the ultrasound image along the
second adventitia-intima/media interface of the sec-
ond wall;

trace a fourth segment in the ultrasound image along the
second intima/media-lumen interface of the second
wall;

calculate a distance between the first and the second
segments using the ultrasound imaging system to
determine a first thickness of the first wall;

calculate a distance between the third and the fourth
segments using the ultrasound imaging system to
determine a second thickness of the second wall; and

determine the maturation level of the arterio-venous fis-
tula based on the calculated first and second thick-
nesses; and

adisplay coupled to the processor, wherein the instructions

further include instructions to output a notification to an

operator via the display whether the arterio-venous fis-

tula is maturing based on the determined maturation

level of the arterio-venous fistula.

L S S T



TRAFROE) BAE R EREKE
NIF(2E)E US9232930
RS US14/023383

[FRIEE (ZE R A(E)  FUJIFILM VISUALSONICS

B (TR AGE) FUJIFILM VISUALSONICS , INC.

HABRBEANAE) STREER

[#RI &8 A DONNELLY SANDRA
MURADALI DEREK

REAA DONNELLY, SANDRA
MURADALI, DEREK

IPCH %S

CPCH¥%(=
A61B8/4483 A61B5/02 A61B8/461 A61M1/3655

R 5 60/810246 2006-06-02 US

H AT 3Rk US20140018678A1

SAEBEE Espacenet USPTO

BEF)

RUTATRNSERKN KA BIEN S EZNRLS. ROMTEE
EEASMEFRBRSBERENEEENEERRNERER, B

EXHAENME, REVENME  EENRENMNEHEE

[ERES: ok

EXEWEROMEREN . FHENEC M) SHEREND#

TR, MBEEERE R,

!

patsnap

2016-01-12

2013-09-10

A61B8/04 A61B8/00 A61B8/14 A61B8/08 A61B5/107 A61B8/06 A61B5/02 A61M1/36

e —
[

e

lI

e

E="—1
[~
-l_—l=-

G
|

b
BT

) l"om el

A61B8/5207 A61B8/5223 A61B8/04 A61B5/02007 A61B5/1075 A61B8/06 A61B8/0858 A61B8/14

il

_—

Wil
W



https://share-analytics.zhihuiya.com/view/125a7f33-bc05-41e5-9c5f-c08efb434c08
https://worldwide.espacenet.com/patent/search/family/038801000/publication/US9232930B2?q=US9232930B2
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9232930.PN.&OS=PN/9232930&RS=PN/9232930

