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ULTRASONIC EVALUATION OF VENOUS
STRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 12/303,137, filed Jan. 28,2010, now U.S.
Pat. No. 8,529,452, which claims the benefit of U.S. Provi-
sional Application No. 60/810,246 filed Tun. 2, 2006, which is
incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] The need for access to the circulation is paramount
for delivery of renal replacement therapy (RRT) by hemodi-
alysis. The use of a native arterio-venous (AV) fistula pro-
vides access with the fewest complications of thrombosis,
infection and hospitalization. The creation ofthe 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

[0003] Provided are methods and systems for detecting a
maturing or mature arterio-venous fistula comprising a vein.
Also provided are methods and systems for detecting the
thickening of a vein wall.

[0004] Other apparatus, methods, aspects and advantages
of the invention will be discussed with reference to the Fig-
ures and to the detailed description of the preferred embodi-
ments.

BRIEF DESCRIPTION OF THE FIGURES

[0005] The accompanying drawings, which are incorpo-
rated in and constitute a part of this specification, illustrate
several aspects described below and together with the
description, serve to explain the principles of the invention.
[0006] FIG.11isablock flow diagram illustrating an exem-
plary method of detecting a maturing AV fistula in a subject.
[0007] FIG. 2 is a block flow diagram illustrating an exem-
plary method of detecting a maturing AV fistula in a subject.
[0008] FIG. 3 isablock flow diagram illustrating an exem-
plary method of detecting a maturing or mature AV fistula in
a subject.

[0009] FIG. 41s a block flow diagram illustrating an exem-
plary method of detecting a maturing AV fistula in a subject.
[0010] FIG. 51sablock flow diagram illustrating an exem-
plary method of detecting a maturing AV fistula in a subject.
[0011] FIG. 6 is a longitudinal ultrasonic image of a fistula
comprising a vein.

[0012] FIG. 7 is a longitudinal ultrasonic image of a fistula
comprising a vein.

DETAILED DESCRIPTION OF THE INVENTION

[0013] The present invention can be understood more
readily by reference to the following detailed description,
examples, drawing, and claims, and their previous and fol-
lowing description. However, before the present devices, sys-
tems, and/or methods are disclosed and described, it is to be
understood that this invention is not limited to the specific
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devices, systems, and/or methods disclosed unless otherwise
specified, as such can, of course, vary. It is also to be under-
stood that the terminology used herein is for the purpose of
describing particular aspects only and is not intended to be
limiting.

[0014] The following description of the invention is pro-
vided 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. 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 circumstances and are a part of the present invention.
Thus, the following description is provided as illustrative of
the principles of the present invention and not in limitation
thereof.

[0015] 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 respi-
ration waveform” can include two or more such waveforms
unless the context indicates otherwise.

[0016] Rangescanbe expressed herein as from “about” one
particular 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.

[0017] 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.

[0018] 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.

[0019] By a “subject” is meant an individual. The term
subject includes small or laboratory animals as well as pri-
mates, including humans. A laboratory animal includes, but is
not limited to, a rodent such as a mouse or a rat. The term
laboratory 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
particular age 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 veteri-
nary patients.

[0020] Theuse of veins for the repeated puncture necessary
to perform hemodialysis on a patient requires vascular
remodeling such that the vessel dilates and the walls, particu-
larly 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

2 &



US 2014/0018678 A1l

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.

[0021] The methods described herein can be used to moni-
tor 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 deter-
mine if it is maturing or mature. For example, non-limiting
features that can be monitored or analyzed include, vein wall
thickness, vein lumen diameter, blood flow velocity, blood
pressure, and wall thickness consistency. These features can
beused 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.

[0022] Inoneaspect,the systems, methods and apparatuses
can track the maturation of an AV fistula using a high fre-
quency ultrasound imaging system. As used herein, high fre-
quency ultrasound refers to ultrasound of a sufficiently high
frequency 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.
[0023] Provided herein are methods and systems for detect-
ing a maturing arterio-venous fistula comprising a vein. An
exemplary method comprises determining an initial wall
thickness of the vein using a high frequency ultrasound imag-
ing system. 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 theinitial wall thickness indicates
a maturing arterio-venous fistula.

[0024] 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 indicate 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 thickness can indicate a mature arterio-venous
fistula or can indicate a maturing fistula.

[0025] In one aspect, the vein wall thickness can be deter-
mined 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 exem-
plary aspects, a longitudinal B-mode image can be taken
along the vein or a portion thereof. Optionally, the ultrasonic
image can also be a horizontal B-scan image showing a cross-
section of the vein. In another aspect, one or more longitudi-
nal or horizontal B-scan images can be taken of the vein.
[0026] 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. If horizontal 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 hori-
zontal image slices are taken, the thickness of the vein wall
can be measured at one or more location in one or more image
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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
longitudinal 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 thick-
ness can comprise measurements of the thickness of the near
and far wall.

[0027] 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, referred to as “A-Scans” or ultrasound “lines.”
Each pulse echo event requires a minimum time for the acous-
tic energy to propagate into the subject and to return to the
transducer. An image is 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 bedisplayed. 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 software instructions in a process called “scan
conversion,” or image construction, the ultrasound image
obtained is rendered so that a user viewing the display can
view the subject being imaged.

[0028] Ultrasound imaging systems can transmit pulsed
energy along a number of different directions, or ultrasonic
beams, and thereby receive diagnostic information as a func-
tion of both lateral directions across the body and axial dis-
tance into the body. This information can be displayed as two
dimensional, “B-scan” images. Such a two-dimensional pre-
sentation gives a planar view, or “slice” through the body and
shows the location and relative orientation of many features
and characteristics within the body.

[0029] 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 frequency sufficient to accurately resolve the thickness
of a vein wall. For example, a system with a center frequency
transmit of at least about 10 MHz to the highest practical
frequency can be 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 oper-
ating at 20 MHz or above can be used.

[0030] One such exemplary system is the VisualSonics™
(Toronto, Calif.) UBM system model VS40 VEVO™ 660.
Another exemplary system is the VisualSonics™ (Toronto,
Calif.) model VEVO™ 770.

[0031] Another such exemplary system can have the com-
ponents 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.

[0032] It is contemplated that any system capable of pro-
ducing an ultrasound image using a high frequency ultra-
sound can be used. Thus, the methods can be practiced using
a mechanically scanned ultrasound system that can translate
an ultrasound 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
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beam along the elements of the transducer. One skilled in the
art will readily appreciate that beams translated from either
type system can be used in the described methods, without
any limitation 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.

[0033] 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 mea-
sured and the distance between the two can indicate the thick-
ness 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 corresponding to inner surface of the lumen of the
vein can be identified. Optionally, a location of an ultrasound
image corresponding to the outer wall of the vein is identified
by identifying 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.

[0034] 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.

[0035] 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 mea-
surement can be compared to a subsequent minimal wall
thickness measurement to determine if the wall has thick-
ened, 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.

[0036] Itiscontemplated that with all the methods of mea-
suring the thickness of one or more vein walls and/or deter-
mining 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.

[0037] Another exemplary embodiment of a method of
detecting a thickened vein wall located in a subject comprises
determining a wall thickness of the vein using a high fre-
quency ultrasound imaging system and comparing the deter-
mined wall thickness to a control wall thickness value. As one
would appreciate, a larger determined wall thickness as com-
pared to the control wall thickness value indicates a thickened
vein wall. Further, if the vein is part of a fistula, a determina-
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tion that the wall is thickened can indicate that the fistula is
maturing or that the fistula is mature.

[0038] As used herein, “thickening” or “increased thick-
ness” or “maturing fistula” can mean an increase in the thick-
ness 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
asecond subject 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 measurement) or can comprise a known standard. For
example, astandard vein wall thickness can be established for
different times subsequent to fistula formation in a subject.
[0039] 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.

[0040] One exemplary method for detecting thickened vein
wall located in a subject or for monitoring the maturation ofa
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.

[0041] 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.

[0042] 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
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compared to the first determined wall thickness indicates a
thickened vein wall or a maturing fistula as shown in block
214. If'the 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.

[0043] It has been demonstrated that blood vessels typi-
cally maintain their original level of wall shear stress. Out-
flow 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:

tan=4.mu. Q .pi. R 3 ##EQUO0001##

[0044] 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.
Consequently, 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

Jan. 16,2014

method of detecting a mature arterio-venous fistula compris-
ing a vein, wherein the method comprises determining blood
pressure in the subject, as shown in block 301, determining
wall thickness of the vein as shown in block 304, and deter-
mining 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 thick-
ness, and lumen radius can be used to determine a circumfer-
ential 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 deter-
mined wall stress is less than or equal to a threshold stress as
shown in block 314.

[0048] Table 1 shows exemplary calculations ofhoop stress
(circumferential wall stress) based on exemplary calculations
of blood pressure, wall thickness and vessel radius (or diam-
eter).

TABLE 1

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

stress diameter is (mm) mmHg (mm) CF/N/m?2 (cm) 5.54E-0293 1.25 133.322
2.80E+05 0.259.74E-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+05 0.25 1.18E-01 113 2.2 133.322 2.80E+05 0.44 1.35E-01 113 1.25133.322
1.40E+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 473E-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 cm hoop stress range 0.7-2.8E5N/m2
pressure range 93-126 mmHg wall thickness range 5.54E-2 to 5.28E-1

stress. Hoop stress, circumferential vessel wall stress, or
stress values are expressed herein in units of Newtons per
square meter (N/m.sup.2). These terms are used synony-
mously throughout unless the context dictates otherwise.

[0045] The walls of blood vessels are made up of lamellar
units, which are circumferentially oriented musculo-elastic
fascicles 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 ##EQUO0002##

[0046] where P is the pressure, R is the vessel radius and h
is the wall thickness. Intramural stress is therefore directly
proportional to the pressure-radius product and inversely pro-
portional 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.

[0047] Referring now to the embodiment of the present
invention illustrated in FIG. 3, further provided herein is a

[0049] Table 1 can be used to determine exemplary thresh-
old hoop stress values for use in the described methods. The
values in Table 1 for wall thickness, vessel radius (or diam-
eter) and blood pressure are not intended to be limiting. These
numbers are exemplary and are provided to demonstrate a
range of threshold hoop stress values for comparison to deter-
mined 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) character-
istics 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 thresh-
old hoop stress values or values therebetween provided in
Table 1.

[0050] 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 cir-
cumferential 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
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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, if a 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.

[0051] Insome 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 predetermined threshold stress then it can be determined
that the fistula is not mature. In these exemplary aspects the
predetermined 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.

[0052] In addition to determining whether an arterio-
venous fistula is mature, the methods discussed herein can
also be used to determine whether an arterio-venous fistula is
maturing. Accordingly, a method of detecting a maturing
arterio-venous fistula comprising a vein can comprise detet-
mining blood pressure in the subject, wall thickness of the
vein, and a lumen diameter of the vein using a high frequency
ultrasound imaging system. 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
circumferential vessel wall stress. A maturing arterio-venous
fistulais indicated 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.

[0053]  Also provided herein is a method for monitoring the
maturation of an arterio-venous fistula in a subject wherein
the fistula defines a lumen. The method can comprise deter-
mining both the vein wall thickness and vein lumen diameter
of the fistula using a high frequency ultrasound imaging sys-
tem. 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.

[0054] When measuring the maturity level of a fistula using
any of the disclosed methods, the methods can further com-
prise measuring the blood flow velocity associated with the
fistula. Blood flow velocity can be used to estimate the blood
pressure within a fistula.

[0055] Optionally, the velocity of blood flow can be mea-
sured 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, Dop-
pler ultrasound imaging methods and modes can be used to
measure the velocity of blood flow associated with a fistula.
The velocity can be analyzed along with the measurements on
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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.

[0056] Also in conjunction with the methods of measuring
vein wall thickness, an ultrasound contrast agent can be deliv-
ered to the lumen of the fistula and imaging the fistula com-
prising ultrasound contrast agent can be performed. Images of
the fistula comprising contrast agent can be used with the
measurements of wall thickness and/or blood flow velocity to
determine the maturity of the fistula or whether the fistula is
maturing.

[0057] A contrast agent for use in the disclosed methods
can comprise a thin flexible or rigid shell composed of albu-
min, lipid or polymer confining a gas such as nitrogen or a
perflurocarbon. 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.

[0058] Administration of contrast imaging agents can be
carried out in various fashions using a variety of dosage
forms. One preferred route of administration is intravascu-
larly. For intravascular 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 adminis-
tration 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 aque-
ous suspension such 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.

[0059] Further provided is a method comprising measuring
the thickness of the vein wall at multiple locations and deter-
mining a level of statistical variation in thickness along a
length of the vein. Measured statistical variation can be used
to determine the maturity of a fistula or whether a fistula is
maturing. For example, a lower level of statistical variation in
the thickness 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.

[0060] Anexemplary ultrasound system can comprise soft-
ware for producing an ultrasound image, for taking wall mea-
surements, for comparing wall measurements, and for ana-
lyzing 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 instruc-
tion execution system, apparatus, or device, such as a com-
puter-based system, processor-containing system, or other
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system that can fetch the instructions from the instruction
execution system, apparatus, or device and execute the
instructions.

[0061] For example, the control value can be stored in the
ultrasound system in a computer readable code or medium or
can be similarly stored in a separate computational device.
Software of the ultrasound system or computational device
can compare the measured wall thickness to a control value
and can determine whether wall thickening, fistula matura-
tion, or a mature fistula is present. Thus, the system can
comprise computer readable code and a processor for deter-
mining 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 initial image to the subsequent wall thickness deter-
mined from a subsequent image, wherein an increased sub-
sequent wall thickness as compared to the initial wall thick-
ness indicates wall thickening of the vein.

[0062] In the context of this document, a “computer-read-
able medium” can be any means that can contain, store,
communicate, propagate, or transport the program for use by
or in connection with the instruction execution system, appa-
ratus, 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.

[0063] Anexemplary imaging system can include memory.
Memory can include the image data obtained by an ultra-
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.

[0064] The computer readable medium can include hard-
ware and/or software such as, by way of example only, mag-
netic 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

[0065] The following examples are put forth so as to pro-
vide those of ordinary skill in the art with a complete disclo-
sure and description of how the compositions, articles,
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devices, systems, 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, compo-
sitions, articles, devices, systems, and/or methods. Efforts
have been made to ensure accuracy with respect to numbers
(e.g., amounts, temperature, etc.), but some errors and devia-
tions should be accounted for. Unless indicated otherwise,
parts are parts by weight, temperature is in .degree. C. or is at
ambient temperature, and pressure is at or near atmospheric.

Example 1

[0066] An exemplary process 400 for analyzing an arterio-
venous fistula is shown in FIG. 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 ultrasound 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. Collat-
eral veins within approximately 3.0 cm from the anastomosis
are identified 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
AVF 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

[0067] A second exemplary process 500 for analyzing an
arterio-venous fistula is shown in FIG. 5. A longitudinal ultra-
sound 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 (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 is 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 of the 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 identi-
fied at point 2 and the intima/media-lumen interface can be
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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 iden-
tified at point 5. The thickness of the near wall can be deter-
mined 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 determine 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.

[0068] The preceding description of the invention is pro-
vided 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, mate-
rials, acts, and equivalents of all means or step plus function
elements in the claims below are intended to include any
structure, material, or acts for performing the functions in
combination with other claimed elements as specifically
claimed.

[0069] 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 followed 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 pos-
sible 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 specification. The blocks in the flow charts
described above can be executed in the order shown, out of the
order shown, or substantially in parallel.

[0070] Accordingly, those who work in the art will recog-
nize that many modifications and adaptations to the present
invention are possible and can even be desirable in certain
circumstances and are a part of the present invention. Other
embodiments 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 preced-
ing description is provided as illustrative of the principles of
the present invention and not in limitation thereof. It is
intended that the specification and examples be considered as
exemplary only, with a true scope and spirit of the invention
being indicated by the following claims.

1. A system for detecting a maturation of an arterio-venous
fistula in a subject, the fistula defining a lumen, the system
comprising:

a high frequency ultrasound transducer having a center
frequency of at least 10 MHz, wherein the transducer is
configured to receive ultrasound data from the subject;

a memory configured to store instructions and ultrasound
data from the transducer;

aprocessor configured to execute instructions stored on the
memory including instructions for—
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producing an ultrasound image using the ultrasound
data,

measuring a wall thickness of a fistula in the ultrasound
image,

measuring a diameter of a lumen defined by the fistula,

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

comparing the circumferential stress to a predetermined
threshold; and

a display configured to output a notification to an operator

that the fistula is mature.

2. The system of claim 1 wherein the instructions include
instructions for outputting a notification to an operator that
the 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 for analyzing the ultrasound data to determine a
velocity of a blood flow associated with the fistula.

7. The system of claim 6 wherein the instructions include
instructions for estimating the blood pressure based on the
determined velocity of the blood flow associated with the
fistula.

8. A method for operating an ultrasound system to detect
maturation of an arterio-venous fistula in a subject, the fistula
defining a lumen, comprising:

transmitting ultrasound pulses into the subject from a

transducer coupled to the ultrasound system;

receiving ultrasound echoes at the transducer;

determining a wall thickness and a diameter or radius of the

fistula using data acquired from the received ultrasound
echoes;

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; and

producing a notification that the fistula is mature based on

the comparison of the circumferential stress and the
predetermined threshold.

9. The method of claim 8, further comprising receiving a
blood pressure of the subject, wherein determining the cir-
cumferential stress comprises determining the circumferen-
tial stress of the fistula from the wall thickness, the diameter
or radius of the lumen, and the blood pressure.

10. The method of claim 8, further comprising constructing
an ultrasound image of the fistula using the acquired data.

11. The method of claim 10 wherein determining the wall
thickness of the fistula includes calculating a first distance
between a first point in the image corresponding to a first
location on an outer wall of the fistula and a second point in
the image corresponding to a second location on an inner
surface of the lumen.

12. The method of claim 10 wherein determining the diam-
eter or radius of the lumen of the fistula includes calculating
asecond distance between third and fourth points in the 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.
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13. The method of claim 8 wherein the predetermined
threshold is between about 7.00E+04 to 2.80E+05 N/m?.

14. The method of claim 8 wherein the predetermined
threshold is less than or equal to about 7.00E+04 N/m?.

15. A method for operating an ultrasound system to detect
a maturation of an arterio-venous fistula in a subject, the
fistulahavinga 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 system;

receiving ultrasound echoes at the transducer, wherein the

transmitting and receiving begins at the first end of the
pistula, and wherein the transmitting receiving are
repeated at incremental steps a predetermined first dis-
tance along the fistula in a first direction generally par-
allel to the longitudinal axis of the fistula;

constructing an ultrasound image of the fistula in the sub-

ject using ultrasound data acquired from the received
ultrasound echoes;
identifying a first wall and a second wall ofthe fistula in the
image using the ultrasound imaging system;

calculating a first thickness of the first wall and a second
thickness of the second wall using the ultrasound imag-
ing system; and

determining whether the fistula is mature based on the

calculated first and second thicknesses; and

producing a notification if the fistula is mature.

16. The method of claim 15 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.

17. The method of claim 16 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.

18. The method of claim 16 wherein the segments have a
length between five and seven millimeters.

19. The method of claim 15, further comprising repeating
the transmitting and receiving from the second end of the
fistula in incremental steps a second predetermined distance
along the fistula in a second direction opposite the first direc-
tion.
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20. The method of claim 14 wherein the producing a noti-
fication if the fistula is mature comprises notifying an opera-
tor that the fistula can be accessed for dialysis.
21. A system for detecting a maturation of an arterio-
venous fistula in a subject, the system comptising:
a high frequency ultrasound transducer having a center
frequency of at least 10 MHz, wherein the 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 fistula;
a memory configured to store instructions and ultrasound
data from the transducer;
aprocessor configured to execute instructions stored on the
memory including instructions for—
producing an ultrasound image using the ultrasound
data;

identifying a first wall of the fistula using the ultrasound
imaging systen1, wherein the first wall includes a first
adventitia-intima/media interface and a first intima/
media-lumen interface;

identifying a second wall of the fistula using the ultra-
sound imaging system, wherein the second wall
includes a second adventitia-intima/media interface
and a second intima/media-lumen interface;

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

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

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

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

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

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

determining whether the fistula is mature based on the
calculated first and second thicknesses; and

a display configured to output a notification to an operator
if the fistula is mature.
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