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ABSTRACT

A method of determining fractional flow reserve (FFR) in a
blood vessel having stenosis includes injecting fluid into the
blood vessel upstream of the stenosis using a power fluid

injector, measuring pressure drop across the stenosis, and
calculating FFR from measured pressure drop. The injected
fluid may comprise a contrast medium. Further actions may
include placing a pressure sensor proximal of the stenosis,
injecting fluid into the blood vessel upstream of the stenosis

using the power fluid injector, and measuring pressure in the
blood vessel proximal of the stenosis. The pressure sensor
may then be repositioned to a position distal of the stenosis,

fluid may be reinjected into the blood vessel upstream of the
stenosis using the power fluid injector, and pressure may be

measured in the blood vessel distal of the stenosis.
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METHOD AND APPARATUS FOR
FRACTIONAL FLOW RESERVE
MEASUREMENTS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 13/534,864, filed Jun. 27, 2012, which claims
the benefit of U.S. Provisional Application No. 61/501,472,
filed Jun. 27, 2011, and entitled “Method and Apparatus for
Fractional Flow Reserve Measurements,” the disclosures of
each of which are incorporated herein by this reference.

BACKGROUND

[0002] Field

[0003] The present disclosure is directed to methods and
apparatus for determining fractional flow reserve (FFR)
which is a method of identifying the effect of an occlusion
on blood flow in vasculature. Occlusions could result from
a buildup of plaque, a thrombus, or any other material that
prevents normal or optimal blood flow.

[0004] Description of Related Art

[0005] Occlusions in vasculature can be the result of the
buildup of plaque, a thrombus, or any other material that
prevents normal or optimal blood flow. Vascular diseases are
often manifested by reduced blood flow due to atheroscle-
rotic occlusion of vessels. For example, occlusion of the
coronary arteries supplying blood to the heart muscle is a
major cause of heart disease. Numerous methods are cur-
rently available for treating various lesion types, such as
percutaneous transluminal angioplasty (PTCA), cutting bal-
loon angioplasty, directional coronary atherectomy (DCA),
rotational coronary atherectomy (RCA), ultrasonic breaking
catheter angioplasty, transluminal extraction catheter (TEC)
atherectomy, rotablator atherectomy, and excimer laser
angioplasty (ELCA). Often, stents are placed within the
lesion so as to prevent re-closure of the vessel (also known
as recoil).

[0006] Lesion characteristics, together with vessel condi-
tion proximal and distal to the lesion and vascular bed
condition, are used to determine the medically and economi-
cally optimal treatment method or combination of methods
of choice. Geometry, pressure, and flow are three variables
often measured in the cardiovascular system. These mea-
surements are performed prior to, during, and after the
treatment, providing diagnostic and therapeutic data. The
measurement prior to the treatment allows careful treatment
selection. Measurements during and after the treatment
enable evaluation of the treatment efficacy.

[0007] Lesion geometry is evaluated by angiography,
qualitative coronary angiography (QCA), or by intravascular
ultrasound (IVUS). These measurements allow calculation
of the percent diameter stenosis (angiography or QCA) or
percent area stenosis (IVUS). This information is used to
estimate stenosis severity, but clinicians have realized that
direct physical information about pressure and flow is nec-
essary for complete evaluation of coronary artery disease.
Physiological measurements such as pressure gradient have
been clinically used as an indicator for lesion severity.
However, previous attempts to relate the pressure gradient
across the stenosis to its functional significance have been
disappointing without the use of a pharmacological agent,
such as a vasodilator, that artificially increases heart rate.

Sep. 28,2017

The decrease in the pressure gradient after PTCA has been
used to assess the success of the treatment, with poor
correlation. Thus, the use of a vasodilator to increase flow
rate has been an important component of the foregoing
measurement calculations.

[0008] Other parameters have been defined and proven
more effective as indicators for lesion severity. The coronary
flow velocity reserve (CFVR) is defined as the ratio of
hypereniic to baseline flow velocity. The fractional flow
reserve (FFR) is defined as the ratio of distal (to stenosis)
pressure (Pd) to aortic pressure (Pa) during hyperemia.
Hyperemic conditions are obtained by administration of
vasodilators (e.g., papaverine, adenosine). Clinical studies
have demonstrated that, in most cases, lesions with CFVR<2
must be treated using one of the previously mentioned
methods, whereas for patients with CFVR>2, angioplasty
may be avoided. Similarly, in many cases interventions, such
as angioplasty, may be avoided if FFR>0.75. Coronary flow
occurs essentially during diastole while systolic contribution
to total coronary flow is smaller. A notable difference
between diastolic to systolic velocity ratio (DSVR) was
observed between normal and stenotic arteries.

[0009] The FFR and CFVR are independent but comple-
mentary indicators. The first characterize the specific lesion
whereas the second is a more global parameter, character-
izing the lesioned vessel (lesion and distal bed). Clinical
studies (Di Mario et al., Catherization and Cardiac Diagno-
sis 38, 189-201, 1996) show that for approximately 75% of
the patients, CFVR and FFR lead to the same conclusion
regarding the lesion significance. At the same time, for 25%
of the patients, the conclusions regarding lesion significance
were different. This means that simultaneous determination
of coronary flow reserve and fractional flow reserve is
important and gives the clinician the additional and more
complete information regarding the lesion severity.

[0010] Technical progress has been made recently with
respect to pressure and velocity monitoring guide wires. For
example, 0.014" PressureWire® (Radi Medical System,
Uppsala, Sweden) is now available for intracoronary pres-
sure measurements. Another maker of pressure wires is
Volcano Corporation and sold under the trade name
FloWire®. Additionally, these measurements may be pet-
formed using diagnostic low profile catheters, Millar pres-
sure transducer catheters (available by Millar Instruments,
Inc., Houston, Tex., U.S.A.), or any other intravascular
pressure equipment.

[0011] A 0.014" doppler flow wire (Cardiometrics Inc.,
Mountain View, Calif.) is also available for intracoronary
velocity measurements. These wires may be advanced into
distal parts of the coronary tree without significantly imped-
ing the flow. Simultaneous measurements of FFR and CFVR
require the use of both wires and/or a wire with multiple
sensors. Such a procedure is complicated, expensive, and
used only for research purposes. Therefore, clinicians use
either velocity measurements to calculate coronary flow
velocity reserve (CFVR) or pressure measurements to cal-
culate fractional flow reserve (FFR). Furthermore, the flow
wire s sensitive to the location of the tip within the vessel
cross section. The wire tip will measure accurately if located
along the longitudinal axis. However, significant errors will
appear once the wire is within the boundary layer. Therefore,
manipulating the flow wire requires high expertise and a lot
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of experience. Fortunately, these limitations are not relevant
to the pressure wire measurements, yielding accurate data
with simple handling.

[0012] Relevant United States patents and publications in
the field of methods and apparatus for determining fractional
flow reserve (FFR) in blood vessels include U.S. Pat. No.
6,089,103 to Smith; U.S. Pat. No. 6,354,999 to Dgany et al.;
U.S. Pat. No. 6,471,656 to Shalman et al.; U.S. Pat. No.
6,565,514 to Svanerudh et al.; U.S. Pat. No. 6,615,667 to
Smith; U.S. Pat. No. 6,672,172 to Tulkki et al.; U.S. Pat. No.
6,754,608 to Svanerudh et al.; U.S. Pat. No. 7,454,244 to
Kassab et al.; U.S. Pat. No. 7,775,988 to Pijjls, each incor-
porated herein by reference in their entirety for this purpose.
U.S. Patent Application Publication No. 2009/0234231 to
Knight et al. and International Publication No. WO 2010/
033971 to Kassab likewise are directed to known methods
and apparatus for determining fractional flow reserve (FFR)
in a blood vessel and are incorporated herein by reference in
their entirety for this purpose.

SUMMARY

[0013] In one desirable embodiment, an Avanta™ power
injector provided as part of an Avanta™ Fluid Management
Injection System manufactured by Medrad®, Inc. comprises
an FFR measurement mode or capability. This mode or
capability provides a clinician with the ability to achieve and
identify a maximum flow rate for FFR measurement without
using a vasodilator. Additionally, the FFR measurement
mode or capability may instruct the clinician on how to
operate the device to capture the greatest pressure difference
in the presence of a maximum flow rate. Thus, in a first
pressure measurement technique or procedure, supported by
the Avanta™ Fluid Management Injection System, an FFR
software mode is provided and no disposable or hardware
changes are required in the Avanta™ Fluid Management
Injection System. The FFR modification only involves
changes to the software control system. In a second mea-
surement technique discussed in detail herein, simultaneous
pressure measurements of an occlusion or stenosis are taken.
This alternative system, technique, or procedure allows for
two sensing systems to quantify the effect of an occlusion on
blood flow in a single measurement.

[0014] The various embodiments described in this disclo-
sure may be used to identify the presence of a stenosis with
traditional angiography and then quantify the lesion with
saline or other harmless fluid. A dual syringe power injector
may also be used in the various embodiments of this
disclosure, such as the dual syringe power injector disclosed
in International Application No. PCT/US2010/042501 bear-
ing International Publication No. WO 2011/011346 Al,
incorporated herein by reference in its entirety.

[0015] This disclosure also provides multiple embodi-
ments for taking pressure measurements in a blood vessel. In
one embodiment, a pressure sensing arrangement for acquir-
ing simultaneous proximal and distal pressure readings
across the stenosis comprises a guide wire supporting optical
sensors and micro-electromechanical systems (MEMS)
based sensors. In another embodiment, a pressure sensing
arrangement for acquiring simultaneous proximal and distal
pressure readings across the stenosis comprises implantable
support rings for supporting pressure sensors and the like,
proximal and distal of the stenosis. In another embodiment,
a pressure sensing arrangement for acquiring simultaneous
proximal and distal pressure readings across the stenosis
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comprises an implantable stent for supporting pressure sen-
sors and the like, proximal and distal of the stenosis. In a
further embodiment, a pressure sensing arrangement for
acquiring simultaneous proximal and distal pressure read-
ings across the stenosis comprises an umbrella or inferior
vena cava (IVC) filter for supporting pressure sensors and
the like, proximal and distal of a stenosis.

[0016] Often an occlusion or stenosis occurs in a bifurca-
tion in a blood vessel, and a multi-pressure wire arrangement
is described herein for determining pressure proximal and
distal of the stenosis. The multi-pressure wire arrangement
may alternatively comprise one or more optical sensors,
such as four (4) optical sensors or MEMs based sensors, for
determining pressure proximal and distal of the stenosis. In
another embodiment, multiple hemodynamic catheters or
hemodynamic pressure transducers may be used to deter-
mine pressure proximal and distal of a stenosis at a bifur-
cation in a blood vessel. In a further embodiment, a com-
bination of pressure wires and hemodynamic catheters may
be used to determine pressure proximal and distal of a
stenosis at a bifurcation in a blood vessel. Additionally, a
thrombus removal catheter comprising pressure sensors may
be used to determine pressure proximal and distal of a
stenosis in a blood vessel.

[0017] One method of determining fractional flow reserve
(FFR) in a blood vessel having stenosis comprises injecting
fluid into the blood vessel upstream of the stenosis using a
power fluid injector, measuring pressure drop across the
stenosis, and calculating FFR from measured pressure drop.
The injected fluid may comprise a contrast medium.

[0018] Additional parts of the method may comprise plac-
ing a pressure sensor proximal of the stenosis, injecting fluid
into the blood vessel upstream of the stenosis using the
power fluid injector, and measuring pressure in the blood
vessel proximal of the stenosis. Injecting fluid into the blood
vessel may be reduced, limited, or discontinued when ret-
rograde flow is present in the blood vessel. Injecting fluid
into the blood vessel may be reduced, limited, or discontin-
ued after a preset period of time or after a pressure mea-
surement has been taken.

[0019] Further parts of the method may comprise reposi-
tioning the pressure sensor to a position distal of the steno-
sis, reinjecting fluid into the blood vessel upstream of the
stenosis using the power fluid injector, and measuring pres-
sure in the blood vessel distal of the stenosis. Reinjecting
fluid into the blood vessel may be reduced, limited, or
discontinued when retrograde flow is present in the blood
vessel. Reinjecting fluid into the blood vessel may be
reduced, limited, or discontinued after a preset period of
time or after a pressure measurement has been taken. Mea-
suring pressure drop across the stenosis may comprise
calculating the ratio of distal pressure to proximal pressure
in the blood vessel. The FFR result may be displayved on a
user interface display associated with the power fluid injec-
tor.

[0020] In another embodiment, a method of determining
fractional flow reserve (FFR) in a blood vessel having
stenosis comprises inserting a multi-lumen catheter into the
blood vessel, injecting fluid into the blood vessel upstream
of the stenosis using a power fluid injector, measuring
pressure drop across the stenosis, and calculating FFR from
the measured pressure drop. The injected fluid may comprise
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a contrast medium. The multi-lumen catheter may comprise
at least a fluid injecting or conducting lumen and a hemo-
dynamic monitoring lumen.

[0021] The method may further comprise placing a pres-
sure sensor proximal of the stenosis, injecting fluid into the
blood vessel upstream of the stenosis using the power fluid
injector, and measuring pressure in the blood vessel proxi-
mal of the stenosis. Injecting fluid into the blood vessel may
be reduced, limited, or discontinued when retrograde flow is
present in the blood vessel. Injecting fluid into the blood
vessel may be reduced, limited, or discontinued after a
preset period of time or after a pressure measurement has
been taken. Measuring pressure in the blood vessel proximal
of the stenosis may comprise substantially simultaneously
measuring pressure using the pressure sensor and a hemo-
dynamic monitoring port on the multi-lumen catheter. Addi-
tional parts of the method may comprise repositioning the
pressure sensor to a position distal of the stenosis, reinject-
ing fluid into the blood vessel upstream of the stenosis using
the power fluid injector, and substantially simultaneously
measuring pressure in the blood vessel distal of the stenosis
using the pressure sensor and proximal of the stenosis via a
hemodynamic monitoring port on the multi-lumen catheter.
Reinjecting fluid into the blood vessel may be reduced,
limited, or discontinued when retrograde flow is present in
the blood vessel. The step of reinjecting fluid into the blood
vessel may be reduced, limited, or discontinued after a
preset period of time or after a pressure measurement has
been taken.

[0022] Further parts of the method may comprise reposi-
tioning the pressure sensor to a position proximal of the
stenosis, reinjecting fluid into the blood vessel upstream of
the stenosis using the power fluid injector, and substantially
simultaneously measuring pressure in the blood vessel
proximal of the stenosis using the pressure sensor and the
hemodynamic monitoring port on the multi-lumen catheter.
Injecting fluid into the blood vessel may be reduced, limited,
or discontinued when retrograde flow is present in the blood
vessel. Injecting fluid into the blood vessel may be reduced,
limited, or discontinued after a preset period of time or after
a pressure measurement has been taken. Measuring pressure
drop across the stenosis may comprise calculating the ratio
of distal pressure to proximal pressure in the blood vessel.
The FFR result may be displayed on a user interface display
associated with the power fluid injector.

[0023] Further details and advantages of the various
embodiments described in detail herein will become clear
upon reviewing the following detailed description of the
various embodiments in conjunction with the accompanying
drawing figures, where like parts are designated by like
reference numerals throughout.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG. 1 is a graphical view showing waveform
patterns of minimal to severe stenosis in a blood vessel.
[0025] FIG. 2 is a view of a user interface display for a
power injector showing an exemplary FFR menu.

[0026] FIG. 3 is a schematic view of a blood vessel with
a stenosis.
[0027] FIG. 4 is a view of the user interface display for a

power injector showing an FFR menu and a first step for
determining FFR comprising identifying maximum flow
rate in the blood vessel of FIG. 3.
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[0028] FIG. 5is a schematic view of the blood vessel with
the stenosis of FIG. 3 and showing a maximum flow rate in
the blood vessel.

[0029] FIG. 6 is a view of the user interface display for a
power injector showing an FFR menu and a second step for
determining FFR comprising inserting a pressure wire into
the blood vessel of FIG. 3.

[0030] FIG. 7 is a schematic view of the blood vessel with
the stenosis of FIG. 3 and showing a pressure wire inserted
into the blood vessel.

[0031] FIG. 8 is a view of the user interface display for a
power injector showing an FFR menu and a third step for
determining FFR comprising initiating maximum flow rate
in the blood vessel of FIG. 3 and recording pressure proxi-
mal of the stenosis.

[0032] FIG. 9is a schematic view of the blood vessel with
the stenosis of FIG. 3 after initiating maximum flow rate in
the blood vessel to record pressure proximal of the stenosis.
[0033] FIG. 10 is a view of the user interface display for
a power injector showing an FFR menu and a fourth step for
determining FFR comprising repositioning the pressure wire
in the blood vessel of FIG. 3.

[0034] FIG. 11 is a schematic view of the blood vessel
with the stenosis of FIG. 3 and showing the repositioned
pressure wire in the blood vessel.

[0035] FIG. 12 is a view of the user interface display for
a power injector showing an FFR menu and a fifth step for
determining FFR comprising initiating maximum flow rate
in the blood vessel of FIG. 3 and recording pressure distal
of the stenosis.

[0036] FIG. 13 is a schematic view of the blood vessel
with the stenosis of FIG. 3 after initiating maximum flow
rate in the blood vessel to record pressure distal of the
stenosis.

[0037] FIG. 14 is a view of the user interface display for
a power injector showing an FFR menu and a sixth step for
determining FFR comprising validating the FFR pressure
reading.

[0038] FIG. 15 is a schematic view of the blood vessel
with the stenosis of FIG. 3 after initiating maximum flow
rate in the blood vessel and subsequent validation of the
pressure readings.

[0039] FIG. 16 is a view of a user interface display for a
power injector showing an alternative embodiment of an
exemplary FFR menu.

[0040] FIG. 17 is a schematic view of a blood vessel with
a steno sis.
[0041] FIG. 18 is a view of the user interface display for

a power injector showing an FFR menu comprising identi-
fying maximum flow rate in the blood vessel of FIG. 17.
[0042] FIG. 19 is a schematic view of the blood vessel
with the stenosis of FIG. 17 and showing a maximum flow
rate in the blood vessel.

[0043] FIG. 20 is a view of the user interface display for
a power injector showing an FFR menu comprising inserting
a pressure wire into the blood vessel of FIG. 17.

[0044] FIG. 21 is a schematic view of the blood vessel
with the stenosis of FIG. 17 and showing a pressure wire
inserted into the blood vessel.

[0045] FIG. 22 is a view of the user interface display for
a power injector showing an FFR menu comprising acquir-
ing proximal and distal pressure readings across the stenosis.
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[0046] FIG. 23 is a schematic view of the blood vessel
with the stenosis of FIG. 17 to acquire the proximal and
distal pressure readings across the stenosis.

[0047] FIG. 24 is a schematic view of the blood vessel
with the stenosis of FIG. 17 showing an alternative of a
pressure sensing arrangement for acquiring simultaneous
proximal and distal pressure readings across the stenosis.
[0048] FIG. 25 is a schematic view of the blood vessel
with the stenosis of FIG. 3 or FIG. 17 showing a guide wire
supporting optical sensors.

[0049] FIG. 26 is a schematic cross-sectional view of the
guide wire of FIG. 25.

[0050] FIG. 27 is a schematic view of a fluid path set for
use with a power injector to determine FFR in a blood
vessel.

[0051] FIG. 28 is a schematic view of a blood vessel with
a stenosis and showing implantable support rings for sup-
porting pressure sensors and the like, proximal and distal of
the stenosis.

[0052] FIG. 29 is a schematic view of a blood vessel with
the stenosis of FIG. 28 showing the implantable support
rings proximal and distal of the stenosis and a stent disposed
between the support rings.

[0053] FIG. 30 is a schematic view of a blood vessel with
a stenosis and showing an implantable stent for supporting
pressure sensors and the like, proximal and distal of the
stenosis.

[0054] FIG. 31 is a schematic view of an umbrella filter for
supporting pressure sensors and the like, proximal and distal
of a stenosis.

[0055] FIG. 32 is a schematic view of a bifurcated blood
vessel with a stenosis and showing a multi-pressure wire
arrangement for determining pressure proximal and distal of
the stenosis.

[0056] FIG. 33 is a schematic view of a bifurcated blood
vessel with the stenosis of FIG. 32 and showing a multi-
pressure wire arrangement comprising four optical sensors
for determining pressure proximal and distal of the stenosis.
[0057] FIG. 34 is a schematic view of a bifurcated blood
vessel with the stenosis of FIG. 32 and showing use of three
hemodynamic catheters for determining pressure proximal
and distal of the stenosis as an alternative to the pressure
sensing arrangements shown in FIGS. 32-33.

[0058] FIG. 35 is a schematic view of a bifurcated blood
vessel with a stenosis of FIG. 32 and showing use of a
combination of pressure wires and hemodynamic catheters
for determining pressure proximal and distal of the stenosis
as an alternative to the pressure sensing arrangements shown
in FIGS. 32-34.

[0059] FIG. 36 is a schematic view of a blood vessel with
a stenosis showing a thrombus removal catheter comprising
pressure sensors for determining pressure proximal and
distal of the stenosis as an alternative to the pressure sensing
arrangements shown in FIGS. 32-35.

[0060] FIG. 37 is a schematic view of a fluid delivery
system operable to deliver fluid flow in an optimized man-
ner.

[0061] FIG. 38 is a graph of Reynolds Number vs. Artery
Diameter Reduction used to describe aspects of the methods
of determining FFR described herein.

[0062] FIG. 39 is a graph of Theoretical FFR Value with
Blood and Contrast Transform Function used to describe
aspects of the methods of determining FFR described herein.
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0063] For purposes of the description hereinafter, spatial
orientation terms, as used, shall relate to the referenced
embodiment as it is oriented in the accompanying drawing
figures or otherwise described in the following detailed
description. However, it is to be understood that the embodi-
ments described hereinafter may assume many alternative
variations and configurations. It is also to be understood that
the specific components, devices, features, and operational
sequences illustrated in the accompanying drawing figures
and described herein are simply exemplary and should not
be considered as limiting.

[0064] In this disclosure, various embodiments of a
method and system are provided that use a power injector to
push fluid through a blood vessel while making an FFR
measurement. Conventional FFR practice involves admin-
istering a pharmaceutical known as a vasodilator to a patient.
This drug increases blood flow across a measured area by
pacing the heart to increase cardiac output. Based on this
increase, the pressure differential is measured through
increases using one or a plurality of sensors. Instead of
increasing the pacing of the heart, injecting fluid at a
controlled rate using a power injection normalizes pressures
to a maximal amount that a particular vessel can support as
identified through retrograde flow R in the Figures. The use
of a power injector also provides the capability to ensure
protocol-based or maximized pressure differential across a
lesion.

[0065] In cases where differential viscosity fluids are used
with lesser flow rates, the viscosity differences produce an
image with standard pressure waveforms similar to hemo-
dynamic signals. Such waveforms are familiar to clinicians
who routinely observe pressure waveforms on a hemody-
namic monitor during cardiac procedures. Typical waveform
patterns showing minimal to severe stenosis are shown in
FIG. 1. Pressure differences are still be magnified at the
lesion site due to the increased blood viscosity differences
alone. Various fluid mechanics formulas may be used to
determine pressure drop in a conduit, such as a blood vessel.
One such equation is Darcy-Weishbach: AP=fXL/Dx((pxVx
D)/2); where: AP=pressure drop; {=friction factor; L=artery
restriction length; D=average diameter of restricted artery;
p=density of fluid; V=velocity of fluid. Another such equa-
tion is: Q=AxV, where: Q=flow rate; A=cross-sectional area
of restriction; V=velocity of fluid. A third equation for use
in determining pressure drop in a conduit is: {=64/Re;
where: =friction factor and Re=Reynolds number. A fourth
equation for use in determining pressure drop in a conduit is:
Re=(pxVxD)/; where: Re=Reynolds number; p=fluid den-
sity; V=velocity of fluid; D=diameter of restriction artery;
and p=fluid viscosity.

[0066] Accordingly, to increase the measured pressure
drop during FFR without using pharmaceuticals, the follow-
ing discussed relationships may be determined. First, the
measured pressure drop across the blood vessel restriction
increases as the flow rate increases across the restriction. As
noted previously, current practice is to use a vasodilator
pharmaceutical to increase blood flow rate. The present
method increases flow across the restriction using a steady
state and controlled injection fluid across the restriction
administered by a power injector, thus causing an increased
pressure drop or differential without the need for a pharma-
ceutical. Next, the pressure differential increases across the
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restriction as the viscosity of the injected fluid across the
restriction increases. In current practice, known FFR mea-
surement techniques typically use the patient’s blood. In the
present method, the power injector may use a more viscous
media such as contrast. Third, the use of a power injector
enables the measured pressure drop across a restricted artery
to be more accurately correlated to a percentage restriction
of the blood vessel (e.g., an artery) without using pharma-
ceuticals. A suitable power injector for the foregoing appli-
cation includes an Avanta™ Fluid Management Injection
System manufactured by Medrad®, Inc., and disclosed in
U.S. Pat. Nos. 7,549,977 and 7,563,249, incorporated herein
by reference for details relating to power injectors suitable
for the present method.

[0067] In one embodiment, an FFR measurement feature
may be integrated with an Avanta™ Fluid Management
Injection System. In this embodiment, two (2) measurement
techniques may be supported with the Avanta™ power
injector. This pressure measurement technique involves
incorporating an FFR software mode in the Avanta™ Fluid
Management Injection System. In this measurement tech-
nique, no physical changes to the disposable and hardware
portions of the Avanta™ Fluid Management Injection Sys-
tem are required, and the only changes needed are software
modifications to the software control system. A second
measurement technique involves simultaneous pressure
measurements of an occlusion in a blood vessel. This
technique allows for two sensing elements to quantify the
effect of an occlusion on blood flow in a single measure-
ment.

[0068] Referring to FIGS. 2-15, an FFR measurement
system 10 is depicted situated in a blood vessel V, such as
an artery. This system 10 uses the current physical platform
of an Avanta™ power fluid injector 2 with modifications to
the software control system of the control unit 4 of the power
fluid injector 2, as noted above, which provide a mechanism
to inject viscous fluid across an occlusion, lesion, or stenosis
S at high flow rates. FFR measuring devices are then be able
to quantify stenosis presence S and effect without pacing the
heart through a pharmaceutical vasodilator. In FIG. 2, an
exemplary Avanta™ user interface screen 12 (e.g., graphical
user interface (GUI)) displays the FFR mode, and the user
is guided through a series of steps. The user interface screen
12 provides instructions and indicators on how to complete
the FFR measurement. Referring to FIGS. 4-5, an initial step
in the FFR measurement process is depicted. In this step, the
clinician, such as a physician, identifies the maximum
contrast flow for the FFR measurement by injecting contrast
medium C via a catheter 14 connected to the Avanta™
power fluid injector 2. Initially, the clinician positions the
catheter 14 where contrast can be injected under pressure
into the direction of blood flow B. The clinician then initiates
the contrast injection with a variable hand controller (not
shown) associated with the Avanta™ Fluid Management
Injection System through the catheter 14. Once retrograde
flow R is observed, the maximum flow rate has been
achieved. The clinician “saves” this flow rate by pressing,
for example, a side (saline) button on the hand controller or
by another input to the Avanta™ control system, such as by
pressing a button on the user interface screen 12. U.S. Pat.
No. 7,313,431 to Uber et al. discloses a methodology for
determining retrograde flow R in a blood vessel V, and this
patent is incorporated herein by reference for this purpose.

Sep. 28,2017

[0069] The next step in the FFR measurement process is
depicted in FIGS. 6-7. In this step, the clinician places a
pressure wire 20 supporting a pressure sensor 22 prior to the
beginning of the stenosis S. This wire 20 is introduced using
established clinical technique in the same manner as a
traditional guide wire. It is desirable to give consideration to
ensuring that the contrast medium C does not “jet” across the
stenosis S, and side-hole catheters are desirable for this
application such as a Vanguard Dx® Angiographic Catheter
manufactured by Medrad®, Inc. and disclosed in U.S. Patent
Publication No. US 2007/0073271 to Brucker et al., incor-
porated herein by reference.

[0070] Next, the method comprises acquiring a first pres-
sure reading, as depicted by FIGS. 8-9. In this step, the
system 10 acquires the first pressure reading via pressure
sensor 22 through the support of the Avanta™ power fluid
injector 2, and contrast flow C is initiated with the use of the
hand controller. In this step of the method, the hand con-
troller acts as a trigger to start a fluid injection in the
direction of blood flow B. Once started, the fluid injection
continues for three seconds (or other programmed time) at
the maximum flow rate determined in the first method step
discussed previously. As the fluid injection commences, flow
rate and pressure increase in the blood vessel V. This
pressure is measured by the pressure sensor 22 (e.g., a
pressure transducer) on the pressure wire 20 and is retrieved
by the control system of the Avanta™ Fluid Management
Injection System. Conditioning logic or other signal filtering
techniques in the control system of the Avanta™ Fluid
Management Injection System can be employed to prevent
a false reading by comparing the output of the pressure
sensor 20 before, during, and after the fluid injection.
Additionally, sensed conditions are verified to ensure that
the pressure sensor 22 does not become lodged into the wall
of the blood vessel V. Previous steady state measurements
may be employed to ensure the “reasonability” of the
returned pressure measurements. Feedback could signal
termination of the fluid injection through an Imaging System
Interface (ISI) port if the returned signals are not as antici-
pated. After the fluid injection, pressure normalizes in the
blood vessel V and the beginning and ending pressure
become the same. Pressure measured during the fluid injec-
tion may be filtered for transients along with fluid rise and
fall conditions. The proximal pressure measurement is then
stored in the Avanta™ control system (e.g., control unit 4)
for use in the FFR calculation. While the various FFR
measurement techniques described in this disclosure suggest
using an existing Avanta™ control system as a suitable
control system or device, this should not be deemed exclu-
sive and any logical storage and computation device may
also be used for FFR calculations in the various embodi-
ments in this disclosure.

[0071] In a further step in the FFR measurement process,
the pressure wire 20 is repositioned in the blood vessel V, as
shown in FIGS. 10-11. In this step, the pressure wire 20 is
moved distally past the stenosis S to a region behind the
occlusion to complete the pressure measurement. The cath-
eter 14 remains in place for the duration of the measurement.
Referring further to FIGS. 12-13, the second or distal
pressure measurement may now be taken using the pressure
sensor 22 on the pressure wire 20. The placement of the
pressure sensor 22 past the stenosis S enables the pressure
sensor 22 to be exposed to increased flow rates and fluid
pressure during a fluid injection. In this case, the hand
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controller acts as a triggering mechanism to commence the
injection of fluid, contrast media C, in the direction of blood
flow B. The fluid is injected for three seconds (or other
programmed time) while the second measurement is made.
During the fluid injection, flow rate and pressure increase in
the blood vessel V. This pressure increase is measured by the
pressure sensor 22 and is retrieved by the control system of
the Avanta™ Fluid Management Injection System. Condi-
tioning logic through signal filtering may be employed to
prevent a false reading by comparing the output of the
pressure sensor 22 before, during, and after the fluid injec-
tion. Additionally, sensed conditions are verified to ensure
the pressure sensor 22 does not become lodged into the wall
of the blood vessel V. Previous steady state measurements
may be used to ensure the “reasonability” of the returned
pressure measurements. After the fluid injection, pressure
normalizes in the blood vessel V, and the beginning and
ending pressure become the same. The pressure measured
during the fluid injection is filtered for transients along with
fluid rise and fall conditions. The second or distal pressure
reading is then stored in the control system of the Avanta™
Fluid Management Injection System for a later calculation.
The foregoing fluid injections in the blood vessel V may be
accomplished via injection of a contrast medium which may
be diluted as desired by saline, as described in U.S. Patent
Application Publication No. 2010/0114040 to Schriver et al.,
which discloses a mixing hand controller of the Avanta™
Fluid Management Injection System.

[0072] FIGS. 14-15 show the validation or confirmation of
the FFR measurement. As FIGS. 14-15 reveal, the FFR
measurement can be validated in one event. As shown in
FIGS. 14-15, the pressure sensor 22 starts at the distal end
of the stenosis, or a first (1*') position of the pressure sensor
22 shown in FIG. 15. The hand controller acts as an injection
trigger for a third and final time. The fluid injection is
initiated and the control system of the Avanta™ Fluid
Management Injection System indicates that the first mea-
surement is being taken through an audible or visual indi-
cation or a combination thereof. After an additional two
seconds (or other programmed time), the Avanta™ power
fluid injector 2 alerts the clinician by indicating to the
clinician to pull back on the pressure wire 20. The clinician
pulls back to a location that is proximal to the stenosis S, or
to a second (2”) position of the pressure sensor 22 shown
in FIG. 15. Throughout this process, pressure measurements
are taken using the pressure sensor 22. It can be anticipated
that the maximum pressure is proximal to the stenosis S and
the minimum pressure is distal to the stenosis S. Time
duration of the validation process can vary. Additionally,
these pressure measurements could also end with another
initiation of the hand controller. FFR is then calculated by
Pd/Pp, and both the distal and proximal pressure measure-
ments are filtered MAP (Mean Arterial Pressure) for effect.
The FFR value is calculated as a part of the foregoing
described methodologies are the same, and differing values
could indicate inaccurate technique. Both values are dis-
played to the clinician for reporting purposes. A quality
metric may also provide the clinician with an indication that
their measurements are consistent. The FFR values may be
stored and recalled as required. In some instances when
intervention is required, the first set of FFR values may be
compared with a second set after the intervention. This
comparison provides a before and after look at flow rate.
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[0073] 1In a variation of the foregoing method, simultane-
ous pressure measurements may be taken, as illustrated in
FIGS. 16-23. The simultaneous pressure measurement
embodiment of the FFR measurement system 10a is
depicted in FIGS. 16-23. This system 10a also uses
Avanta™ Fluid Management Injection System with appro-
priate modification to the control system and disposable set,
and a power fluid injector 2a and control unit 4a therefor is
shown schematically in these figures. A modified multi-
lumen catheter 40 comprising a first fluid conducting/inject-
ing port or lumen 42 and a second hemodynamic monitoring
port or lumen 44 may be used in the system 10q, and
connected to the power fluid injector 2a. As with the
foregoing embodiment of the FFR measurement system 10,
the Avanta™ Fluid Management Injection System includes
an FFR mode. The FFR mode may be visually distinguish-
able from the normal operating mode based on bordering
and other coloring effects on the user interface display 12a,
and provides the clinician with the ability to achieve and
identify a maximum flow rate for FFR measurement. Addi-
tionally, the FFR mode instructs the clinician on how to
operate the device to capture the greatest pressure difference
in the presence of maximum flow rate.

[0074] InFIG. 16, an exemplary user interface display 12a
for the Avanta™ Fluid Management Injection System is
shown displaying the FFR mode. In FIG. 17, the blood
vessel V is shown with a stenosis S in a similar manner to
FIG. 3. The user interface display 12a is used to guide the
user through a series of operational steps, and the user
interface display 12« provides instructions and indicators on
how to complete the required measurements. Referring to
FIGS. 18-19, the clinician first identifies the maximum
contrast flow for the FFR measurement. In this method step,
the clinician positions the catheter 40 to a position where the
catheter 40 can inject contrast medium C under pressure via
the fluid injecting lumen 42 using the power fluid injector
2a. The clinician then initiates the contrast medium C
injection with the variable hand controller from the
Avanta™ Fluid Management Injection System. Once retro-
grade flow R is observed, the maximum flow rate has been
achieved and the clinician “saves” this flow rate by pressing
on the side (saline) button on the hand controller or by
another input to the control system such as by pressing a
button on the user interface display 12a.

[0075] Referring next to FIGS. 20-21, the next FFR mea-
surement method step is illustrated. In FIGS. 20-21, the
clinician places the pressure wire 20a just prior to the
beginning of the stenosis S. The pressure wire 20a support-
ing one or more pressure sensors 22a may be introduced
using established clinical technique in the same manner as a
traditional guide wire. Again, consideration can be given to
ensuring that the contrast medium C does not “jet” across the
across the stenosis S, and side-hole catheters are desirable
for this application, as indicated previously. Ideally, the
hemodynamic monitoring port or lumen 44 aligns with the
pressure wire 20a, so that both a hemodynamic monitoring
port or lumen 44 and the pressure sensor 22a read the same
hemodynamic signal.

[0076] FIGS. 22-23 next depict the acquisition of the first
pressure measurement reading. In this step. the FFR mea-
surement system 10a is shown to acquire the first pressure
reading through the support of the Avanta™ power fluid
injector 2a. Contrast medium C flow is initiated with the use
of the hand controller from the Avanta™ Fluid Management
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Injection System, which actuates the power fluid injector 2a
to inject contrast medium C. In this step of the process, the
hand controller acts as a trigger to start a fluid injection using
the Avanta™ power fluid injector 2¢ and contrast medium C
in injected via the fluid injecting port or lumen 42 of the
catheter 40. Once started, the fluid injection continues for
ten seconds (or other programmed amount) at the maximum
flow rate determined previously. Pressure readings proximal
or distal of the stenosis S are taken substantially simultane-
ously using the pressure sensor 22¢ and the hemodynamic
monitoring port or lumen 44 on the catheter 40.

[0077] The Avanta™ control system typically initiates an
audible and/or visual alert indicating to the user to start
acquiring an FFR signal. Flow rate and pressure increase in
the blood vessel V as fluid is injected by the Avanta™ power
fluid injector 2a and contrast medium C in injected via the
fluid injecting port or lumen 42 of the catheter 40. The fluid
pressure is measured by the hemodynamic monitoring port
or lumen 44 of the catheter 40 and by the pressure sensor 22a
at the first (1*) position shown in FIG. 23. Both readings are
recorded by the Avanta™ control system. Once the clinician
is alerted, the pressure wire 20a is advanced past the stenosis
S to the distal end thereof, where the pressure sensor 22a is
placed at a second (2%) position as shown in FIG. 23. Fluid,
such as contrast medium C, is again injected into the blood
vessel V using the power fluid injector 2a via the fluid
injecting port or lumen 42 of the catheter 40 for a preset
period of time, such as 3 seconds, and until retrograde flow
R is again observed in the blood vessel V. Pressure readings
may be taken substantially simultaneously distal of the
stenosis S using the pressure sensor 22a and proximal of the
stenosis S using the hemodynamic monitoring port or lumen
44 on the catheter 40.

[0078] Next, the clinician retracts the pressure wire 20a to
its starting location, where the pressure sensor 22a is placed
at a third (3" position as shown in FIG. 23, and fluid, such
as contrast medium C, is again injected into the blood vessel
V using the power fluid injector 2a via the fluid injecting
port or lumen 42 of the catheter 40 for a preset period of
time, such as 3 seconds, and until retrograde flow R is again
observed in the blood vessel V. This last position is in the
vicinity of the hemodynamic monitoring port or lumen 44 of
the catheter 40 and pressure readings may again be taken
simultaneously using the pressure sensor 22a and the hemo-
dynamic monitoring port or lumen 44 of the catheter 40.
Physicians/clinicians often use this last step to validate that
the pressure readings before the stenosis S are read identi-
cally by both sensors. If for any reason the pressure readings
are different, the physician or clinician may recalibrate and
measure again.

[0079] Conditioning logic through signal filtering embed-
ded as part of the Avanta™ control system prevents a false
reading by comparing the output of the pressure transducer
22a before, during, and after the fluid injection. Addition-
ally, sensed conditions are verified to ensure that the pres-
sure transducer 22a does not become lodged into the wall of
the blood vessel V. Previous steady state measurements may
be used ensure the “reasonability” of the returned pressure
measurements. After the fluid injection, pressure normalizes
in the blood vessel V and the beginning and ending pressure
become the same. Pressure measured during the fluid injec-
tion may be filtered for transients along with fluid rise and
fall conditions. The pressure is then stored for use in the FFR
calculation. FFR is then calculated by Pd/Pp and both the
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distal and proximal pressures may be filtered for effect. FFR
values may be stored and recalled as required. In instances
when intervention is required, the first set of FFR values
may be compared with a second set. This provides a before
and after look at flow rate as provided by FFR measurement.

[0080] A variation of the foregoing simultaneous measure-
ment methodology is illustrated in FIG. 24. In this alternate
method of simultaneous pressure measurement, a catheter
50 may be provided having a distal end 52 defining a distal
end opening 54 that allows for a dual pressure sensing wire
56 to extend past the distal end opening 54. The dual
pressure sensing wire 56 comprises two pressure sensors
58(1), 58(2) axially spaced apart on the dual pressure
sensing wire 56 so as to extend past the distal end opening
54. In this embodiment, side holes (not shown) on the
catheter 50 diffuse fluid medium, contrast medium, while the
distal end 52 allows for exact placement of the dual sensing
pressure wire 56. This embodiment of the catheter 50
eliminates the need for the clinician to reposition the cath-
eter 50 once it is placed and only the dual pressure sensing
wire 56 needs positioning. The Avanta™ power fluid injec-
tor 2 and control system or unit 4 may be used in the
embodiment shown in FIG. 24.

[0081] In another embodiment, as shown in FIGS. 25-26,
a guide wire 60 may comprise numerous sensors 62. The
guide wire 60 may define an internal cavity and have an
optical shielding covering that protect against X-rays. Cer-
tain known guide wires and/or catheters currently provide a
damped way to view hemodynamic signals. However, these
known devices can also act as a medium for carrying optical
wires used for transmitting pressure data. These known
guide wires have internal cavities initially designed to act in
many of the same ways as a traditional catheter. Depending
on the internal diameter (ID) of a guide wire, numerous
optical wires can be placed. In the guide wire 60 shown in
FIG. 25, a metal based covering, such as Nitenol, may be
used to enhance protection for internal optical wires 64 to
guard against light and/or X-Ray emissions. Holes or cut-
outs may also be provided to enable the optical sensors 62
to protrude from the guide wire 60 and/or a catheter. This
feature enables the external facing portion of the sensor 62
to exit the guide wire 60 and/or catheter while the internal
portions remain protected. Thus, only the sensing portions of
the sensors 62 interact with the pressure produced by blood
flow in blood vessel V. Fluoroscopic markers may also be
placed on the guide wire 60 and/or catheter to facilitate
placing a portion of the guide wire 60 proximal to the
stenosis S and to ensure that an optical sensor 62 is placed
distal of the stenosis S. This placement enables the mea-
surement of the lesion without continual retries or sensor
repositioning. The optical wires 64 provide additional mate-
rial in the guide wire 60 and/or catheter to permit greater
torque to be applied to the guide wire 60 and/or catheter
when placing the assembly in the blood vessel V. The guide
wire 60 with optical sensors 62 may be used with traditional
FFR measurement techniques such as increasing cardiac
output through a vasodilator, and may also be used in any of
the FFR measurement techniques described in the foregoing.

[0082] Referring next to FIG. 27, an FFR measuring
catheter 70 for suitable application in connection with the
Avanta™ Fluid Management Injection System is disclosed
in U.S. Pat. Nos. 7,549,977 and 7,563,249, incorporated
herein by reference previously.
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[0083] In a further embodiment, a carrier 100 may be
provided to support multiple optical sensors and is shown in
FIGS. 28-31. The carrier 100 may include a variety of
intra-arterial and venous devices or fluid that enter the
vasculature and help to identify and/or treat disease. By
adding pressure sensing capability to these devices, longer
term measurement of performance characteristics through
pressure drop measurements may be accomplished. The
carrier 100 may be in the form of, for example: permanent
and semi-permanent stents; umbrella filters; temporary
implantable support rings for sensors, catheters of various
sizes, magnetically and other steerable devices, and fluid sail
devices, as a set of non-limiting examples.

[0084] In FIG. 28, a carrier 100 in the form of an implant-
able support ring carrier 102 is shown. The support ring
carrier 102 is used to support pressure sensors 104 on a
bioabsorbable magnesium material or similar material that
will degrade over time. As identified in medical literature
(see The Lancet, Volume 369, Issue 9576, incorporated here
in by reference), this kind of material may be used to provide
infrastructure scaffolding to support the pressure sensors
104. In the present application, the pressure sensors 104
could be mounted on the degradable material and then
placed in regions where FFR measurement aid in the detec-
tion and quantification of stenosis S. The pressure sensors
104 may also remain in such positions until any interven-
tional procedures are complete.

[0085] In FIG. 29, the carrier 100, as illustrated in the
embodiment shown in FIG. 28, is combined with a stent 110.
Using this arrangement, a clinician may leave the measure-
ment capability in place for a variety of time frames that are
dependent on prescribed treatment options. For example, the
carrier 100 may be left for a period of minutes until the stent
110 is placed. Dilution solutions enable the supporting
bioabsorbable material to degrade and the pressure sensors
may be removed 104. Additionally, the pressure sensors 104
may be left in the patient for an extended period of time in
order to monitor the effects of thrombus on a particular
region of interest. For example 30, 60, 90 days of monitoring
can provide enhanced knowledge of stent restenosis. This
long term placement is especially useful in patients who do
not have conforming anatomy and are susceptible to rest-
enosis. The carrier 100 in FIG. 29 may be provided with
pressure sensors 104 that may be used as part of a method
of monitoring intra-arterial blood pressure in patients over
an extended period of time. One or more of the pressure
sensors 104 enable constant monitoring of patients with
chronic conditions. For example, patients with peripheral
thrombus might have sensors mounted distally in the arms or
legs and the signal supplied by these pressure sensors 104
may be compared with a signal supplied by another sensor
located in the left ventricle. Collectively, these pressure
sensors 104 enable a clinician to compare the effects of
thrombus over time. Other pertinent applications for the
carrier 100 shown in FIG. 29 areas include early stroke
warning and vital organ monitoring, as non-limiting
examples.

[0086] In FIG. 30, the carrier 100 comprises a permanent
or semi-permanent stent 120. In a similar manner to the
embodiment of the carrier 100 shown in FIG. 29, the stent
carrier 120 may comprise pressure sensors 124 that are
placed on the deployed stent body. The pressure sensors 124
may be used to provide a real-time knowledge of thrombus
and other occlusions. Qutput or signal lines (not shown)
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from the pressure sensors 124 may be connected to a
transmit-and-receive box located remotely from the stent
carrier 120. This box may be configured to be primarily
responsible for communicating the effects of blood flow on
the stent carrier 120. As the stent carrier 120 becomes
occluded over time, a clinician would be able to measure its
effective flow capacity.

[0087] In addition to the foregoing “ring” carrier 102
(FIG. 29) and stent carrier 120 (FIG. 30), other applications
for the stent carrier 100 may include a battery powered
device, similar to pacemakers. Additionally, microwave
power can provide enough current to sample the pressure
sensors 104, 124 and provide readings. Further, vibration
technology could also power such a device. In any of these
embodiments, follow-up office type appointments enable
caretakers to understand the performance of, for example,
the stent carrier 120.

[0088] Blood flow may or may not be altered during the
pressure reading process in the various embodiment of this
disclosure. Little or no increase to blood flow is not an ideal
measurement, but does provide a mechanism to quantify
performance based on relatively normal flow. However,
since exercise increases blood flow and enhances accuracy,
sampling during a physical activity provides a desirable
measurement situation. Pressure readings can occur imme-
diately after installation in the patient’s body or over long
periods of time. Depending on battery life or external power,
pressure readings are available for the life of the stent carrier
120. Any location in the body can provide an opportunity for
pressure measurement, and the foregoing “ring” carrier 102
(FIG. 29) and stent carrier 120 (FIG. 30) aid in the internal/
external reading of such pressures.

[0089] In FIG. 31, the carrier 100 comprises an umbrella
filter carrier 130. Umbrella filters are commonly deployed in
the inferior vena cava to prevent strokes like pulmonary
embolisms. These devices are often temporary and removed
when a patient is no longer at risk for blood clots. Although
primarily implemented in the inferior vena cava, an umbrella
filter may also be placed in the infra-renal, supra-renal,
supra-hepatic, and superior vena cava, among other loca-
tions. Multiple pressure sensors 134 can be placed on the
umbrella filter carrier 130 to detect blood clots and other
occlusions.

[0090] Often, coronary occlusions are found at the inter-
section points of a coronary tree. These intersection points
might involve two, three, or more pathways. With reference
now to FIGS. 32-35, in another embodiment, multiple
pressure wires 200 may placed down a bifurcation 202 in a
blood vessel V having a stenosis S, and each vessel branch
204 receives one or more pressure and/or flow measuring
sensors 214. Collectively, the pressure and/or flow measured
from these sensors 214 total the cardiac output from the
“root” or supplying branch 204. In the cases where a stenosis
S is found, the combined pressure drop is indicative of an
occlusion. In the present embodiment, three (3) separate
occlusions or stenoses S are illustrated in FIGS. 32-35, and
each of these occlusions or stenoses S is located in the
vicinity of the intersection point or bifurcation 202. These
illustrations are exemplary and are intended to depict one,
two, three, or more locations where occlusions occur at or
around the bifurcation 202. Similar conditions also exist at
blood vessel trifurcations. In the pressure sensing arrange-
ment shown in FIG. 32, three (3) pressure sensors 214 are
deployed. In the pressure sensing arrangement shown in
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FIG. 33, four (4) pressure sensors 214 are deployed. In the
pressure sensing arrangement shown in FIG. 34, three (3)
hemodynamic monitoring catheters 224 are deployed. In the
pressure sensing arrangement shown in FIG. 35, two (2)
pressure sensors 214 are deployed in one vessel branch 204
and a hemodynamic monitoring catheter 224 is deployed in
the second vessel branch 204.

[0091] In another embodiment, FFR measurement capa-
bility may be provided on a thrombus removal catheter, as
shown in FIG. 36, for the purposes of providing feedback to
the clinician about the performance of aspiration activity,
reducing contrast load and hemolysis, etc. For example, any
manual catheters, assisted manual catheters, and mechanical
thrombus removal catheters may be used in the embodiment
shown in FIG. 36.

[0092] In the embodiment shown in FIG. 36, a thrombus
removal catheter 300 is shown with several small pressure
sensors 314, similar to common fiber optic or miniature
MEMs based physiological pressure sensors, are located
along the length of a thrombus removal catheter 300. The
pressure sensors 314 are typically flush with the exterior
wall of the catheter 300. Specifically, two (2) pressure
sensors 314 may be located near a distal end 302 of the
catheter 300 in the vicinity of the aspiration point or tip 304.
The two (2) distal pressure sensors 314 may be separated by
a distance that is most appropriate for the size of lesion or
thrombus that is common to a particular region. Additional
pressure sensors (not shown), such as a third or fourth
sensor, may be located several inches from the aspiration
opening or tip 304, and these additional sensors can provide
details about lengthy thrombus blood clots that have gradual
effects on blood flow. Signal wires (not shown) may be
embedded through the length of the catheter 300. The
catheter 300 may have additional connection points at the
proximal end, which can be used to convert optical or
MEMs signals to electrical pressure waves. Pressure waves
and FFR calculations may then be displayed on the Avanta™
user interface display or other console. Electrical signals
may also be provided to other hemodynamic monitoring
systems for additional monitoring and display.

[0093] In one exemplary application of the thrombus
removal catheter 300 shown in FIG. 36, a clinical “use case”
using the catheter 300 may include the steps of: (1) diag-
nosing a thrombus during an angiogram with support from
a power injector; (2) retrieving a diagnostic catheter (if
required); (3) inserting the thrombus removal catheter 300
into the patient’s blood vessel V having the thrombus; (4)
measuring the initial thrombus occlusion effect on blood
flow; (5) beginning aspiration of the affected area using the
thrombus removal catheter 300; (6) pausing aspiration; (7)
measuring the remaining effect of thrombus occlusion on
blood flow; (8) determining if enough thrombus has been
removed; and repeating forgoing steps (5)-(8) as needed.
[0094] The various embodiments of the FFR measurement
system and method in this disclosure are advantageous
because a power injector is used to push fluid through a
blood vessel so that adenosine and other pharmaceuticals do
not have to be administered during FFR procedures. Thus, a
person suspected of having heart disease does not have to
receive a drug that paces the heart to the maximum possible
cardiac output. Moreover, flow rate is controlled externally
and the heart remains unaffected. Protocol-based fluid deliv-
ery also increases the flow rate to a plateau level each and
every time, enabling maximum pressure differential and this
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ensures a more “correct” objective number of flow dimin-
ishment. Further, the process is an “on demand” feature
because the power injector is constantly available and mea-
surements may be taken and repeated at any time. Objective
evidence is gained over time and the process may be
repeated numerous times as needed.

[0095] The foregoing embodiments of the FFR measure-
ment system and method enable Interventional Radiology
(IR) clinicians to have maximum flow across a suspect
region. Normally, IR clinicians would not use a vesolator
dilator. In most cases, IR clinicians would refer the patient
to Interventional Cardiologists (IC) clinicians, and the
embodiments of the FFR measurement system and method
opens FEFR opportunities to IR clinicians.

[0096] Additionally, nitroglycerine and other vasodilators
can still be prescribed without interference to the FFR test,
and patients taking phosphodiesterase inhibitors like Via-
gra® do not need to come off of the drug for the testing.
Further, after an initial characterization of ideal fluid flow
with one medium, like contrast, additional fluid flows could
be substituted with similar effect. The various embodiments
described in this disclosure are further applicable to heart
valve or other structural diseases. Patients with these afflic-
tions may not be able to circulate blood at maximum
hyperemia and may not benefit from current FFR tech-
niques. Accordingly, giving the patient a vasodilator
increases the pacing of the heart, but does not appreciably
increase the pumping of blood.

[0097] In contrast to certain of the prior art discussed
previously, the FFR measurement techniques set forth pre-
viously utilize continual flow under power injection in
which flow velocity can be controlled, and pressure in the
blood vessel V is measured by one or more (e.g., multiple)
sensors. Additionally, in the FFR measurement techniques
described previously, two pressure readings may be com-
pared and a predetermined distance between measurement
locations is not required. Further, only one fluid type, such
as contrast media, is required. Moreover, the foregoing FFR
measurement techniques include fluid viscosity as a consid-
eration in the ultimate understanding of the pressure differ-
ences across the stenosis S.

[0098] Referring next or FIG. 37, a fluid delivery system
105 comprising a power fluid injector 256 and a control
feature or control unit 44 that enables the fluid injection
system 105 to be integrated with a pressure-sensing and fluid
delivery catheter 400 is shown. The fluid delivery system
105 further comprises a graphical user interface display 126
in a similar manner to that described previously in this
disclosure. In the fluid delivery system 105, the power
injector 25 is integrated with the pressure catheter 400 to
deliver fluid in an optimized manner based on information
obtained by the pressure catheter 400. The fluid delivery
system 10 may comprise a syringe-based or pump-based
power injector 24, appropriate fluid conducting lines, the
microprocessor-based control unit 45, the graphical user
interface display 126, and the pressure-sensing and fluid
delivery catheter 400 (hereinafter “catheter 400). The cath-
eter 400 comprises multiple lumens, one lumen 402 for
delivering fluid in the blood vessel V having the stenosis S,
and a second lumen 404 supporting a guidewire or other
structure having a single or multiple sensors 406, 408, which
are typically pressure sensors in the present embodiment.
Electronic communication or connection is between the
pressure sensors 406, 408, and the control unit 44 either in
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a wired configuration as shown or via wireless connection as
will be appreciated by those skilled in the art. The control
unit 4b is further in electronic communication or connection
with the graphical user interface display 124 and the power
injector 2b as illustrated. In the depicted embodiment, the
catheter 400 is placed in the blood vessel V with one sensor
408 downstream of an obstruction, such as stenosis S, and
one sensor 406 is placed upstream of the stenosis S. Upon
user initiation, such as by pressing a button on the graphical
user interface display 125, the fluid delivery system 105
delivers fluid, such as contrast media, via the power injector
2b within a set flow rate/range, and the control unit 45
monitors the upstream pressure via sensor 406 and increases
or decreases the pressure/flow based on preprogrammed
algorithms to achieve an optimum upstream pressure/flow,
enabling a corresponding pressure or flow drop downstream
of the stenosis S. The control unit 45 further monitors the
downstream pressure via sensor 408 and the upstream
pressure via sensor 406 and calculates FRR and other
desired physiological parameters. The fluid delivery data
stored by the control unit 45 including pressure data from the
catheter 400 may be combined to provide additional infor-
mation and analysis including, mean, max, integrals and
profiles. The fluid delivery system 105 also provides real
time data and playback capabilities in addition to summary
data. The fluid delivery system 105 may be adapted to
conduct fluid injections and collect readings automatically
from a single user initiation, and provides fluid flow, pres-
sure readings, and final results. Information can be stored in
memory in the control unit 45 and may be linked to patient
procedure information including imaging system files as
well as being shared with hospital information systems
(HIS). In another variation, an aspiration (suction) catheter
may be placed downstream of the obstruction, such as
stenosis S, and may be controlled by the control unit 45 to
create the optimized negative pressure to achieve the opti-
mized conditions and to calculate FRR and other physiologi-
cal parameters.

[0099] Referring to FIGS. 38-39, during a typical FFR
interventional case, high blood flows are required to gener-
ate a pressure drop across the coronary lesion or stenosis S
for cardiologists to measure and determine the extent of
occlusion by determining an industry standard FFR ratio
(distal pressure/proximal pressure). This high blood flow
rate across a coronary lesion will have high linear blood flow
velocities. This high blood flow velocity can cause turbulent
flow conditions of the blood in the occluded artery. In fluid
mechanics, the Reynolds number (Re) is a dimensionless
number that gives a measure of the ratio of inertial forces to
viscous forces. The Reynolds number is also used to char-
acterize different flow regimes, such as laminar or turbulent
flow. Laminar flow occurs at low Reynolds numbers, where
viscous forces are dominant and is characterized by smooth,
constant fluid motion. Turbulent flow occurs at high Reyn-
olds numbers and is dominated by inertial forces, which tend
to produce chaotic eddies, vortices, and other flow instabili-
ties. It has experimentally been determined that turbulent
flow rates cause a higher level of mechanical blood damage,
also known as “hemolysis”, as known from: Effects of
turbulent stresses upon mechanical hemolysis: experimental
and computational analysis, Kameneva M V et al. [ASAIO
JOURNAL (American Society for Artificial Internal
Organs). 2004 September-October; 50(5):418-23, incorpo-
rated herein by reference]. Reynolds numbers (Re) are
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calculated per the formula provided below. It is generally
accepted that Reynolds numbers above 2100 are classified as
turbulent. The Reynolds number (Re) is calculated for a flow
in a pipe or tube or artery as follows:

oDy vDy  QDy
Re = = — = —
° v VA
Where:
[0100] D, is the hydraulic diameter of the pipe; its

characteristic traveled length, L, (m).
[0101]
[0102] A is the pipe cross-sectional area (m?).

[0103] V is the mean velocity of the object relative to
the fluid (SI units: m/s).

[0104] p is the dynamic viscosity of the fluid (Pa-s or
N-s/m? or kg/(m-s)).

[0105] v is the kinematic viscosity (v=1/p) (m?/s).

[0106] p is the density of the fluid (kg/m?).

[0107] In the present application, Reynolds numbers were
calculated for increasing artery diameter reductions and
plotted as shown in FIG. 38. Two curves were generated and
plotted from the calculations. The first curve (C1) was for
adenosine increased arterial blood flow at 5 ml/sec in a
native coronary artery of 3.9 mm with an occlusion length
of 10 mm using a blood viscosity of 4 cP. The second curve
(C2) was for contrast flow at 3.33 ml/sec with an artery the
same as above but the contrast viscosity was 11.8 cP. As
FIG. 38 shows, when plotted and compared, the contrast
flow curve has lower Reynolds numbers than the adenosine
blood flow curve and, thus, it can be concluded that the level
of blood hemolysis will be less using the contrast based FFR
techniques of the present disclosure. While the calculations
do not consider the reduced flow area due to the presence of
a pressure wire, the presence of a pressure wire during FFR
measurements will only increase Reynolds numbers and
hemolysis effects using adenosine blood flow.

[0108] Additionally, referring to FIG. 39, the contrast flow
at 3.33 ml/sec in the present example produces higher
pressure drops than the adenosine blood flow rate at 5 ml/sec
due to the viscosity effects of the contrast and will have a
more defined FFR value at lower artery diameter reductions.
This contrast FFR ratio as shown by first curve (C1-A) can
be transformed to the industry standard FFR value well-
known to cardiologists and represented by second curve
(C2-A) by simple equations as follows:

Q is the volumetric flow rate (m?/s).

FFR Adenosine Value=(((Contrast FFR Valuex—0.
0492094)+0.491816)+Contrast FFR Value)

[0109] While embodiments of an FFR measurement sys-
tem and method were provided in the foregoing description,
those skilled in the art may make modifications and altera-
tions to these embodiments without departing from the
scope and spirit of the present disclosure. Accordingly, the
foregoing description is intended to be illustrative rather
than restrictive. The invention described hereinabove is
defined by the appended claims and all changes to the
invention that fall within the meaning and the range of
equivalency of the claims are to be embraced within their
scope.
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The invention claimed is:
1. A method of determining fractional flow reserve (FFR)
in a blood vessel having stenosis comprising:
injecting fluid with a fluid delivery system into the blood
vessel upstream of the stenosis using a power fluid
injector; measuring pressure drop across the stenosis;

measuring a pressure in the blood vessel upstream of the
stenosis during injection of the fluid with the fluid
delivery system;

measuring pressure drop across the stenosis with the fluid

delivery system based on the flow rate during injection
of the fluid with the power fluid injector; and
calculating FFR from the measured pressure drop.

2. A method as claimed in claim 1, wherein the injected
fluid comprises a contrast mediuni.

3. A method as claimed in claim 1, further comprising
placing a pressure sensor proximal of the stenosis.

4. A method as claimed in claim 3, wherein injecting fluid
into the blood vessel is reduced or discontinued when
retrograde flow is present in the blood vessel.

5. A method as claimed in claim 3, wherein injecting fluid
into the blood vessel is reduced or discontinued after a preset
period of time.

6. A method as claimed in claim 3, further comprising
repositioning the pressure sensor to a position distal of the
stenosis, reinjecting fluid into the blood vessel upstream of
the stenosis using the power fluid injector, and measuring
pressure in the blood vessel distal of the stenosis.

7. A method as claimed in claim 6, wherein reinjecting
fluid into the blood vessel is reduced or discontinued when
retrograde flow is present in the blood vessel.

8. A method as claimed in claim 6, wherein reinjecting
fluid into the blood vessel is reduced or discontinued after a
preset period of time.

9. A method as claimed in claim 6, wherein measuring
pressure drop across the stenosis comprises calculating a
ratio of distal pressure to proximal pressure in the blood
vessel.

10. A method as claimed in claim 1, further comprising
displaying the FFR on a user interface display associated
with the power fluid injector.

11. A method of determining fractional flow reserve
(FFR) in a blood vessel having stenosis comprising:
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inserting a multi-lumen catheter into the blood vessel,

injecting fluid into the blood vessel upstream of the

stenosis using a power fluid injector to identify a flow
rate through the blood vessel;

measuring pressure drop across the stenosis with the fluid

delivery system based on the flow rate during injection
of the fluid with the power fluid injector; and
calculating FFR from the measured pressure drop.

12. A method as claimed in claim 11, wherein the injected
fluid comprises a contrast medium.

13. A method as claimed in claim 11, further comprising
placing a pressure sensor proximal of the stenosis.

14. A method as claimed in claim 13, wherein injecting
fluid into the blood vessel is reduced or discontinued when
retrograde flow is present in the blood vessel.

15. A method as claimed in claim 13, wherein injecting
fluid into the blood vessel is reduced or discontinued after a
preset period of time.

16. A method as claimed in claim 13, wherein measuring
pressure in the blood vessel proximal of the stenosis com-
prises substantially simultaneously measuring pressure
using the pressure sensor and a hemodynamic monitoring
port on the multi-lumen catheter.

17. A method as claimed in claim 13, further comprising
repositioning the pressure sensor to a position distal of the
stenosis, reinjecting fluid into the blood vessel upstream of
the stenosis using the power fluid injector, and substantially
simultaneously measuring pressure in the blood vessel distal
of the stenosis using the pressure sensor and proximal of the
stenosis via a hemodynamic monitoring port on the multi-
lumen catheter.

18. A method as claimed in claim 17, wherein reinjecting
fluid into the blood vessel is reduced or discontinued when
retrograde flow is present in the blood vessel or after a preset
period of time.

19. A method as claimed in claim 17, further comprising
further repositioning the pressure sensor to a position proxi-
mal of the stenosis, reinjecting fluid into the blood vessel
upstream of the stenosis using the power fluid injector, and
substantially simultaneously measuring pressure in the
blood vessel proximal of the stenosis using the pressure
sensor and the hemodynamic monitoring port on the multi-
lumen catheter.

20. A method as claimed in claim 11, wherein the multi-
lumen catheter comprises at least a fluid injecting lumen and
a hemodynamic monitoring lumen.
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