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MULTIFUNCTIONAL GUIDEWIRE ASSEMBLIES AND SYSTEM FOR ANALYZING
ANATOMICAL AND FUNCTIONAL PARAMETERS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S. Pat. App. 13/305,630 filed November 28,
2011, which itself is a continuation-in-part of U.S. Pat. App. 13/159,298 filed June 13, 2011 which
claims the benefit of priority to U.S. Prov. Pat. App. 61/383,744 filed September 17, 2010 and also
claims the benefit of foreign priority to Indian Prov. Pat. App. 1636/CHE/2010 filed June 13, 2010,

each of which is incorporated herein by reference in its entirety.

INCORPORATION BY REFERENCE

[0002] All publications and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if each individual publication or patent application was

specifically and individually indicated to be incorporated by reference.

TECHNICAL FIELD OF THE INVENTION

|0003] The invention generally relates to methods and systems useful for medical procedures, and
more specifically methods and devices for determining vascular bodily lumen information and for
determining pressure within a vessel or lumen within the patient’s body for optimizing treatment

options.

BACKGROUND OF THE INVENTION

[0004] To investigate the health of vessels or organs in the human body (e.g., cardiac vessels), it
can be important to be able to measure certain internal characteristics or parameters of those vessels or
organs, which can provide details related to cardiac diseases and ailments so that appropriate treatment
can be performed. Traditional methods for measuring dimensions of vessels or organs include
intravascular ultrasound (“1VUS”) or optical coherence tomography (“OCT”). In both cases, a source
of energy (ultrasound or coherent light) and a scattering sensor (for ultrasound waves or light) are
mounted on a catheter and rotated along the axis of the body lumen in order to scan the inside of the
lumen and map out its profile, revealing its cross-sectional area. These methods, however, are either
very expensive and/or are cumbersome. For example, the use of IVUS requires advancing the
ultrasound catheter to a target area, such as a lumen, obtaining the information, removing the catheter,
combining the information obtained using the catheter with an angiogram to provide parameters about
the vessel, then proceeding with a medical procedure such as, for example without limitation, a stent

delivery procedure. In addition to the costs and time disadvantages, these procedures are also
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inconvenient to the patient.

[0005] Electrode-based interventional instruments have been explored as alternatives to IVUS
and OCT techniques. Some approaches have used catheters with two electrodes disposed thereon for
determining the cross-sectional area of a blood vessel. In use, the catheter is advanced through the
blood vessel to a measurement site, and an AC voltage is applied to the electrodes, producing a current
through the blood within the vessel. The impedance is measured. A fluid is then injected into the
lumen to replace the blood with the fluid, and a second impedance measurement is taken. The multiple
impedance measurements are then used to determine the cross-sectional area of the blood vessel
between the electrodes. In order to use these catheters in conjunction with an angioplasty procedure,
the catheter is first advanced to the treatment site to perform a measurement of the vessel cross-
section. The measurement device is then withdrawn and a balloon catheter is advanced to the
obstructed site in order to perform the dilatation. Since both the measurement device and the
dilatation catheter can be difficult to advance to the obstructed site, multiple device exchanges have to
be made adding more time and complexity to the procedure.

[0006] A dimension-sensitive angioplasty catheter having an inflatable balloon and a plurality of
vessel-measuring electrodes has also been described. The electrodes are mounted on the surface of the
catheter tube and are individually connected to the proximal end of the catheter. The catheter also
includes an inelastic balloon. The balloon is adapted to be inflated through the introduction of a
suitable fluid into the lumen of the tubular member to press the stenotic lesion against the vessel wall.
One pair of electrodes is selected for connection to the output of an oscillator, and a second pair of
electrodes is selected for sensing a signal that results from conduction through the blood in the vessel.
The technique requires injection of fluid into the expander with known concentration at the time of
making the measurements using the electrodes, thus adding to the complexity of the procedure. The
measurement may also need to be timed with the fluid injection creating room for inaccuracies and
procedural complexity. The repeatability of measurements may be affected if the injected fluid does
not clear out the blood completely in the vessel at the time of the measurements.

[0007] A need therefore exists for improved systems and methods for accurately measuring
lumen parameters, such as in the cardiac vasculature.

{0008] Additionally, typical imaging techniques provide very limited information, especially
about blood vessels and the heart. For example, an angiogram, which uses X-Ray imaging modality
and a contrast agent injected into the blood vessel, provides a simple two-dimensional snapshot of the
blood vessels. These snapshots or images are used to guide a physician during invasive procedures
that are needed for a variety of treatments related to coronary conditions. For example, stent

deployment to unblock an artery involves introducing a guide wire and a stent delivery catheter along
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the aorta to the point of the expected block, and the stent is subsequently deployed. This procedure
relies heavily on the skill of the physician operating the devices. Typically, the blood vessel can be
tortuous and have turns that may not be evident in a 2-D snapshot. The operators rely on their
experience and make educated estimations based on the 2-D images to position the stent before
deploying it. This can lead to inaccurate placements and hence less than ideal treatment. To get more
accurate positional information it may be useful to obtain a three-dimensional rendering of the lumen
trajectory.

{0009] Some approaches have attempted to generate three-dimensional (“3D”) images of flow
structures and their flow lumen using ultrasound technology. For example, some approaches have
used multiple 2D slices to generate a 3D image. These techniques are specific to ultrasound imaging
techniques, and hence require additional equipment to achieve the outcome.

{0010] Some approaches use a method of obtaining at least two complementary images to
differentiate the structures and the functions in the region such that image segmentation algorithms
and user interactive editing tools can be applied to obtain 3D spatial relations of the components in the
region. At least two complementary methods of imaging can be used (e.¢., CT and MRI) from which
two images are obtained based on identifying existing known anatomical features. The two images
then are used together to form a high resolution 3D image.

[0011] Some approaches use a method for reconstructing 3D data records from endo-lumen 2D
section images of a hollow channel, especially a blood vessel, using an image providing an endo-
lumen instrument such as a catheter. 2D images of the hollow channel are prepared and by
considering a known relative displacement position of the instrument in the hollow channel for each
2D sectional image a 3D image data record is reconstructed by computer from the image data of the
2D sectional images. The described technique requires multiple 2-D images for a single section of the
hollow channel.

[0012] Some approaches use an instrument that is moved in a lumen at a defined speed over a
defined distance. The approaches intraluminally record 2D images and create a 3D image.

10013] Known techniques require multiple images be made available to obtain a 3D lumen
assessment and visualization. Further, in some instances, to obtain lumen trajectory in a 3D volume,
complete procedural changes may be necessary, which may not be conducive for adaptation with
existing techniques. Also, the imaging procedures described may be cumbersome and complex, and
consequently, the medical procedure requires modification to accommodate the imaging procedure,
which sometimes is impractical. There are still needs for methods and devices that can provide 3D
trajectory of the blood vessel accurately and in a reasonable amount of time to enable a skilled

operator to perform intricate invasive procedures with greater confidence.
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[0014] Imaging vascular lumens is, in general, performed using several types of endo-lumen
instruments, such as Intra Vascular Ultrasound (“1VUS”), Optical Coherance Tomography (“OCT"),
Near Infrared spectroscopes (NIR), and other lumen measurement instruments. Typically these endo-
lumen measuring techniques provide important parametric information that aids a practitioner in
clinical decision making. For example, an IVUS catheter is used to image the lumen and determine
the parameters such as Cross Sectional Area (“CSA”) of lumen. The practitioner uses this information
to make clinical decisions when, for example, determining an appropriate size of a stent to be
delivered in the subject.

[0015] This parametric information is not, however, co-registered with the imaging modality
used, for example, an X-Ray modality. The corresponding positions where the parameters were
measured are not preserved for further use. The physician has to estimate and guide the therapy endo-
luminal devices to the points of interest (such as areas of minimum cross-sectional area where a stent
is to be deployed).

[0016] There have been efforts to fuse images obtained from two or more imaging modalities to
locate the position of the endo-lumen instruments vis-a-vis the image of the heart or the artery. In this
respect, the focus so far has been to be able to reconstruct a 3D image of the lumen or create a
guidance system by using two or more imaging modalities. However, none of these applications
address the co-registering of parametric information with the positional information of the endo-lumen
instruments.

[0017] US 201 1/0019892 provides a method for visually supporting an electrophysiological
catheter application. An electroanatomical 3D mapping data of a region of interest in the heart is
visualized. A 3D image data of the region of interest is captured before the catheter application. A 3D
surface profile of objects in the region of interest is extracted from the 3D image data by segmentation.
The electroanatomical 3D mapping data and 3D image data forming at least the 3D surface profile is
assigned by registration and visualized by superimposing on one another. Characteristic parameters
are measured for catheter guidance during the catheter application. The characteristic parameters are
compared with at least one predefined threshold value and regulation data for catheter guidance is
generated as a function of the comparison result. The regulation data is integrally displayed and
represented in the superimposed visualization. The technique described herein presents complexity in
terms of first having a 3D map of a region of interest, then obtaining 3D image of region of interest,
then segmenting the 3D image to obtain a 3D profile of region of interest and then superimposing on
the 3D map. The characteristic parameters are obtained separately by use of a catheter. A threshold
value is used to compare with the characteristic parameter and then regulation data for catheter

guidance is obtained and displayed. The technique is complex and uses threshold value to provide
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some regulation data for catheter guidance. The technique, however, fails to co-register the parametric
information with the positional information for accurate guidance for medical procedures.

[0018] US 2009/0124915 describes a method for guidance to an operator to position electrodes
upon a segmented heart model (“SGM”). The SGM is included in a map panel on a display screen. A
catheter advanced into a beating heart supports one or more electrodes. During a single beat of the
heart, an image is obtained with darkened portions corresponding to locations of the electrodes. The
image is presented in the same map pane! as the SGM. The current location of the electrodes is
confirmed relative to the SGM, either manually or through automated software algorithms.
Electrophysical (EP) data is captured that represents electrophysiological signals of the beating heart at
the current location for each of the electrodes. A signal processing algorithm is applied to the captured
EP data in view of the confirmed current location of the electrodes to result in a calculation that is
mapped at the confirmed location of the electrodes. This technique uses a modeling approach where
the catheter is tracked through fluoroscopy guidance and imaged, and the tracked image is used to
determine the position of catheter electrodes on the previously selected model for the heart. The
corresponding EP data is then mapped across the locations on the model. The technique provides both
computational complexity and again uses a pre-selected model for registering the EP data. Mapping
on a pre-selected model can lead to errors as the heart is in dynamic motion at any given time and the
model may not represent the current state for the images heart

[0019] As mentioned herein above, the diagnostic devices (IVUS, OCT, NIR, other lumen
assessment devices) used in the vascular spaces (coronary, peripheral, renal, abdominal aorta,
neurovascular, etc.) provide diagnostic parameters but do not integrate this information with the
position of the devices with respect to a reference so that other diagnostic or therapeutic devices can be
guided to the region of interest.

[0020] Generally, revascularization of vessels having greater than 70% stenosis is supported by
data confirming the efficacy of both percutaneous and surgical methods of revascularization to treat
angina pectoris. However, this decision is not obvious when it comes to a decision to re-vascularize
intermediate lesions, e.g., 30% to 70% stenosis. A functional assessment of the stenosis can help to
guide such decision. One such functional measure is Fractional Flow Reserve (FFR) which is a ratio
of pressure distal to the stenosis at maximal hyperaemia (maximum physiologic flow) to the aortic
pressure. The FFR is a fractional value that indicates how much the flow of blood to the vasculature
of the myocardium through the blood vessel is compromised due to the stenosis. A value close to |
indicates very little compromise. Decreasing values indicate increasing of compromise. A threshold
of ischemia exists for FFR that allows the discrimination of functionally significant lesions. A FFR of

below 0.75 is almost always associated with inducible ischemia.
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[0021] Recently completed FAME trial establishes this threshold clearly for intermediate lesions.
It should be noted that it is possible that even though the artery is highly stenosed the FFR value is
greater than 0.75. This may be due to several reasons. One is that several collateral arteries have
developed that carry blood to the same vasculature. Another possibility is that the micro-vasculature
itself is diseased and hence is the more significant bottleneck to blood flow. Further, in an extreme
case, the relevant portion of the myocardium may have become dysfunctional and has a significant
low physiologic flow need. Revascularizing treatment such as stenting or angioplasty in a functionally
significant lesion results in increasing the flow of blood to the myocardium and hence is effective.
However, it is well established that such a treatment does not result in clinical benefits for a
functionally non-significant lesion.

[0022] It is therefore accepted and routine practice to perform an FFR measurement to assess
intermediate lesions to assess its clinical significance. Such FFR measurements are performed using
pressure sensors that are mounted near the tip of the guidewire. Such embodiments are described in
the prior art, e.g., see U.S. Pat. 6,976,965; 6,167,763; and 5,715,827 which are incorporated herein by
reference in their entireties. Other examples of devices used for determining pressure as well as other
physiological parameters also include, e.g., U.S. Pat. 6,926,674 and U.S. Pub. 2002/0072880 which
are also incorporated herein by reference in their entireties. In a typical current work flow the
physician has to first complete an FFR assessment using the pressure wire described above. If the .
lesion is found to need treatment (FFR <0.75) then to assess the lumen for stent sizing and placement
he has to use a lumen assessment technology such as an IVUS/OCT or via lumen assessment device
using multifrequency electrical impulse as described in patent U.S. Pat. App. 13/159,298 (incorporated
herein by reference in its entirety). The IVUS/OCT or other lumen assessment devices have to be then
retracted out of the vessels to then bring in appropriate therapy device such as a stent catheter over the
wire. After the stent is deployed, if the physician has to verify the accurate placement and deployment
they again have to insert lumen assessment device in the region of interest. To achieve an optimal
therapy the physician thus may have to go through multiple pr\oduét exchanges which is cumbersome,
expensive, and presents added procedure time and risk to the patients. It is therefore highly desirable
to have a single device that can perform the FFR and lumen assessment and eliminates the need for
multiple exchanges and simplifies the procedure.

[0023] An ideal platform is a multifunctional guidewire that has a combination of pressure sensor
and electrodes placed at the distal end of the guidewire that is capable of measuring vessel pressure as
well as make lumen assessments with method as described in US patent U.S. Pat. App. 13/159,298
(incorporated herein by reference in its entirety).

|0024] In such a multi-functional guidewire device described herein where multiple sensofs are
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incorporated, multiple conducting wires may need to be used to provide various connections.
However, because guidewires typically have a relatively small diameter, e.g., 0.014 in. diameter, there
are significant challenges due to limited space.

[0025] Miniaturized pressure sensors have been developed for placement within guidewires for
providing such measurements by utilizing pressure as a function of the deflection of a diaphragm
located near or at the distal ends of a guidewire. These diaphragms have comprised piezo-resistive
microelectromechanical systems (MEMS) as the pressure sensor which is connected by two or more
wires through the guidewire.- Since the pressure sensor is integrated into a 0.014 in. diameter
guidewire, using multiple lead wires that run through the entire length of the guidewire present
assembly challenges due to limited real estate.

10026] Furthermore, the elongate wires may also act as antennas and are susceptible to cross-talk
and noise infiltration. Moreover, in the event that additional components are placed within or along
thé guidewire, additional circuitry or components may further complicate guidewire assembly and
increase the possibility of cross-talk and noise in the pressure sensing signals.

0027] Additionally, since the measurement circuitry is situated proximally and is connected to
the pressure sensor distally using a plurality of elongate wires through the guidewire, the physical
measurements from the pressure sensor may be electrically modified due to a parasitic network formed
by the plurality of wires. Any parasitic effects would need to be estimated and compensated for to
obtain an accurate measure of distal pressure sensed by the guidewire. The effects of a parasitic
network may be time varying due to temperature changes and physical changes arising from the
mechanical stresses on the device that makes accurate compensation fairly challenging. As a result,
accuracy of pressure measurements may suffer or the device may need cumbersome calibration tests.
{0028] Therefore, there exists a need for a solution that helps reduce the number of conducting
wires that are necessary to be run through the entire length. Additionally, there is also a need for a
solution that helps reduce noise, cross talk and a need for extensive calibration steps.

10029] In clinical practice the FFR threshold of less than 0.75 helps guide treatment plan/decision
for single lesions. However, the situation becomes more complex if there are multiple stenoses in the
network of blood vessels, some of which could be on the same artery, and some could be in a branch
downstream. In such a case, it is not easy to determine the treatment plan and the determination of
functionally significant lesions that are indicated for treatment is less obvious in several cases. The
FFR for the stenosis alone may not be appropriate for determining functional significance. For
example, a stenosis in a main branch can mask the functional significance of a stenosis downstream.
The stenosis that is downstream may not appear to be the functional bottleneck because of stenosis

present upstream stenosis. However, once the upstream stenosis is treated, the downstream stenosis
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may assume larger functional significance due to increased inflow of blood. This is because the
pressure drop across a stenosis depends not only on the amount of constriction but also on the flow
rate i.e. larger flow rate through a same constriction will result in a larger pressure drop and hence a
smaller FFR. The situation gets more complicated when there are branches and collaterals that have
multiple stenosis of varying degrees. In such situations, one of the ways out is to treat one stenosis
(which requires a bit of guesswork) and then determine the functional significance of remaining
stenoses. Other than being sub-optimal, this approach is also cumbersome since it may require
multiple iterations of diagnosis and treatment. These are the current practical clinical challenges faced
by clinicians of using an FFR measure to make treatment decisions in multiple serial and distributed
lesions. There is a compelling need to determine the true significance of each of the individual
stenoses in a single diagnostic procedure.

{0030] The true functional significance of treating one or more stenoses can be measured by of
how much the cardiac flow reserve (CFR) improves as a result of the treatment. An optimal treatment
plan is one that maximizes the CFR while keeping the risk of treatment minimal. In other words, only
those stenoses are treated that in combination lead to the most significant increase in CFR. The
stenoses left untreated are the ones for which the amount of improvement in CFR is not worth the risk
of the treatment procedure itself.

[0031] Therefore there is continued need in the art to assist the medical practitioner in providing
effective devices that are integrated in their workflow. Additionally, it is even more beneficial if the
same device can provide them with sufficient information to guide their clinical decisions, both, in
single lesions or when complex multiple serial or parallel lesions leading to a more effective therapy

which is the reason for the inventions described herein.

SUMMARY OF THE INVENTION

[0032) All publications and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if each individual publication or patent
application was specifically and individually indicated to be incorporated by reference.
[0033] One aspect of the disclosure is a method of determining information about a vascular
bodily lumen, comprising: generating a multiple-frequency electrical signal at a plurality of
frequencies; delivering the multiple frequency electrical signal to a plurality of excitation elements in
the vicinity of the vascular bodily lumen; measuring an electrical signal from a plurality of sensing
elements at least two of the plurality of frequencies in response to the delivered signal; and
determining a lumen dimension using the measured electrical signal at the at least two frequencies.

{0034] In some embodiments the measuring step comprises measuring voltages across the
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plurality of sensing elements at the at least two of the plurality of frequencies. The measuring step can
include measuring voltages across the plurality of sensing elements at each of the plurality of
frequencies. Determining the lumen dimension can comprise converting the voltages to one or more
lumen dimensions.

[0035] In some embodiments determining a lumen dimension comprises determining a lumen
cross sectional area using the electrical signal at at least two of the plurality of frequencies.
Determining a lumen cross sectional area can comprise determining a plurality of cross sectional areas.
The method can further comprise moving the plurality of excitation elements within the vascular
bodily lumen while determining the plurality of cross sectional areas. Determining a cross sectional
area can comprise determining a cross sectional profile that comprises a plurality of cross sectional
areas at various locations along the length of the vascular bodily lumen. The measuring step can
consist of making a single set of measurements simultaneously. The method can further comprise
determining a minimum lumen cross sectional area and a reference lumen cross sectional area, and can
further comprise identifying the region of blockage.

[0036] In some embodiments the method does not include injecting a fluid into the vascular
bodily lumen.

[0037] In some embodiments the measuring step comprises measuring the electrical signals at the

at least two frequencies simultaneously.

[0038] In some embodiments the excitation elements also perform the function of the sensing
elements.
10039} In some embodiments determining the lumen dimension comprises iteratively comparing

the measured electrical signal with a modeled electrical signal to determine the lumen dimension. The
comparing step can include comparing a measured voltage with a modeled voltage. The modeled
voltage can be based on a modeled lumen dimension. The modeled lumen dimension can be a lumen
cross sectional area.

[0040] In some embodiments the comparing step comprises comparing the measured electrical
signal with an electrical signal from a look-up table. The electrical signal from the look-up table can
be a voltage.

[0041] In some embodiments generating a multiple frequency sequence pulse comprises
generating a multiple-frequency sequence pulse having a predetermined peak to root-to-mean-square
(rms) ratio. The ratio can be about | and about 2, such as about 1.4, or about 1.

[0042] One aspect of the disclosure is a method of determining information about a vascular
bodily lumen, comprising: generating an electrical signal; delivering the electrical signal to a plurality

of excitation elements in the vicinity of the vascular bodily lumen; measuring a responsive electrical
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signal from a plurality of sensing elements in response to the delivered electrical signal; and
determining a lumen dimension, wherein determining the lumen dimension does not include
measuring a second responsive electrical signal.

[0043] In some embodiments measuring the responsive electrical signal comprises measuring a
plurality of responsive signals, such as voltages at a plurality of frequencies. Determining the lumen
dimension can comprise converting the voltages to one or more lumen dimensions. Measuring the
responsive signals at the plurality of frequencies can occur simultaneously.

|0044] In some embodiments determining a lumen dimension comprises determining a lumen
cross sectional area. Determining a lumen cross sectional area can comprise determining a plurality of’
cross sectional areas. The method can further comprise moving the plurality of excitation elements
within the vascular bodily lumen while determining the plurality of cross sectional areas. Determining
a cross sectional area can comprise determining a cross sectional profile that comprises a plurality of
cross sectional areas at various locations along the length of the vascular bodily lumen.

0045] In some embodiments the measuring step consists of making a single set of measurements
simultaneously.

10046} In some embodiments the method further comprises determining a minimum lumen cross
sectional area and a reference lumen cross sectional area. The method can further comprise
identifying the region of blockage.

[0047] In some embodiments measuring the responsive signal does not include replacing a
volume of blood with a fluid.

10048] In some embodiments determining the lumen dimension comprises iteratively comparing
the measured electrical signal with a modeled electrical signal to determine the lumen dimension. The
comparing step can comprise comparing a measured voltage with a modeled voltage. The modeled
voltage can be based on a modeled lumen dimension. The modeled lumen dimension can be a lumen
cross sectional area. The comparing step can comprise comparing the measured electrical signal with
an electrical signal from a look-up table. The electrical signal from the look-up table can be a voltage.
[0049] One aspect of the disclosure is a method of determining information about a vascular
bodily lumen, comprising: generating an electrical signal; delivering the electrical signal to a plurality
of excitation elements in the vicinity of the vascular bodily lumen; measuring a plurality of responsive
electrical signals from a plurality of sensing elements in response to the delivered electrical signal,
wherein a first of the plurality of sensing elements is not equally spaced from second and third sensing
elements; and determining a lumen dimension based on the measured electrical signals.

{0050] In some embodiments the first sensing element is disposed axially between the second and

third sensing elements. In some embodiments the delivering step comprises delivering the electrical
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signal to the second and third sensing elements. In some embodiments the delivering step comprises
delivering a multiple frequency electrical signal to the plurality of excitation elements. The measuring
step comprises measuring voltages across the plurality of sensing elements at the at least two of the
plurality of frequencies. Determining a lumen dimension can comprise converting the voltages to one
or more lumen dimensions. Determining a lumen dimension can comprise determining a lumen cross
sectional area using the measured plurality of electrical signals. Determining a lumen cross sectional
area can comprise determining a plurality of cross sectional areas. The method can comprise
determining a minimum lumen cross sectional area and a reference lumen cross sectional area, and
may include identifying a region of blockage.

|0051] One aspect of the disclosure is a medical device adapted to determine information about a
vascular bodily lumen, comprising: an elongate device; and a plurality of excitation elements and a
plurality of sensing elements disposed on the elongate device, wherein a first of the plurality of
sensing elements is not equally spaced from second and third sensing elements.

[0052) In some embodiments the first sensing element is disposed axially between the second and
third sensing elements on the elongate device. In some embodiments the second and third sensing
elements are also first and second excitation elements. In some embodiments the elongate device is a
guidewire, and wherein the excitation elements and sensing elements are electrodes. In some
embodiments the elongate device is an angioplasty balloon catheter and wherein the excitation
elements and the sensing elements are electrodes. In some embodiments wherein the elongate device
is a stent delivery catheter, and wherein the excitation elements and the sensing elements are
electrodes.

|0053] One aspect of the disclosure is a method of providing an elongate medical device adapted
to determine information about a vascular bodily lumen, comprising: selecting an elongate device
comprising first and second electrical excitation elements thereon, wherein the first and second
excitation elements are spaced at a distance that is within an estimated range of the vascular bodily
lumen diameter; and positioning the elongate device in the vascular bodily lumen.

[0054] In some embodiments the method further comprises exciting the first and second electrical
elements with an excitation source. The elongate medical device can have a plurality of sensing
elements thereon, the method further comprising measuring a responsive electrical signal from the
plurality of sensing elements in response to the excitation.

{0055] One aspect of the disclosure is a method for determining a lumen trajectory of a subject in
a 3D volume comprising: positioning a plurality of markers in vivo in a lumen, wherein each marker is
characterized by an original identity; obtaining an image of the plurality of markers; processing the

image to determine an observed identity of at least a subset of the plurality of markers and an observed
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spacing between at least two of the plurality of markers; determining a position of at least a subset of
markers in a 3D volume based on the observed identity, the observed spacing, and the original identity
of the subset of the plurality of markers; and determining the lumen trajectory in a 3D volume based
on the position of each marker. The “original identity” of each marker includes parameters used to
identify the markers, such as a serial number of a particular marker, the po§ition of the marker,
distance from at least an end (e.g., distal or proximal end) of the device, distance from the closest
adjacent markers, width of the marker, direction of orientation of the marker with reference to a
reference frame, etc., and combinations thereof.

10056] In some embodiments the method further comprises traversing the plurality of markers
through the lumen; tracking the observed identity, and the observed spacing at different positions;
determining a plurality of positions of each marker in a 3D space based on the observed identity, the
observed spacing and the original identity of each of the plurality of markers: and determining the
lumen trajectory in a 3D volume in a 3D volume based on the plurality of positions of each marker.
The method can further comprise mapping the observed identity at different phases of heart; and
determining a phase-dependent lumen trajectory in a 3D volume. The method can further comprise
determining a current position of each marker in the 3D space by determining a current observed
identity for each marker, and superimposing the current observed identity on the phase dependent
lumen trajectory in a 3D volume. The method can further comprise placing a reference patch on the
subject, such as using the patch to determine a change in the subject’s position, or to determine the
position of each marker. The method can further comprise using the reference patch to determine the
viewing angle of the imaging system. The method can further comprise using the reference patch to
determine the calibration factor. The plurality of markers can comprise at least two spaced apart
electrodes.

|0057] One aspect of the disclosure is a lumen trajectory system comprising: a plurality of
markers disposed at predefined locations on an endo-lumen instrument, the instrument configured to
be placed in vivo in a vascular bodily lumen: an imaging component adapted to image the endo-
lumen instrument in the lumen; and a processing component adapted to process the image to
determine at least an observed identity for at least a subset of the plurality of markers and an observed
spacing between at least a subset of the markers from the plurality of markers, and to determine a
position of at least a subset of the markers in a 3D space that defines the lumen based on the observed
identity, the observed spacing, and an original identity of the subset of the plurality of markers, to
determine the lumen trajectory in a 3D volume in a 3D volume based on the position of each marker.
|0058] In some embodiments the system further comprises a tracking module to track a traverse

movement of the endo-lumen instrument in the lumen.
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{0059] In some embodiments the system further comprises a synchronous phase imaging device
to map the observed identity at different phases of heart, and to determine a phase dependent lumen
trajectory in a 3D volume in a 3D volume. The processing means can be is configured to determine a
current position of at least a subset of markers in the 3D space by determining a current observed
identify for at least a subset of markers, and superimposing the current observed identity on the phase
dependent lumen trajectory in a 3D volume.

[0060] In some embodiments the system further comprises a reference patch configured to be
placed on a subject having the lumen. The reference patch can be used to determine a change in
subject position. The reference patch can be used to determine the position of each marker. The
reference patch can comprise a plurality of calibration electrodes arranged in a predetermined pattern,
such as a grid. The reference patch can be placed at a pre-determined orientation with respect toa
plane of imaging of the imaging means. A plurality of markers can comprise at least two spaced apart
electrodes.

[0061] One aspect of the disclosure is a lumen translation measurement system comprising: a
plurality of markers disposed at a plurality of predefined locations on an endo-lumen instrument, the
instrument configured to be positioned in-vivo in a vascular bodily lumen; an imaging component
adapted to image the positions of the plurality of markers on the endo-lumen instrument as it translates
through the lumen and adapted to create a plurality of image frames corresponding to the positions of
the plurality of markers on the endo-lumen instrument; and a processing component adapted to process
the plurality of image frames to determine the amount of translation of the endolumen instrument
between the image frames.

0062} One aspect of the disclosure is a method of determining axial translation of a medical
device within a vascular bodily lumen, comprising: imaging first and second markers on an elongate
medical device within a vascular bodily lumen; imaging the axial translation of the first and second
‘markers within a vascular bodily lumen in a plurality of image frames; and processing the plurality of
images frame to determine the axial translation of the medical device.

[0063] One aspect of the disclosure is a method for obtaining a phase dependent 3D lumen
trajectory: traversing a plurality of markers placed in vivo in a lumen, wherein each marker is
characterized by an original identity; obtaining an image of the plurality of markers; processing the
image to determine at least an observed identity for each of the plurality of markers and an observed
spacing between at least two markers from the plurality of markers: tracking the observed identity, and
the observed spacing at different positions; mapping the observed identity at different phases of heart;
and determining a phase dependent lumen trajectory in a 3D volume based on the phases of heart and

the observed identity and observed spacings.
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10064 One aspect of the disclosure is a method for obtaining reference information for diagnostic
guidance for an in vivo medical procedure, wherein the method comprises: providing lumen trajectory
information corresponding to a lumen and parametric information corresponding to the lumen; and
combining the lumen trajectory information with the parametric information to obtain the reference
information for diagnostic guidance.

(0065] In some embodiments the lumen trajectory information is selected from the group
consisting of a 2D image and a 3D image. In some embodiments the parametric information is at least
one pressure, blood flow rate, cross sectional area, and combinations thereof. The lumen trajectory
information and parametric information can be phase synchronized. The phase synchronization can be
achieved using ECG gating. The trajectory information and parametric information can be
synchronized in time. The synchronization in time can be achieved using a common clock.

{0066] In some embodiments the reference information is represented as at least one of a
reference image or a reference table or a graphical representation.

[0067] In some embodiments the reference information further comprises areas of diagnostic
interest marked.

|0068] In some embodiments the method further comprises displaying the reference information
on a graphical user interface.

[0069] In some embodiments the lumen trajectory information is obtained trom at least one of an
MRI, X ray, ECG, fluoroscopy, microscopy, ultrasound imaging and combinations thereof.

10070] In some embodiments the parametric information is obtained from at least one of an
microscopy, ultrasound, Intra Vascular Ultrasound (1VUS), Near Infrared spectroscopy (NIR), Optical
Coherence Tomography (OCT), vascular optical camera devices, and combinations thereof.

{0071] In some embodiments the parametric information includes a cross sectional area obtained
using a multiple frequency excitation signal and simultaneously measuring a responsive signal at each
of the plurality of frequencies.

[0072] In some embodiments the method further comprises guiding an endo-lumen instrument in
a lumen using the reference information.

[0073] One aspect of the disclosure is a method for guiding an endo-lumen instrument in a lumen
to a region of interest, the method comprising: placing the endo-lumen instrument in a lumen;
providing lumen trajectory information for the lumen; providing parametric information for the
lumen; combining the lumen trajectory information and the parametric information to generate
reference information for the lumen; imaging the endo-lumen instrument in the lumen to provide a
endo-lumen instrument image; correlating the endo-lumen instrument image onto the reference

information; and guiding the endo-lumen instrument to the region of interest.
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[0074) In some embodiments a fixed reference for a field of view is used. The fixed reference for
the field of view can be obtained by attaching a radio opaque marker patch on a subject. The fixed
reference for the field of view can be obtained by attaching a radio opaque marker patch on an object.
The fixed reference for the field of view can be obtained by an initial marking of at least one anatomic
location in the lumen trajectory information. The fixed reference for the field of view can be obtained
by using a set of co-ordinates of an imaging system.

{0075] In some embodiments the lumen trajectory information is a 2D image or a 3D image.
[0076] In some embodiments the parametric information can be at least one pressure, blood flow
rate, cross sectional area, and combinations thereof.

[0077] In some embodiments the lumen trajectory information and parametric information are
phase synchronized. The phase synchronization is achieved using ECG gating. The trajectory
information and parametric information can be synchronized in time. The synchronization in time can
be achieved using a common clock.

{0078] In some embodiments the reference information is represented as at least one of a

reference image or a reference table or a graphical representation.

[0079] In some embodiments the parametric information is obtained using the endo-lumen
instrument.
{0080] In some embodiments the lumen trajectory information is obtained from at least one of an

MRI, X ray, ECG, fluoroscopy, microscopy, ultrasound and combinations thereof. The parametric
information can be obtained from at least one of microscopy, ultrasound, Intra Vascular Ultrasound
(IVUS), Near Infrared spectroscopy (NIR), Optical Coherence Tomography (OCT), vascular optical
camera devices, and combinations thereof.

[0081] The parametric information can includes a cross sectional area obtained using a multiple
frequency excitation signal and simultaneously measuring a responsive signal at each of the plurality
of frequencies. '

[0082] One aspect of the disclosure is a diagnostic element comprising: at least two spaced apart
sets of electrodes configured to be placed in vivo proximal to a volume of interest in a cardiac
vasculature, wherein at least a first set of electrodes from the at least two spaced apart sets of
electrodes is configured to receive an input excitation from an excitation source, and at least a second
set of electrodes from the at least two spaced apart sets of electrodes is configured to receive an
response voltage signal from the volume of interest and transmit the response voltage signal to a
measurement device.

{0083] In some embodiments the diagnostic element further comprises a support wire comprising

a distal end and a proximal end, wherein the at least two spaced apart sets of electrodes are positioned
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at a distal end of the support wire, and the excitation source and the measurement device are
positioned at a proximal end of the support wire. The distal end can be a helically wound coil. The at
least two spaced apart sets of electrodes can be placed along a length of the support wire at
predetermined positions. The support wire can be a single wire. The support wire can comprise a
plurality of wire strands spaced apart by an insulating material. The plurality of wire strands can be
provided in a configuration selected from the group consisting of a multi-filar winding, one or more
braided wires, one or more twisted pairs of wires, and one or more winding twisted pairs of wire. The
insulating material can be a polymer.

{0084] In some embodiments the measurement device calculates a voltage difference between the
at least second set of electrodes, based on output signals received by the measurement device, wherein
the output signals are a function of the response voltage signal and wherein the voltage difference is a
function of a lumen dimension of the volume of interest. In some embodiments the voltage difference
is based on spatial diversity of the at least two electrodes. The voltage difference can be based on
frequency diversity of the input excitation and the response signal. The voltage difference can be
based on tissue diversity of the vasculature. The measurement device can be coupled to a display
device 1o display the lumen dimension.

[0085] In some embodiments at least one of the at least two electrodes is a distributed electrode.
In some embodiments at least one of the at least two spaced apart electrodes comprises one or more
electrodes. The one or more electrodes can be arranged in at least one of a straight line configuration, a
staggered configuration, or a spatial configuration.

[0086] In some embodiments a catheter comprises the diagnostic element, wherein the catheter is
further configured to determine a cross sectional area of an aortic valve and further determine a
prosthelic size for a bioprosthetic valve. In some embodiments the diagnostic element is a balloon
catheter. The balloon catheter can be further configured to determine a cross sectional area of an
aortic valve and further determine a prosthetic size for a bioprosthetic valve. The measurement device
can calculates a voltage difference between the second set of electrodes, based on output signals
received by the measuring device, wherein the output signals are a function of the response voltage
signal and wherein the voliage difference is a function of a balloon dimension of the balloon catheter.
{0087] One aspect of the disclosure is an active guide wire comprising: a distal end comprising at
least two spaced apart sets of electrodes, wherein the distal end is configured to be placed in vivo
proximal to a volume of interest in a vasculature: and a proximal end configured to be coupled to a
measurement device and to an excitation source. In some embodiments the distal end is a helically
wound coil.

[0088] In some embodiments a first set of electrodes from the at least two spaced apart sets of
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electrodes is used to send an input signal into the volume of interest, and a second set of electrodes
from the at least two spaced apart sets of electrodes is used to receive an response voltage signal from
the volume of interest. The measurement device can calculate a voltage difference between the second
set of electrodes, based on output signals received at the proximal end, wherein the output signals are a
function of the response voltage signal, and wherein the \-/oltage difference is a function of a lumen
dimension of the volume of interest. The voltage difference can be based on spatial diversity of the at
least two electrodes, frequency diversity of the input excitation and the response voltage signal, and/or
on tissue diversity of the blood vessel.

|0089] In some embodiments the active guide wire is a single wire. The active guide wire can
comprise a plurality of wire strands spaced apart by an insulating material. The plurality of wire
strands can be provided in a configuration selected from the group consisting of a multi-filar winding,
one or more braided wires, one or more twisted pairs of wires, and one or more winding twisted pairs
of wire.

[0090] One aspect of the disclosure is a diagnostic device for measuring lumen dimensions
comprising: a diagnostic element comprising at least two spaced apart sets of electrodes configured to
be placed in vivo proximal to a volume of interest in a vasculature; an excitation source coupled to a
first set of electrodes of the at least two spaced apart sets of electrodes; a measurement device coupled
to a second set of electrodes of the at least two spaced apart sets of electrodes; wherein the first set of
electrodes from the at least two spaced apart set of electrodes is configured to receive an input
excitation from an excitation source, and the second set of electrodes from the at least two spaced
apart set of electrodes is configured to receive an response voltage signal from the volume of interest
and transmit the response voltage signal to a measurement device.

{0091] In some embodiments the device further comprises a processor coupled to the
measurement device to calculate a voltage difference between the second set of electrodes, based on
output signal received at the proximal end, wherein the output signal is a function of the response
voltage signal, and wherein the voltage difference is used to calculate a lumen dimension of the
volume of interest. The processor can be an integral component of the measurement device. The
processor can be split into two or more levels, wherein at least one of two or more levels resides in a
host computer. The device can further comprise a display device coupled to the processor to display
the lumen dimension. The display device is configured to display a visual 2D representation of the
lumen dimension,

[0092] One aspect is a method for calibration for use in measurements from a remotely located
multi port network, the method comprising: providing an excitation and measurement entity for

exciting the remotely located multi port network and for measuring proximal voltages corresponding
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to a plurality of distal voltages at the remotely located multi port network; providing a-connecting
network for connecting the excitation and measurement entity and the remotely located multi port
network; providing a plurality of known load networks coupled to the connecting network; measuring
a plurality of voltages corresponding to each load of the known load networks; and estimating
electrical parameters based on the measured voltages corresponding to the measurement entity and the
connecting network, wherein the electrical parameters are used for calibration.

[0093]) In some embodiments the electrical parameters are at least one of Z parameters, Y
parameters, S parameters, H parameters, and G parameters.

10094| In some embodiments each load network from the plurality of network yields at least three
voltage measurements. The plurality of load network can provide at least eight load networks.

10095] In some embodiments the remotely located multi port network is a floating network. In
some embodiments the method further comprises using the electrical parameters to de-embed the
measurements from the remotely located multi port network.

(0096] One aspect is a method for measuring a plurality of actual voltages from a remotely
located multi port network, the method comprising: providing an excitation and measurement entity
for exciting the remotely located multi port network and for measuring a proximal voltages
corresponding to a plurality of distal voltages at the remotely located multi port network; providing a
connecting network for connecting the excitation and measurement entity and the remotely located
multi port network; providing a plurality of electrical parameters as calibration parameters
corresponding to the measurement entity and the connecting .network; exciting the remotely located
multi port network with a known excitation; measuring proximal voltages across at least two pair of
ports for the remotely located multiport network; and estimating actual voltages across the at least two
pair of ports using the electrical parameters to de-embed the proximal voltages.

[0097] In some embodiments the electrical parameters are selected from a group consisting of Z
parameters, Y parameters, S parameters, H parameters, and G parameters. In some embodiments the
remotely located load network is a floating network. In some embodiments the connecting network
comprises a plurality of conductor wires. In some embodiments the remotely located load network
comprises at least three distal electrodes placed in vivo in a body lumen. The three distal electrodes
can be placed at the distal end of at least an active guide wire or a catheter. The actual voltages can be
used to determine one or more lumen dimensions for the body lumen.

[0098] One aspect is a method for de-embedding measured distal voltages across at least three
electrodes placed in vivo in a body lumen, the method comprising: providing an excitation and
measurement entity for exciting the at least three electrodes and for measuring proximal voltages

corresponding to a plurality of distal voltages at the at least three electrodes; providing two or more
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conductors as a connecting network for connecting the excitation and measurement entity and the at
least three electrodes, wherein the at least three electrodes are at a distal end of the two or more
conductors; providing a plurality of electrical parameters as calibration parameters corresponding to
the excitation and measurement entity and the connecting network; exciting the at least three
electrodes with a known voltage excitation; measuring proximal voltages across at least two pair of the
at least three electrodes; and estimating actual voltages across the at least two pair of the at least three
electrodes using the electrical parameters to de-embed the proximal voltages.

{0099] In some embodiments the electrical parameters are selected from a group consisting of Z
parameters, Y parameters, S parameters, H parameters, and G parameters. The at least three
electrodes can be placed at the distal end of at least an active guide wire or a catheter. The actual
voltages can be used to determine one or more lumen dimensions for the body lumen.

[0100} One aspect is a system for de-embedding measured proximal voltages across at least three
electrodes placed in vivo in a body lumen, the system comprising: an excitation and measurement
entity for exciting the at least three electrodes and for measuring proximal voltages corresponding to a
plurality of distal voltages at the at least three electrodes; two or more conductors configured as a
connecting network for connecting the excitation and measurement entity and the at least three
electrodes, wherein the at least three electrodes are at a distal end of the two or more conductors; and a
processor for estimating a plurality of electrical parameters as calibration parameters corresponding to
the excitation and measurement entity and the connecting network, and for estimating actual voltages
across the at least two pair of the at least three electrodes using the electrical parameters to de-embed
the plurality of proximal voltages. In some embodiments the electrical parameters are selected from a
group consisting of Z parameters, Y parameters, S parameters, H parameters, and G parameters. In
some embodiments the at least three electrodes are placed at the distal end of at least an active guide
wire or a catheter. In some embodiments the actual voltages are used to determine one or more lumen
dimensions for the body lumen.

{0101} Aside from utilizing the guidewire for electrical measurements, such guidewires may also
be used for measuring various other physiological parameters as well. For instance, fluid pressure
measurements may be sensed within the vessels either alone or in combination along with determining
lumen parameters such as cross sectional area, as described above. Thus, the guidewire having the one
or more electrodes may be optionally combined with a fluid pressure sensor in various configurations,
as described in further detail below, to not only obtain luminal dimensions but also pressure
measurements without having to exchange instruments during a procedure.

10102] Intravascularly-based pressure sensors may be comprised of various different sensors such

as MEMS sensors which are recessed along the guidewire and have a diaphragm which itself may be
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formed of a silicone structure having a predetermined resistivity value. Generally, such a guidewire
assembly may comprise an elongate guidewire body, a pressure sensor secured near or at a distal end
of the guidewire body, and a processor secured within or along the guidewire body and in electrical
communication with the pressure sensor.

[0103] In use, the guidewire assembly.may be intravascularly advanced within the vessel of the
patient body where the fluid pressure within the vessel may then be sensed via the pressure sensor
having the diaphragm exposed near or at a distal end of the guidewire assembly, and the fluid pressure
may then be determined via the processor positioned outside the guidewire body placed externally.
There are some unique advantages of real estate reduction due to reduction in number of conductors
required as well as reduction in noise and coupling between various signals if a processor such can be
positioned within the guidewire assembly and in electrical communication with the pressure sensor.
[0104] In one example, a pressure sensor assembly may have a substrate or MEMS sensor wafer
substrate having a diaphragm formed along the wafer substrate. The pressure-sensor and diaphragm
may be insulated from the wire leads which are electrically attached to the wafer substrate. The one or
more leads may comprise conductive wires which are each covered along its length by an insulator
and each of the terminal ends of the leads may be soldered or otherwise electrically connected to a
respective termination pad aligned sequentially. Such an arrangement allows for the multiple leads to
be soldered to the wafer in a staggered alignment which further allows for the connection along a
relatively narrow wafer. Another variation may include termination pads which may be formed
adjacent to one another in a staggered pattern across the width of the wafer substrate. In this example,
grooves, channels, or trenches may be formed along the substrate leading from the proximal edge of
the substrate to the respective termination pad to align and guide the leads for connection to the
substrate.

[0105] The wafer substrate and the pressure sensor assembly may be secured within a pressure
sensor housing formed into a cylindrical shape defining a slot or opening which allows for the
diaphragm to be exposed to the fluid for sensing fluid pressure. The lead assembly and termination
pads may be covered or encased by insulation (e.g., heat shrink or equivalent material, etc., secured
over the soldered assembly) while the substrate may be secured within the sensor housing, e.g., by a
potting material such as RTV, epoxy or equivalent material. With the substrate positioned adjacent to
the slot or opening by the potting material, a core wire lumen may also be defined through the potting
material to allow for passage of a core wire througﬁ the sensor housing when secured along or within a
guidewire for intravascular use. I

[0106] In other variations, in order to reduce the number of wires or leads through the guidewire

and to the pressure sensor, as well as to save on space within the guidewire itself, various measures

20



10

15

20

25

30

WO 2012/173697 PCT/US2012/034557

may be taken. One example is to place a processor, such as an ASIC (application specific integrated
circuit) which is an integrated circuit customized for a particular use directly within the guidewire and
in proximity or adjacent to the pressure sensor. By placing an ASIC within the guidewire, the routing
of one or more lead wires through the entire length of the guidewire may be eliminated.

[0107] Another variation may include an ASIC formed directly upon the same substrate as with
the pressure sensor. With the ASIC in direct proximity to the pressure sensor and diaphragm,
electrical connections may be made between the two directly upon the substrate rather than using
multiple leads.

{0108] In use, the pressure sensing guidewire assembly may have the pressure sensor housing
secured along the guidewire body at or near the terminal end of the guidewire such that the diaphragm
of the substrate is exposed through the slot for contact with the surrounding fluid. The ASIC may be
secured in proximity to and electrically connected to the substrate, e.g., proximally of the substrate
along or within the guidewire body. The guidewire assembly may further include a core wire passing
through the guidewire and sensor housing. A distal coiled body of the guidewire assembly may
extend distally from the sensor housing while the ASIC leads connecting the ASIC and passing
proximally through the guidewire body which may be used for connection to another module, e.g., an
additional processor, monitor, etc., located outside the patient’s body in use.

[0109] Another variation can include the processor configured to be a ‘switch’ that toggles the
connection between the sensors. In this case only one set of conducting wires need to be routed
through the entire length of the guidewire. The inputs and sensory outputs are multiplexed over the
same set of wires at a desired frequency if simultaneous operation of both sensors is desired. In case
the sensory outputs are desired at different time intervals in a work flow, such as is the case during a
coronary intervention, the switch is signaled to toggle at discrete time intervals.

{0110] Another variation may further include the guidewire assembly incorporating one or more
additional sensors such as electrodes. The electrodes may be positioned anywhere along the guidewire
body but may be positioned proximally of the pressure sensor housing and ASIC. One or more of the
electrodes may be electrically coupled to the ASIC for processing as well or they may be electrically
coupled to another processor located, e.g., at a distance from the guidewire assembly. Such electrodes
may be used to provide additional sensing or detection capabilities such as sensing for various luminal
parameters like lumen diameter. Examples of this are described in further detail in U.S. Pat. App.
13/305,630 filed November 28, 2011 and 13/159,298 filed June 13, 2011, each of which is
incorporated herein by reference in its entirety. Alternatively, the one or more electrodes may be
energized through various modalities (e.g.. RF, microwave, etc.) and used to provide ablative

treatments to the surrounding tissue for treating various conditions such as chronic total occlusion,
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forming vessel occlusions, etc.

[0111] The guidewire assembly may further optionally incorporate or include a wireless
transmitter or transceiver which is configured to wirelessly transmit sensed information, e.g., via the
distal coil. Such a configuration may eliminate the need for leads or wires from the ASIC passing
through the guidewire body. Moreover, the power to the ASIC and/or pressure sensor housing may be
received via an RF link from an external source placed outside the patient’s body. The power
wirelessly transmitted to the components (e.g., when positioned within a patient’s body) may be
transmitted through the patient’s body from an external source placed in proximity to the guidewire
assembly. The power may be received via the distal coil, proximal coil, or combination of both for
providing a wireless power source to each of the one or more components within the guidewire
assembly.

[0112] With the guidewire assembly having both an electrode assembly and a pressure sensor,
e.g.. positioned along the guidewire body proximal to the pressure sensor housing, the electrodes are
configured to deliver a multiple-frequency electrical signal at a plurality of frequencies in the lumen,
to measure an electrical signal at least two of the plurality of frequencies in response to the delivered
signal, and to determine an anatomic lumen parameter using the measured electrical signal at the at
least two frequencies.

[0113] Generally, in utilizing the functional and anatomical measurements obtained by the
guidewire having both, a pressure sensor and an electrode assembly, these parameters may be used to
model a vascular network into an equivalent electrical network for determining various treatment
plans. An optimal treatment plan may then be selected based on various factors as determined by the
physician. Using the guidewire assembly, the functional and anatomical measurements and
identification of lesions may be made. The equivalent electrical network may then be modeled and
solved based on the measured parameters to obtain unknown parameters of the electrical network. A
list of possible treatment plan options may be constructed where each plan may correspond to the
treatment of a subset of particular lesions. The anatomical outcome for each of the treatment plans
may be estimated and the equivalent modified electrical parameters may be determined. Then, each of
the electrical networks for each plan may be solved to determine the functional outcome for each
treatment plan and the outcomes for all treatment plans may be presented to a physician. Based on the
outcomes of the treatment plans, the physician may make a determination for treatment based on a
risk-reward trade-off and select which treatment plan to pursue.

[0114] In constructing an equivalent electrical network from a vascular network having one or
more stenosed lesions, the aortic pressure may be mapped to the voltage source of the electrical

network. This is connected between zero voltage potential and the ostium. All relevant lesions may
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be identified in the vascular network and each lesion may then be mapped to a distinct electrical
resistance in the equivalent electrical network. The microvasculature at the end of each of the
participating arteries may be mapped to a distinct resistance in the electrical network. The healthy
segments of the arteries (which offer relatively low resistance) may correspond to electrical shorts and
may be mapped on to electrical connections between resistances and between the voltage source and
resistances. The resistance at the microvasculature ends at zero pressure (zero voltage potential) and

may be mapped to zero volts in the equivalent electrical network.

BRIEF DESCRIPTION OF FIGURES

[0115] The features of the disclosure are set forth with particularity in the appended claims. A
better understanding of the features and advantages of the present disclosure will be obtained by
reference to the following detailed description that sets forth illustrative embodiments, in which the
principles of the disclosure are utilized, and the accompanying drawings of which:

[0116] FIG. 1 is a diagrammatic representation of current paths between excitation elements
positioned within lumen;

[0117] FIG. 2 is a graphical representation showing the magnitude of specific impedance for
various tissue types over a range of frequencies;

[0118] FIG. 3 is a graphical representation showing phase of specific impedance for various
tissue types over a range of frequencies;

[0119] FIG. 4 is a graphical representation that shows examples of current values that may be

provided to a heart tissue over a range of frequencies;

[0120] FIG. 5 depicts current filaments when the vessel wall is insulating.

[0121] FIG. 6 depicts current filaments when the vessel wall is highly conducting.

[0122] FIG. 7 illustraies a mesh modeling network.

[0123] FIG. 7A illustrates an exemplary method of determining a lumen dimension.

[0124] FIG. 8 illustrates a finite element model of a lumen with a medical device therein.
[0125] FIG. 8A illustrates an exemplary method of determining a lumen dimension.

|0126] FIG. 8B illustrates an exemplary method of determining a lumen dimension.

[0127] FIG. 9 illustrates an exemplary method of generating and applying a multiple frequency

excitation signal.

[0128] FIG. 10 is a block diagrammatic representation of an exemplary system.

[0129] FIG. 11 shows an exemplary implementation of a pseudo random binary sequence.
|0130] FIG. 12A shows the exemplary pseudo random binary sequence in time domain.
[0131] FIG. 12B shows a zoomed portion of the exemplary pseudo random binary sequence in
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time domain.

[0132] FIG. 13 shows the power spectral density of the exemplary pseudo random binary
sequence.

{0133] FIG. 14 shows the phase plot of the exemplary pseudo random binary sequence.
[0134] FIG. 15 shows an exemplary implementation for orthogonal frequency division

multiplexed (OFDM) sequence using IFFT.
10135] FI1G. 16 shows a time domain signal for the OFDM sequence of FI1G. 14 and FIG. 15.
[0136] FIG. 17 shows the OFDM Frequency Response for the implementation of FIG. 15.

{0137 FIG. 18 shows an exemplary implementation for generating a multi frequency composite
sinusoid.
[0138] FIG. 19 is a diagrammatic representation of an exemplary diagnostic element and the

associated circuitry for measuring a lumen dimension.

[0139] FIG. 20 is a diagrammatic representation of an embodiment of an excitation and
measurement device to be used with the diagnostic element of FIG. 19.

{0140] FIG. 21 is a diagrammatic representation of spaced apart electrodes at pre-determined

positions according to one aspect of an exemplary embodiment.

[0141] FIG. 22 is a diagrammatic representation of distributed electrodes.

[0142] FIG. 23 is a diagrammatic representation of an exemplary embodiment of a diagnostic
device. |
[0143] FIG. 24 shows an overlay image of an output from the measurement device and an

angiogram image.
|0144] FIG. 25 is a diagrammatic representation of an exemplary embodiment of the diagnostic
device showing exemplary electronics.

{0145} FIGS. 26-33 are diagrammatic representations of a few exemplary embodiments of the

active guide wire.

[0146] FIG. 34 is a diagrammatic representation of a balloon catheter that includes a diagnostic
element.
[0147] FIG. 35 is a diagrammatic representation that shows an example of raw data from

vasculature in accordance with an exemplary embodiment.
[0148] FIG. 36 is a flowchart representation of an exemplary method for determining lumen

dimensions according to an aspect of the disclosure.

[0149] FIGS. 37 and 38 illustrate exemplary methods of determining a lumen trajectory in a 3D
volume.
[0150] FIG. 38a illustrates identification of markers on an elongate medical device such as a
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guidewire.

[0151] FIG. 38b illustrates tracking the markers across a plurality of frames.

[0152] FIG. 38c illustrates changing in relative spacing of electrodes due to viewing angles.
{0153 FIG. 39 shows a specific embodiment of the application of the method of disclosure to

obtain a lumen trajectory in a 3D volume.

[0154] FIG. 40 shows a schematic of an exemplary lumen trajectory device of the disclosure.
[0155] FIG. 41 shows an exemplary lumen trajectory device of the disclosure in a simulated use
situation.

[0156] FIG. 42 shows one exemplary arrangement of one reference patch with markers on it.
[0157] FIG. 43 shows the exemplary arrangement of one reference patch with markers on it in

use situation.

[0158] FIG. 44 shows another exemplary arrangement of one reference patch with markers on it.
[0159] F1G. 45 shows a block diagram representation of a lumen trajectory system.
[0160] FIG. 46 is a flowchart representation comprising exemplary steps involved in a method of

the disclosure.
[0161] FIG. 47 is a flowchart representation comprising exemplary steps involved in a method of

the disclosure.

[0162] FIG. 48 is a block diagrammatic representation of an exemplary system of the disclosure.
10163] FIG. 49 is a diagrammatic representation of a 2-port network with port voltages and port

currents.

[0164] FIG. 50 is a diagrammatic representation of an exemplary embodiment with a multi port

network at a distal end and the excitation and measurement entity at a proximal end.

[0165] FIG. 51 is a diagrammatic representation of another exemplary embodiment with a multi
port network at a distal end and the excitation and measurement entity at a proximal end.

[0166] FIG. 52 is a diagrammatic representation of an exemplary embodiment for use in
measuring electrical response from a body lumen.

10167] FIG. 53 is a diagrammatic representation for another exemplary embodiment with a

different configuration for obtaining the measurements from a body lumen.

{0168] FIG. 54 is a diagrammatic representation of a multi terminal embodiment used for
modeling the system of FIG. 51 and FIG. 52.
[0169] FIG. 55 is a diagrammatic representation of a multi port network that can use the

assumptions of the embodiment of FIG. 53.
[0170] FIG. 56 is a diagrammatic representation of a multi port network that can uses the method

of the invention where 6 degrees of freedom are presented.
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[0171] FIG. 57 is a diagrammatic representation of an embodiment with an exemplary 3-port
passive network 6 complex impedances.

[0172] FIG. 58 is a diagrammatic representation of another embodiment with an exemplary 3-
port network.

[0173] FIG. 59 is a flowchart for the exemplary method steps of the invention.

[0174] FIG. 60 is a diagrammatic representation of another embodiment showing a wire with
markers inserted through a guide catheter.

[0175] FIG. 61 is a diagrammatic representation illustrating physical spacing between markers

(not apparent distance as seen in a 2D image).

[0176] FIG. 62 is a diagrammatic representation illustrating markers moving through the guide
catheter.

(0177] FIG. 63 is a diagrammatic representation illustrating a wire with 2 markers (A & B).
10178] FIG. 64 is a diagrammatic represcntation illustrating a wire with 2 markers (A &B)

mbving through a lumen.

[0179] FIG. 65 is a diagrammatic representation illustrating the super-imposition of successive
fraxﬁes. -

[0180] FIG. 66 is a diagrammatic representation illustrating linearized movement of the markers.
10181] FIG. 67 is a diagrammatic representation illustrating calibration based on attached discrete

electrical elements.

[0182] FIG. 68 is a diagrammatic representation illustrating calibration using lumens of different
dimensions filled with conductive fluid.

10183] FIGS. 69A and 69B are respective top and cross-sectional end views of one variation of a
pressure sensor which may be integrated into a guidewire.

|Oli§4| FIGS. 70A and 70B are respective top and cross-sectional end views of another variation
of a pressure sensor which may be integrated into a guidewire where the terminal ends of conducting
wires may be positioned along a channel, groove, or trench.

[0185] FIGS. 71A and 71B are respective top and cross-sectional end views of a pressure sensor
positioned along a guidewire.

{0186] FIGS. 72A and 72B are respective top and cross-sectional end views of a variation of a
pressure sensor housing. .

[0187] FIG. 73 is a top view of another variation of a pressure sensor incorporating an ASIC
directly within the guidewire and in direct electrical communication with the pressure sensor.

10188] FIG. 74 is a top view of another variation of a pressure sensor where an ASIC block and a

sensor block may be integrated directly on a common substrate.

26



10

20

25

30

WO 2012/173697 PCT/US2012/034557

[0189] FIG. 75 is a schematic illustration of an ASIC and sensor block in electrical
communication with one another.

[0190] FIG. 76 is a partial cross-sectional side view of one variation of a guidewire illustrating
the relative positioning of the pressure sensor module and ASIC chip.

[0191] FIG. 77 is a partial cross-sectional side view of another variation of a guidewire
illustrating the relative positioning of the pressure sensor module, ASIC chip, and the addition of
additional sensors such as electrodes.

[0192] FIG. 78 is a partial cross-sectional side view of another variation of a guidewire having an
ASIC which may be configured to wirelessly transmit and/or receive information via at least a portion
of the distal guidewire coil.

[0193] FIG. 79 is a partial cross-sectional side view of yet another variation of a guidewire where
an ASIC may be configured to wirelessly transmit and/or receive information via the distal guidewire
coil, proximal guidewire coil, or a combination of both.

[0194] FIG. 80 is an example of a guidewire assembly advanced intravascularly within a vessel
for sensing fluid pressure.

[0195] FIG. 81 is a side view of one variation of the pressure sensor assembly and
electrode assembly positioned adjacent to one another along the guidewire and exemplary
current filaments shown for illustration.

(0196] FIG. 82 is a detail side view of the electrode assembly.

[0197] FIG. 83 is a partial cross-sectional side view of another variation of the pressure
sensor assembly and electrode assembly secured along the guidewire.

[0198] FIGS. 84A and 84B are an example of a bifurcated vessel such as a main coronary
artery with the left coronary artery (LCA) and left anterior descending (L.AD) artery each
having a stenosed lesion and a corresponding equivalent vascular network model.

[0199] FIG. 85 is an example of how a vessel lumen can be approximated by a series of
cylindrical segments of varying radii for determining an equivalent overall resistance.

[0200] FIGS. 86A and 86B are an example of a single vessel having more than one
stenosed lesion and its equivalent vascular network model.

[0201) FIGS. 87A and 87B are another example of a vessel which is collateral to a
stenosed vessel and its equivalent vascular network model.

[0202) FIGS. 88A and 88B are another example of a vessel which branches from a

stenosed vessel having two lesions and its equivalent vascular network model.
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[0203] FIG. 89 is a flowchart illustrating an example for modeling a vascular network and
optimizing a treatment plan.

10204) FIGS. 90A to 90D are examples of various vessel and lesion configurations which
may be modeled for use.

[0205] FIGS. 91A to 91L illustrate an example of how the guidewire having a combined
pressure sensor and electrode assembly can be advanced intravascularly for assessing pressure

and luminal characteristics of a stenosed region in determining treatment options.

DETAILED DESCRIPTION OF THE INVENTION

[0206] The devices, systems, and methods described herein combine imaging, precise physical
measurement and tissue characterization at a smaller footprint and at lower cost compared to other
standard diagnostic techniques such as, without limitation, Angiography, IVUS, Optical Coherance
Tomography (OCT) , Near Infrared Spectroscopy (NIR) and FFR (“fractional-flow reserve™). The
techniques described herein can further uncover more anatomical details than some other diagnostic
approaches and provide several advantages in a variety of uses.

10207 The disclosure herein provides devices, systems, and methods for determining vascular
bodily lumen or vessel dimensions, such as a cross-sectional area. Vascular bodily lumen as described
herein implies a bodily lumen of the circulatory system like an artery or vein having blood as a fluid
flowing in the lumen and generally refers to blood vessels. “Dimension” as used herein includes,
without limitation, cross sectional area, diameter, radius, major/minor axis, and any derivatives
thereof. Aspects of the disclosure can be applied as stand-alone systems or methods, or as part of a
greater diagnostic or therapeutic device or procedure. [t shall be understood that aspects of the
disclosure can be appreciated individually, collectively, or in combination with each other. Features
described in one or more embodiments can be incorporated into other embodiments unless the
disclosure specifically says otherwise.

[0208] In some embodiments the systems and methods can determine cross sectional area to
determine where the cross sectional area is at a minimum in the lumen, and hence identify where a
blockage exists. In some embodiments the disclosure provides for accurate placement and dilation of
a stent within the blocked region of the vasculature, with minimal or no need to use additional
diagnostic tools to determine and confirm stent dimensional choices, placement, coverage, and proper
apposition to the vessel wall. The embodiments herein can address geographic misplacement of stents
in arteries, other blood vessels, or other lumens, since angiograms can result in inaccurate and
subjective visual estimates. Geographic misplacement can include longitudinal misses and/or axial

misses. In a longitudinal misplacement, the stent is placed too far distally or too far proximaily,
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leaving uncovered plaque in some instances. In other instances the stent length may be insufficient to
cover the lesion length, also leaving uncovered plaque. Additionally, post dilation with a balloon can
cause injury to the vessel at the edge of a stent if the balloon is inflated too far proximally or too far
distally. In an axial miss, the stent to artery ratio may be less than 0.9. That is, the stent is not inflated
to at least 90% of the desired artery diameter. In another form of axial miss, the stent to artery ratio
may be greater than 1.3, meaning that the stent is inflated to over 130% of the desired artery diameter.
[0209] In some embodiments, determining lumen parameters such as cross sectional area
provides accurate, real-time determination of the location the blockage in the vasculature and also to
indicate the dimensions of the inflated balloon or stent. The systems and methods herein can,
however, be used for any other suitable procedure in any other suitable portion of the body, such as a
TAVI procedure as is described below.

[0210] In some embodiments the location of the blockage. or other anatomical regions of interest,
can be identified and the movement of other diagnostic devices can be tracked relative to the
anatomical region of interest. For example, in some embodiments a blockage is identified and
registered with respect to a reference point, such that the movement of a stent catheter can be tracked
relative to the location of the blockage. Other known methods can be used to identify the anatomical
region of interest.

{0211} A first aspect of the disclosure determines vascular bodily lumen information. These
embodiments involve passing electric current between excitation elements positioned within a
vascular bodily lumen or organ (“lumen or organ” is generally referred to herein simply as “lumen”)
and measure one or more response electrical signals, also referred as response signals, using a plurality
of sensors, or sensing elements, within the vascular bodily lumen to determine one or more lumen
parameters, such as one or more cross-sectional areas of the lumen. In exemplary methods, the
excitation signals are multiple frequency signals, and the response signals are response voltages
simultaneously measured at multiple frequencies (this is generally referred to herein as “frequency
diversity”). The measured response signals across the multiple frequencies are then used to determine
one or more lumen parameters, such as one or more cross-sectional areas. In some embodiments the
excitation elements, disposed on an elongate medical device, are not equidistantly spaced from one
another along the device, and this concept is generally referred to herein as “spatial diversity.”

[0212] As used herein, the following terms, without limitation, may be used interchangeably to

refer to the same or similar devices: “elongate medical device,” “diagnostic device,” “delivery

LR Y LYy

device,” “guidewire,” “catheter.”
{0213] The methods herein exploit distinctive frequency-dependent electrical properties of

various bodily elements such as blood, vessel wall, fatty tissue, calcified tissue, etc. to determine
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lumen parameters. FIG. 2 is a graphical representation of impedance magnitude 106 for various tissue
types over a range of frequencies 108. Impedance magnitude (absolute value of Vin/lin measured in
dB) versus frequency (Hz) is provided for aorta 110, blood 112, and fat (average infiltrated) 114. Vin
represents voltage and lin represents current. The plots of impedance magnitude (absolute value of
Vin/lin measured in dB) for blood, tissue (aortic vessel) and fat shown indicate that when an excitation
(e.g., a sinusoidal current (AC), or any other waveform) at different frequencies is applied in series

across the volume of interest (1 cubic millimeter, for example), the impedance magnitude varies

. depending on the type of bodily material that occupies that volume.

[0214] FIG. 3 is a graphical representation of an example of impedance phase 124 (in degrees)
for various tissue types over a range of frequencies 126. Line 128 represents the impedance phase
(angle of Vin/lin measured in degrees) of tissue (e.g. aortic vessel) across a frequency range of 100 Hz
10100 MHz; line 130 represents impedance phase (angle of Vin/lin measured in degrees) of blood
across a frequency range; line 132 represents impedance phase (angle of Vin/lin measured in degrees)
of fat across a frequency range. Vin represents voltage and lin represents current. The plots of
impedance phase (angle of Vin/lin measured in degrees) for blood, tissue and fat shown indicate that
when an excitation (e.g., a sinusoidal current (AC), or any other waveform as described elsewhere) at
different frequencies is applied in series across the volume of interest (I cubic-millimeter, for
example), the impedance phase depends on the type of bodily material that occupies that volume.
[0215] The electrical excitation sequence used to excite the excitation elements is designed so as
to simultaneously excite the lumen with multiple frequencies spanning a suitable frequency range. The
frequency range is preferably chosen where the various bodily elements (e.g., blood, fat, plaque,
tissue) show distinctively different frequency dependent electrical characteristics, such as in the range
shown in FIG. 2 and FIG. 3. These differences lead to unique characteristics in the measured
frequency-dependent signals, which help in accurate assessment of lumen dimension.

[0216] FIG. 1 illustrates a representation of an exemplary elongate medical device with
electrodes T1-T4 within a vascular bodily lumen. Current is shown passing between excitation
electrodes T1 and T2 along current filaments 54. Some of the filaments extend solely through the
blood within the lumen, and some pass through both blood and through the vessel wall as shown. Itis
understood that additional tissue, such as fatty tissue or calcified fatty tissue, can be deposited on the
lumen wall such that some filaments pass through one or more of blood, lumen tissue, fatty tissue,
calcified fatty tissue, etc. The total electrical current between terminals T1 and T2 is the sum total of
all the individual current filaments. Terminals T1, T2, T3 and T4, which are in this embodiment
electrodes, are adapted to measure voltages. This provides three unique voltages, V1, V2 and V3

(e.g., the voltage between T1 and T3, between T3 and T4, and between T4 and T2). There are alternate
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ways of measuring the 3 unique voltages. For example, the terminal T2 could be used as a common
reference, and the 3 unique voltages can be measured between T1 and T2, between T3 and T2, and
between T4 and T2. This alternate measurement is essentially a linear combination of the previously
stated example of measuring V1, V2 and V3, and they carry the same information. The particular
method of measuring voltage chosen depends on convenience of implementation and the degree of
noise present in each type of measurement.

10217] From FIG. 1, it is evident that the current lines are crowded near the electrode, and fan out
away from the electrode. This effectively increases the impedance that is measured between the
excitation electrodes (also referred to as two-port impedance). The measured two port impedance
would be significantly larger than the impedance determined by the formula used for calculating the
resistance or impedance of a cylindrical section of a conducting medium, which is p*L/A (where p is
the resistivity of the medium, L is the length of the cylindrical section, and A is the cross-sectional
area). In some instances, a value several times greater than the formula impedance was observed. The
extra impedance, sometimes called contact impedance or electrode fringe effects, is a function of the
geometry of the electrode and the conductivity of the medium in which it is in. Even if the cross-
sectional area of the lumen is increased to a very large value, the two-port impedance does not fall
below a certain value. To alleviate the effects of contact impedance, a 4-point impedance
measurement is used that uses electrodes away from the excitation electrodes and are closer spaced.
With reference to FIG 1, it can be seen that the electrical current filaments are fairly parallel to the axis
between electrodes T3 and T4. A 4-point measurement would be a measurement taken between
electrodes T3 and T4 with the excitation occurring between the outer electrodes, T1 and T2. This
reduces the effect of electrode geometry, but not completely unless the excitation electrodes are placed
very far apart. Further, the amount of current passing outside the blood (wall and surrounding tissue)
is also influenced by electrode geometry, which cannot be compensated for by the 4 point
measurement. Hence the approach followed in the methods herein includes the effects of the
geometry of the electrodes in the calculations. The methods do not attempt to determine any
impedance, but instead use the electrical voltage distribution at various locations in the region of
interest to determine cross-sectional area. These voltage distributions are influenced by both the
electrode geometry and the lumen dimensions. By building equivalent electrical models that include
electrode geometry, both of these factors are automatically accounted for in the calculation of the
cross-sectional area of the lumen, as is described below.

[0218) Spatial diversity of excitation electrodes provides for more accurate and robust estimated
lumen parameters. With reference to FIG. |, some current passes through the lumen while some

passes through the lumen wall. If the electrodes are spaced close to one another other, most of the
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current passes through the lumen, while very little of the current passes through the wall. Insucha
situation, the observed voliages become insensitive to wall boundary, and hence the lumen dimension.
On the other hand, if the electrodes are spaced too far apart, most of the current flows through the
wall. In this situation, the voltage becomes insensitive in small changes in lumen size. In some
embodiments, an optimal spacing exists where approximately half of the current flows through the
lumen and the remainder through the wall. This generally leads to the desired senéitivity to lumen
dimensional changes. The optimal spacing depends on the lumen dimension and the electrical
characteristics of the tissues. As a general rule of thumb, for typical electrical characteristics of tissue,
it has been empirically found that the optimal spacing between T1 and T2 is approximately equal to
the diameter of the lumen, although the spacings are not so limited. For fixed electrode spacing, the
spacing should be optimized for an entire operating range of potential lumen sizes. In this case, the
spacing is optimized for a value in the middle of the operating range so that sensitivity is reasonable
throughout the operating range. In an alternate method, many sets of electrodes are provided with
different spacings between them. One set is chosen for the procedure depending on the expected
jumen dimension. Alternatively, the first measurement is done using a default set of electrodes.
Based on this measurement, a second set of electrodes is chosen to obtain a more accurate estimate of
the lumen dimension.

[0219] In the exemplary embodiment in FIG. 1, electrodes T3 and T4 are used solely for
measurement. More electrodes are, however, possible. The two shown in FIG | are merely
exemplary. The positions of these electrodes are shown roughly uniformly spaced between the
excitation electrodes T1 and T2. In alternative embodiments the measurement electrodes can be
staggered so that they are not exactly uniformly spaced between T1 and T2. This asymmetry is found
to provide additional lumen information. For example, when only one measurement electrode (e.g.,
T3) is used between T1 and T2, and is placed exactly in between T1 and T2, the voltage measured
between T3 and T2 will be exactly half of the voltage between T1 and T2. This voltage measurement

is independent of the lumen dimension, and thus does not provide any extra information. On the other

- hand, if the single measurement electrode (e.g., T3) is placed slightly off center between Tl and T2,

the voltage value between T3 and T2 is dependent on the lumen dimension. In general, if there are
many measurement electrodes uniformly spaced between the excitation electrodes, about half of the
measurements will not provide any additional information, whereas roughly half will provide
additional information. Hence, a slightly skewed spacing of electrodes can be chosen to maximize
information obtained while using a minimal number of measurement electrodes.

10220} The size of the excitation electrodes corresponding to T1 and T2 have to be chosen

keeping in mind the contact impedance and mechanical and anatomical constraints. Because of
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mechanical constraints and the winding nature of the anatomy, the vessel dictates that the sizes are
kept as small as possible. If the size is made too small, however, the contact impedance of the
electrode would become the dominant factor affecting the voltage measurements. Since the contact
impedance is largely independent of the lumen dimension, this reduces the sensitivity of the voltage
measurements to lumen dimension. Based on experimentation, the suitable electrode size was found
to be one with an outer surface area of about | to 2 square millimeters. However this does not imply
that a size that does not conform to this range is unsuitable. There would be a trade-off with accuracy
of lumen dimension estimation and mechanical properties.

[0221] FIG. 4 shows a graphical representation for exemplary current values that may be
provided to a heart over a range of frequencies. For example, maximum permissible current through a
heart (in miliamperes) may vary over the range of frequencies. The maximum permissible current
through a heart may also vary depending on whether the current is applied in an abnormal non-
continuous manner, abnormal continuous manner, or normal continuous manner as shown. The
embodiments described herein under operation are designed to use the excitation currents within the
permissible safety limits. [n some embodiments the excitation may be applied at a specific frequency
or at specific sets of frequencies. In some other embodiments the excitation may be applied over a
range of frequencies. In some embodiments, the range could be 40 KHz to 10 MHz. In general, the
frequency range is chosen so as to provide maximal differentiation of the electrical properties of the
constituent elements of the electrical network of the region of interest.

[0222] Because blood, vessel wall, fatty tissue, and calcified tissue each have distinctive
frequency-dependent electrical properties, the total electrical current applied, as well as the three
measured voltages, have values whose magnitudes, phases and frequency dependences depend upon
the relative portion of the current flowing through the blood and the vessel wall. Overall, the
frequency-dependent measurements depend upon several factors, including the frequency dependent
electrical characteristics of blood, the diameter of the blood vessel (DBLOOD), the frequency
dependent electrical characteristics of the wall, the thickness of the wall (TWALL), and the electrode
geometry and spacing. Referring to the example in FIG. I, once the values of VI, V2 & V3 over a
range of frequencies are determined (or any other number of voltages measured depending on the
number of electrodes), it is possible to estimate DBLOOD with a high degree of accuracy through
method described below. Optionally, in the process electrical characteristics of blood can also be
estimated. This may provide additional clinical value in terms of physical properties of blood such as
hematocrit.

[0223] Some prior art approaches to determine lumen size have serious deficiencies. For

example, one prior art approach attempts to estimate the lumen diameter using a device which consists
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of only two terminals. The method uses simplistic electrical representation of the blood and wall and
requires injection of a second fluid for the measurements. A single frequency is used when passing
the excitation current through the terminals, and therefore does not excite through a range of
frequencies. The electrical path through blood is represented by a single electrical impedance. The
electrical path through the wall is represented by a parallel impedance. The method involves taking a
minimum of two measurements — the first measurement is with the existing conditions, and the second
measurement taken after replacing blood with a saline solution whose electrical conductivity is
markedly different from that of blood. In this approach two assumptions are made: the impedance of
the parallel electrical path through the wall is unchanged over the two measurements; and that the
impedance of the “blood” path in the two measurements is inversely proportional to the conductivities
of the medium. In other words, the impedance Z = K/sigma, where sigma is the conductivity of the
blood or saline and K is a constant whose value depends on the diameter of the blood vessel and the
electrode geometry. The value of Z does not depend upon the electrical characteristics of the wall of
the vessel.

[0224] There are fundamental problems with the above described prior art approach. First, the
parallel path through the wall is not composed of a single type of tissue. As can be seen in FIG. 1, the
electrical path involving the vessel wall has many electrical current filaments that pass through
varying degrees of blood and vessel wall. Additionally, in the diseased section of the artery there will
be varying degree of plaque of different morphology (calcified, not calcified, fibrous etc.). Thus, the
overall impedance of the ““parallel path” would depend on the electrical characteristics of the blood as
well in healthy arteries and other plaque tissues in diseased arteries. Hence, during the second
measurement, the parallel path would change in impedance since the blood is replaced by saline. The
second problem is subtle but perhaps more crucial. The assumption of the blood path being
independent of the wall characteristics is incorrect. As an illustration of this problem, FIG. 5 and
FIG. 6 depict the electrical current filaments for two extreme cases — the first case shown in FIG. 5
occurs when the wall of the vessel is insulating (i.e. the conductivity of the wall is much lower than
the blood). The second case shown in FIG. 6 occurs when the wall is highly conducting. Comparing
the two figures, it is seen that for the second case in FIG. 6, the electrical current filaments have a
distinctly different shape. The filaments are drawn towards the wall where most of the current
conduction happens. In consequence, the volume of blood conducting the electrical current is reduced,
leading to an effective increase in impedance of the “blood path”.

{0225] In this previous approach, the conductance of the wall stays the same, while the
conductance of the medium in the lumen is varied. But the effect is the same when the conductivity of

the wall is varied (i.e., relative conductance is the important factor). While extreme conductivities
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have been used to illustrate a point, the effect is less pronounced in most cases but nevertheless present
even with moderate changes of relative conductivities. It is straightforward to verify these
observations objectively using Electromagnetic (EM) simulations.

[0226] In addition to the deficiencies of the prior art approach as set forth above, it also does not
vary the frequency of the excitation (i.e., frequency diversity), nor does it utilize spatial diversity. The
lack of frequency diversity generally leads to poor to no discrimination between various types of
tissues. The lack of spatial diversity leads to reduced robustness. It also reduces sensitivity to the
effects of electrode geometry. The current filaments crowd near the electrodes and progressively span
out away from the electrodes. This effect is inherently captured by measuring the voltages along
multiple points along the axis of the wire.

[0227) As set forth above, different types of tissue (or non-tissues found in the body) have
different signature in voltage and current relationships as the frequency of excitation is varied. For
example, as shown in FIG. 2 and FIG. 3, a blood vessel, blood, and fatty tissue each have different
signatures in voltage and current. In some exemplary embodiments the methods and systems herein
provide an excitation signal simultaneously at multiple frequencies, and that measure electrical
responses as a result of the excitation signal (i.e., frequency diversity). These methods and systems
allows the measurements to be made simultaneously, which allows the measurements to be made
during the same phase of a heartbeat, such as during the systolic phase or the diastolic phase. This
overcomes the difficulty associated with overlaying multiple measurements made at different times to
account for the phases of the heartbeat. Some exemplary measurements made using the methods
described herein include, for example, but not limited to, lumen dimension, nature of a specific region
of the lumen like fat, stenosis, block, artery, blood pressure, blood flow rate, tissue, and the like, and
combinations thereof.

[0228] In some embodiments the measured signals are voltages measured between a plurality of
sensors, such as electrodes. For example, in reference to FIG. 1, after an electrical signal with a
plurality of frequencies is flowed through terminals T1 and T2, voltages V1, V2, and V3 are measured
at each of the frequencies, although any number of voltages could be measured based on the number
of sensors. Terminals T1, T2, T3 and T4 are additionally spaced such that the sensitivity of
measurement to changes in lumen dimension are maximized, as described above in reference to spatial
diversity. The frequency response of V1, V2, and V3 are then used to estimate a lumen dimension,
such as the lumen diameter.

[0229] In one embodiment in which one or more lumen cross sectional areas are being
determined, the electrical path in the area of the lumen is modeled using a mesh network. One such

example is depicted in FIG. 7. There are 2 types of electrical elements, blood elements and lumen
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wall elements, each representing a unit element of the tissue. Such a mesh network is an
approximation of the continuous medium that conducts electricity. To reduce the approximation error,
a finer mesh can be chosen. The trade-off is between the required accuracy and the computational
complexity. The more accurate the approximation, the more computational complexity is required. In
its coarsest form (with the least accuracy), the mesh is reduced to one element for blood and one
element for the wall, which is an approach that has been previously attempted. Needless to say, this is
too gross an approximation.

[0230] In the mesh network, the impedance of each blood element is a linear function of the
lumen cross-sectional area and inversely proportional to the conductivity of blood. In an alternate
formulation, the impedance of the blood element can be kept independent of the lumen dimension, but
the number of elements would change based on the lumen dimension. The latter is practically
inconvenient since the topology of the electrical network is not constant, and the changes allowed in
lumen dimension are discrete steps rather than being arbitrary. Similarly, the lumen wall elements
have impedance that depends on the wall thickness as well as on the electrical conductivity of the wall.
Anatomically, the lumen wall may have multiple layers. For a more accurate model, additional types
of elements may be added to the mesh network. For example, elements related to fatty tissue or |
calcified tissue are included in the model. Additionally, a 3-dimensional mesh may also be
constructed for better accuracy of modeling.

[0231] Given this mesh network and the voltages V1, V2 and V3, which are measured over a
range of frequencies, the lumen dimension is solved iteratively as follows, and as shown in FIG. 7A.
After obtaining electrical voltage measurements VM1, VM2, and VM3, assume particular frequency-
dependent electrical model parameters for blood, tissue, lumen dimension, and wall dimension. Then,
using the assumed parameters, solve the equivalent electrical network and obtain voltages V1, V2, and
V3. Then, compare the model voltages with the actual observed voltages. If the differences are not
minimal, apply a correction to all of the parameters based on the differences and repeat the solving
step. When the differences are minimal, the lumen dimension can be declared based on the converged
geometrical parameters. The steps can be implemented using standard fitting techniques such as, for
example without limitations, least squares fitting methods such as Gauss Newton method, Steepest
Descent method, and Levenberg-Marquardt method.

10232} In a second embodiment in which a lumen dimension is being determined, the lumen
region, including the blood and lumen wall, is modeled using an Electromagnetic (EM) simulation
tool. The EM tool uses finite element method (“FEM”) to break down the lumen region into smaller
elements (e.g. with tetrahedron shapes). One example of breaking down into finite elements is

depicted in FIG. 8. Given the electrical and magnetic properties of the bodily material in the lumen
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region, the tool applies fundamental Maxwell’s equations of electricity and magnetism to solve for all
voltages and currents in the entire lumen region. An iterative approach similar to the method
described for the mesh network can be used to determine the lumen dimension. The difference
between FIG. 7A and FIG. 8A is the step of solving the equivalent EM FEM model and obtain
voltages V1, V2 and V3 for the given parameters.

[0233] In both the iterative methods described above, the lumen dimension is reasonably assumed
to be approximately constant in the vicinity of the electrodes. The typical electrode separation is in the
order of few millimeters. This means that the lumen dimension is assumed to be approximately
constant over a few millimeters along the axis of the lumen. In most practical cases, the lumen
dimension does not change significantly within a few millimeters of axial traversal. In the case of
variations within these few millimeters, the estimated lumen dimension would be a local average of
the lumen dimensions along the axis. The local average would be representative of the mid-point
between the two excitation electrodes. In a typical procedure, the measurement electrodes would
traverse the length of the blood vessel, and measurements would be taken at multiple places. Thus the
lumen dimension would be estimated for different regions of the blood vessel.

{0234] In the iterative methods described above and illustrated in FIGS. 7A, 8A and 8B, it can be
noted that, along with the lumen dimension, electrical properties of the bodily elements are also
determined. These include the conductivity of blood and wall. These electrical properties are also
available as output to infer clinical parameters such as hematocrit and characteristics of blockages if
any (for example calcified blockages).

[0235] The EM approach is a much more accurate model for the lumen region than a mesh
electrical network, such as is shown in FIG. 7. However, it is also very computationally complex.
The solving step in the EM model would generally require a large amount of time. To speed up the
calculations, a modified approach can be taken. In the modified approach, the EM tool is used offline,
prior to use within a patient, to compute voltage distributions for many possible sets of geometrical
parameters and frequency-dependent electrical model parameters. The values of the parameters for
which the EM simulation is performed cover the entire operating range of the parameters. EM
simulations are done for discrete (and judiciously chosen) parameter values and a look-up table is
created. For parameter values that are not explicitly simulated, interpolation is performed. In rare
cases the parameter values may lie outside the range for which EM simulations have been performed.
In such cases extrapolation is done rather than interpolation. Extrapolations generally have larger
errors than interpolations, but in such cases, it has been found that it did not affect the accuracy of
lumen dimension estimation. Thus, the EM simulation results corresponding to any possible set of

parameters are made available even before any measurement is actually made. Creation of the look-up
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table is a time consuming task, but one that can be done off-line using arbitrarily heavy computing
resources. Once the look-up table is created, the solving step in the EM model becomes
computationally simpler. For the given parameter values — geometrical dimensions for the lumen
wall, and frequency-dependent electrical model parameters — the corresponding voltages V1, V2 and
V3 are read out from the look-up table. It is possible that interpolation or extrapolation is required to
obtain the voltage values for the given set of parameter values. The values V1, V2 and V3 thus
obtained would be equivalent to what would have been obtained if a full EM simulation were to be run
for the given set of parameter values. FIG. 8B illustrates a flowchart for creating a look up table for
voltage responses (the flowchart on the left side of the figure) and a method of determining lumen
dimension using the look-up values (the flowchart on the right side of the figure).

{0236] In yet another embodiment, the measurements corresponding to a particular location in the
lumen are collected over a certain time duration, wherein the time duration is maintained such there
has not been a significant longitudinal movement of the electrodes in the given time window. During
this time window, the electrodes can move laterally in the blood vessel due to external factors such as
the pumping action of the heart, breathing, movement of the patient, and pushing of the wire by the
medical practitioner. In such a situation, some measurements would be made with the axis of the wire
carrying the electrodes is close o the centre of the lumen, while some other measurements would be
made when the wire is off-centered, i.e., the wire is closer to the inner wall of the lumen of the blood
vessel. It is advantageous to select measurements corresponding to the cases where the electrodes are
closer to the central axis of the lumen. In this aspect of the invention, measurements that correspond to
the centered case is identified and selected.

[0237] One of the methods to identify and reject measurements corresponding to extreme off-
centered positions of electrodes is to create a statistical distribution of measured voltages across the
plurality of electrodes and to identify a subset of measurements that corresponds to low off-centering
of electrodes. For locations in the lumen where a metal stent has been implanted, the voltage
measurements corresponding to off-centered electrodes would lead to smaller values. In this case, a
subset of measurements that are in the vicinity of the maximum values of the voltage measurements
are selected for lumen measurement. This subset of measurements corresponds to instances with low
off-centering of electrodes. On the other hand, during measurements in regions without a metallic
stent, larger voltages would be obtained when electrodes are off-centered. A subset of measurements
in the vicinity of minimum voltages would correspond to low oft-centering of electrodes.

[0238] In embodiments in which pulses are delivered in a range of frequencies simultaneously,
measurements can be taken over any frequency range. Measurements may be taken at any frequency

range where the resulting plots for the various tissue types vary in shape. For example, as shown in
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the shaded region 134 in FIG. 3, the shapes of the impedance magnitude and/or phase curves for aorta,
blood, and fat vary over the frequency range. Measurements may be taken within a frequency range
with any degree of frequency step size. Step size may remain the same or may vary over the
frequency range. In some embodiments, measurements are taken at about 40 KHz to about 10 MHz,
where the frequency characteristics of impedances of blood, fat and other tissue types show distinctive
differences.

[0239] The impedance magnitude and/or the impedance phase, illustrated in FIG. 2 and FIG. 3,
may be scalable. For example, if measurements are taken for 1 cubic millimeter of a tissue type, and if
the measurements are taken for 2 cubic millimeters of the same tissue type, the measurements for the
same tissue type across the frequency spectrum will be some factor multiplied by the first
measurements’ value. In another example, if the first set of measurements for a first amount of a
tissue type yields a particular curve over a range of frequencies, the second set of measurements for a
second amount of the same tissue type over the same range of frequencies may yield a curve that is a
scaled version of the first curve. The difference in one or more dimensions of the tissue may result in
a factor that is multiplied by the first set of measurements.

10240] The impedance magnitude and/or the impedance phase may also be additive. For
example, if measurements are taken for a first amount of a first type of tissue, measurements are taken
for second amount of a second type of tissue, and measurements are taken for a combination of the
first and second types of tissue, the measurements for the combination may include the first set of
measurements and the second set of measurements added together. In some embodiments, the first
and second sets of measurements may be weighted by one or more factors. In another example, if the
first set of measurements for the first tissue type yields a particular curve over a range of frequencies,
and the second of set of measurements for the second tissue type yields a second curve over the same
range of frequencies, a third set of measurements for a combination of the first and second tissue types
may yield a third curve over the same range of frequencies that may be the first curve times a first
factor plus the second curve times a second factor. The factor may be 1, less than 1, or greater than 1.
In some embodiments, scaling only occurs in magnitude and not in phase.

[0241] In some embodiments, for a combination of impedance magnitude and impedance phase
measurements taken over a range of frequencies for a combination of tissue types, there may be one
set of tissue types of particular dimensions that will yield that combination of impedance magnitude
and impedance phase measurements. Thus, the impedance measurements taken over the range of
frequencies can yield the dimensions of the various tissue types. These dimensions can be used to
determine lumen dimensions, such as blood vessel cross-sectional areas. Thus, the unit electrical

properties may be converted into volumeiric data of the environment, utilizing the uniqueness of the
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combination.

[0242] In some embodiments where stimulating is performed over a range of frequencies, a
pseudo random binary sequence (“PRBS”) is used and in some embodiments orthogonal frequency
division multiplexed (“OFDM”) sequence is used, both of which are described in more detail below.
[0243] In some embodiments the excitation signals are delivered through a plurality of electrodes
in a target area in the vasculature. FIG. 9 shows an exemplary method 10. The method comprises
generating a multiple frequency sequence pulse having a predetermined peak to root-mean-square
(rms) ratio (“PAR”) that is close to unity (i.e., 1) at step 12.

[0244| The level of excitation (i.e., energy of excitation) is limited due to restriction of peak
admissible current into the area of interest. Consider a situation where the maximum current that can
be injected into the body is Imax. The rms value of the current that can be safely injected is
Imax/PAR, which is lowered if PAR is high. This in tum causes proportionately lower signal-to-noise
ratio (““SNR™) of the electrical responses from the lumen corresponding to the electrical excitation. A
lower SNR causes a poorer accuracy of the final estimates.

[0245] In some embodiments the electrical hardware has a limited dynamic range. The receive
chain design has to adjust its gain so as to keep the peak signal instances lower than its dynamic range.
For a signal with high PAR, it would lead to lowering of the overall signal energy in the receive chain.
As an example, a PAR of 2 would mean the receive chain is working at 2x lower signal strength than
it could have worked and it can create a SNR degradation of up to 6 dB.

{0246} Designs with relatively higher PAR values do not necessarily prevent the system from
functioning. It can potentially make it more inaccurate due to lowered SNR. Having a lower PAR is
preferable. However, systems that can operate on a lower SNR or have a very high dynamic range
(added complexity and cost in design) can still work with relatively high PAR values.

[0247] In some embodiments, an excitation with multiple frequencies and a desired PAR, i.e.
PAR close to unity, is constructed by generating a pseudo random sequence. Without being bound to
any theory, it is known that a pseudo random sequence of length L generated at a sampling of fs would
contain discrete un-aliased tones of frequency trom 0 (which corresponds to a DC frequency) to fs/2,
in steps of fs/L. The power at each frequency (except DC) is equi-distributed while the phase of the
individual tones is uniformly spread over -3 to +C.

[0248] One exemplary method of achieving the excitation would be using a digital-to-analog
converter (“D/A” or “DAC”) with low noise. D/As having the above stated requirements are known
in the art, and can be effectively used with the disclosure herein. The D/A sampling rate needs to be at
least double the required maximum frequency of excitation. The basic shape of the D/A converter

output is a rectangular pulse of width equal to the time difference between two consecutive samples.
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It would be understood by those skilled in the art that if the D/A converter that outputs a pseudo
random sequence is sampled at twice the desired maximum frequency (fH), it would create a
frequency shape that is the product of the frequency shape of the basic pseudo random sequence and
the frequency shape of the rectangular pulse (i.e. a Sinc function with the first null at fs).

[0249] A significant advantage of an excitation based on pseudo random sequence with a basic
rectangular shape is that its PAR is unity. This leads to maximizing the rms signal power for a given
peak amplitude of the signal. There are further advantages on the performance of electrical hardware.
The output of the D/A converter in this implementation has only two levels (-A and A), where A is the
amplitude of excitation. The linearity of the transmit chain is irrelevant since non-linearity only
produces a gain error and offset error to the signal. The receive chain design is also simplified with a
lower PAR since dynamic range and linearity requirements are less demanding. Another major
advantage of such an excitation based on rectangular pulse shapes (of duration ts = 1/fs) is that the
D/A can be excited with a single bit excitation, minimizing the digital noise associated with toggling
multiple bits simultaneously. A minor fall back of the rectangular pulse shape based approach is the
small drop at higher frequencies of interest due to the roll off of Sinc response (up to about 4 dB at fH
= fs/2) which results in proportionate drop in SNR of the information for channel estimation.
However this drop in SNR for channel estimation does not impact system performance. In alternate
implementations, it may be possible to make the basic pulse shape as close to a Delta function, in
which case, the frequency characteristics would be flat across frequency. However, this is associated
with an increased PAR. The D/A converter output needs to be filtered effectively to prevent out of
band emissions outside the band of interest. The filtering may be accomplished using a passive or an
active analog filter with pass band at the region of interest. Filtering results in a small yet insignificant
increase in PAR and PAR would still remain substantially close to unity.

[0250] In other embodiments, the excitation sequence is constructed as a repetitive orthogonal
frequency division multiplexed (OFDM) sequence. The OFDM sequence consists of equal amplitude
of all frequencies starting from a low frequency of interest to a high frequency of interest. The number
of frequencies excited is proportional to the ratio of the high frequency (fH) to the low frequency (fL),
while the spacing between frequencies is the same as the lowest frequency (fL) of interest that is
chosen. The duration of the basic OFDM sequence is inversely related to its lowest frequency. The
PAR of the OFDM sequence can be made to a low value close to unity by a suitable choice of phase
for each frequency. In some embodiments, the PAR of the OFDM sequence is kept lower than 1.4. An
OFDM based sequence is a sum of several discrete tones whose number is a power of 2, and provides
distinct advantage of implementing the processing circuitry in an efficient manner based on Fast

Fourier Transform (FFT).
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|0251] In yet other embodiments, the excitation sequence can be constructed as additions of
multiple coherent sinusoids with a method that would minimize the overall PAR of the sequence.
PAR minimization can be achieved by suitably adjusting the phase of each sinusoid. Such sequences
can also be constructed by appropriately dropping out one or more tones from the OFDM sequence.
These sequences are particularly useful over a full-fledged OF DM sequence where the electrical

hardware may not handle a large set of frequency information due to its limited capacity or, the non-

_ linearity is too high and dictates the use of tones that have non-multiplicative relationship with each

other, so that the non-linear effect of one or, more tones do not impact another tone.

[0252] It will be appreciated that the admissible rms current into the body is a function of
frequency for a single frequency excitation. The admissible current levels are at a minimum of 10uA
and increase linearly with the frequency beyond | KHz. Approaches to this point have not described
admissible current levels for multi-frequency excitations. FIG. 4 shows a graphical representation 16
of exemplary current values 18 that may be provided to a heart over a range of frequencies 20. For
example, maximum permissible current through a heart (in milliA) may vary over the range of
frequencies. The maximum permissible current through a heart may also vary depending on whether
the current is applied in an abnormal non-continuous manner, abnormal continuous manner, or normal
continuous manner. One possible way of determining the value of rms current for an excitation based
on multi-frequency excitation sequence can be by matching the rms current of the composite signal to
the corresponding admissible rms current for the lowest frequency.

[0253]) The exemplary method 10 in FIG. 9 also includes delivering the multiple frequency
sequence pulse across the set of electrodes placed in vivo 14. The excited set of electrodes then sends
a pulse of electric current across the region of interest. Depending on the nature of the region of
interest, a voltage is developed across the lumen in which the electrodes are positioned. There will be
one voltage corresponding to each excitation frequency from the multiple frequency pulse. A vast
amount of information can therefore be simultaneously obtained using the methods described herein.
[0254] Upon the excitation, the plurality of voltages developed across the lumen may then be
detected using an appropriate measurement device that is capable of handling the signals
simultaneously. Different types of bodily material have different signature in voltage and current
relationships as the freduency of excitation is varied, as described above. For example without
limitation, a blood vessel, blood, and fatty tissue have different signatures in voitage and current. The
measurement device(s) may be configured to process the multiple sets of information sequentially, in
parallel, or in groups to provide results.

10255] The systems and methods herein provide the capability of making multiple measurements

of a lumen at the same time. Because they are made at the same time, all the measurements are made
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during the same phase of heartbeat, such as in the systolic phase or diastolic phase. This overcomes
the difficulty associated with overlaying multiple measurements made at different times to account for
the phases of the heart.

10256} The methods of use described herein can be administered effectively in the form of a
software program, or algorithm. Thus, in another aspect. this disclosure provides algorithm(s) that
performs the methods herein. In some embodiments the software includes algorithm steps adapted to
generate multiple frequency pulses as described herein. The software may also be configured to then
excite the set of electrodes with the multiple frequency pulse. The software may be configured to
subsequently receive the multiple signals from the lumen to be processed. Further, other components
that may be used with the algorithm include, for example without limitation, a display module such as
a monitor having a suitable resolution, an input module such as a keyboard, a mouse, etc.

[0257] In yet another aspect, the disclosure provides systems, including algorithms, that are
adapted to perform the methods described herein. FIG. 10 shows an exemplary system 30 comprising
at least a set of electrodes 32 configured to be placed in vivo in a lumen. The set of electrodes is
capable of being excited by a multiple excitation pulse. The multiple excitation pulse is made possible
using pseudo random generator that involves using a suitable number of flipflops 34. The number of
flipflops desired depends on the complexity of the pulse to be generated, among other factors. The
exact sequence to be executed by the pseudo random generator may be inputted using an input module
36. The input module may be configured to take manual inputs, or may be configured to
automatically generate a sequence for the pseudo random generator to execute. As mentioned herein
above, instead of a pseudo random sequence a OFDM sequence may also be used with the associated
electronics for generation of the OFDM sequence as would be known to one skilled in the ant.

[0258) In system 30, the multiple excitation pulse generated is then sent through a D/A converter
38. The system further comprises a filter 40, which ma’y be a passive or an active filter, depending on
various factors, such as, the necessity, the requirement of the situation, computing abilities, cost, and
etc., and combinations thereof. In one specific embodiment, the filter comprises a passive multi-stage
LC ladder network. Depending on the application, some embodiments can work without the need of
such a filter.

10259] The system further comprises a processing device 42 adapted to process the input for a
pseudo random generator. The processing device may also be configured to send the multiple
excitation pulse to the set of electrodes. The system may also comprise a communicating device (not
shown in Fig. 3) to communicate the pseudo random generator with the set of electrodes. The
communication between different components and modules may be achieved through any wired or

wireless means known to those skilled in the art, and the exact requirement may be arrived at without
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undue experimentation.

[0260] System 30 also comprises a detector module 44 to detect the voltages developed across the
lumen, which are described above. The detected signals may then be fed into processing device 42 for
further processing. The signals may give rise to a wealth of information related to the lumen, which
the processing device is configured to determine based on inputs such as, but not limited to, the signal,
the algorithm, the lumen characteristics, and the like. Thus, the system of the invention may be used
to make multiple simultaneous measurements of the lumen, without having to resort to stitching of

data acquired at different time points which may introduce errors into the final measurement.

EXAMPLE 1|
[0261] In an exemplary implementation, the excitation frequency band was chosen between
40K Hz (fL) to 10MHz (fH) based on the electrical characteristics of blood, tissue and fats. A 16 bit
D/A converter was chosen to operate at a sampling rate of fs (= 20MHz). The chosen D/A converter
accepts offset binary sequence (0x0000 for the lowest value and OxFFFF for the highest value). The
Most Significant Byte of the converter is toggled according to the single bit pseudo random pattern,
while the next bit was kept permanently at logic 1. All other bits were kept at logic 0. Hence the D/A
input toggles between 0x4000 and 0xC000, depending on a O or a | from the pseudo random
generator. The pseudo random generator resides on a back end entity and is comprised of a chain of 9
D-flipflops referred to as flops, to represent a 9-tap pseudo random sequence. The resultant sequence
is a maximal length pseudo random sequence with length of L = 511 (29 - 1). The generator
polynomial used to generate the sequence is

X9+X4+1=0 (1),

which would mean that the input of the last tap is an xor-ed output of the first and the fifth flops, as
shown in FIG. 11. The flop outputs are all initialized to 1’s to begin with (Reset condition). The tones

present in the excitation sequence are multiples of fl, wherein:
fl=1fs/L =20/511 MHz = 39.14 KHz 2)

[0262] The D/A converter produced an output with frequencies spaced at 39.14 KHz. The output
was passed through a bandpass filter whose pass band starts at a value lower than 39.14 KHz and ends
above 10 MHz ensuring decent flatness over the entire band. In the specific implementation, the filter
is designed using a passive multi-stage LC ladder network. Since the minimum frequency of the final
composite signal is at 39.14 KHz, the signal rms value is maintained to be lower than 391 SA. The

choice of the sampling frequency and the tap length depends on the minimum and maximum
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frequencies of operation. As described before, the sampling frequency is at least twice the maximum
desired frequency in the excitation, while the tap-length (L) is the nearest integer satisfying the
relationship

L = [log2(fs/fmin)] (3)

[0263] FIG. 12a shows the time domain waveform of the 9-tap pseudo random binary sequence
generated as described herein. The waveform has an amplitude of 391 Za. FIG. 12b shows a
highlighted portion of the exemplary pseudo random binary sequence in time domain.

[0264] FIG. 13 shows the power spectral density of the same 9-tap pseudo random binary
sequence generated. FIG. 14 shows the plot between phase angle and frequency for the 9-tap pseudo

random binary sequence.

EXAMPLE 2

[0265] In yet another implementation, as shown in Fig. 15, an OFDM sequence is constructed
using Nfreq (=256) discrete tones of equal amplitudes and each being at a random phase. The phase
angles for each tone are adjusted so as to obtain the PAR lower than 1.4. The construction of the
OFDM sequence can be done either simply by adding all the discrete tones together or, by performing
a IFFT (Inverse Fast Fourier Transform) of a symmetric sequence of 2Nfreq (=512) complex numbers,
where the first 256 complex numbers relate to the amplitude and phase of the individual tones and the
next set of 256 complex numbers are simply the complex conjugate of the first 256 arranged in the
reverse order (FIG. 15). The resultant time domain signal is shown in FIG. 16 that is sampled at fs (=
20 MHz) which is twice the largest frequency of interest (fH). The lowest frequency in this sequence
is fL. (= fs/2Nfreq = 39.0625 KHz). The time domain OFDM sequence can also be produced at higher
sampling rates using appropriate size of IFFT inputs keeping the lowest frequency same. A higher
sampling rate eases the requirement on anti-aliased filtering while increasing the complexity of the
hardware in the transmit side. FIG. 17 shows an exemplary OFDM frequency response for the
implementation of FIG. 15.

[0266] In yet another embodiment as shown in FIG. 18, a customized sequence is created using
multiple coherent sinusoids added with appropriate phase angles so as to minimize the PAR. The
resultant sequence may bear the property where any given frequency is not harmonically related to any
other frequency. The same can also be constructed in the OFDM framework described above, where
one or, more IFFT inputs are nulled to remove a set of tones from the original sequence.

[0267] As referenced above, some embodiments also utilize spatial diversity, which generally

refers to a difference in separation between electrodes. For example, voltage measurements may be
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taken between a first electrode and a second electrode that are at a distance from one another, and
measurements may be taken between a first electrode and a second electrode that are at a second
distance from one another. With spatial diversity the first and second distances are different. In other
embodiments any number of electrodes may be used, and the distances between any two electrodes
can be different from the distance between any two other electrodes, as is described above. Using
different spacing between electrodes provides different voltage measurements for the same lumen
dimension. Using all these sets of measurements to solve for a common lumen dimension leads to
increased robustness. There are two reasons for this. First, the optimal electrode spacing depends on
the dimension of the lumen being measured. Since the dimension is not the same in different cases,
using such spatial diversity allows at least one set of electrodes being optimally or nearly optimally
spaced. Secondly, some of the measurements can be affected by other factors that reduced its
reliability. Some of the factors are (1) the touching of the specific electrode with the wall leading to
anomalous measurement (2) Glitches in the measurement circuitry leading to incorrect voltage
measurements for some electrodes. In these cases, some of the measurements can be identified as
outliers and discarded, leading to a more accurate lumen dimension estimation.

[0268] In some embodiments above the methods are described as providing excitation pulses
across at least two electrodes. Exemplary delivery devices that can be incorporated into an overall
system will now be described. The delivery devices can, however, be considered stand-alone devices.
FI1G. 19 is a diagrammatic representation of an exemplary embodiment of a diagnostic element.
Diagnostic device 15 includes an elongate medical device on which at least two spaced-apart sets of
electrodes 16 and 17 are disposed near distal end 18. Diagnostic device 15 is configured to be placed
in vivo proximal to a volume of interest 19 in a vasculature, for example a blood vessel, wherein a first
set of electrodes is configured to receive an input excitation from excitation and measuring device 20,
and a second set (or the first set) of electrodes is configured to receive a voltage signal referred to
herein as an “response,” or “responsive” voltage signal from the volume of interest 19. The second set
of electrodes is configured to transmit the response voltage signal to excitation and measurement
device 20 at proximal end 22 of the elongate medical device. Excitation and measurement device 20
receives and measures an output signal that is a function of the response voltage signal, and the output
signal is processed to calculate a voltage difference between the spaced apart electrodes. The voltage
difference is indicative of a lumen dimension, and is used to calculate one or more lumen dimensions.
A set of electrodes has been referred to for measuring the signals from the volume of interest, however
the device may have any number of electrodes. An exemplary advantage of the exemplary
embodiment in FIG. 1, and the other embodiments herein, is that the system does not require that

fluids be injected into the body lumen for obtaining the measurements. Additionally, the exemplary
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embodiment provides a direct method for obtaining the lumen parameters, increasing the ease of the
procedure and the patient comfort.

[0269] FIG. 20 shows an exemplary non-limiting embodiment of excitation and measurement
device 20 of FIG. 19. Excitation source 24 is used for exciting a set of electrodes of diagnostic
element 15 via reference resistance 26, and the voltage measurements VM1 28, VM2 29, VM3 23, and
VM4 25 (also referred to as output voltages in the description of specific embodiments) are received
and measured after the excitation. It would be appreciated by those skilled in the art that other
topologies for making these measurements are possible and are included herein. Measurements, such
as electrical measurements as shown, may be taken between two or more electrodes. The voltage
distribution, for a given excitation with frequency diversity, between the two electrodes may be
measured continuously as the diagnostic element is advanced through the vessel. As mentioned
earlier, the voltage distribution between the electrodes is indicative of the cross-sectional area of the
lumen or volume of interest with the lumen, and is used for determining these lumen dimensions. .
[0270] The spaced apart electrodes of the diagnostic element may be arranged on the elongate
element at pre-determined positions indicated by reference numerals 35 through 48 as shown in FIG.
21. The size and spacing of electrodes are designed for optimal performance. The electrodes may be
mounted on a catheter or on a guide wire for placing them in vivo in the body lumen. In some
embodiments, electrodes may be formed of a conductive material. For example, electrodes may
include a metal, such as copper, silver, aluminum, gold, or any alloys, plating, or combinations
thereof. Electrodes may include exposed portions of wires. Electrodes may include any electrically
conductive material in electrical communication with electronics for providing and/or receiving an
electrical signal and/or current. A
10271] The electrodes may also be arranged as distributed electrodes 50 as shown in FIG. 22
where multiple electrodes may be used. The distributed electrodes refer generally to a distributed
electrode configuration where a single electrode is split into many and placed in several locations and
are all connected to the same terminal. There are several ways for achieving the distributed electrode
configuration and FIG. 22 is one non-limiting example. Here, several electrodes are connected to the
same excitation source by shorting them through internal wires and thus achieving a distributed
electrode configuration.

[0272] Additional different configurations of electrodes are possible for different aspects and
some non-limiting examples are described herein. In one specific example the diagnostic element
comprises.three spaced apart electrodes, and in another example the diagnostic element comprises four
spaced apart electrodes. In alternate embodiments, any number of electrodes may be used.

[0273] Further, the spacing between electrodes may be asymmetric with respect to a guide wire
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on which the electrodes are mounted. In yet another example, the electrodes do not surround the wire
completely. Only a sector of the wire is covered by an electrode. Multiple such electrodes are placed
covering different sectors of the wire. Specific electrodes are chosen such that they are most
favorable. For instance, if the wire is touching the wall or the stent, it would be more tavorable to use
an electrode that covers a sector of the wire that is away from the wall or stent. It may be noted that in
some configurations, the electrodes adapted to send the input excitation and the electrodes adapted to
transmit the response signals may be pre-determined. Further it is possible to select more than one
pair of electrodes to send the input excitation and similarly more than one pair may be selected to
transmit the response voltage signal.

{0274] In yet another example the distance between each of the electrodes in the pair of
electrodes may not be pre-determined, but the location of each electrode is deterministic by any known
techniques. In some other embodiments, the distances between each of the electrodes may be fixed.

In other embodiments, distances between electrodes may vary. In specific method of use, electrodes
may be positioned in close proximity to an anatomical feature. For example, electrodes may be
positioned in close proximity to a body lumen, such as a blood vessel, where the electrodes may
contact the outside surface and/or inside surface of the body lumen. In some embodiments, the
electrodes may be positioned within a body lumen while touching or not touching the body lumen.
Each of the electrodes may be similarly positioned with respect to the body lumen (e.g., all electrodes
contacting the outside surface of the body lumen), or various electrodes may have different positions
with respect to the body lumen (e.g., some electrodes within a body lumen, some electrodes contacting
the inner surface of the body lumen).

[0275] Further, in some embodiments, a guide wire may be integrated with the diagnostic
element. The guide wire may also comprise multiple terminals that are spaced apart. In a specific
example a first terminal and a second terminal are used that are spaced apart by a separator there
between. The separator may comprise a polymer. The separator may be. in some embodiments, a
non-conductive coating around the first terminal and the second terminal. The separator may
electrically isolate and/or insulate the first terminal from the second terminal. The separator may
comprise, but is not limited to, polypropylene (PP), polyimide, Pebax, polyphenylene oxide (PPO),
polystyrene (PS), high impact polystyrene (HIPS), acrylonitrile butadiene styrene (ABS), polyethylene
terephthalate (PET), polyester (PES), polyamides (PA), polyvinyl chloride (PVC), polyurethanes
(PU), polycarbonate (PC), polyvinylidene chloride (PVDC), polyethylene (PE),
polycarbonate/Acrylonitrile Butadiene Styrene (PC/ABS), any other polymer, rubber, a thin walled
heat shrink material or any other electrically insulating material. The electrical conducting wires may

be made of copper, drawn filled tube (e.g., Fort Wayne metals or alike) stainless steel, silver alloy,
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tungsten or any other non-toxic electrically conductive material, chosen on the basis of their electrical
and mechanical properties for particular applications. The electrical wires may further be insulated
using extrusion, enamel coating, spray, or dip coating processes and using biocompatible insulating
materials whose mechanical properties are appropriate for the application.

[0276] In some embodiments, the guide wire may also comprise a third terminal and a fourth
terminal and wire. Separation and/or separators may be provided between the first, second, third,
and/or fourth terminal. Any number of wires connected to discrete terminals may be provided in
various embodiments of the invention. As would be appreciated by those skilled in the art, electrical
insulation may be provided between the plurality of wires.

[0277] Separate electrically conductive wires or conductor wires may be additionally used or may
be integrated with the guide wires and are used to connect the distal electrodes to the proximal end.
These conductor wires may also be embedded either inside or the outside of a guide wire. In some
case, the guide wire support itself can be employed as one of the aforementioned conductor wires. In
a specific non-limiting embodiment, the guide wire may have a hypotube construction that would be
well understood to those skilled in the art. In one particular non-limiting example, a conductor wire or
multiple conductor wires may be wrapped on an outside surface of the core wire and encased within an
external hypotube or within a polymeric material (e.g. heat shrink, or extruded polymer).

{0278] In another embodiment, a surface of the guide wire may have patterns such as and not
limited to laser cut patterns to provide variable stiffness along the length of the guide wire. It would
be appreciated by those skilled in the art that at different lengths difterent stiffness levels may be
needed for ease of movement of the guide wire being placed in vivo inside a patient’s body and these
stiffness requirements may be met by providing different patterns on the surface of the guide wire.
The stiffness may also be varied by providing different thickness polymer jackets around the guide
wire. The guide wire may be a round or a flat wire depending on the desired application.

[0279] The attachment of electrodes with the wires may be achieved by using different
techniques including but not limited to providing a slit in the electrode to route the conductor wire,
crimping the electrode on the conductor wire and then laser welding, soldering or brazing the
electrodes on the wires. In another example a hole may be provided in the electrode to attach the
conductor wire. Electrodes may also be provided as coils that can be held on the hypotube by means
such welding or bonding. Electrodes may also be provided as rings or bands mounted on the
condlictor wires. In another embodiment that uses guide wires, multiple electrodes in the coiled
section of the guide wire can be implemented by exposing the coil to the blood by avoiding the non-
conductive coating at the required places. To create multiple electrodes, a multifilar winding can be

used and different mutually insulated wires can be exposed at the requisite places.
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10280] Further, in some embodiment the electrode terminals may be provided on separate wires
which may or may not share a common support or active guide wire. Terminals may be arranged in a
straight line. In other embodiments, terminals may be provided in a staggered configuration, within a
planar arrangement, within a spatial arrangement, or may have any other location relative to one
another. For all combinations of terminals, measurements may be provided responding to the same
current and voltage values.

10281] In some embodiments the electrodes are called leads, and are configured much like other
coronary leads known in the art, but are configured to be part of the active guide wire. Some
embodiments comprise more than two electrodes. In some embodiments one or more electrodes are
positioned on a portion of the active guide wire’s circumference at its distal end on the active guide
wire. In some embodiments one or more electrodes encompasses the active guide wire’s entire
circumference at its distal end on the active guide wire.

10282] In other embodiments sectorially-spaced electrodes may be provided. Sectorially spaced
electrodes do not go completely around the active guide wire. This will allow an azimuthal
delineation of the blockage i.e. the spatial orientation or plaque in a given cross section maybe feasible
to determine as opposed to only cross section area. Since they only go around a portion of the active
guide wire, the direction of the dimensions measured will be on the side of the active guide wire that
the sectorially spaced electrode is on. In some embodiments, sectorially spaced electrodes may all be
positioned on the same side of the active guide wire. Alternatively, they may be provided in varying
axial locations around the active guide wire. As previously mentioned, other embodiments of the
invention may provide other winding or braiding techniques for the wires.

[0283] An active guide wire may include a support with one or more wire wrapped around. The
wires may have any configuration, which may include the types of windings or braiding previously
described. The core of the active guide wire may have any diameter. In some embodiments, the
diameter of the core may remain the same for the length of the core. In other embodiments, the
diameter of the core may vary along the length of the core. There may be sections where the diameter
of the core may remain the same for sections of the core, and may vary for other sections of the core.
In some embodiments, the diameter of the core may be greater toward a proximal end of the active
guide wire, and may be smaller toward a distal end of the active guide wire. In some embodiments, a
standard diameter may be provided in a normal section, and a larger diameter may be provided in an x-
support section. Similarly, the cross-sectional shape and size of core may remain the same or vary
along the length of the active guide wire.

[0284) In some embodiments, one or more wires may be wrapped around the core of the active

guide wire. In some embodiments, the wires may have sections where the coating is ablated and metal

50



10

15

20

25

30

WO 2012/173697 PCT/US2012/034557

is exposed, as previously described. Such ablated sections may occur anywhere along the length of
the active guide wire. In some embodiments, the active guide wire may have a flexibility zone and a
stent zone. In some instances, the ablated sections may be provided within the stent zone. In other
embodiments, the ablated sections may be provided in the flexibility zone, or anywhere else along the
active guide wire.

[0285] In some embodiments, the wires may be wrapped so that they have varying degrees of
floppiness. For example, a standard configuration may have the wires be rigid. or not floppy. Inan
intermediate configuration, the wires may be slightly floppy. In other configurations the wires may be
wound to be floppy or extra floppy. The type or tightness of wire winding or braiding, or the materials
of wires or coatings, may be selected to provide a desired degree of floppiness.

[0286] In some embodiments, a proximal end of the active guide wire may be formed of a plastic,
such as PTFE, or any other type of polymer described elsewhere herein.

[0287] in some other émbodiments, a section of the active guide wire may include a spring coil.
In some implementations, the spring coil may be formed of a material that is different from the rest of
the wire. In one example, the spring coil may be formed of a platinum alloy. Furthermore, in some
embodiments, the active guide wire may include a hydrophilic and/or hydrophobic coating.

[0288] ' FIGS 26-34 illustrate exemplary embodiments of active guide wires. FIG. 26 shows
active guide wire 200 with core shaft 202 upon which insulated electrode wire 204 (also referred
herein as conductors or conductor wire) run in parallel. Jacket 206 is disposed over the core wire and
conductor assembly and reflowed for desired diameters. In another embodiment shown in FIG. 27,
guide wire 208 includes conductor wires 204 that are drawn from the hollow 210 of core 202 and core
202 is covered by jacket or heat shrink 206 that can be sleeved, shrunk or extruded over the surface of
the core shaft. In another embodiment of guidewire 212 as shown in FIG. 28, conductor wires 204 are
wrapped around core shaft 202. The outer jacket 206 may be extruded, sleeved and reflowed over the,
conductor wires. The distal end of the conductor wires may be made of more flexible materials to be
drawing into electrode terminals and make a floppy transition at the tip.

[0289] Another embodiment of guidewire 214 shown in FIG. 29 has conductor wires 204 braided
over central core shaft 202. The proximal end of the conductor wires may be stiffer and the distal end
may be flexible. In addition, the entire active guide wire may be made stiffer at the proximal end and
flexible at the distal end. The jacket 206 may be provided to cover the braided conductor wires by any
of the techniques as described in reference to other embodiments. In yet another embodiment of
guidewire 216 as shown in FIG. 30, an extrusion wire may house the conductor wires 204 running
internally making a main shaft and the proximal and distal ends may have a different configuration on

which the electrodes may be mounted. In yet another embodiment of guidewire 218 as shown in FIG.
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31, an inner extrusion shaft 220 may have a suitable groove 222 to accommodate the conductor wires
204. An outer sleeve 206 may be heat shrunk over the inner shaft. In yet another embodiment as
shown in FIG. 32, the outer shaft 226 may be braided for stiffness and polymer may be reflowed over
the top of the outer shaft to form a jacket 206. The conductor wires 204 may be drawn out from a
central core 228, In yet another embodiment 230, a coil 232 may be sleeved over the outer shaft 234
as shown in FIG. 33, while the conductor wires 204 are drawn from a core 236 of th_e outer shaft.
10290] In some embodiments, the device, which may or may not include an active guide wire,
may be provided in a balloon catheter. Embodiments incorporating a balloon catheter may have some
or all of the aspects described elsewhere herein, and may perform the same measurements. In some
embodiments, electrodes may be provided in front of the balloon, behind the balloon, and/or on top of
the balloon.

{0291] FIG. 34 illustrates exemplary balloon catheter 238 that includes the diagnostic elements
described herein. Distal end 240 of the catheter has four spaced apart electrodes 242 disposed thereon,
and another set of electrodes 244 inside the balloon. The catheter also has markers 246 inside the
balloon. Though only two electrodes are shown inside the balloon, there may be multiple electrodes.
In this exemplary, non-limiting configuration, the distal end electrodes aid in measuring the lumen
dimensions and the electrodes inside the balloon aid in determining the balloon diameter during the
inflation process. The distances x, y, z and a, b, ¢, d as shown in the drawing, may be predetermined
during the design of the balloon catheter. In another embodiment, electrodes may be present only
inside the balloon. In another embodiment, electrodes may be present only outside the balloon.
[0292] A balloon catheter may also have a ring electrodé disposed inside or outside the balloon,
on the balloon material, for inflated dimensions. In some embodiments, the ring may be formed of a
conductive material. When a conductive ring is stretched, its intrinsic resistance may increases. This
can be used to measure the inflated diameter of the balloon.

{0293] The electrodes placed at the distal tip of the catheter or guide wire and the electrical
conductors that connect those to the electrical hardware may behave as an antenna and pick up
unwanted electro-magnetic interferences from the environment that affect the integrity of excitation
and that of measured voltages. In some embodiments, the outer jacket of the catheter or a guide wire
may be used as a shield against electro-magnetic interference and is connected to the GND or any
fixed voltage source of the electrical hardware. Only d@ metallic jacket can be used as an electro-
magnetic shield. In some embodiments the metallic jacket can extend along the entire length of the
catheter or guide wire. In some other embodiments, the metallic jacket covers only a partial section,
while the rest of the section may be covered by a non-metallic jacket such as polymer jacket. A

conductive structure may be etched on the non-metallic jacket by the use of conductive ink, or, by any
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other means. The conductive structure may be electrically connected to the metallic jacket at the
boundary edge separating the metallic and non-metallic portion of the jacket.

[0294] Embodiments of devices, systems, and methods described herein allow a practitioner to
use the catheter or active guide wire or balloon catheter with no (or negligible) change in feel and no
(or negligible) loss of ability to manipulate these devices as compared to the feel and manipulability of
similar standard devices.

[0295] A prototype 4-electrode device (electrophysiology catheter) was created and coupled
(mated) to a electrical hardware. The electrical hardware was coupled to a computer (standard). The
electronics board comprised data acquisition electronics, power electronics and an electrocardiogram
(ECG). Multiple glass and plastic tubes having diameters varying from 3mm to 80mm (méasured
using a vernier caliper) were fitted with simulated lesions (stenoses) that were created with various
materials inserted into the tubes. The tubes with lesions were placed in saline having various
concentrations. The device was inserted in each tube through each simulated lesion and the device
generated electrode signals during the procedure that were transferred to the electronics board. The
electronics board received the signals from the electrodes generated as the electrodes of the device sit
in the simulated vessel/lesion, and/or move within the simulated vessel/lesion and transferred these
signals to the data acquisition module of the electronics board. Algorithms in this embodiment were

implemented on a computer to convert the signals from the device electrodes into various vessel

measurements. The computer (algorithms thereof) determined the diameters and other measurements

in real time and created plots of the same. The results of the experiment indicated that measurement
(vessel/lesion diameter) accuracy was up to about 50 microns (micrometers).

|0296] Referring now to the embodiment comprising a first wire and a second wire, a first
terminal (i.e. emitting terminal) of the first wire may be adapted as a first electrode, in some
embodiments, to receive, emit or transmit a signal and/or current to a volume of interest, which may
be picked up (i.e. detected and/or received) by a second terminal adapted as a second electrode (i.e.
receiving terminal) of the second wire.

10297] In one embodiment, the proximal ends of the wires are connected (i.e. coupled) to a
measurement device as shown in FIG. 23. A connector may be used for connecting the proximal end
of each wire to the measurement device.

[0298] FIG. 23 illustrates an exemplary embodiment of a diagnostic device. Diagnostic device
60 comprises excitation and measurement device 62 adapted to receive the signals from at least one set
of electrodes of diagnbstic element 10 and convert (and/or transform) them to measurements and/or
other anatomical information using processing unit 64. In some embodiments, excitation and

measurement device 62 may receive the signals from the one set of electrodes and transform them to a
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visual representation of the dimensions of the anatomical feature of the subject (the anatomical feature
of interest) that are displayed on display device 66. Display device 66 shows the results in different
forms, dimension values, graphical representation, or visual representations overlaid on angiograms.
The display device and the processor or part of the processor may be incorporated in a host computer.
{0299} Signals may be analyzed usiﬁg a data acquisition module (integrated with the processing
unit in the exemplary non-limiting embodiment) which can be external to a standard computer, or
incorporated within a standard computer. Processing unit 64 also incorporates one or more signal
processing algorithms to enable the conversion of data from the measured output voltage and current
signals into desired anatomical measurements or lumen dimensions as described herein.

[0300] Processing unit 64 may also be coupled to an ECG capture unit 68 and angiogram capture
unit 70 for further processing. The results from processing unit 64 can be overlaid on an angiographic
image obtained from the angiogram capture unit. The ECG data from the ECG capture unit is used in
an exemplary embodiment to synchronize the lumen measurements with angiographic images,
examples of which are described below. Thus the devices, systems, and methods described herein can
provide an imaging output, rather than only dimensions, and can superimpose the image on, for non-
limiting example, an angiogram or another radiographic output image:

[0301] FIG. 24 shows an exemplary image superimposed on a radiographic image. Overlay 250
includes two-dimensional (2D) representation 252 of a lumen profile overlaid (or superimposed) on
angiogram picture 254 of the blood vessel 256. The measurement and processing techniques enable
co-registering lumen dimension information (e.g., cross sectional area) with the positional information
of the endo lumen instruments, such as catheters or guide wires that have one or more radio opaque
markers that can yield positional information when imaged, as is described below. These techniques
are extremely useful for diagnostic guidance during a medical procedure. In some embodiments these
measurements are used for determining a lumen trajectory in a 3D volume. Color coding may be
provided to indicate for example a healthy region by green, a suspect region by yellow, and an alarm
region by red color, other ways for providing such added information may be used as well. These
techniques are more fully described below. '

[0302] In some embodiments, the representation and angiogram picture may be pro.vided ona
video display. Video displays may include devices upon which information mily be displayed in a
manner perceptible to a user, such as, for example, a computer monitor, cathode ray tube, liquid
crystal display, light emitting diode display, touchpad or touch screen display, and/or other means
known in the art for emitting a visually perceptible output. Further in some embodiments, the visual
representation may be monochromatic, or may include color. In some embodiments, colors or shading

may be indicative of the vessel dimensions.
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{0303] In some embodiments, the representations displayed on the display device may include
vessel dimensions along the length of the vessel or lumen. In some embodiments, the dimensions may
include vessel diameter, vessel radius, vessel circumference, or vessel cross-sectional area. The
dimensions may be automatically displayed by the processing unit onto the display unit..
Alternatively, the dimensions may be displayed in response to a user input. Examples of user input
may include, but are not limited to, a cursor over a portion of the display (which may be controlled by
a pointing device such as a mouse, trackball, joystick, touchscreen, arrow keys, remote control), or a
keyboard entry. In some embodiments, the dimensions are provided in proximity to a cursor, or other
user input. For example, as a user positions a mouse cursor over a portion of the visual representation,
the dimension at that portion may be revealed. In other embodiments, all dimensions may be
displayed.

{0304] In one exemplary embodiment shown in FIG. 25, measurement and excitation device 62
of FIG. 23 is incorporated in dongle 74 and a host computer like a personal computer (PC) 76. The
dongle 74 includes an electrical hardware that comprises signal conditioning modules 78 adapted to
send and receive a signal to and from one or more electrodes. Each signal conditioner may be coupled
to a high precision circuit shown general by 80 (for non-limiting e;ample: a 16 bit data acquisition
[DAQ] circuit, or an 18bit DAQ), which converts a digital signal to an analog signal and is coupled to
a level 1 signal processing unit 82. The signal may comprise any waveform known in the art. For
example, the signal may comprise a sinusoidal waveform, square waveform, triangular waveform, saw
tooth waveform, pulse waveform, or any other composite thereof. These data acquisition circuits
further digitize the output voltages measured by the measurement devices, and the digitized signal
may be processed first by a level | signal processing hnit 82. It may be noted here that any discussion
of a computer or host computer, or any specific type of network device may include, but is not limited
to, a personal computer, server computer, or laptop computer; personal digital assistants (PDAs). In
some embodiments, multiple devices or processors may be used. In some embodiments, various
computers or processors.may be specially programmed to perform one or more step or calculation or
perform any algorithm, as described herein

10305] Signal processing unit 82 can be split into multiple sections, some residing in hardware in
the dongle and the rest on a host computer as shown in FIG. 25 by a level 2 signal processing unit 84.
This splitting is not mandatory and in some embodiments, signal processing units 82 and 84 may be
incorporated entirely on the host computer, or signal processing units 82 and 84 may be provided
entirely on a dongle. In one exemplary embodiment, a first level of the signal processor (level 1 signal
processing unit) may reduce the sheer volume of data making it amenable to be transferred into a PC

where the rest of the processing is done. A level I or a first level signal processing unit may compress
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the output signal such that essential information is not lost, but noise is reduced in the data, thus
reducing the size of the data packet (or processed digital signals) passed to a level 2 or second level
signal processing unit. In one exemplary embodiment the level | signal processing unit may remove
the effects of device resistance and coupling.

[0306] The level 2 signal processor may be part of a computer or part of the electronics board
itself. This level 2 processor may execute an algorithm or a technique or a method to determine the
dimensional aspects of interest (measurements, tissue characterizations, displays of the same for non-
limiting example). The level | and level 2 processors may be contained in a single processor which
carries out both functions of the separate level 1 and level 2 processors described. Also, at least one of
the processors and/or conditioner is configured and/or programmed to remove the effects (at least in
part, if not entirely) of device resistance and coupling.

[0307] In one specific example the diagnostic element is incorporated into an active guide wire,
also referred to herein as a smart guide wire. In one example, the active guide wire may have a pair of
electrode rings at the distal end separated by a definite and unchangeable distance. In another example
more pairs of electrode rings may be provided. The methods of the invention may accommodate oft-
axis active guide wires, blood and tissue property variations, patient-to-patient variations (such as
flow, temperature, blood chemistry, etc.), and non-isotropic tissue in the wall (i.e. localized lipid
pools, thrombos, calcification, etc.).

{0308] FIG. 35 shows an example of data in the form of graphical output 258 from vasculature in
accordance with an embodiment of the invention. Data from the vasculature was created using a
Finite-Element-Modeling (FEM) technique. FEM is very accurate for any given model, and models
can be arbitrarily changed to assess modes of failure and limitations. FEM uses carefully calculated
electrical properties of tissues. Data was created by the FEM model, and analyzed by the algorithm
(allows quantification of errors) provided in embodiments of devices, systems and methods described
herein. Pulsatile flow was also created, with lumen dimension changing over time. The lumen
dimensions using the device were calculated at approximately 150 times per heartbeat. This example
generated four times more noise than in a real in-vivo situation as a challenge to the device, system,
and methods. The results indicated a maximum of 2% error (solution versus estimate) and thus, stable
tracking of the lumen. In the upper plot, the top line 260 was the actual known dimensions (radius) of
the vessel across the length of the lumen (measured as a function of time). The bottom line 262 in the
upper plot was the calculated (or estimated) dimensions (radius) of the vessel across the length of the
lumen (measured as a function of time on the x-axis). The error of known dimensions versus the
dimensions calculated by the system is shown in the lower plot 264, which indicates a maximum of a

2% error for the embodiment tested.
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[0309] While the initial aspect of the disclosure may focus on determining dimensions of cardiac
blood vessels, the methods can be used in other parts of the body, in other types of other vessels or
organs, and may be applied for any other type of treatment or diagnostic applications for various
anatomical features of a subject. For example, the methods and systems can be used in trans catheter
aortic-valve implantation (TAVI). TAVI is a procedure in which a bioprosthetic valve is inserted
through a catheter and implanted within the diseased native aortic valve. For a successful TAVI, two
critical steps include sizing of the aortic root diameter and thereby picking the right sent size, and
determining the exact location and orientation of the bioprosthetic valve with respect to the aortic root
before deployment. Sizing is typically achieved by means of pre-procedural echocardiographic
imaging study (either TEE or 3D echo). The echo is a separate procedure done in the echo lab and
requires skilled operators. The accuracy of diameter determination is limited by quality of the image
and the skill and experience of the echo technician. Currently, the position of the prosthetic valve is
eyeballed angiographically and only very well trained and skilled operators are able to determine
correct position. The appropriateness of the position is decided on consensus basis between operators
and experienced catheter lab nurses. Once the valve is deployed there are little to none options for
correction in case of erroneous placement, and furthermore the clinical repercussions are adverse.
Aspects of the present technique as described herein advantageously provide a guidance system that is
integrated into the current technique which can aid in sizing, positioning and deployment.of the
prosthetic valve.

[0310] A typical TAVI procedure begins with crossing the aortic valve by a standard 0.035” or
0.038” diameter J tip guide-wire through femoral artery access. A balloon valvuloplasfy is typically
performed by a balloon catheter to open up the stenotic aortic valve in preparation for the prosthetic
valve deployment. This step is then followed by sliding a prosthetic deployment delivery catheter in
the zone of interest and deploying the prosthetic valve. Once the valve is deployed it is checked for
leakage (regurgitation) and function.

[0311] In one embodiment, the guidewires and methods herein determine the cross sectional area
of the aortic system as it is being inserted across the aortic valve and thereby help in determination of
the prosthetic size. Another embodiment for determining the accurate size involves placing electrodes
inside the balloon catheter. As the balloon is expanded for valvuloplasty, the diameter of the balloon
and hence the size of the aortic root may be determined. In yet another embodiment, the electrodes
may be placed at the tip of the valvuloplasty balloon catheters. As the tip crosses the valve the
electrodes can measure the cross sectional area. In addition, the electrodes can also be integrated at
the tip of the prosthetic deployment catheters (at the tip) to enhance the accuracy of placement.

[0312] FIG. 36 provides a summary of one method of measuring vascular bodily lumen

57



10

20

25

30

WO 2012/173697 PCT/US2012/034557

dimensions. The method includes a step 268 for providing at least two sets of spaced apart electrodes
configured to be placed proximal to a volume of interest in vivo in a blood vessel, a step 270 for
receiving an input excitation from an electrical excitation source across at least one pair of the spaced

apart electrodes placed in the volume of interest, a step 272 for receiving an response voltage signal

~ from the volume of interest from at least one set of spaced apart electrodes. The method further

includes a step 276 for receiving an output signal at the measurement device, wherein the output signal
is a function of the responsive voltage signal, a step 278 for measuring the output signal as a function
of voltage difference between-at least one set of the spaced apart electrodes; and a step 280 for
converting the voltage differences to one or more lumen dimension measurements through the various
techniques that have been described herein.

[0313] Thus, one aspect of the disclosure provides vascular bodily lumen dimensions. These
methods and systems can be stand alone or they can be part of a larger medical procedure, some
examples of which are described below.

[0314] Another aspect of the disclosure provides systems and methods for determining lumen
information, such as a cross sectional area of interest, and tracking the movement of a diagnostic
device relative 1o the area of interest. Some embodiments comprise obtaining lumen trajectory
information in three dimensions with respect to a particular known reference point and also tracking
the position of various diagnostic and therapeutic delivery devices (such as stent delivery systems,
IVUS catheters, OCT systems, or other diagnostic devices described above) with respect to the same
known reference point. The methods can therefore be used to provide precise guidance to anatomic
regions of interest. Knowing the 3-D position of a diagnostic device (such as an IVUS catheter) that
measures parameters such as a cross section area of a lumen and hence regions of blockages can
enable marking the parameter (e.g., a blockage) along the 3D trajectory of the device on a visual
device showing the lumen. Once marked, a stent delivery system can then be guided to the marked
region precisely, accurately placing the stent delivery system at the location of interest, in this instance
the location of the blockage.

[0315] This aspect also includes methods to obtain lumen trajectory in 3D of diagnostic devices
that pass through a vasculature, and further methods to track the devices and stitch the parametric
information measured by the diagnostic devices with positional information obtained by the guidance
system. Furthermore, a method to use the described guidance system to guide any endo luminal
therapeutic device to points of interest in the vasculature is disclosed.

[0316] In one embodiment a method determines a lumen trajectory in a 3D volume. An
exemplary method is shown in FIG. 37. Method | comprises the step of positioning a plurality of

markers in vivo in a lumen 2. The plurality of markers may be advantageously present on a suitable
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endo-lumen instrument configured to be inserted in-vivo. “Endo-lumen instrument” as used herein
includes any instrument that is adapted to make measurements, or observations of lumen, or provide
guidance to such a measurement or observation instrument, for example without limitation, a wire, a
guide wire, a catheter, etc. An exemplary wire for this purpose is a guide wire that is used to deliver
stents. Other such exemplary wires may become obvious to one skilled in the art, and are

contemplated to be within the scope of the disclosure. The guidewires described above with

- electrodes disposed thereon are merely examples of markers that can be positioned within a lumen in

step 2.

10317] Each marker is characterized by an oniginal identity. The “identity” of each marker
includes parameters used to identify the markers, such as a serial number of a particular marker, the
position of the marker, distance from at least an end (e.g., distal or proximal end) of the device,
distance from the closest adjacent markers, width of the marker, direction of orientation of the marker
with reference to a reference frame, etc., and combinations thereof. Markers useful in the disclosure
include those that can become identifiable under imaging techniques or image processing techniques.
The imaging modalities known in the art are quite varied, and markers may be designed to include
those that can be identified under one or more imaging modalities. For example, one useful marker
may be a radio-opaque material that can be imaged using X-Rays. In another exemplary embodiment,
the plurality of markers may include at least two spaced apart electrodes configured to give rise to a
signal when excited with a pulse. In yet another exemplary embodiment, the plurality of markers may
include a dye that fluoresces in the near infrared region of the wavelength spectrum upon suitable
excitation, and hence, can be observed using an infrared spectrophotometer. Each marker may iﬁclude
a combination of materials to render it capable of being observed by multiple imaging techniques.
Thus, one marker may comprise a radio-opaque material and two spaced apart electrodes. Further, the
plurality of markers may include a combination of such materials. Hence, in an exemplary
embodiment, one marker may comprise of a radio-opaque material, while another marker may be two
spaced apart electrodes. :

{0318] Method 1 also comprises the step of obtaining an image of the plurality of markers 3. The
manner of obtaining an image will depend on the nature of the markers involved. Subsequently,
method | involves processing the image 4. The processing is done to determine at least an observed
identity for each of the plurality of markers. The observed identity provides current information of the
markers in an in vivo position. The processing of the image also provides an observed spacing
between at least two markers from the plurality of markers. Processing of the image 4 may also be
undertaken to identify other anatomical landmarks, such as identity of the lumen near the marker,

identifying cells or blockages, bifurcation of arteries, etc.
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10319] Method 1 also includes determining a position of each marker in a 3D space 15. The -
position of each marker defines a region of lumen based on the observed identity, the observed
spacing, and the original identity of each of the plurality of markers. For example, in one exemplary
embodiment, if the original identity of two markers defined by serial numbers M1 and M2 that are
spaced apart from each other by a certain distance d1 wherein both markers are facing the same
direction, and the observed identity shows that the distance between has been reduced to d2, and one
of the markers is twisted away by a certain angle relative to the other marker, then the trajectory in 3D
space between the two markers may be determined using mathematical techniques such as
interpolation. Mathematical techniques may be applied, such as maintaining the same relative distance
as compared to the original relative distanée would indicate a linear path with little or no twists, while
a decrease in relative distance would indicate a tortuous path undertaken by the wire.

[0320] In another exemplary embodiment, the position of each marker in 3D is denoted in
Cartesian co-ordinates as [x1, y1, z1], [x2, y2, 22], [x3, y3, z3], and so on. Without loss ofgenerallity,
the axes of the co-ordinate system can be chosen such that x1 =0, yl =0, zI =0 (i.e. the first marker
is the origin); the Z axis can be selected as the line perpendicular to the viewing plane and going
through the origin, and the X and Y axes can be chosen as any two perpendicular lines in the image
plane such that they both pass through the origin. In this co-ordinate system, the x and y co-ordinates
of all the other markers can be obtained directly from the marker positions identified in the image
plane by determining the distance from the origin in the x and y axis directions. To obtain the z axis
co-ordinate, the distance between adjacent markers in determined in terms of pixels and mapped to
apparent physical distance between them. Now, if the line joining the two markers are not parallel to
the X-Y plane, (i.e. going into or coming out of the X-Y plane), the apparent physical distance
between the two markers would be less than the actual physical distance (the scalefactor being
cos(theta)). Using the values of apparent distance and actual distance, the z-coordinate of the second
marker can be determined as either D*sin(theta) or —=D*sin(theta), where theta is the .angle the line
joining the two markers makes with the image plane. The value of theta is calculated using the
apparent and actual distances between the two markers. As shown in Fig. 39, the relationship is
cos(theta) = (apparent distance)/(actual distance). Hence theta = cos™' ((apparent distance)/(actual
distance)). There is an inherent ambiguity about whether the wire is going into the plane or coming out
of the plane. Thus the second point could be [x2, y2, 22] or [x2, y2, -z2]. Similarly, the 3D position
of the third marker can be found relative to the second marker and so on. In all cases, there would be
ambiguity in the Z coordinate of the position. Note that the ambiguity is limited to a limited set of
values. These can be resolved by applying smoothness and analytical criteria on the set of points, as

well as tracking of positions from previous image frames.
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[0321] Method 1 further comprises determining the lumen trajectory in a 3D volume based on the
position of each marker 6. Using the processed image from step 16 and the position of each marker in
a 3D space from step 5, the entire lumen trajectory in a 3D volume may be reconstructed using
techaiques known in the art, such as interpolation. Such interpolation techniques may take advantage
of the physical properties of the lumen trajectory devic¢ as well as the orientation each of the markers.
The reconstruction may be done using an appropriate computing device with a processor. The
computing device may be a personal computer, and may be capable of providing the lumen trajectory
in a 3D volume online or in an offline manner.

[0322] Fig. 38 shows further exemplary steps 7 of some exemplary methods of the disclosure.
Step 8 coniprises traversing the plurality of markers through the volume of interest in a lumen. The

volume of interest in a lumen may be identified from some prior information, or may be identified

- based on immediate observations, such as those by an expert like a surgeon or an experienced

technician. An exemplary volume of interest may be a diseased artery. Another exemplary volume of
interest may be an aneurysm in the aorta. Traversing may be achieved by known methods in the art,
such as manually actuating the device comprising the plurality of markers, or actuating the device
using a controller mechanism such as, for example, a stepper motor.

[0323] The method 7 optionally comprises tracking the observed identity and the observed
spacing while traversing the plurality of markers, as shown in step 9. This may then be recorded as
observed identity and observed spacing. Tracking the observed identity and the observed spacing may
be conducted using the relevant imaging techniques, as described herein. The tracking may be
achieved by obtaining a series of images at periodic intervals, and noting the time associated with each
image. Alternately, if the imaging modalities allows for it (such as fluoroscopy), a continuous image,
such as a movie slice, may be obtained, and then the tracking may be done using the different frames
of the movie slice. Thus, each data point extracted or obtained gives rise to an observed identity and
an observed spacing. The periodicity of obtaining image and sampling rate may depend on a variety
of factors, and may include, for example, the nature of the imaging modality, the computing power of
the processor, the nature of information required, the condition of the lumen being observed, and the
like, and combinations thereof.

[0324] An exemplary X-ray image of a guidewire G inserted through a guide catheter C with
several markers M (only four are labeled) is shown in the left of FIG 38A. An image analysis
algorithm was run that scans the individual pixels in each frame (picture) to identify the pixel grade
and identify those that belong to the marker and reject others that do not correspond to the markers.
Discriminators can be built into the algorithms that help the algorithm hone in on markers of interest

and reject the rest of the markers that may be present in the field of view. An example of a
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discriminator can be the size of the marker, another example can be distance between markers in a
particular angle of view, yet another discriminator is the constraint that all markers are on a smooth
curve. A circle was placed on identified markers in the right side of FIG 38A. As the guidewire
traversed longitudinally through the inner diameter of catheter C a series of picture frames are
generated and the image identification algorithm identifies markers in each picture frame. Sequences
of images in FIG 38B show different frames obtained as the guidewire is being advanced through
catheter C. The different markers were identified by the image processing algorithm in each of the
frames. Thus, the position of markers in each frame is located. FIG 38C shows two views of the same
wire with markers. It can be seen that in the second view, the apparent relative spacing between
markers changes. For example the markers numbered 2 and 3 appear closer in the first view (on the
left) even though their physical separation in 3D is exactly the same. The actual physical distance

between the markers is known « priori. Further, the mapping of pixels 1o physical distances was

found to be about 0.25 mm per pixel in this example. Using this information, the trajectory of the

endolumen device can be tracked by first estimating the trajectory of each inter marker segment, and
integrating all the segments in a frame and then from frame to frame.

{0325] Subsequently, method 7 in FIG. 38 comprises determining a plurality of positions of each
marker in a 3D space 11 that defines the volume of interest based on the observed identity, the
observed spacing, and the original identity of each of the plurality of markers. As already described
herein, the observed identity and observed spacing and original identity and spacing may be used
effectively to reconstruct a lumen trajectory in which the endoluminal device traversed. Thus, the
method 7 further comprises determining the lumen trajectory in a 3D volume 13 based on the plurality
of positions of each marker. Such a lumen trajectory in a 3D volume may be determined offline from

the imaging, or on a substantially real-time basis, depending on the computing ability available.

‘ [0326] The positions of the markers are determined with respect to the origin of each image.

However, to guide other endoluminal devices after a particular lumen trajectory is known it is essential
to mark the position of the trajectory with respect to a fixed reference. Additionally, the known size of
the reference element can enable calibration of observed markers and distances to accurate physical
dimensions. Methods herein further involve the use of a reference component, such as a patch
positioned on the skin of the subject that is used as a reference (origin) and calibration of all
observations. The reference component comprises at least one reference marker. In some
embodiments, by virtue of its precise 2-dimensional construction, a reference patch allows the
mapping of the number of pixels in an image to physical dimensions. Further, reference patches can
also account for movements by the subject during measurement, which may otherwise render

measurements difficult to interpret. A reference patch allows for any offsets and deviations in
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measurements to be accounted for, thus giving rise to more accurate lumen trajectory in a 3D volume.
The reference component, such as a patch, may be present ex-vivo. In a typical use situation, the exact
position, direction of orientation, width, depth and other dimensions of the reference patch is known at
all times, and this measurement is taken along with the measurement of the at least two markers of the
lumen trajectory device to determine the position of each such marker accurately. In some instances,
the reference patch may be placed on the subject. In other embodiments the reference patch may be
attached to the operating table. A reference patch may be similar to the at least two markers mentioned .
earlier in its composition, and may be a radio-opaque material, at least two spaced electrodes, a
fluorescent dye, and the like, and combinations thereof. In one specific embodiment, the reference
patchisa radio-opaque material that is capable of being imaged using X-Ray modality. In another
embodiment, the reference patch is at least two spaced electrodes. The shapes of the patch markers
may be varied to allow easier determination of orientation of the patch and hence the 2D image in
relation to the subject.

[0327] Methods herein may further be used in conjunction with other techniques currently being
used. For instance, the lumen trajectory ina 3D volun{e obtained from methods herein may be
overlaid onto an angiogram obtained independently. In another exemplary embodiment, the
processing of the image in step 4 of method 1 in FIG. 37 is done using an angiogram obtained
independently and/or simultaneously.

[0328] Fig. 39 illustrates an exemplary method of use 58, wherein the method is applied in a
specific embodiment in determining actual dimensions to determine lumen trajectory. Fig. 39 shows
the endo-lumen instrument 6! having two markers 63. However, one skilled in the art will understand -
this principle can be extended to any number of markers on any endo-lumen instrument, and even to
multiple endo-lumen instruments, each having a plurality of markers. The markers 63 are viewed by a
suitable imaging modality at a particular angle, represented by numeral 65. As stated herein, suitable
imaging modality may include, for example, X-Ray technique. The actual distance between the
markers 63, represented by numeral 67 in Fig. 39, is already known from the specification of the endo-
lumen instrument, as provided by, for example a manufacturer, or may even be made available by a
suitable independent measurement technique. The.actual distance as measured by the imaging
modality 69 will be different from the actual distance 67, due to angle 71 between the axis of viewing
by the imaging modality and the axis of the 2-D plane of the endo-lumen instrument 63. When the
apparent distance between two markers in 2D is less than the expected distance in a planar layout, it
can be inferred that the endo-lumen instrument is going into the plane or coming out of the plane. The

angle, theta (8) | 71 which it subtends to the 2D plane is given by
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fyparent distance debuean merkers

c05(Q) m - -
defual distance behoeen marfiers (4)
[0329] The actual distance 67 between two markers in a linear layout is known in absolute terms

a priori. However, all measurements made from the 2D image are typically viewed in terms of
number of pixels on a suitable viewing medium, such as a screen. There is a need to convert the
distances measured in terms of pixels into real world dimensions (such as millimeters). A mapping of
pixels to millimeters is needed to compute 3D mapping. This mapping depends upon various
parameters specific to the imaging modality used, such as the picture resolution used by an X-Ray
scanner, X-ray zoom factor used, and the like. In one exemplary embodiment, the pixels to
millimeters mapping can be obtained by at least one of: (1) The zoom and picture resolution (rows &
columns) of the X-ray image as obtained from the imaging device; (ii) Analysis of the 2D picture of
the “reference patch” placed on any plane‘whose marker spacing is known « priori. By measuring
patch marker distances along rows and columns, and the angle between rows and columns, it is
_possible to derive the number of pixels per actual length (for example 1 mm).
[0330] In some aspects the endoluman device is a non-elastic guidewire or other medical device,
and the methods take advantage of the nature of the non-elastic nature of the guidewire. If a portion of
the wire is tracked and found to advance or retract by a certain distance along the lumen trajectory,
then the entire guidewire can be assumed to advance or retract by the same distance. Thus, even if the
markers in certain regions cannot be tracked accurately due to reasons such as occlusion, interference
from other objects and lack of clarity in the X-Ray image, the tracking of a subset of markers would be
sufficient to estimate the movement of all the markers. If the wire is being advanced and if the distal
markers are obscured, one would not be able to determine the exact 3D trajectory of the lumen in the
newly visited region into which the distal part of the wire is entering. However, the distance by Which
the distal markers advance into the lumen is still obtainable, and is thus clinically useful. When
markers in the newly visited region eventually become visible, the 3D trajectory of the lumen can then
be re-constructed.
[0331] Another aspect of the algorithm determines the amount by which a wire or catheter is
advanced into or retracted from a lumen without necessarily re-constructing the 3-D path of the lumen.
This is done by tracking a subset of markers anywhere along the wire. Since the overall length of the
wire of catheter does not change (since it is inelastic), the amount of advancement or retraction of any
section of the wire reasonably close to the lumen site can be reasonably approximated as the amount of
advancement or retraction of the distal end ofithe wire or catheter. This result of this aspect of the
algorithm is similar to other prior art techniques such as IVUS that use motorized push and pull-back

to determine the amount of advancement or retraction. Due to the elastic and compliant nature these
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prior art techniques are less accurate. This is because the movement measurements are made at the
proximal end, while the movement required to be measured is the distal end. As the wire is pushed,
the blood vessels through which the wire is inserted may stretch a little. Small changes in patient
position, the heartbeat of the patient, and the breathing of the patient are other factors that can increase
the inaccuracies of these methods. On the other hand, in this embodiment, the markers being tracked
are very close to the anatomy of interest, which would significantly reduce the inaccuracies. Further,
additional aspects of the methods herein compensate for effects of heartbeat to further improve the
inaccuracies. '
[0332] In another aspect of the invention, the axial translation of the wire 300, which is the linear
translation of the wire 300 along the axis of the blood vessel, is measured by tracking the markers 304
on the wire 300. In one method of this aspect, the markers 304 are tracked in the image sequence as
they move past a fixed reference marker 308 such as the radio-opaque tip of the guide catheter (FIG
60). The actual physical spacing 310 between markers (LAB, LBC, ...) are known a priori (FIG 61).
By keeping track of the markers 306 that cross the fixed reference 308, and those 304 that are about to
cross the fixed reference 308, the amount of physical translation of the wire 300 in relation to the fixed
reference 308 is ¢alculated. For the case when one marker 306 has just crossed the fixed reference
308, and the next marker 304 is yet to cross the fixed reference 308, i.e., the fixed marker 308 is in
between two markers 304, 306 on the'wire 300, an interpolation is used to determine the extent of the
inter-marker segment that has gone past the fixed reference 308. The inter marker segment can be
modeled as a straight line, or as a curve fitted by taking into account neighboring marker points. In
some situations, the wire segment between the markers 304, 306 is also visible. For example, the
stainless steel core of a guidewire is faintly visible in an X-ray image. Insuch cases, the segment can
be identified directly using known image processing techniques. If a straight line model is used, the
linear interpolation is used for measuring the physical distance between the fixed reference and the
markers near it. For example, with reference to FI1G 62, the apparent distance between a marker and
the fixed marker is denoted by D1, D2, D3, D4, etc. These apparent distance can be converted to
actual physical distances by computing the proportionate part of the inter marker distance. If the
actual physical distances corresponding to D1, D2, D3, D4 etc. are L1, L2, L3, L4, etc, the relationship
between them is

L1 =DIADI + D2) * L23

L2=D2/(DI1 +D2) * L23

L3=D3/(D3 +D4)* L34

L4 =D4/(D3 + D4) * L34

LS =D5/(D5 + D6) * L56
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L6 = D6/(D5 + D6) * 156

Now, the linear physical translation between frames can be written as
Linear translation between frames | and 2: L12=LBC + L4 - L2
Linear translation between frames 2 and 3: L23=LCD + LDE + L6 - L4
These linear translations between frames can be accumulated over each frame and plotted as shown in
FIG 66.
[0333] Note that this method would be applicable even when the viewing angle and/or the camera
zoom factor is changed during the tracking. It would also work if there is some movement of the
markers during the duration when the viewing angle is changed. Since the fixed reference marker is
unmoved even if the markers have moved, the movement of the markers with respect to the fixed
marker can always be determined. In fact, with reference to FIG 62, even if the 3 image frames shown
are all from different viewing angles linear translation can still be determined.
[0334] In another method of this aspect, if the viewing angle and zoom factor of the camera are
unchanged, the linear translation of the markers without using a fixed reference marker is calculated.
An arbitrary point such as one of the markers can be chosen as a reference point in a frame. As
markers move past this reference point, the axial translation of the wire can be calculated since the
physical distance between markers is known apriori. As an example, consider a wire with 2 markers
A and B, with the markers separated by physical distance L and apparent distance D as measured in
the 2-D image (FIG 63). Distances in the 2D image are measured with the knowledge of the zoom
factor and mapping of number of pixels to physical distance (e.g. 10 pixels = | cm). If the markers
were in a plane perpendicular to the viewing angle (i.e. the image plane), D would be equal to L. If
the wire holding the markers is at an angle with respect to the image plane (i.e. the wire is either going
into the plane or coming out of the plane), D would be smaller than L. The ratio L/D is called the
distance calibration factor {DCF), and is used to convert apparent 2D distances to physical lengths.
Now consider FIG 64 where this wire with 2 markers is moving through a lumen. Three successive
frames are illustrated. As the markers move through the lumen, they are denoted by (A1, B1), (A2,
B2) and (A3, B3) for the 3 frames. Now, considering 2 successive frames at a time, by super-
imposing the images we can determine the apparent movement of the markers. With reference to FIG
65, the apparent movement of markers between successive frames are D12 between frames 1 & 2 and
D23 between frames 2 and 3. By applying DCF, the actual physical distance moved (L12 and L23)
are calculated as

L12=DCF * DI2

L23 = DCF * D23

[0335] These physical distances can accumulated over time to give the axial translation of the
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catheter through the lumen as depicted in FIG 66. Note that DCF could change from frame to frame if
the trajectory of the markers changes direction. Hence has to be re-calculated. To determine the
physical linear translation between two frames, the average DCF value corresponding to the two
frames can be used.

[0336] The described method estimates physical translation by tracking marker A. This could
also be done using marker B. Or both could be combined by averaging to provide a more robust
estimate of translation. Further, the method can easily be extended to more than two markers. The
same method can be apblied for two neighboring electrodes at a time, and a single robust estimate
based on all the individual estimates can be obtained. Using more than 2 markers can also help in
practical situations when some markers are occluded or not clearly visible.

10337] In this method, it has been assumed that the viewing angle is not changed. If the viewing
angle is indeed changed, then the movement for the new angle can still be determined. However, any
movement that occurs during the interval between changes of angle would not be accounted for. Itis
unlikely for the medical practitioner to move the catheter while changing the viewing angle, so this is
not likely to be a major issue. In any case there are other methods disclosed that can account for
movement during change in viewing angle. It may be noted that amongst the two methods described
above, the first of them involving tracking and counting of markers passed a fixed reference marker is
less susceptible to error sources. However it can only be applied in scenarios where a fixed reference
marker in the anatomy is visible in the image. The second method does not rely on the visibility of a
fixed reference marker in the anatomy. It however relies on accurate tracking of a plurality of markers

across heart beats and small inaccuracies at every phase can lead to an error build up. In yet another

method, a combination of the above two methods may be used to improve the accuracy when an

anatomically fixed reference marker is visible, and to maintain continuity when it is not. The marker
trécking software may be designed to switch between the two modes of operation depending on the
viability of use of the anatomically fixed marker.

[0338] In yet another method of this aspect of the invention, the axial translation is tracked
without a fixed reference marker by using the 3-D lumen trajectory determined by methods described
earlier in this document. This method works even if there is axial movement of the markers of the
wire during the change in viewing angle. In this case, the 3-D lumen trajectory is determined before
and after the change in viewing angle. If the axial translation is smaller than the segment for which
the lumen trajectory is calculated, a substantial part of the lumen trajectory would remain common to
the trajectories corresponding to the two viewing angles. By overlaying this common section of the
trajectories and observing the relative displacement of markers on each of the two overlaid trajectories.

¢ .
The common part of the trajectories would be the same, but the markers would have moved along the
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trajectory.

[0339] Yet another aspect of the algorithm is to estimate and compensate for the changes in
lumen trajectory due the beating of the heart. The beating of the heart causes a near-periodic change in
the lumen trajectory. Only lumen trajectories estimated at the same phase of the heartbeat are
completely consistent. Hence tracking of the lumen trajectory is done separately for different phases
of the heartbeat. At other phases, the lumen trajectory would be slightly different, but correlated. The
effect of the heartbeat in the change in lumen trajectory is more large scale in nature. There is little
local change in the trajectory, and more of overall shifts in the entire trajectory. This nature of shifting
trajectofy can again be modeled and estimated from measurements. This approach leads to an overall
improvement in accuracy compared to determining lumen trajectory independently for each phase of
the heartbeat.

[0340] As the endo-lumen device is advanced into the blood vessel, for a given phase of the
heartbeat, the lumen trajectory is a fixed while the markers move along the trajectory. Thus the same
section of the lumen trajectory is visited by multiple markers. In other words, there is a constraint on a
marker to follow the preceding marker along a single lumen trajectory. This can be exploited to obtain
a more robust estimate for the section of the lumen trajectory that is visited by multiple markers since
more information is available for the section. '

[0341] Method 1 can be advantageously implemented using a suitable algorithm that works with
the imaging modality in use. Fine tuning of the image to determine the position more accurately may
be done using the algorithm to obtain a very clear and accurate lumen trajectory in a 3D volume.
10342] Fig. 40 shows a schematic of an exemplary lumen trajectory device 32. The lumen
trajectory device comprises a pllurality of markers 34 positioned at predefined locations on wire 36 and
configured to be placed in vivo in a lumen. The spacing between each marker 38 is known when all
the markers are laid in a linear configuration. Other exemplary lumen devices and methods of use
that can be used with the methods and systems herein are described above.

[0343] The lumen trajectory device is typically an endo-lumen instrument on which the markers
are disposed. In one specific embodiment, the endo-lumen instrument is a guide wire with radio-
opaque markers. In another embodiment the endolumen instrument is a stent delivery catheter that
already has two radio-opaque markers that demarcate the ends of the balloon. In yet another
embodiment the endolumen device is an [VUS catheter, known in the art, which also has radio-opaque
markers that can be tracked on an X-ray image.

[0344] In some embodiments, the markers may be in a simple band shaped form, as shown in
Fig. 40. Other geometric shapes for the markers are also contemplated to be within the scope of the

invention. In one specific embodiment, the markers are in the form of a grid pattern, comprising a
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plurélity.of smaller shapes, all of them combining to form a marker.

[0345] Fig. 41 shows lumen trajectory device 40 in a simulated method of use, wherein the
device is allowed to take a tortuous path that is representative of an artery (not shown). Here, it can be
seen that the distance between two markers in a linear portion 42 is similar to the spacing 38 in Fig.
40, whereas the spacing between markers 34 in the tortuous region 44 is different from that of the
spacing 34 in Fig. 41.

[0346] For the reference patch, Fig. 42 shows one exemplary arrangement of one reference
marker, wherein the marker is in the form of a grid pattern.

[0347] In an exemplary method of use, if the plane of viewing by an imaging modality is
perpendicular to the plane of the marker, then the image appears as shown in Fig. 42. However, if the
lumen trajectory device takes a tortuous path, and consequently is bent, or the viewing angle of the
imaging modality is altered, the image appears as shown in Fig. 43, and represented by numeral 47.
Since the grid covers 2 dimensions, it is possible to determine the 3D angle of tilt of the lumen
trajectory device. Once the tilt angle is known, it can be compensated for and used as a reference for
distances. The same patch can also be used as a positional reference to obtain orientation and bearing
at any time even when the imaging modality angle and region cha'nges.

[0348] As noted herein, the image from the imaging modality is viewed on a suitable viewing
medium such as a screen, wherein it appears in the form of pixels. If measured distances ‘d1’ 74 and
*d2” 88 are known in terms of pixels, and if angles 92 and 90 are measured, and if the actual spacing
between the markers is ‘a’ (in physical dimensions such as millimeters), the pixels per unit distance
(pixels per mm) may be determined. Following this, using mathematical transformation involving
pitch, roll and yaw of the optical viewing modality, the measurements of d1, d2, angles 92 and 90 may
be obtained to a high degree of accuracy. In other embodiments, only one marker may be used on the
reference patch. In this case, the apparent shape of the marker would depend on the angle from which
it is viewed. By measuring the apparent dimensions and the angular orientation of the shape itself, it
viewing angle as well as the pixels per unit distance may be determined. Using more markers
improves the robustness of this determination. As such, it is to be understood that one or more
markers may be used for the reference patch.

[0349] When the apparent distance between two markers in 2D is less than the expected distance
in a planar layout, there is an ambiguity between whether the endo-lumen instrument is going into the
plane or coming out of the plane. In such cases, parameters specific to the volume of interest such as
anatomical information as well as the lumen trajectory device parameters such as smooth continuity
constraints of the endo-lumen instrument can be used to resolve the ambiguity.

[0350] The lumen trajectory device of the invention 23 further comprises a reference patch. The
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reference patch may be present at a pre-determined position place ex vivo in the field of view of an
imaging device used for imaging the lumen trajectory device. In some embodiments, the reference
patch comprises of one or more calibration electrodes arranged in a pre-determined pattern, wherein in
one exemplary embodiment, the pre-determined pattern is a grid pattern. Fig. 44 shows another
exemplary arrangement of a reference patch 81 on the lumen trajectory device of the invention,
wherein the markers are in the form of a grid pattern, and the pattern comprises one shape 83 that is

different from the rest of the shapes at a particular position on the grid, such that by viewing it using

suitable imaging means, the orientation of the marker with respect to the viewing plane may be

determined in a facile manner.

[0351] In a further use of the lumen trajectory device of the invention, after the 3D trajectory of
the lumen is generated using a lumen trajectory device, then it is feasible to register and determine the
exact position of any device that has markers (radio-graphic or otherwise) that can be identified using
an imaging modality. Such determination of unique position of the device is feasible either in the
presence of the lumen trajectory device in the field of view by tracking relative positions with respect
to fixed and known positions of the Jumen tracking device. Alternately, in the absence of the lumen
trajectory tracking device, the unique position of the device may be determined by utilizing the
reference patch as a common reference. Co-registering is described in more detail below.

10352] In a yet another embodiment, the lumen trajectory device may be used to obtain more
accurate renditions of the 3D trajectory of the lumen volume of interest. This may be achieved by
inserting the endo-lumen instrument (by either pushing or pulling it) through the lumen during which
time, different sets of markers occupy the same region in the lumen. This affords multiple
measurements of the 3-D trajectory for the same region. These multiple measurements can be used to
further refine the lumen 3D and make it more accurate. These multiple measurements can also be
used to determine the 3D trajectory of lumen segments corresponding to multiple phases of the
heartbeat.

10353} In yet another aspect, the invention provides a lumen trajectory system. Referring to the
drawings, Fig. 45 shows a block diagrammatic representation of the lumen trajectory system 53. The
system comprises a plurality of markers 55 positioned at predefined locations on a wire or other
endoluminal device. As already noted, the device is configured to be placed in vivo in a volume of
interest. The system comprises an imaging component 57 for imaging the endoluminal device in the
volume of interest in a lumen as it traverses the lumen. Imaging may include, for example, but not
limited to, X-Ray, infrared, ultrasound, and the like, and combinations thereof. The imaging
component 57 is configured to obtain an image of the wire at different time intervals as the tracking

module traverses through the volume of interest, to provide the observed identity the observed
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spacing. The imaging component 57 is further configured to behave as a synchronous phase imaging
device to obtain phase synchronized images, so as to map the observed identity at different phases of
heart.

[0354] The lumen trajectory system 53 also comprises a processing component 56. The
processing component is used for processing the image obtained from the imaging component to
determine at least an observed identity for each of the plurality of markers and an observed spacing
between at least two markers from the plurality of markers. The lum‘en trajectory system 53 uses the
method described herein to determine at least an observed identity for each of the plurality of markers
and an observed spacing between at least two markers from the plurality of markers. The lumen
trajectory system 53 is further used for determining a position of each marker in a 3D space that
defines the volume of interest based on the observed identity, the observed spacing and an original
identity of each of the plurality of markers, to determine the lumen trajectory in a 3D volume based on
the position of each marker, using the method steps of the invention described herein.

[0355] The lumen trajectory system also comprises a reference patch to calibrate the observed
data from the imaging means and the processing means. The reference patch may be configured as
already described herein.

[0356] The lumen trajectory system 53 may also comprise an output module to provide the results
and image as a suitable output. Typical output includes a 3D static image, an animated rendition of
the lumen trajectory, and the like. The lumen trajectory system further comprises a communication
module to communicate the results and image to suitable recipients, such as experts, physicians,
specialists, and the like. Wireless and wired communication may be possible depending on the
computing capability, bandwidth, file size, and the like. Other components and features relevant to the
lumen trajectory system of the invention 53 will become obvious to one skilled in the art, and is
contemplated to be within the scope of the invention.

[0357] Some embodiments provide for obtaining reference information for diagnostic guidance
for an in vivo medical procedure. Fig. 46 shows exe%plary steps involved in exemplary method 140.
The method comprises providing lumen trajectory information corresponding to a lumen in step 142.
Lumen trajectory information can ;e obtained as described in any of the methods herein above.
Lumen trajectory information may also be obtained from a variety of techniques known in the art, and
may include, for example, but not limited to, MRI, X ray, ECG, fluoroscopy, microscopy, ultrasound
imaging and combinations thereof. Depending on the technique used to obtain the lumen trajectory
information and the computing power available on hand, the lumen trajectory information may be a
2D image, a 3D image, in a tabular form, or any other suitable form of representation. In one specific

embodiment, when the lumen trajectory information is provided in a tabular form, the table may
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comprise columns such as Serial Number, Distance from a Reference Point (such as the insertion point
of a catheter), and the like. Data points made available in a tabular form may have the appropriate
levels of experimental accuracy as required, such as £0.01 mm.

|0358| The method then comprises providing parametric information corresponding to the lumen
in step 144. Parametric information includes any information that gives an idea on the nature of the
lumen, such as, for example without limitation, pressure, blood flow rate, cross sectional area, a.nd
combinations thereof. This type of information may be necessary to assess blocks, aneurysms,
stenosis, and the like, and combinations thereof. Such information is obtained from any of several
techniques, and may include for example, at least one of a microscopy, ultrasound, Intra Vascular
Ultrasound (IVUS), Near Infrared spectroscopy (NIR), Optical Coherence Tomography (OCT),
vascular optical camera type devices, other lumen measuring devices described above, and other endo-
lumen diagnostic devices, and any combinations thereof. The exemplary techniques may further
require the use of endo-lumen instruments as described herein.

[0359] The lumen trajectory information and the parametric information may be simulianeously
obtained or they may be independently obtained. Depending on how and when the lumen trajectory
and parametric information were obtained, combining the two kinds of information is done using
several techniques. One such technique is to time stamp the image and use the same clock to time
stamp the parametric measurements from the endo luminal instrument. Since the position information
of the endoluminal device obtained through image processing technique described in this application
has the same time stamp as that of the diagnostic parametric value (e.g., cross sectional area, pressure
etc) the two can be stitched to form the reference information. Another method of stitching the '
parametric measurements with the position information is to use ECG gating. ECG is done as a routine
step for all interventions. The 3D position information of the endolumen instrument is obtained from
the imaging modality (e.g., X-ray) and the parametric information from the diagnostic endo luminal
can be ECG gated and therefore stitched together in time domain to provide reference information.
[0360] The method further comprises combining the lumen trajectory information with the
parametric information to obtain the reference information for diagnostic guidance in step 146. The
combination of lumen trajectory information and the parametric information rhay be made available in
an image form, a tabular representation, or any other visual representation, and combinations thereof.
Thus, in one exemplary embodiment, the reference information is made available as an image of
lumen trajectory information on which text of parametric information is overlaid. In a specific
embodiment, the reference information is a fully colored image, wherein the choice of colors is an
indication of certain parametric information. In another embodiment, the parametric information may

be displayed as different shades of the same color indicating the degree of variation of the parameter

72



20

30

WO 2012/173697 PCT/US2012/034557

along the lumen trajectory. In yet another embodiment, the reference information is an animation.
The reference information made available as an image and/or animation may be of a suitable
resolution to allow for facile diagnosis and/or treatment, or whatever the medical procedure is
expected to achieve. Resolution may be measured in terms of minimum distance that needs to be
distinguishable within the lumen.

[0361] In another exemplary embodiment, the reference information is made available in tabular
form, wherein the columns include headers such as, but not limited to, Position ID, distance from
reference, cross sectional area at the particular distance, and so on. It will become obvious to one
skilled in the art that, for example, in the tabular representation, not all distances from reference may
have associated parametric information like cross sectional area, whereas only certain positions will
have the associated parametric information. The exact nature of the reference information will depend
on various factors, such as but not limited to, the medical procedure requirement, available computing
capabilities, operator’s comfort and preference, and the like.

[0362] Once such reference information is made available in a suitable form, it can then
displayed on a graphical user interface to be viewed having a certain suitable minimum resolution (as
measured in, for example, pixels) and used by medical personnel. Such reference information
provides for better identification of regions of interest and can be used to guide therapy devices more
accurately to the target region. When the reference information is made available in a graphical user
interface, inter-active capabilities such as zooming in and zooming out of the image can also be made
possible, to enable a medical personnel to zoom into a region of interest within the lumen, and zoom
out to view the entire lumen as a whole, or perform other suitable actions of relevance to enable
effective diagnosis and/or treatment. ‘

[0363] In some embodiments, while obtaining lumen trajectory information and parametric
information, it may be useful to include a fixed reference for a field of view. Such a fixed reference
for a field of view accounts for variations during the measurements and observations made at different
times, or the movement by a subject, or any such differences arising due to extraneous circumstances.
This allows for combining of the lumen trajectory information and the parametric information while
accounting for all the variations and differences and still provides accurate reference information. In
the absence of such fixed reference for the field of view, the error corrections due to variations from
extraneous circumstances can only be corrected based on operator or technician or medical personnel’s
skill and experience. - Fixed reference for the field of view may be obtained by a variety of techniques,
and include, for example, attaching a radio opaque marker patch having known dimensions at a
particular position on a subject; attaching a radio opaque marker patch on an object that may be

outside the subject; an initial marking of at least one anatomic location in the lumen trajectory
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information by a user, wherein the characteristics of the anatomical location is known beforehand from
other techniques; using a set of co-ordinates of an imaging system, such as a CNC co-ordinates of an
X-ray machine. It would be appreciated by those skilled in the art that it is useful to allow users to
allow the flexibility of identifying certain anatomical landmarks (e.g., beginning and end of lesions,
valve root, bifurcations etc.) along the lumen trajectory.

[0364] In a further embodiment, the reference information comprises areas of diagnostic interest
that are marked. For example, medical personnel can identify particular points of interest along the
trajectory that they want to keep track of when subsequently delivering a therapy device such as, for
example, a bifurcation. These areas of diagnostic interest may represent any particular condition of the
lumen, such as blocks, stenosis, aneurysms, and the like, and combinations thereof. The one or more
markings may be made by relevant personnel, such as a medical practitioner or a technician or a
specialist, as a particular situation demands. Such markings allow for greater ease of diagnosis and
treatment of the subject. The markings can be made by physically identifying a region of interest on a
screen using, for example, a touch screen or a mouse.

[0365] In some embodiments, the lumen trajectory information and parametric information are
phase synchronized. The heart has phases that include pumping and back-filling, also referred to as
systole and diastole. During each phase, the nature of the lumen changes as compared to the nature of
the lumen in another phase. Thus, in some instances, it is important to know the phase of the heart
while obtaining the lumen trajectory information and the parametric information. Methods of .
identifying the phases of the heart are known in the art, such as electrocardiogram (ECG). For
exémple, obtaining lumen trajectory information and parametric information may be achieved along
with ECG gating to ensure phase synchronization. Multiple measurements with ECG gating may be
necessary to obtain a good average measurement that is viable for further use.

[0366] Having such accurate reference information on hand provides a distinct advantage for the
medical personnel to conduct diagnosis, treat subjects, perform surgeries. and conduct any medical
procedures with greater chances of success. Thus, medical personnel do not have to rely on skill,
expertise, knowledge and experience in the field entirely to perform a medical procedure. The
reference information made available by the method of the invention will augment a medical
personnel’s skill, knowledge, experience and expertise very well.

[0367] Another aspect is a method for guiding an endo-lumen instrument in the lumen using the
reference information. The exemplary steps for this method are shown in Fig. 47 in the form of
flowchart 148. The reference information is obtained as described herein above. The method for
guiding the endo-lumen instrument involves imaging ihe endo-lumen instrument after it has been

inserted into the lumen to provide an endo-lumen instrument image, depicted by numeral 150.
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Techniques for imaging are known, and may include, X-Ray, MRI, etc. The image is made available
as a 2D image or may be represented in any convenient form suitable for viewing. The convenient
form may depend on a variety of factors, such as computing requirements, ease of viewing and
comprehensibility, medical personnel’s comfort level, and the like, and combinations thereof.

[0368] Further, the endo-lumen instrument image may also ECG gated by synchronizing the
imaging technique with cardiac gating. The method for guiding the endo-lumen instrument then
includes correlating the endo-lumen instrument image with the reference information, shown by
numeral 150. As noted herein, the reference information may be in any suitable form, and the endo-
lumen instrument image will also be converted into a suitable form such that the endo-lumen
instrument image and the reference information may be correlated appropriately. In one embodiment,
the reference information is made available as a 2D static image, ahd the endo-lumen instrument
image is also made available as a 2D image overlayed in realtime along the lumen trajectory as the
endolumen instrument traverses the path, thus the instantaneous position of the endo-lumen instrument
with respect 1o the reference information of the lumen. One skilled in the art will immediately A
recognize that a series of such correlations may be performed to obtain almost a real-time sequence of
endo-lumen instrument images with respect to the reference information, thus guiding the endoluminal
instrument to the desired position of interest within the lumen.

10369] Subsequently, any endo-lumen instrument is guided to the region of interest, as shown in
step 154. Guiding may be achieved in a facile manner using methods described herein. Thus, in an
exemplary embodiment, the reference information is made available as a 2D reference image, and the
endo-lumen instrument image is tracked with respect to the reference image. This is then displayed on
a graphical user interface such as a scréen having suitable resolution, such as 1024x800 pixels.
Medical personnel can then view the endo-lumen instrument as it traverses through the lumen, and
then arrive at a region of interest that is displayed in a clear manner on the reference image (along the
lumen trajectory originally generated). As noted herein, one or more regions of interest (lesions,
bifurcations, vascular anomalies etc.) in the lumen along the trajectory may also be marked and
regi§teréd with respect to the “same” fixed reference (origin) as of the lumen trajectory to allow for
conducting the medical procedure in a facile manner. The medical personnel may also be given the
ability to zoom into a region of interest to allow for accuratély guiding the endo-lumen instrument to
the exact position to conduct any medical procedures. Such medical procedures may include, for
example, delivering a stent, delivering a balloon catheter along with the stent, etc.

[0370] Methods herein can be advantageously administered using a suitable software program or
algorithm. Thus, in yet another aspect, the disclosure provides algoﬁthms for obtaining reference

information and the method for guiding an endo-lumen instrument. The algorithm(s) generally require
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certain minimum computing requirements with processing capabilities that are also connected
appropriately to the imaging instrument to process the images that come from the instrument. A
suitable graphical user interface, such as a screen having a certain resolution, input/output interfaces
such as keyboard and mouse can be used with the algorithm. The algorithm can be on a suitable
medium such as a CD, a flash drive, an external hard drive, EPROM, and the like. The algorithm can
be provided as a downloadable program in the form of an executable and self-extractable file from a
suitable source, such as a website on the internet.

[0371] In a further aspect, a system is adapted to guide the endo-lumen instrument to a region of
interest in the lumen. Fig. 48 in a block diagrammatic representation of exemplary system 156.
System 26 comprises a first means 158 for providing the lumen trajectory information, which may
include any of the techniques described herein; a secbnd means {60 for providing a parametric
information. an imaging means 162 to image the endo-lumen instrument in the lumen for obtaining an
endo-lumen instrument image, a first processor 164 for combining the lumen trajectory information
and the parametric information to provide a reference information, and a second processor 166 for
correlating the endo-lumen instrument image with the reference information to guide the endo-lumen
instrument to the region of interest in the lumen. The system may also comprise a display module to
display the reference information, the endo-lumen instrument image, and combined reference
information and endo-lumen instrument image. The system also comprises an input/output module,
where the input module receives inputs for the first means and second means and the output module
provides the results for the first and second processor. The system also comprises a communication
module to enable communication between the various modules. The manner of communication may
be through wired connections, such as using IEEE 488 cable, RS-232 cable, Ethernet cable, telephone
line, VGA adapter cable, and the like, and combinations thereof. Alternately, communications
between various module may be achieved wirelessly, such as using éluetooth, infrared connectivity,
wireless LAN, and the like. Further modules that may be incorporated into the system will become
obvious to one skilled in the art, and is contemplated to be within the scope of the invention. The
individual modules may also be situated remote to each other and connected through appropriate
means to each other. Thus, the display module may be made available in a remote location, such as in
another part of the building, or in a different location in the city, and so on, where, for example, an
expert is located, to obtain the expert’s opinion and guidance while conducting the medical procedure.
[0372]) A hypothetical example is noxi' provided to illustrate an exemplary method that obtains
vascular bodily lumen information and uses it to guide a therapy device within the lumen to a region
of interest. A 65 year-old subject having hypertension, dyslipidemia, a prior catheterization, and

exhibiting mild coronary artery disease, markedly abnormal nuclear stress test, and a large wall defect.
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Although asymptomatic, the patient is referred for cardiac catheterization, given large perfusion
defect. Angiography reveals a 95% stenosis. Using traditional stenting techniques, post-stenting
angiography reveals a question as to whether the stent is optimally deployed since the vessel appears
to neck down proximal to the stent. Post-stenting IVUS reveals the stent is significantly undersized
and underexpanded. A repeat intervention is required, and a second stent is deployed proximal to the
first stent.

[0373] This repeat intervention could be avoided using the exemplary method. With standard
angiography aided by 1VUS, the steps of the intervention include performing the angiography; stent
selection based on angiographic visual assessment (subjective due to foreshortening and visual
artifacts); intervention (stent placement and deployment) followed by angiography that reveals

potential for suboptimal deployment (geographic miss). To confirm this, IVUS is used to reveal the

stent is undersized and/or underexpanded and/or longitudinally misplaced. The IVUS catheter 1S

replaced by another dilation catheter and the stent is post-dilated to correct for undersizing. The
dilation catheter is replaced by a stent catheter and a second stent is placed proximal to the first stent
(and/or overlapping). A final angiography is performed to confirm results. Due to time, a second
IVUS review of the stents may or may not be performed, leaving some uncertainty in the process as 10
the success of the procedure. - Thus, as outlined several exchanges of devices have to be made to
achieve the result. Furthermore, the exact position of the lesion is not known in real time and hence the
stent delivery catheter cannot be guided to the right location leaving room for longitudinal geographic
misplacement of stent.

[0374] In contrast, when a guidewire with electrodes as described above is used for the
catheterization procedure, the process is simplified. First an angiography is performed; a guide wire
as described above is positioned in the vessel across the lesion; the system obtains lesion length
measurements and/or reference vessel diameter and/or cross sectional area as it traverses through the
lesion using techniques described herein. Concomitantly, as the guidewire is traversing the lumen, the
positional information of the guidewire and other anatomic points of interests such as lesions and
bifurcation are co-registered with respect to a fixed reference, which is described above. The cross

sectional area information is stitched with the position information to create a guidance system as

. described above. Based on the cross sectional area of the lesion, the minimum lumen area (“MLA”) of

the lesion, and the length of the lesion, the physician selects an appropriate stent for deployment. The
location of the lesion can be overlayed on a static reference angiographic image that is used by the
physician to guide the stent delivery catheter to the correct location. Furthermore, since the stent
delivery catheter has radio-opaque markers it can be tracked with respect to the same reference as that

of the active guide wire using the image processing algorithms described above. In one of the
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embodiments of the system interface a rendering of the stent delivery catheter movement can be
displayed on the same static angiographic image that has an overlay of lesion location. Thus, this gives
the physiciaﬂ precise visual representation of location of the stent with respect to the lesion in real
time. Once the stent is deployed in the location of interest the stent delivery catheter can be withdrawn
back behind the stented zone. The guide wire can then be retracted back such that the electrodes cross
the stented region. As the electrodes cross the stented zone they provide a measurement of cross
sectional area of the stented zone, i.e. a complete stent profile. By compéring this to the reference
lumen (i.e., not blocked) cross sectional area, it can be determined if the stent is under-deployed. If so,
the user can either advance the same stent delivery system to the precise location and expand again, or
they can formulate their post-dilation strategy using the measured information. If the physician
chooses to post dilate, then the size of the post dilation balloon catheter is precisely determined using
the information on the stented cross sectional area profile and the reference lumen cross sectional area,
thus, mitigating post dilation injury. The final stent profile and cross sectional area after post dilation
can be also measured by retracting the guidewire. Therefore, the guidewire can be used to measure
cross sectional area, guide the choice of stent, precisely place and deploy the stent, and guide the post
deployment strategy and verification of therapy. All this can be achieved without exchanging various
tools, as is required in IVUS guided or angiographically guided procedures. This makes the overall
procedure simple, less time consuming, cost effective, and beneficial to the patient.

[0375] An additional example now illustrates how the guidance system as described above can be
used with existing imaging modalities for stent placement. A physician would have a choice to place
the stent using 1VUS or OCT guidance, traditional angiography guidance, OR guidance through the
use of the described endoluminal guidance system described above.

10376] In an IVUS/OCT guided system the [IVUS/OCT device would be introduced in the
vasculature across the point of blockage shown by the angiography. Then, using a motorized pull back
the IVUS/OCT catheter is pulled back at a known fixed rate while the parameters such as lumen cross
sectional aréa are recorded. Based on the information an appropriate stent size is selected. The
IVUS/OCT system is then retracted from the vasculature and then exchanged for the stent delivery
catheter. While the IVUS/OCT systems provide information about the lesion they prbvide no
positional information of the measurements. That is, the measurements do not indicate the location of
the measurement and therefore offer only information to select appropriate stent size but no further
guidance to where the stent should be positioned. This is a significant disadvantage. The stent
delivery catheter is then advanced to the point of interest and positioned in place by visually
estimating the stenotic region on the previously-obtained still angiographic image. The angiographic

images are 2D and suffer from foreshortening effects and are subject to gross errors in case of tortuous
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vessel. This is a very well-known phenomenon and the physician has to rely only on his or her own
experience and skill. This technique can render the stents being geographically misplaced
longitudinally (i.e., the expanded stent does not cover the entire blockage). This can only be verified
by retracting the stent delivery catheter from the subject and repeating an IVUS/OCT imaging. If
found misplaced, a possible remedy is to expand another stent in place, thus adding significant
procedural cost, time and patient risk, or alternatively perform other interventions such as using a post-
dilation balloon to expand in the non-covered section which is known to cause complications such as
stent edge dissections that have serious consequences.

[0377] In a non IVUS/OCT guided procedure the physician selects the stent size based on
experience (subjective and prone to errors). The stent delivery catheter is then advanced under X-ray
view and the position of the stent in relation to the lesion is visually estimated as described previously.
This method again suffers from the same drawbacks as the IVUS/OCT guided technique described
above and is prone to longitudinal geographical miss and its associated effects (additional cost, time,
complexity, and patient risk).

[0378] When the aforementioned guidance system is used in conjunction with IVUS/OCT or
other diagnostic devices as described above (referred to herein as the “measurement device™) the
procedure is much simplified and less prone to geographical miss. First, the measurement device is
advanced through the lumen across the lesion of interest to measure important lumen parameters such
as lumen cross sectional area that help determine the appropriate size of the stent to be used as the
devices. Concomitantly, as the measuring device is traversing the lumen, the 3D positional trajectory
information of the device is obtained using the imaging modality and techniques described above.
Hence, the lesion is co-registered respect to a fixed reference and its 3D position along the lumen
trajectory is registered. Additionally, the user has an option to mark anatomic points of interests such
as bifurcations or other landmarks along the lumen trajectory and they are co-registered with respect to
the same fixed reference. The parametric information (such as cross sectional area) collected by the
measurement device is stitched with the position information thus obtained via one of the techniques
previously described. One of the advantages is that all of this happens in real-time. The location of
the lesion can be overlayed on the static reference angiographic image that is used by the physician to
guide stent delivery catheter to the correct location. Note that the user has completed only one step so
far of advancing the measurement devices across the lesion. Now the measurement instrument is
retracted if it is an IVUS or OCT system, or left in place if it is a guidewire as described above. The
stent delivery catheter is then advanced into the vasculature. Since the stent delivery catheter has
radio-opaque markers it can be tracked with respect to the same fixed reference using similar image

processing algorithms described above. In one of the embodiments of the system interface a rendering
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of the stent delivery catheter movement can be displayed on the same static angiographic image that
has an overlay of lesion location. Thus this gives the physician precise visual representation of
location of the stent with respect to the lesion in real time. Thus, this technique provides necessary
guidance to position the stent accurately and minimizes room for subjectivity and error while not
introducing any additional steps. Potential benefits of the guidance system are immense as it may help
in avoiding repeat intervention (additional stent), reduce cost, procedural time, and subject the patient
to less risk.

[0379] In the embodiments above, the measurement and the excitation apparatus are at a physical
distance from the sensors or the load across which these measurements are desired. Conductors, as
described above, typically connect the electrical source, measurement apparatus, and the load, forming
an electrical network. It may be appreciated by those skilled in the art that electrical de-embedding
would be needed to obtain the voltage-current distributions found at the distal end where the
electrodes are located based solely on the actual measurements that are performed at the proximal end
of the guide-wire or catheter. This may include taking into consideration material properties of the
devices, or device components, such as the wires or electrodes. Measurements may be calibrated to
take such variations into account to yield accurate and precise measurements. De-embedding may
occur for systems with any number of terminals, e.g.. 2 port, 4 port, or any other number. Electrical
values (e.g., voltage, current) may be transformed between the distal end and the proximal end of the
diagnostic element as described herein. This electrical network consisting of interconnections between
the electrical source, measurement apparatus and the load would be referred to as interconnecting
network. The interconnecting network can in general have multiple electrical terminals or,
equivalently multiple electrical ports depending on the number of interconnections.

[0380] There are many types of parameters known in the art for modeling an electrical network.
For example, Z parameters, also called the impedance parameters of a network, relate the voltage and
currents of a multi-port network. As an example of a 2 port network, with reference to FIG. 49, the 2

voltages and 2 currents are related by Z parameters as follows:

Vx) - (Zu zxz) (fx)
V2 Zy Zn)\DL : (5)
Vi Vi _V V2
Where Y 2 P I A P R ) P 2~ Eln=o
2
For the general case of an n-port network, it can be stated that LA PR
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[0381] Y parameters, also referred to as Admittance parameters of a network, also relate the
voltage and currents of a multi-port electrical network. As an example of a 2 port network, the 2

voltages and 2 currents are related by Y parameters as follows

(2)=Ga %)) ©

Where T Voo 2~ Yoo W ha=o Valvi=o
[0382] S parameters, also called the Scattering parameters of a network, relate the incident and

reflected power waves. The relationship between the reflected power waves, incident power waves

and the S-parameter matrix is given by:

b = Sy Suyfa

by Sa Snj\e (N
where a, and b, are the incident and reflected waves, respectively, and are related to the port voltages
and currents.

[0383] H parameters, also called the Hybrid parameters, relate the port voltages and currents in a

different way. For a 2-port network:

[Vi] = [‘lu fh.a] -fo]
L) by B2] V2

dt Vi dot a
by & 2 ha & W hay & LF] hao & &
I Vel = )
Where 1ha=0 n=0 Iilyyap )
[0384] G parameters, also called the inverse Hybrid parameters of a network, relate the voltages

and current as follows:

[ﬁ] - [gu m—z] [Vi] '
LA 2 fua) |2 8

I gt 1y aw Vi o« ¥
== 2= = o= o s =
Where W ;=0 2iviame ¥ leo 2\
[0385] All the above formulations are related, and one set of parameters can be derived from

another. These formulations are well known and established in the art. The Z and Y parameter

matrices are inverses of each other. The H and G parameter matrices are inverses of each other. The
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Y and S parameters are also related, and can be derived from each other. All of the mentioned types
of models are electrically equivalent. The choice of implementation depends on convenience and
specific needs of a problem.
[0386] In some of these electrical networks, measurements taken for a distant load need to
account for the electrical losses and coupling and compensate for any parasitic effects of electrical
networks formed at the electrical source, measurement apparatus and the conductors. This problem
has been dealt with extensively for a single load, situated remotely and connected across a pair of
conductors that connects to an excitation and measurement apparatus disposed at a proximal location.
It is a commonly used technique in high precision measurements and is popularly referred to as “Port
Extension.” Such a network is generally modeled as a two port network and the network parameters
are solved by measuring proximal parameters for known distal loads. Nodal analysis, Mesh analysis,
Superposition methods have been proposed to solve linear electrical networks. Transfer functions
have also been proposed for two port networks.
[0387] However, few solutions exist when the load is not a simple single load but a distributed
network with multiple ports forming a load network. Such systems have multiple conductor wires and
multiple measurement entities. Therefore there exists a need to accurately measure electrical
properties across a distant multi-port load network.
0388} De-embedding is a process that may include taking into consideration material properties
of the devices, or device components, such as the wires or electrodes. For example, an electrode may
be at a distal end of a wire at the region of interest, and electronics to receive and process the signals
may be provided at a proximal end of a wire. An electrical measurement taken by the distal
electrode(s) is received by the electronics. However, a signal provided at one end of the wire may be
altered by the time it reaches the other end of the wire due to material properties of the wire. This
variation may be taken into account by using appropriate models based on the material characteristics,
length of the wire, and other variables relevant to this situation, or performing measurements with
known electrical loads at distal end and calibrating the effect of the in between electrical conductors.
|10389] For all ports the output voltages may be defined in terms of the Z-parameter matrix and
the input currents by the following matrix equation:

V=Z*]
where Z is an N x N matrix the elements of which can be indexed using conventional matrix notation.
In general the elements of the Z-parameter matrix are complex numbers and functions of frequency.
For a one-port network, as will be clear to one skilled in the art, the Z-matrix reduces to a single

element, that is the ordinary impedance measured between the two terminals.

10390] An equivalent relationship between port voltages and currents of an N-port network can
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also be expressed as
[=Y*V

where Y is an N x N matrix. Y is related to Z, and generally speaking, is the matrix inverse of Z. In
some special circumstances, either Z or Y becomes non-invertible.

[0391] FIG. 50 is a diagrammatic representation of an exemplary embodiment of system 171.
The system is adapted to estimate electrical network 174 of a distant zone (herein referred to as a load
network) when it is excited by an electrical stimulus near the proximal end. Load network 174
situated on the distal end is connected to a plurality of stimulating and measuring devices 170 on the
proximal end through a plurality of conductors 172 whose combined electrical property is fixed but
unknown. The stimulus can be either an arbitrary current or voltage from the excitation device located
at the proximal end while the measurements are in the form of voltage measurements again at the
proximal end. The voltage measurement is in general non-ideal (i.e., the voltage measurement devices
draw non-zero finite currents from the network and hence loads the network). As would be
appreciated by those skilled in the art, the systems and methods described herein can be extended and
applied to any area of operation where the electrical network to be estimated is situated at a remote
location where in-situ excitation and measurements are not feasible.

[0392] It would be understood by those skilled in the art that for an n-port load network, there
would be multiple conductor wires (up to n pairs) extending down to the proximal end connecting to
an excitation entity and at least to corresponding “n” measurement entities. An additional reference
measurement is also performed across two arbitrary nodes in the circuit, such that it has independent
information from the previous n measurements.

10393] An exemplary method of using system 171 from FIG. 51 is shown in FIG. 52. System 171
measures voltages at the proximal end corresponding to distal voltages across four conductors
connected to the distal end electrodes 188 (four shown) placed in vivo in a body lumen 190. These
measurements are useful for estimating the lumen dimension, which in turn is useful for several
medical procedures. As shown, the four electrodes 188 are disposed longitudinally on distal region
192 of elongate medical device 194, such as a catheter or a guide wire. Elongate medical device 194
has been positioned within lumen 190 of a vascular bodily lumen, such as a blood vessel. The four
electrodes are electrically coupled to four conductors 198 extending along the length of the elongate
medical device 194, and terminating on a connector on the proximal end 196. Though four electrodes
are shown for the exemplary embodiment, three or more electrodes can be used in different
configurations needed for measurements and these are included in the scope of the systems and
methods described herein. The connector is electrically connected to hardware adapted to provide the

stimulus across the two conductors connected to the electrodes and also measures the three voltages
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across the three pair of conductors. The hardware includes an electrical source and a measurement
device 170 having the excitation entity 178 and measurement entities 182, 184, 186. A fourth
measurement via the measurement entity 176 is done across a reference resistor 180 which is in series
with this network. The entire network in between involving the catheter and the reference resistor is
invariant across various load configurations at the distal end 192 but not known to start with and needs
to be estimated through carefully chosen load configurations. The calibration methods as described
herein estimate this network in order to correctly determine and de-embed the measurements for any
arbitrary load network connected to it at a distal location.

[0394] FIG. 53 is another exemplary embodiment of system 200 with a different configuration for
obtaining the measurements. In this embodiment the fourth measurement entity 176 (VM1) is in
parallel with the excitation entity 178 to obtain the reference voltage across the excitation entity, while
the other three measurements are obtained as mentioned in reference to FIG. 52. The other
components in FIG. 53 are substantially the same as in the embodiment of FIG. 52. It would be
appreciated by those skilled in the art that there may be other alternate configurations for obtaining the
measurements and the embodiments described in reference to FIG. 51, FIG. 52 and FIG. 53 are non-
limiting examples. In general, any four independent measurements would suffice for estimation of a
distal load network.

[0395] The measurement entities VM1, VM2, VM3 and VM4 shown as 176, 182, 184 and 186 in
FIG. 51, FIG. 52 and FIG. 53 respectively are typically, but not limited to, a set of front end buffers
and amplifiers for signal conditioning and noise filtering followed by an analog-to-digital converter.
The measurement entity may provide frequency dependent gain to the incident signal across it. In an
ideal scenario, a voltage measurement unit should not draw any current from the network it is
connected to, but in practice it is impossible to implement the same. However, as would be
appreciated by those skilled in the art, the voltage measurement entity can be equivalently modeled as
a cascade of an equivalent parasitic network that accounts for the loading, filtering, and other non-
idealities followed by an ideal buffer and gain unit that does not draw any input current and only
amplify the incident voltage by a fixed amount. Further, the parasitic network can be merged as a part
of the in between catheter network and estimated jointly, as is described in more detail herein below.
[0396] FIG. 54 is a terminal representation for the embodiment shown in FIG. 52. It will be
understood by those skilled in the art that a terminal, generally referred as Tk (Vk, Ik) represents a
terminal k whose voltage with respect to an arbitrary ground, represented as GND 43 is Vk while the
current entering the network through that terminal is Ik. In the current embodiment, the terminals are
defined in the following manner: Terminal-0 (T0), referred also as 44 is the terminal across which a

voltage source or a current source 14 is connected. The voltage measured on Terminal-0 with respect
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to an arbitrary GND is defined as VO, while the current entering the network through T0 is defined as
10. Terminal-1A (T1A) represented by 46 is one of the differential terminals across which the first
measurement is done. This terminal does not source or sink any current to the network as these
terminals are modeled as ideal measurement points. Terminal -1B represented by 48 pairs with
Terminal -1A and behaves similarly to Terminal-1A. Terminal-2A, Terminal-2B are the set of
differential terminals for the second measurement. Terminal-3A, Terminal-3B are the terminals for
the third measurements, while Terminal-4A, Terminal-4B are the set of differential terminals for the
fourth measurement. Together, the terminals 2A, 2B, 3A, 3B, 4A, 4B are shown by reference numeral
50 and represent the terminals for proximal voltages. Each of these terminals don't source or sink any
current. The voltages on these terminals are all measured with reference to the same GND 43.
[0397] On the distal side, Terminal-5, Terminal-6, Terminal-7 and Terminal-8, collectively
shown as 52, correspond to the four electrodes forming the multi port load network 18 that is
connected to the measurement entities and excitation source via the muiti port interconnecting network
1.6 as explained herein above. The voltages on these terminals are referred to as V5, V6, V7 and V8
and are referred to as distal voltages, wherein these measurements are performed with respect to GND
43. The currents entering the network through these terminals are referred to as 15, 16, 17 and I8,
respectively.
10398| The network can be described completely using Z parameter representations as given
below:

Vi=ZI*11 9)

where, V1 and 11 are given by the following matrices,
V1 =[Vy Via Vin Vaa Vai Via Vg Vaa Vay Vs Ve Vo V'
1= (loIs 16 15 1g)" (10)

Z1 is the impedance matrix of the network relating the current vector I1 to the voltage vector V1. in
another embodiment, the voltages of node 1, node 2, node 3 and node 4 representing the distal end

clectrodes, are represented differentially as:

Vi=Via-Vis
V2=V~ Vi
Vi=Via-Vas
Vs=Vir-Vas (11)

Equation (9) can be now re-written as:
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V2 =Z2*12 (12)
where, V2 and 12 are given by the following matrices,

V2=[VoV, V2 V3V, Vi ViV, Vi)'

R2=[lols 117 Is]" (13)

72 is the impedance matrix of the network relating the current vector 12 to the voltage vector V2.
[0399] FIG. 55 illustrates exemplary system 54 with a floating network on the distal side. A
floating network is defined as one where the sum total of all currents entering the network through all
its ports is equal to zero. No separate electrical path exists between the network and GND. A port
representation on the distal end is shown instead of the terminal representation as is shown in FIG. 54.
I;on voltages P1, P2, P3, P4 and PL1, PL2, PL3 are defined as differences between two neighboring
terminal voltages, the voltage difference being depicted by reference numerals 56, 58, 60, 62, 64, 66,
and 68 respectively, while the port currents are defined as the current that enters through one arm of
the port and exits the network through another arm of the port.
[0400] Those skilled in the art would recognize the equivalence of the representation of FIG. 54
and FIG. 55, for a floating network on the distal side. It would require a few manipulatioﬁs of rows
and columns of the system of equations represented by Equation (12) to come to a new set of |
equations represented by Equation (14).

V=71 (14)

where, V and I are given by,
V=[VoV, VaV;V,V, Vi, Vis]'
1=[lo Iy Lz La]" (135)

Z is the impedance matrix of the network relating the current vector I to the voltage vector V.
[0401] The floating network system as described by equation 14 is explained in more detail
herein below. One skilled in the art would be able to extend the following set of derivations for use

cases where the distal network is not floating. In the network depicted by FIG 54, VO is the voltage

Aapplied to the network, 10 is the current getting into the network. If the excitation is a perfect voltage

source 14, VO is fixed to the value of the voltage source. Similarly, for a perfect current source
excitation, 10 is fixed to the value of the current for the current source. However in practice, an ideal
voltage source or a current source does not exist. It may be possible to measure the voltage VO or
current 10 precisely without affecting the network appreciably. However, such measurements would

involve intricate electronics especially when the frequency of excitation is high, and therefore increase
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the hardware complexity. Aspects of the present technique advantageously overcome this problem by
deriving a method to identify the load network without requiring the knowledge of the voltage VO or
current 10 as explained herein below.
{0402] Since the value of voltage VO is not needed, it is taken off from the first row from the
system of equations defined in Equation (14). The new system of equations are written as:

Vi =Zglo+ Znlii+ Zializ + Zysha

V, =Zalo+ Zaliy + Zaaliza + Znlys

Vi=Zslo+ Zayly + Zaoha + Z53h5

Vi=Zylo+ Zaliy + Zala + Zaslis

Vi = Zsolo+ Zsiluy + Zsalia + Zssls

V2= Z(‘o]o. + Zealy + Ze2l2 + Zeslis

Viz=Zzwb + Zal + Znlia+ Z:his (16)

[0403] In the exemplary method, the four measured voltages are grouped in a vector Vy and

similarly the load side voltages are grouped in the vector V. The load side currents are similarly

- grouped in vector [, as shown in the equations below:

Va=[Vi V. VaVy]"

Vi=[VL Vi2Vis]"

IL={[I L2 lm]T (17)
Now re-writing equation (16) using the nomenclature defined above:

Vit = Zawlo + ZylL

Vi =Zolo + Z I (18)

where, Zao, Zaw, Zio and Zyy, are sub-matrices of the impedance matrix (Z) formed by the grouping
of the Z-terms in Eqn (16).
[0404] As would be appreciated by those skilled in the art, the distal side (load side) is also

- terminated by an arbitrary network which can be modeled as a 3x3 admittance matrix Y related to the

load side voltage vector V,, and current vector I.. For passive networks, the admittance matrix Y
would have 6 independent variables, whereas for a general active network the number of variables
would be 9. For some specific scenarios (including that of the one discussed) the load network may
have other constraints and the degrees of freedom is lower than 6. In the specific example of F1G. 52,

the anatomical constraints while measuring the lumen dimensions may drive the degrees of freedom of
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the Y parameters to 3 or less.
|0405] Since the current vector [,_is shown entering the catheter network, a negative sign is used
while representing the following load equation:

IL=-YV, (19)

Using, Equation (19) in Equation (18) the following is derived:
Vi=Zh+ZlL
Vi=Zulo-Z L YV,
(I + ZL YY)V = Zuoly
Vo= (1+ZLY) Ziolo
Var = Zawlo - ZalYVL
= (Zaw - Zon YU + ZLY) ' Z1o)lp
Va/lo= Zao = Za Y(I + Z1 Y)Y Zoo (20)

[0406] Since lo is assumed to be unknown, to resolve a situation where the results would have a
scale factor ambiguity, a ratio of two voltages is used instead of the absolute voltage. Without a loss
of generality, the voltage across the reference resistor of FIG. 52 is used, as the reference voltage, V,
and all other voltages are measured as a ratio to the reference voltage.

Va/Vi= (Zaso = Za Y U+ Zo Y] Zia) / (Zio= L YIL + ZL Y] ' Zoy ), where M= 2.3, 4

= [(Zso/ Zio) Za Y1 + ZoL Y (Zoo/Z10)) 1| - Zy Y1 + ZoL Y (Z/ Z0):
whereM=2,3 4

Zato — ZaL Yl + Zoo Y] ‘Z1o

Zn Z, . . .
where, “™® and “° are normalized by Z,o, and Z,, is fixed to unity.

[0407] Thus these equations effectively model the effect of an arbitrary load network connected
at a distal end to the measurements done at a proximal end.

[0408] In the formulation above, voltage ratios VM/V | are used. This is because the exact value
of VO (in the case of voltage excitation) or [0 (in the case of current excitation) is not known precisely
in normal practical situations. However, if these can be determined with enough precision, the
calibration method can be formulated with absolute voltages rather than voltage ratios. As such, the

disclosure envisages such alternate formulations where the voltages can be used in forms other than
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ratios such as absolute value, voltage differences, linear or non-linear combinations of the voltages.
{0409 The exemplary method as described herein uses the above system model for determining
the actual voltage difference measurements for an arbitrary load network connected at the distal end
through proximal measurements. The next step for the method is to identify the Z parameters of the
connecting network along with measurement parasitics, herein referred to as the calibration step.
Thereafter, a step of de-embedding is done wherein, the proximal measurements are mapped to (or,
fitted to) the distal load network afier due consideration for the Z parameters of the connecting
network and measurement parasitics.

{0410 In the process of calibration described herein, the three voltage ratios with respect to the
first voltage is measured for different combinations of precisely known load networks connected on
the distal end. It may be noted that for a passive load network, in Equation (21), the number of
unknown Z-parameters to be estimated is 23. The Z parameters are obtained using a suitable fitting
utility that runs on the set of measured data. Since every configuration provides three voltages, it is
necessary to have at least measurements from 8 independent configurations to obtain all the Z
parameters. More configurations provide better noise immunity to the fitted values. The fitter routine
starts with an arbitrary starting point and computes the estimated ratios of voltages across different
known load configurations for Equation (21). The method then computes an error metric which is the
Euclidian distance between the measured ratios and the estimated ratios. The fitter tries to minimize
this error by adjusting the Z parameter values. It is possible for the solution to converge to alternate
solutions. However, skilled persons in this art would recognize these challenges and come up with
suitable techniques to circumvent them. This can be done by employing suitable optimization
techniques. It may be noted that the fitted Z parameters are not the true Z parameters of the network
but are a mathematical representation that fits the observation under the constraints of one pre-
determined Z-parameter (any one of ZL0). Further, a few Z-parameters are normalized to Z10 and
Z10 is fixed to unity, as was mentioned earlier.

{0411] The choice of the known load networks during the process of calibration can be chosen
using discrete passive components such as resistors, capacitors and inductors, whose values are known
apriori. In one embodiment, a set of passive components is selected. A sub-set of these components is
connected to the distal electrodes, with each component connected across a pair of electrodes to form
an electrical load network. With this configuration, an excitation is provided and measurement taken.
By choosing different subsets of components and connecting them across different terminals at the
distal and of the network, several unique networks are created. A subset of terminals can also be left
unconnected (i.e. open circuit). In each case, the Z parameters of the load is known apriori.

Combining the knowledge of the Z parameters of the load networks thus created with the measured
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proximal voltage values, the Z parameters of the measurement network is estimated using methods
described in the preceding sections. FIG 67 shows 6 different locations (Z1, Z2, ..., Z6) in which any
of the discrete load elements can be attached to the network for a 3 port load network.

[0412] In real-life situations, it is possible that the impedance of the selected discrete components
may not be known with the required precision. For example, it may not be easy to measure the
capacitance of a capacitive component to within 0.01% accuracy. In such case, only a subset of the
components, typically resistances with precisely measured impedance values are assumed to be
known. The other components are assumed to be unknown. The impedance values of these unknown
components are estimated as part of the calibration process. This would require additional load
configurations and corresponding measurements when compared to the minimum required to estimate
just the Z parameters of the network. These additional measurements are required to solve the extra
unknown variables introduced. This approach is quite practical because quite a large number of load
networks can be created with a relatively small set of load components. For example, with a 3 port
network and 2 distinct components, the number of unique toad combinations possible is 13. In one
aspect of this method, the impedance of only one component is assumed to be known, and the
impedance of all other components are estimated as part of the calibration process.

{0413] In another embodiment, the load networks can be presented in form of lumens of known
dimensions (e.g. cross-sectional area) filled with conductive fluids of known conductivities. A set of
lumens of different dimensions are selected. A set of fluids with different electrical conductivities are
also selected. To get one measurement, one selected lumen is filled with one selected fluid. The
elongate medical device is then inserted into the lumen and a measurement is taken. Similar
measurements are taken for different combinations of lumens and fluid conductivities. The set of
measurements are then used for purposes of calibration. The fluid calibration apparatus is illustrated in
FIG 68. The fluid based calibration method may be advantageous as a procedure, since it closely
emulates the condition of actual lumen measurement. It also simplifies the mechanism for attaching
the loads to the network. In the earlier method based on discrete components, the physical means of
attaching the components to the ports would themselves introduce small but unknown contact
impedance. These small uncertainties can lead to reduction in accuracy of estimation of the
calibration coefficients. With fluid based load networks, the load is directly in contact with the
elongate medical device in a manner very similar to its final use case.

[0414] In real life situations, it may be difficult to know the conductivities of all the fluids
precisely. In such a case only a subset of fluids are assumed to have known conductivities. The
conductivities of the remaining fluids are assumed to be unknown and are determined along with the

determination of calibration parameters. The additional unknowns would entail additional
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measurements to be made. These additional measurements are a small overhead and not significant.
|0415] Once the Z parameters have been estimated through the proceés of calibration, the
connecting network can be used to identify any arbitrary load network at the distal end. In specific
applications, such as but not limited to the embodiment of FIG. 52 where a catheter with four distal
electrodes (connecting network) is inserted inside a lumen and the load presented on the distal side is
due to the finite conductivity of blood inside the lumen or the finite conductivity of wall tissue, the
degrees of freedom for the network is 3. The three voltage distributions across the three electrodes
completely define the Z-parameters of the equivalent electrical network formed by the electrodes
inside the lumen. Similar applications such as measurement of a cross section of a pipe electrically
through similar means would also have similar degrees of freedom. Once a measurement of three
ratios are taken for an arbitrary load network (with Admittance Y with 3 degrees of freedom), a similar
fitter routine can be used to find out the load network. In one example, the fitter routine is initialized
by a starting value of Y, which is the best case estimate given by the user. The ratios are accordingly
estimated (according to Equation 21) and an error metric is computed as the difference between the
measured ratios and the estimated ratios. The error metric is then minimized by adjusting the Y
parameters of the load network. The Y parameters representing the lowest error represent the true Y
parameter of the load network.

[0416] It may be noted that since only three ratios are measured, this method is applicable to
identification of networks which has no more than 3 degrees of freedom. As discussed, for an
arbitrary network with three ports, the Y parameter can have 9 degrees of freedom. For passive
networks, the degrees of freedom are typically 6. Identification of such networks can also be done
using extension of the exemplary method. To identify a passive arbitrary load network (with 6
degrees of freedom), the calibration and de-embedding processes needs to be done for two
independent interconnecting networks. In practice, it can also be achieved by taking two
measurements, one with the actual interconnecting network and the other with a modified version of
the same. During the calibration phase, precisely known loads are attached to the distal side of the
connecting network and the three ratios are measured and while maintaining the same load, the
connecting network is modified using a reversible mechanism (such as a relay 72 shorting the two
center ports 2 and 3 at the proximal end of the embodiment 70 of FIG. 56) and the new ratios are
measured.

{0417] The same procedure is then repeated for various load configurations. Using similar
principles of the calibration phase, the Z parameters are estimated both for the parent connecting
network as well as its modified version. Finally, an arbitrary passive load network is connected distal

to the same connecting network. The three ratios are measured once with the original connecting
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network and a second time when the connecting network has been modified as before. A total of six
ratios are obtained and with the knowledge of the Z parameters of the connecting network and its

modified version from the calibration phase, it would be possible to unravel all the 6 degrees of

 freedom of the load network. The method can be also be extended to unravel an arbitrary active three

port network with 9 degrees of freedom, by performing measurements using three different connecting
networks.

10418] In an alternate embodiment, an n-port load network is represented by L independent (L=
n2) complex impedances. As would be appreciated by skilled persons in this art, the complex
impedances bear equivalence with the Z-parameters of the same network. For a passive load network,
the number of independent complex impedances would be P (=n*(n-1)), since the network would be
symmetric. FIG.57 represents an embodiment 74 with an exemplary 3-port passive network 76 with 6
complex impedances shown generally by reference numeral 78. Any other passive 3-port network
topology can be reduced to an equivalent network 76 with the topology shown in the embodiment 80
of FIG. 58 as well. Other components related to the excitation and measurement entity remain
substantially the same as described in earlier figures.

[0419] According to network theory, as would be well understood by those skilled in the art, for
any network consisting of an ordered set of discrete impedances, the voltage across any two points (u,
v) in the network can be represented as a product of the excitation voltage or, excitation current (£0)
and a ratio of sum of polynomials formed by all the impedances present in the network. The
denominator polynomial is referred to as the characteristic polynomial of the network consisting of all
the impedances in the network. The characteristic polynomial is independent of the points of
measurements. Further, if some part of the network consists of distributed elements and other parts
consist of discrete impedances, the voltage can still be represented as a product of £0 and the ratio of
sum of polynomials formed by all the discrete impedances present in the network, wherein the
coefficients of the polynomial would capture the effects of the distributed elements.

[0420] If some of the discrete impedances are of interest, the polynomials can be regrouped into a
polynomial of just the discrete impedances of interest. In this case, the coefficients of the re-grouped
polynomial would contain the effects of the other discrete impedances as well as the distributed
elements of the network.

[0421] Referring to FIG 50, where the measurement network 170 and the connecting network 172
are fixed while the multi-port load network 174 is allowed to change through variations of L number
of load impedances (Z, Z,, ....Z;) , the voltage between any two points (#, v) in the network can be

written as:
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bo(u,v) -+ Ei byi(uw, v)Z; + E‘ Ej.i#j boij(u.v)Z; 25 + ... + by, (u, l')Z;Zj....ZL
1+ Zial.-Z.- + Zi Ej.i;ej agijZ;Zj =+ . + OLZ,'ZJ'....ZL

Viu,v) =&
(22)
[0422] In general, each of the L number of load impedances contributes to the voltage
distribution within the network. The contribution of fixed elements within the network is absorbed in
the polynomial coefficients. The denominator is equivalent to the characteristic polynomial for the
combined network (170. 172 and 174), and its coefficients (a’s) are fixed for the given network and
depends on network 172 and 174.
[0423] In specific instances, where only the port’s self-impedances are of significance, the entire
n-port load network can be represented by n complex impedances. In this scenario, the Z-parameter for
the network would be a diagonal matrix with n diagonal terms. FIG. 57 describes an exemplary
embodiment where the number of ports (1) is 3. For such a network, with three impedances (Z;, Z;
and Z;) on the distal side, the voltage measurements in the proximal side (e.g. V,, V2, V3, V4) is given

by:

l'o(') + b1 ()21 + bia(i) 73 + basli) s + ba(i) 21 Za + bana(iYaZn + baai(i)2aZs + (VA1 222y

Vi=
Ut anZy -+ anaZz +aiaZy +aneZi 2z + amaZaZs + e ZaZy + aaZa 22y Q=12 34 23

0424] Instead of the absolute measurements in the proximal end, one can also work on voltage
ratios to avoid dependencies on the excitation voltage or, excitation current (). Without loss of
generality, the voltage across the reference resistor (¥,) is taken as reference and three ratios are

constructed with respect to ¥,

_‘_’; h;(r)-q»b"(u)?. P”u(")7ﬂ+bn(l)71 + bng(i )717:+5rn(!37:7:+bn|(t)7:7| +b:(!)7|7¢7: . )
T~ (1)  bua(1)Z; + bia(1)Zs + baa( 1) Zs + Bn2(1) 23 23 + b (1) 22 23 + b (1232 RN 22y 1= 2,3,4 (24)

[0425]) The properties of the measurement and the connecting networks are represented by the
polynomial coefficients. For a network with n impedances and (n-+1) measurement entities, the
number of independent polynomial coefficients would be (n+1)*2n-1. 1t may be noted that all the
polynomial coefficients in Equation (24) can be scaled by the first term in the denominator, thereby
reducing one unknown. The act of calibrating these networks would involve making proximal
measurements with known impedances connected to the distal ports. The number of such independent
measurements required would depend on the number of unknowns that need to be solved and the
number of information per measurement. A fitter routine would then run on all of these measurement
ratios, for known set of loads and estimate the polynomial coefTicients.

[0426] Once the process of calibration is completed, and the polynomial coefficients are obtained,

any arbitrary load connected across the distal ports in a similar configuration can be estimated. With
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an arbitrary load connected across the distal ports in a similar configuration, the proximal
measurements are made and the ratios are computed with respect to the reference measurement. Next
a fitter routine is invoked with the pre-determined polynomial coefficients and the ratios
corresponding to the arbitrary load. The fitter routine may be initialized by the user with a starting
value of the load impedances based on best guess. The fitter shall converge to a minimal residue on
finding the true value for impedances which would match the ratio of measurements. Convergence to
alternate solutions are possible, however skilled persons in this art would be adept in avoiding such
situations.

|0427] To estimate a generalized three port passive load network which can be modeled by six
independent impedances, one would need to write the polynomial equations in Equation (22) with all
six impedance present. Since the numbers of ratios measured are only three, the method needs to be
extended for measurement of six impedances as discussed before. The method of calibration would
involve making measurements with various combinations of load networks (comprised of all six
impedances) for two independent interconnecting networks. The polynomial coefficients for both
these networks would then be estimated using the individual sets of measurement ratios and the
knowledge of load impedances. Next, measurements would be made with arbitrary six impedance
load networks, again with the same two independent interconnecting networks. A total of six ratios
along with the polynomial coefficients for both the networks would jointly be fitted by a fitter routine
for estimating the six impedances. The method can similarly be extended to active networks where a
nine impedance model needs to be estimated.

[0428] The above method, exemplified by a three port network with four proximal measurement
entities can be easily extended to a general n-port network with n+1 proximal measurement entities on
basis of Equation (22). The computation complexity grows exponentially with increasing number of
load impedances in the network.

[0429] Thus the methods described herein can be extended to de-embed and evaluate a
generalized n-port load network where there are n + | measurements performed concurrently.

|0430] In use cases where the electrical parameters of the load network need to be estimated at
multiple frequencies, calibration of interconnecting network and subsequent de-embedding needs to be
done at all the different frequencies of interest.

[0431) In one embodiment of calibration, the calibration parameters can be determined at each of
the individual frequencies.

10432] In some other embodiment of calibration, the calibration parameters can be jointly
estimated across a set of neighboring frequencies of interests resulting in a set of calibration

parameters at each of the frequencies. The correlation of parameters across frequencies can be
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exploited to obtain more robust estimates in presence of non-idealities in measurements (e.g.
measurement noise).

[0433] In one embodiment of de-embedding, the estimation of the electrical parameters of the
load network at each frequency is performed by using the proximal measurements at the
corresponding frequency and de-embedding the calibration parameters of the interconnecting network
for the same frequency. _

[0434] In some other embodiments of de-embedding, the estimation of the electrical parameters
of the load network at multiple frequencies can be performed by using proximal measurements for all
the corresponding frequencies and performing a joint de-embedding of calibration parameters of the
interconnecting network for all the said frequencies. The correlation of the electrical parameters of the
load network across frequencies can be exploited to obtain more robust estimates in presence of non-
idealities in measurements (e.g. measurement noise).

[0435] Any electrical measurement is corrupted due to noise and other inaccuracies of the
measurement system. Due to inaccuracies of measurements, the process of calibration and de-
embedding would result in inaccurate estimates of system parameters such as lumen dimension. Fora
given choice of measurement nodes, the measurement inaccuracies may show a flared up or, subdued
effect on the estimated values depending on the transformation caused by the intervening network.
Hence the choice of measurement nodes needs to be made such that the accuracy of estimated
parameters is maximized for the given intervening network. This can be done analytically, through
simulations or, through physical experimentations.

[0436] The methods as described herein above are also depicted in the form of flowchart 82 of
FIG. 59. The calibration technique for use in measurements from a remotely located multi port
network, is shown by steps 84 to 92 of the flowchart, and includes a step 84 of providing an excitation
and measurement entity for exciting the remotely located multi port network and for measuring a
plurality of proximal voltages corresponding to the remotely located multi port network; a step 86 of
providing a connecting network for connecting the excitation and measurement entity and the remotely
located multi port network; a step 88 providing a plurality of known load networks coupled to the
connecting network. The calibration technique further includes a step 90 for measuring a set of
voltage ratios corresponding to each load of the known load networks; and a step 92 for estimating
electrical parameters corresponding to the measurement entity and the connecting network by using a
fitting utility across the set of voltage ratios, where the electrical parameters are used for calibration.
The method further includes a step 94 for using the electrical parameters to de-embed the
measurements from the remotely located multi port network.

|0437] The embodiments described herein have been illustrated through use of Z parameters as
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electrical parameters for modeling the electrical network. As would be appreciated by those skilled in
the art, using the same principles, a similar formulation can also be made using Y parameters, S
parameters, H parameters and G parameters since all models are equivalent ways of representing the
electrical network. As such, it is to be understood that the embodiments described herein covers all
such formulations.

[0438] The technique described herein can be effectively used for determining actual voltages or
voltage differences between the measuring electrodes or terminals of a remotely located multi-port
network.

10439} The method as described herein above maybe incorporated as a tool that is used to
determine the voltages or any other electrical response from a remotely located multi-port network.
[0440] In a specific example, a system for de-embedding measured proximal voltages across
conductors connected to at least three electrodes placed in vivo in a body lumen is also disclosed. The
system may include the embodiments of FIGS. 50-53 having an excitation and measurement entity for
exciting the at least three electrodes and for measuring a plurality of proximal voltages corresponding
to the at least three electrodes. The system also includes a connecting network in the form of two or
more conductors for connecting the excitation and measurement entity and the at least three electrodes,
where the at least three electrodes are at a distal end of the two or more conductors. A processor is
added in the embodiments of FIGS. 50-53 coupled to the excitation and measurement entities and the
connecting network for estimating a plurality of electrical parameters as calibration parameters
corresponding to the excitation and measurement entity and the connecting network, and for
estimating actual voltages across the at least two pair of the at least three electrodes using the electrical
parameters to de-embed the measured proximal voltages.

[0441] It would be appreciated by those skilled in the art that the embodiments described herein
for example the embodiments of FIGS. 50-53, pertain to compensating for the effects to both, the
excitation and measurement entity 14 and the multi-port interconnection network 16. However, in
some practical situations, it may be necessary to calibrate the effects of each of the entities separately,
and during the process of de-embedding, the effects of both the entities will be combined. Further, the
multi-port interconnection network 16 may include multiple parts or components. In this case, and
each part would be calibrated separately and the parameters can be combined together at the time of
de-embedding. It is to be understood that this divided approach for calibration and de-embedding is
also within the scope of the invention as described herein.

[0442] As used herein, the singular forms "a," "an," and "the" include the plural reference unless
the context clearly indicates otherwise.

[0443] As used herein, lumen includes the volume defined by any generally elongate, sometimes
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tubular, structured component of a subject such as a human being, such as an artery or intestine. For
example, the interior of a vessel, such as the inner space in an artery or vein thrdugh which blood
flows is considered a lumen. Lumen also includes a particular portion of the generally tubular
structured component of a subject, such as a section of aorta near the heart, for example. The
particular section of the lumen may be of interest to a doctor, for example, as it may comprise some
features associated with it, such as a blockage or a stenosis. Thus, in some instances, lumen as used
herein, may also be referred herein as volume of interest, a region of interest, or a lumen of interest.
[0444] An electrical ﬁetwork as referred herein is an interconnection of electrical elements such
as resistors, inductors, capacitors, generalized frequency dependent impedances, conductor wires,
voltage sources, current sources and switches.

|0445] A terminal is the point at which a conductor from an electrical component, device or
network comes to an end and provides a point of connection to external circuits. A terminal may
simply be the end of a wire or it may be fitted with a connector or fastener. In network analysis,
terminal means a point at which connections can be made to a network in theory and does not
necessarily refer to any real physical object.

|0446] An electrical connector is an electro-mechanical device for joining electrical circuits as an
interface using a mechanical assembly. The connection may be temporary, as for portable equipment,
or may require a tool for assembly and removal, or may be a permanent electrical joint between two
wires or devices.

[0447] As used herein electrical measurements include measurable independent, semi-
independent, and dependent electrical quantities including for example voltage.by the means of
voltmeter (or using oscilloscope, including pulse forms), electric current by the means of ammeter,
electrical resistance, conductance, susceptance and electrical conductance by the means of ohmmeter,
magnetic flux and magnetic field by means of a Halls sensor, electrical charge by the means of
electrometer, electrical power by the means of electricity meter, electrical power spectrum by the
means of spectrum analyzer.

[0448] Electrical impedance as referred herein is defined as vector sum of electrical resistance
and electrical reactance. Inductance is defined as frequency proportionality coefficient for reactance,
and capacitance defined as reciprocal frequency proportional coefficient for reactance.

10449] Electrical impedance as referred to herein is defined as a vector sum of electrical
resistance and electrical reactance. Inductance is defined as frequency proportionality coefTicient for
reactance, and capacitance defined as reciprocal frequency proportional coefficient for reactance.
10450] Voltage between any two points as generally referred herein is the electrical potential

difference between the two points and is also referred herein as voltage difference or voltage drop.
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[0451] The process of estimating the effects of electrical properties of an intervening multiport
network is referred to as calibration. The process of using the estimated properties of the network to
compensate for the network and obtain the compensated measurement is referred to de-embedding.
10452} Z-parameters (the elements of an impedance matrix or Z-matrix) referred to herein are the
impedance parameters for an electrical network. The Z-parameters are also known as the open circuit
parameters. For determining the kth column of the Z matrix, all but the kth port are opened, current is
injected on the kth port, and the voltages are analyzed on all ports. The procedure is performed for all
N ports (k = 1 to N) to obtain the entire Z matrix. Though the exemplary embodiments have been
described using Z parameters, the methods and systems described herein are equally applicable to
other parameters such as Y, S, H, and G parameters.

[0453] A generic multi-port network referred to herein includes ports 1 to N, where N is an
integer depicting the total number of ports. For port n, where n is ranging from 1 to N, the associated
input current through that port to the network is defined as In and the voltage across that port is
defined as Vn.

{0454 As used herein, the phrase "peak-to-rms-ratio” (“PAR™) means the value obtained for a
waveform by the division of peak amplitude of the waveform by the root mean square value for the
waveform. It is a dimensionless number generally expressed as a ratio of a positive rational number to
one. Itis also known in the art as "crest factor," peak-to-average ratio, or by other similar terms,
known to those of ordinary skill in the art. PAR values for a variety of standard waveforms are
generally known. PAR values may be obtained from theoretical calculations, or they may be
measured using some PAR meters for specific situations.

|0455] As used herein, the phrase "Signal 1o noise ratio” (often abbreviated “SNR™ or “S/N”)
means the ratio of signal power to the noise power associated with the signal. The noise power is
considered to corrupt the signal power. Hence, SNR is a measure to quantify how much a signal has

been corrupted by noise. Ideally, a good SNR should have a ratio much higher than 1:1.

PRESSURE SENSING ASSEMBLY

[0456] Aside from utilizing the guidewire for electrical measurements, such guidewires may also
be used for measuring various other physiological parameters as well. For instance, fluid pressure
measurements may be sensed within the vessels either alone or in combination along with determining
lumen parameters such as cross sectional area, as described above. Thus, the guidewire having the one
or more electrodes may be optionally combined with a fluid pressure sensor in various configurations,
as described in further detail below, to not only obtain luminal dimensions but also pressure

measurements without having to exchange instruments during a procedure. These measurements may
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then be used in combination to optimize treatment options as further described below.

{0457] Guidewires which are configured for sensing the fluid pressure within a vessel are
typically designed with a pressure sensor mounted at or near the distal end of the guidewire which
may have a diameter of 0.014 in. The pressure sensor may be comprised of various different sensors
such as MEMS sensors which are recessed along the guidewire and have a diaphragm which itself
may be formed of a silicone structure having a predetermined resistivity value. The sensor and
diaphragm may be formed into, e.g., a recessed housing, which may be hermetically sealed so that the
diaphragm itself is exposed to the fluid environment for measuring pressure. One or more insulated
leads may be mechanically and electrically coupled to the diaphragm pressure sensor such that the
leads extend proximally through the guidewire and are coupled to a processor, which may be
positioned externally of the patient.

{0458] Examples of pressure sensors which may be used with the devices and methods described
herewith are shown and described in greater detail in U.S. Pat. 5,715,827 which is incorporated herein
by reference in its entirety.

[0459] An example of a pressure sensor assembly 500 is shown in the top and partial cross-
sectional end views of FIGS. 69A and 69B. In this variation, a substrate or MEMS sensor wafer
substrate 502 may be formed with the MEMS pressure sensor in communication with a diaphragm 504
formed along the wafer substrate 502. The pressure sensor and diaphragm 504 may be insulated from
the wire leads which are electrically attached to the wafer substrate 502, e.g., as denoted by an edge of
the electrical insulation area 506.

[0460] The one or more leads 508 may comprise conductive wires 510A, 510B, 510C which are
each covered along its length by an insulator 512. Each of the terminal ends of the leads may be
soldered or otherwise electrically connected to a respective termination pad 514A, 514B, 514C which
in this variation is shown aligned sequentially. For instance, the terminal end of lead 510A may be
electrically connected to termination pad 514A, lead 510B may be electrically connected to
termination pad 514B which is positioned proximally of termination pad 514A, and lead 510C may be
electrically connected to termination pad 514C which is positioned proximally of and in alignment
with termination pad 514A and 514B, as shown. Such an arrangement allows for the multiple leads to
be soldered to the wafer 502 in a staggered alignment which further allows for the connection along a
relatively narrow wafer 502. For instance, the distance between the centers of lead 514A to 514C may
be about 100 um.

[0461] Another variation is shown in the top and cross-sectional end views of FIGS. 70A and
70B which illustrate another variation where the termination pads may be formed adjacent to one

another in a staggered pattern across the width of wafer substrate 502. In this example, grooves,
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channels, or trenches may be formed along the substrate 502 leading from the proximal edge of
substrate 502 to the respective termination pad to align and guide the leads for connection to substrate
502. For instance, lead 510A may be aligned in a channel partially extending into substrate 502 from
the proximal edge of substrate 502 to termination pad 520A. Likewise, lead 510B may be aligned in a
channel to termination pad 520B and lead 510C may be aligned in a channel to termination pad 520C
where the metal of each of the termination pads may be patterned to be relatively wider than their
respective channels.

(0462] Yet another variation is shown in the top and partial cross-sectional side views of FIGS.
71A and 71B which illustrate the wafer substrate 502 and the pressure sensor assembly secured within
a pressure sensor housing 530. As illustrated, the substrate S02 may be secured within the sensor
housing 530 which may be formed into a cylindrical shape defining a slot or opening 532 which
allows for the diaphragm 504 to be exposed to the fluid for sensing fluid pressure. The lead assembly
and termination pads may be covered or encased by insulation 534 (e.g., heat shrink or equivalent
material, etc., secured over the soldered assembly) while the substrate 502 may be secured within the
secured within the sensor housing 530, e.g., by a potting material 536 (e.g., RTV or equivalent
material, etc.), as shown. With the substrate 502 positioned adjacent to the slot or opening 532 by the
potting material 536, a core wire lumen 538 may also be defined through the potting material 536 to
allow for passage of a core wire through the sensor housing 530 when secured along or within a
guidewire for intravascular use.

[0463] An example of the sensor housing 530 is shown in the top and end views of FIGS. 72A
and 72B. The sensor housing 530 may have a length of about, e.g., 0.047 in., and a width of about,
e.g.. 0.014 in, although dimensions may be varied depending upon the pressure sensor, diaphragm
configuration, guidewire dimensions, etc.

[0464] In other variations, in order to reduce the number of wires or leads through the guidewire
and to the pressure sensor, as well as to save on space within the guidewire itself, various measures
may be taken. One example is to place a processor, such as an ASIC (application specific integrated
circuit) which is an integrated circuit customized for a particular use directly within the guidewire and
in proximity or adjacent to the pressure sensor. By placing an ASIC within the guidewire, lead wires
connected to the pressure sensor may be eliminated entirely by electrically connecting the ASIC
terminals directly to the pressure sensor.

[0465] An example is shown in the top view of Fig. 73 which illustrates an ASIC 540 positioned
proximally of the substrate 502 so that both are secured within the guidewire. ASIC 540 may be seen
in the figure as having leads 542A, 542B, 542C, 542D electrically coupling the pressure sensor via
termination pads 544A, 544B, 544C, 544D. The reduced number of ASIC leads 546A, 546B may also
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be seen electrically coupled to ASIC 540 for passage through the guidewire. As the ASIC 540 may be
designed to convert analog signals from the pressure sensor into digital signals, these digital signals
can then be transmitted over the same lead wires that power the ASIC 540 such as ASIC leads 546A,
546B. Hence this configuration not only reduces noise by converting analog to digital signal right at
the source, but also eliminates the use of one or more lead wires thus saving on space through the
guidewire.

|0466] Another variation is shown in the top view of FIG. 74 which illustrates an ASIC 550
which is formed directly upon the same substrate 502 as with the pressure sensor. With ASIC 550 in
direct proximity to the pressure sensor and diaphragm 504, electrical connections may be made
between the two directl.y upon the substrate 502 rather than using multiple leads.

{0467 A schematic 560 of ASIC block 562 and pressure sensor block 564 is shown in FIG. 75 to
illustrate an example of the connection between the pressure sensor and the ASIC. In this example,
the pressure sensor is illustrated here as a Wheatstone bridge electrically coupled to the ASIC block
562 showing coupling to the instrumentation amplifier sub-system followed by an analog-to-digital
(A/D) converter and modulator block which combines the power and A/D output on the same lead. To
save on the number of lead wires to the ASIC, the output of the A/D converter may be transmitted
over the same power line. This may be accomplished by modulating the power with a serial stream of
voltage/current signals from the A/D output.

[0468] Since a MEMS pressure sensor is connected directly to the ASIC, four leads may be used
10 increase the sensitivity and performance of the pressure sensor as any temperature effects can be
calibrated out due to the presence of an additional arm on the Wheatstone bridge network of the
pressure Sensor.

10469] A partial cross-sectional side view is shown in FIG. 76 to illustrate an example of the
relative positioning of the pressure sensor and ASIC within or along a guidewire. As shown, the
pressure sensing guidewire assembly 570 may have the pressure sensor housing 530 secured along the
guidewire body at or near the terminal end 576 of the guidewire such that the diaphragm 504 of
substrate 502 is exposed through slot 532 for contact with the surrounding fluid. The ASIC 540 may
be secured in proximity to and electrically connected to the substrate 502, e.g.. proximally of substrate
502 along or within the guidewire body 572 (e.g., hypotube, etc.). The guidewire assembly 570 may
further include a core wire 578 passing through the guidewire and sensor housing 530. A distal coiled
body 574 of the guidewire assembly 570 may extend distally from the sensor housing 530 while the
ASIC leads connecting the ASIC 540 and passing proximally through the guidewire body 572 may
also be seen for connection to another module, e.g., an additional processor, monitor, etc., located

outside the patient’s body in use.
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[0470] Another variation is shown in the partial cross-sectional side view of FIG. 77 which
illustrates guidewire assembly 580 having the pressure sensor housing 530, substrate 502, and ASIC
540 as described above. However, in this variation, the guidewire assembly 580 may incorporate one
or more additional sensors such as electrodes T1, T2, T3, T4. The electrodes may be positioned
anywhere along the guidewire body but is illustrated as being positioned proximally of the pressure
sensor housing 530 and ASIC 540. One or more of the electrodes T1, T2, T3, T4 may be electrically
coupled to the ASIC 540 for processing as well or they may be electrically coupled to another
processor located, e.g., at a distance from the guidewire assembly 580. Such electrodes T1, T2, T3,
T4 may be used to provide additional sensing or detection capabilities such as sensing for various
luminal parameters like lumen diameter. Examples of this are described in further detail above as well
as in U.S. Pat. App. 13/305,630 filed November 28, 2011 and 13/159,298 filed June 13, 2011, each of
which is incorporated herein by reference in its entirety. Alternatively, the one or more electrodes T1,
T2, T3, T4 may be energized through various modalities (e.g., RF, microwave, etc.) and used to
provide ablative treatments to the surrounding tissue for treating various conditions such as chronic
total occlusion, forming vessel occlusions, denervation of nerves in renal artery to treat chronic
hypertension etc.

[0471] Another variation is shown in the partial cross-sectional side view of FIG. 78 which
illustrates guidewire assembly 590 having pressure sensor housing 530 and ASIC 540. However, this
embodiment may have ASIC 540 incorporate or include a wireless transmitter or transceiver which is
configured to wirelessly transmit sensed information, e.g., via distal coil 574 or core 578 or proximal
coil 602 or a combination of these depending on RF power transmission needs. Such a configuration
may eliminate the need for leads or wires from the ASIC 540 passing through the guidewire body 572.
Although ASIC 540 may include an antenna or wire for wirelessly transmitting and/or receiving data,
ASIC 540 may be electrically coupled to distal coil 574 or core 578 or proximal coil 602 or a
combination of these depending on RF power transmission needs to take advantage of these elements
for use as an antenna.

[0472] Moreover, the power to the ASIC 540 and/or pressure sensor housing 530 may be
received via an RF link from an external source placed outside the patient’s body. The power
wirelessly transmitted to the components (e.g., when positioned within a patient’s body) may be
transmitted through the patient’s body from an external source placed in proximity to the guidewire
assembly 590. The power may be received via the distal coil 574 or core 578 or proximal coil 602 or a
combination of these depending on RF power transmission needs for providing a wireless power
source to each of the one or more components within the guidewire assembly 590.

[0473] FIG. 79 shows a partial cross-sectional side view of guidewire assembly 600 which also
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includes ASIC 540 which is configured to wirelessly transmit sensed information. Yet in this
embodiment, ASIC 540 may be electrically coupled to either distal coil 574, proximal coil 602, or
combination of both to use one or all of the coils 574, 602 for wirelessly transmitting and/or receiving
information. Additionally, one or both of the coils 574, 602 may also be used for receiving power
wirelessly transmitted through the patient’s body, as previously described.

[0474] In use, the guidewire assembly having the pressure sensor and ASIC may be introduced
into the patient body and advanced intravascularly through the vessels for determining fluid pressure
at one or more desired locations. FIG. 80 shows an example where the guidewire assembly 570 is
advanced intravascularly through a vessel V. The diaphragm of the pressure sensor positioned within
the sensor housing 530 may be exposed to the blood flowing through the vessel V at a particular
location, e.g., in proximity to a lesion L. The pressure may be determined within the guidewire
assembly 570 via ASIC 540 as described above. Moreover, the pressure sensor and/or ASIC 540 may
be further powered by an external power source 610 wirelessly transmitting electromagnetic energy
612 and positioned external to the patient body, as also described above. Aliernatively and/or
additionally, the ASIC 540 may also be configured to wirelessly transmit sensed data externally of the

patient.

PRESSURE SENSING AND ELECTRODE ASSEMBLY

10475} Turning now to the guidewire assembly having both an electrode assembly and a pressure
sensor, both as described above, FIG. 81 shows a side view of one variation illustrating electrodes T1,
T2, T3, T4 positioned along the guidewire body 572 proximal to the pressure senor housing 530. The
electrodes may be situated in proximity to the sensor housing 530 either proximal to (as shown) or
distal to the sensor housing'530. The electrodes are shown with exemplary current filaments 54
conducting between each respective electrode. As described herein, the electrodes are configured to
deliver a multiple-frequency electrical signal at a plurality of frequencies in the lumen, to measure an
electrical signal at least two of the plurality of frequencies in response to the delivered signal, and to
determine an anatomic lumen parameter using the measured electrical signal at the at least two
frequencies.

10476) FIG. 82 shows a detail view of the electrode assembly where corresponding electrodes T1
and T2 are shown spaced apart from one another and with electrodes T3 and T4 adjacent to one
another. Each of the electrodes T1, T2, T3, T4 may be separated from one another via insulating
spacers 620, 622, 624, e.g., polymeric spacers, and each of the electrodes may be electrically coupled
to one of several corresponding conducting wires 626, as also described above. An insulating sleeve

628 may be secured within the guidewire body 572 over which the polymeric spacers and the
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electrode assembly may be positioned. The conducting wires 626 and electrode assembly may be slid
over the base polymer 628 butting against the polymer spacer. A second polymer spacer is slid over
the wire such that the conducting wire is sandwiched between the base polymer and the second spacer.
Similarly, other electrode/wire assemblies and polymer spacers are placed serially to form the
electrode subassembly. Depending on the type of polymer spacer used different assembly techniques
may be used to make the electrode assembly. In one exemplary embodiment a Pebax polymer may be
used as spacers and the base polymer. After the assembly as described is complete, by application of
heat the Pebax is reflowed (melted and fused) to render one seamless electrode assembly. In yet
another embodiment the electrodes can be crimped and swaged over the polymer at desired locations
to form the subassembly. FIG. 83 shows a partial cross-sectional side view illustrating how the
electrodes T1, T2, T3, T4 may be positioned in proximity to the pressure sensor housing 530.

[0477] Since 0.014 in. is a challenging size to accommodate several wires that need to power the
electrodes as well as pressure or flow sensors it is feasible to use common cables for both sensor types.
The signals can be multiplexed in the backend circuitry by techniques commonly known in electrical
engineering. Additionally, it is also feasible to incorporate wireless pressure sensing devices that can

be powered and interrogated by external IR devices.

TREATMENT OPTIMIZATION

10478] In use, to estimate the functional significance of multiple stenoses, it is not enough to
measure the FFR alone because of the inherent ambiguities of relative significances of individual
stenoses. This ambiguity can be resolved by using multimodality measurements such as by combining
the FFR measurement (based on pressure measurement via the pressure sensor) with anatomical
measurements of the stenosis obtained by the electrode assembly. The anatomical measurements
(such as lumen cross section area or CSA), lesion length (LL), etc., may yield independent
measurements that are related to the resistance offered against blood flow by the stenosed section of
the artery. Furthermore, this resistance can be estimated more accurately if other factors that
determine blood flow are known or estimated. The fluid characteristics such as viscosity of Reynolds
number of the blood help in an accurate estimation of the blood tlow in the vessel. Alternatively, a
reasonable estimate may be obtained by using a representative value for these parameters. The
accuracy can further be enhanced if the compliance of the wall of the diseased artery is known, which
in turn can be obtained by determining the tissue characteristics of the wall of the artery.

[0479] The invention is also applicable to methods that directly measure blood flow instead of
pressure. In the case where blood flow is known, the electrical equivalence is that electrical currents

in the circuit are known instead of voltages. This information is also sufficient to solve the network.
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(If voltages are known, currents can be determined, and vice versa due to Ohm’s and KirchhofT’s laws
of electrical circuits).
0480} In this example, a treatment plan may be determined by using measured and/or estimated
functional and anatomic parameters of a particular stenotic vascular tree. The pressure measurements
across the lesion at maximum flow condition can be used as a functional parameter. Flow velocity or
flow rate can also be used as a functional parameter. The parameters such as cross-sectional area CSA
and lesion length LL may be used as anatomical parameters.
|0481] In determining the functional significance and arriving at a treatment plan can be
explained by modeling the vascular network with an equivalent electrical network, where pressure is
modeled as voltage, vascular resistance is modeled as electrical resistance, and blood flow is modeled
as electrical current. As shown in FIG. 84A, an example is illustrated of a vessel such as a main
coronary vessel having a sienosed lesion 1 and the left coronary artery (LCA) having a stenosed lesion
2 and left anterior descending (LAD) artery having stenosed lesion 3.
[0482] The equivalent electrical network is modeled and shown in FIG. 84B where Rs, Ry, and
R represent the vascular resistances of the respective stenoses. The resistances Ry and Ry; represent
the combined total resistance of the distal vessel and microvasculature distal to the stenoses of the two
branches of the arteries. The voltage V, is a voltage representing the aortic blood pressure which is
typically around 100 mm of Hg. Voltages Vq), Va2 and Vg; are voltages that represent the pressures
just distal to the three stenoses at hyperemia or maximum vaso dilation. The current Is;, ls2 and Is3
represent the blood flow rate through the three stenosed sections where blood flow is measured in
mL/sec or litres/min (typical values are several mL/sec).
[0483] Using pressure sensors, V,, Vgi, Vg and V5 can be measured under vaso-dilated
condition. However, with these measurements alone it is not possible to predict the effect of treatment
of any of the stenoses, i.e., if the FFR of individual vessels are used to govern the decision it is
possible that treatment of a distal stenosis (¢.g., stenosis 2) that shows functional significance may
result in higher flow and render lesion 1 to be functionally significant as the FFR of lesion 1 will tend
to increase with increased flow rate. It is useful to understand this prior to intervention for procedural
planning. However, additional information needed is the resistance to fluid flow of the blood vessel in
question. The fluid resistance of a blood vessel (R) is related to the blood flow (1) through a vessel
and the pressure drop across the vessel (AV) by Ohm’s Law:

R=AV/I (24)
The fluid resistance values for (Rg;, Rg2, and Rg3) can be obtained from anatomical lumen assessment

of the stenoses. However, the fluid resistances Ry, and Ry cannot be obtained anatomically using
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normal cardiac interventional procedures since the micro vasculature is vast and inaccessible to
instruments used in cardiac intervention.

{0484] There are several fluid mechanical models for blood flowing through a blood vessel with
varying degrees of complexity and accuracy. A relatively simple model for a Newtonian fluid with

laminal flow is based on Poiseuille's law:

Q=(ndPr)/8nl (25)
where,
Q = Flow rate (volume/sec)
AP = Pressure difference across the ends of the segment of blood vessel
r =radius of the blood vessel
1 = viscosity coefficient of the blood
1 = length of the segment of blood vessel
10485 Since AP is the equivalent voltage and Q is the equivalent current, the equivalent

resistance, R, is given by:

R=AP/Q=8nl/(nr") (26)
The above equation is for a cylindrical section of blood vessel. If there is variation in diameter, the
vessel 630 can be approximated by a series of cylindrical segments 632 of varying radii as shown in
the illustration of FIG. 85. The length of each segment can be made relatively smaller to obtain better
accuracy if so desired. The overall resistance is the integrated resistances of each cylindrical segment
632 of the blood vessel 630. Note that in this cylinder based model, the fluid resistance is only
dependent on the diameter of the vessel and the viscosity of blood but does not depend on the fluid
velocity.
10486] Generally, the parameters that determine fluid resistance can be determined by analyzing
the anatomy of the blood vessel. The multi-frequency electrical signal based lumen measurement
methods described above in conjunction with a position measuring method such as imaging or
controlled pullback can be used to determine the lumen profile (cross section and length). The multi-
frequency electrical signal based lumen measurement method (as described herein) may also calculate
the conductivity of blood in the process of determining lumen dimension. The conductivity of blood
is related to its haematocrit which in turn is an important factor in determining its viscosity. Similarly,
the electrical properties of the wall of the vessel may also be obtained. In using the multi-frequency
excitation based lumen assessment algorithm described herein, the electrical parameters such as
frequency dependent conductivity of the blood and artery wall may be determined. These properties
are signatures of the viscosity of the blood and the nature of the wall. For example a calcified wall

would show a relatively low conductivity which would imply a low level of vessel compliance. A
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fatty lesion would have an intermediate conductivity. A healthy wall would have a relatively high
conductivity. An empirical database can be created that maps measured electrical parameters of blood
and wall tissue to its viscosity. Thus, the fluid resistance of a stenosed blood vessel can be obtained.
[0487] Knowing all the voltages (V,, Va1, Va2 and V,;) and vessel resistances (Rs;, Rs2, and Rs3),
it is possible to solve all the remaining electrical parameters (Ryy, Ry2, ls, Is2 and Is3). Once the
network has been solved, it is possible to estimate the effectiveness of various treatment options. For
example, if the stenosis corresponding to Rg; is treated, the value of Ry, would reduce (since the cross-
sectional area would increase). This in turn would lead to an increase in current/blood flow (g, Is2
and lg3), which can be calculated (since V, would remain the same and all resistances are known).
[0488] Hence, in constructing an equivalent electrical network from a vascular network having
one or more stenosed lesions, the aortic pressure may be mapped to the voltage source of the electrical
network. This is connected between zero voltage potential and the ostium. All relevant lesions may
be identified in the vascular network and each lesion may then be mapped to a distinct electrical
resistance in the equivalent electrical network. The microvasculature at the end of each of the
participating arteries may be mapped to a distinct resistance in the electrical network. The healthy
segments of the arteries (which offer relatively low resistance) may correspond to electrical shorts and
may be mapped on to electrical connections between resistances and between the voltage source and
resistances. The resistance at the microvasculature ends at zero pressure (voltage potential) and may
be mapped to zero volts in the equivalent electrical network. All healthy arteries that would not be
affected by treatment of the lesions may be omitted from the electrical network. For example, if the
LAD artery is undiseased and the left circumflex artery has a disease in the main section and/or
branches, the LAD would not figure in the electrical network. Additionally, the pressure measured in
the aorta would be the same as the pressure measured proximal to the first lesion encountered in any
downstream path starting from the aorta.

{0489] Taking a numerical example, the units and numbers chosen are for illustrative purposes
only. Pressure units are similar to mm Hg, flow units are similar to mL/sec, and fluid resistance is
similar to mm Hg sec/mL. The measured voltages (pressures) at maximum vasodilation are selected

to be, for example:

V, = 100 units
Va1 = 58 units
Va =42 units
V43 = 22 units

Based on anatomical assessment, the calculated stenotic resistances are:
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Rs; = 6 units
Rs’_) = 4 units
Rg: = 12 units

To solve the equivalent network, we apply the following equations obtained from principles of

electrical network (Ohm’s Law, KirchofT’s voltage and current laws):

Isi=lIs2+1s3 (27)
(Vo= Va)=Rs * Iy (28)
(Vai—Va)=Ra * s 29)
Va2 =Ry * Is: (30)
(Var = Va) =Rg3 * [ 3n
Va=Rw:*Is (32)

Equation (27) can be subsumed into (28) to give
(Va=Va)=Rg * (Is2 + Is3) (33)

Substituting known parameter values into equations (33) and (29) through (32), we get the following 5

equations
42 = 6*(Is2 + Isa) (34)
16 = 4*1s, 35)
42 =Ry*ls (36)
36 = 12*1g; (37)
22 = Ry;*ls (38)

Note that there are 5 equations and only 4 unknowns. This is an over-determined set of equations,
which would be consistent to the extent of measurement accuracy. A robust estimate may be obtained

by using a least squares fit of the parameters. For this set of equations, the solution is:

Isx =4 39)
Is3=3 (40)
Rv; = 10.5 (41)
Ry, =733 (42)

The total flow in this case is Is; = (Is2 + Is3) = 7 units.

[0490] There are 3 stenoses that can be treated (corresponding to Rg, Rs> and Rgz). By
anatomical assessment, the lumen diameter of each of the blood vessels before and after a stenosis is
known. Based on clinical assessment, the dimension of a suitable stent that could be deployed is also

determined. With this, the lumen dimension along the length of the vessel after treatment can be
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predicted. In terms of percentage increase in average diameter of the stenosed blood vessel due to

treatment, let us assume the following outcomes of treatment for each stenosis:

Increase in lumen
Stenosis
diameter
Rs1 57%
Rs2 28%
Re3 57%

Applying Poiseuille’s law (R = 8 nl / (n r)), the fluid resistances after treatment can be calculated. As
a result of increase in vessel diameter, the change in fluid resistance would as follows:
Ry reduces from 6 units to | units
Rs2 reduces from 4 units to 1.5 units
Rs; reduces from 12 units 10 2 units
[0491] In such a situation, the relative benefits of treating the 3 stenoses is not obvious. It seems
like a good idea to treat the stenosis corresponding to stenosis 1 since it is the main branch feeding the
two branches. Between the two branches, the benefit of treating Rs; or Rg; is not clear.
[0492] After treatment, all voltages and currents except V, would change. However, now the
values of all the resistances in any treatment plan would be known. This is sufficient to determine the
blood flow (currents) for any treatment plan. Based on the same electrical network principles, the
following equations can be used to determine the flow for each treatment plan in advance: -
la=V./(Ry + (R + Ru)*(Ra + Rl (R + Ry +Ra +Ry2))  (43)
I =I5 *(Rs: + Re)/( Ry + Ry + R + Ryn) (44)
la=1lg- la (45)

Using these equations, the result of various treatment plans are tabulated below:

No | Plan Ra| Rz | Rs | Il I3 ke
1 | No Treatment 6 4 12 | 40 | 3.0 7.0
2 | Treatonly Ry, 1 4 12 |1 6.2 | 46 | 108
3 | Treatonly R, 6 | 15| 12 |46 |29 | 75
4 | Treatonly Ry 6 4 2 34 | 5.2 8.6
5 | Treat only R, and R;; 111512 | 73| 46 | 11.9
6 | Treatonly R;; and R 1 4 2 59 | 91| 150
7 | Treatonly R;; and R3 6 | 15 2 39 | 5.0 8.9
8 | Treat Rs], R, and R;3 1]15 2 70 | 9.0 | 16.0
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The percentage of increase in blood flow in the three blood vessels due to various treatment options is

given below:

No | Plan la lss by

1 [ No Treatment 0% 0% 0%

2 | Treat only Ry 54% 54% 54%

3 | Treatonly R;; 15% -5% 7%

4 | Treat only Rg3 -16% 74% 22%

5 | Treat only R;; and R;; 84% 52% 70%

6 | Treatonly R; and R3 47% 204% | 114%

7 | Treat only R;; and R3 -3% 67% 27%

8 | TreatR,;, R;; and Rg; 75% 200% | 129%

[0493] The appropriate treatment plan can be chosen based on the trade-off between benefit

_ (increase in blood flow) and risk of procedure. For example, treating R; and R seems to give almost

the same benefit as treating all the three lesions. Another observation is that if Rg; alone is treated
(Plan No. 4), even though it leads to an overall increase in blood flow, it leads to a 16% drop in flow
l;2. This is despite the fact that the blood vessel carrying 1> is untouched. In cases where the blood
vessel corresponding to I, services a more important area, it would not be desirable to reduce flow.
[0494] Consider another example as shown in FIG. 86 A which illustrates a single vessel having
two stenoses | and 2 in series. The equivalent electrical model is illustrated in FIG. 86B where the
two stenoses correspond to R,, and R,,. The resistance of the distal micro-vasculature, Ry, is not
known. Using the combination guidewire, the pressure is measured at two locations. llustrative
numerical examples are given as follows:

V, =100 units

Vai = 78 units

Vg2 = 45 units
The FFR ratio’s across the two lesions are 78% and 45% respectively. Based on a reference ratio of
75%, these numbers seem to indicate that only the second lesion (lesion 2) needs to be treated.
However, this does not take into account the effect of treatment of one of the lesions on the other.
This is where a lumen anatomical assessment would help. Based on this assessment, let the fluid

resistance numbers be:
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Ry =5.5

R =825
Based on these numbers, the electrical network can be solved to yield flow, I, and the unknown
resistance of the microvasculature, Ry;. These turn out to be:

=4

Ry;=11.25
Based on lumen assessment it is determined that, by treatment, the lumen diameters of the two
stenoses corresponding to Ry, and Ry, can be increased by 29% and 35% respectively. This

corresponds to a predicted lumen resistance change as follows:

R, =20
Ro=25 -
[0495] Based on these projected numbers, the various treatment options can be analysed. This is
shown in the table below:
% Flow | Pressure drop | Pressure drop
No | Plan ‘ change across Ry across R.;
1 | No Treatment 0 78.0% 57.7%
2 | Treat only Ry 16% 90.7% 57.7%
3 | Treat only R., 30% 714% |  818%
4 | Treat R;; & R, 59% 87.3% 81.8%

From the table, it can be seen that is only the stenosis corresponding to R is treated (as indicated by
the original FFR), after treatment it turns out that the other stenosis now has a pressure drop of 71.4%,
which is indicated for treatment. This combined analysis allows for reducing the number of steps in
the procedure. '

10496] Other possible situations where a combined assessment would enhance treatment
optimality are illustrated in FIG. 87A which shows a stenosed vessel having another vessel collateral
to the stenosed vessel. The corresponding equivalent electrical network is shown in FIG. 87B. FIG.
88A shows yet another example where a single stenosed vessel having two stenotic lesions also has a
branch vessel. FIG. 88B shows the equivalent electrical network model as well. Using the modeled
electrical network with the sensed functional (pressure) and luminal (CSA) parameters measured,
various treatment plans may be developed as described above.

In the fluid model used for a blood vessel in the above example is a simple one based on Poiseuille's

law. Here the fluid resistance is not dependant on blood flow. However, this is not a restriction of the
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invention. A flow dependant resistance can easily be accommodated as long as the dependency
function is known analytically or empirically. The number of unknown parameters does not change,
so it is possible to still solve the equivalent electrical network. The only change would be a change in
method of solving. The electrical system would no longer be a linear network (Ohm’s law would not
be valid — doubling the pressure would not necessarily double flow). lterative methods such as
Newton-Raphson’s method, Levenberg-Maquardt method, Steepest Descent method can be employed
to solve the network.

{0497] Alternatively and/or additionally to measuring pressure, it is possible to measure flow
directly (for example using a flow meter). In this case, the current values of the equivalent electrical
network are known. This can similarly be combined with anatomical assessment (resistances) to solve
the network and hence predict the outcome of various treatment options. Any device that can make in-
situ measurements of anatomical and functional parameters can lead to improved diagnosis and
treatment. Anatomical parameters can include lumen cross-sectional area at distinct points or as a
profile, length of the measured segmént, characteristics of blood and characteristics of tissue.
Functional parameters can include pressure and flow.

10498] Generally, in utilizing the functional and anatomical measurements obtained by the
guidewire having both a pressure sensor and an electrode assembly, these parameters may be used to
model a vascular network into an equivalent electrical network for determining various treatment
plans. An optimal treatment plan may then be selected based on various factors as determined by the
physician. FIG. 89 illustrates an exemplary flowchart which shows the various steps involved in one
embodiment. Using the guidewire assembly, the functional and anatomical measurements and
identification of lesions may be made 640. The equivalent electrical network may then be modeled
642 and solved based on the measured parameters to obtain unknown parameters of the electrical
network 644. A list of possible treatment plan options may be constructed where each plan may
correspond to the treatment of a subset of particular lesions 646. The anatomical outcome for each of
the treatment plans may be estimated and the equivalent modified electrical parameters may be
determined 648. Then, each of the electrical networks for each plan may be solved to determine the
functional outcome for each treatment plan 650 and the outcomes for all treatment plans may be
presented to a physician 652. Based on the outcomes of the treatment plans, the physician may make a
determination for treatment based on a risk-reward trade-off and select which treatment plan to pursue.
[0499] Once the sensed functional and anatomical measurements have been taken, the calculation
and determination of the treatment plan results may be performed automatically by a processor
programmed with the methods described herein. Alternatively and/or additionally, a number of

various vascular configurations may be preprogrammed to form a library, as shown in FIGS. 90A to
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90D, that the physician may select from. For example, the various configurations 660, 662, 664, 666
illustrated may represent common vascular configurations and lesion formations. The configurations
are shown for illustrative purposes and various other vascular configurations and/or lesion formations
may be included in any such library. With one or more particular configurations selected, the
measured parameters may be entered with respect to the selected configurations to provide the
calculated outcomes and treatment plans.

10500] As described herein the guidewire having a pressure sensor and electrode assembly may
be used to obtain both functional and anatomical parameters within one or more vascular networks.
As illustrated in FIGS. 91A 10 91L, a guidewire 572 having the pressure sensor assembly 530 and
electrode assembly 670 may be advanced intravascularly in proximity to the vascular region where
measurements are to be taken. As the guidewire is moved into location and throughout the vascular
region, the anatomical measurements by electrode assembly 670 may be taken intermittently or on a
continual basis while traversed through the vessels and stenosed regions as so desired.

[0501] The guidewire may be moved towards lesion | (e.g., upstream of lesion 1) such that
pressure sensor 530 is positioned proximal to the lesion and a pressure measurement, Py, may be
taken as well as a measurement of the luminal dimensions, as shown in FIG. 91A. As the guidewire is
moved, a pressure measurement and luminal dimensions may be measured directly within and through
the stenosed region as well, as shown in FIG. 91B. The guidewire may be further advanced until the
pressure sensor is just distal to the stenosed lesion | where a distal pressure measurement, Py, may
then be taken as well as the luminal dimensions, as shown in FIG. 91C. As the guidewire is further
advanced through the vessel, pressure measurements and luminal dimensions may be measured as
well, as shown in FIG. 91D.

[0502) Once the guidewire has been advanced in proximity to a second lesion 2, a pressure
measurement, P, proximal to the lesion 2 may be taken as well as the luminal dimensions, as shown
in FIG. 91E. The guidewire may be further advanced through the lesion 2 where a pressure
measurement and luminal dimension may be measured, as shown in FIG. 91F. With the guidewire
sensors positioned just distal to lesion 2, the distal pressure, P,4, may be measured as well as the
luminal dimensions, as shown in FIG. 91G, and the guidewire may be advanced further distal to lesion
2 to further measure pressure and luminal dimensions, as shown in FIG. 91H.

{0503] With a third lesion 3 present in a branching vessel, the guidewire may be withdrawn
proximally through lesion 2 and redirected into the branched vessel where the pressure sensor may
obtain a pressure, P3,, and luminal measurement just proximal to lesion 3, as shown in FIG. 911. The
guidewire may again be advanced through the stenosed region to obtain pressure and luminal

measurements through the lesion 3, as shown in FIG. 91J. Again, the guidewire may be advanced just
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distal to the lesion 3 where a distal pressure measurement, P3d, and luminal dimensions may be
obtained, as shown in FIG. 91K. The guidewire may then be advanced distal to lesion 3 where final
pressure and luminal measurements may be obtained. Once the functional and anatomical
measurements have been obtained, the guidewire may be withdrawn from the patient or left in place
and the treatment plans may be calculated for presentation to the physician, e.g., in real-time, to
provide the physician the opportunity to treat the patient accordingly.

10504] Besides just presenting the functional outcomes of the possible treatment plans, it is also
possible to automatically determine the “optimal” treatment plan from among the possible treatment
plans using a Clinical Decision Support System (CDSS). The data (knowledge) needed for making
such an automated decision can be based on historical data and empirically obtained thresholds, risks,
and cost. Further, the CDSS can be used not necessarily to identify the “optimal” treatment plan, but to
assign an optimality measure for each of the treatment plans. The physician can then make a more
informed decision on the actual treatment plan to follow based on this data.

[0505] The method described herein is valid with other methods of measuring lumen dimensions
as well. For example, ultra-sound or light may be used to determine the lumen dimension. These
alternate methods for assessment of lumen anatomy work just as well as the disclosed method based
on the electrode assembly. Similarly, instead of measuring pressure, flow rates can be measured, and
the same electrical network can be solved based on known electrical currents rather than known
electrical voltages. This would also lead to the same predicted outcomes of treatment plans (but
subject to the inherent uncertainties of measurement).

[0506] Additionally, it should be noted that the lumen dimensions can also be estimated with
non-invasive imaging modalities such as X-ray, Quantitative Coronary Angiography (QCA), MRI, CT
or a combination thereof. Many of these do not involve placing a measuring device inside the
vasculature. The data obtained by such means can be used to estimate the resistance offered by a
particular stenosis and obtain the treatment plan with the same method described above. All of these
measurement methods fall under the scope of the disclosed invention.

[0507] The invention uses an equivalent electrical network to solve for the unknown variables
and predict treatment outcomes. This is not the only way to solve the problem. For example, the
problem can be solved in the realm of fluid dynamics itself using pressure, flow and fluid resistance.
All such methods are equivalent and lead to the same result. As such, they are fully covered within
the scope of the invention.

[0508] While preferable embodiments have been shown and described herein, it will be obvious
to those skilled in the art that such embodiments are provided by way of example only. Numerous

variations, changes, and substitutions will now occur to those skilled in the art without departing from
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aspects of the disclosure. It should be understood that various alternatives to the embodiments of the

disclosure described herein may be employed in practicing the disclosure.
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CLAIMS
What is claimed is:
1. A guidewire device configured to assess one or more vascular bodily lumens,
comprising:
an elongate guidewire body;
a pressure sensor positioned near or at a distal end of the guidewire body; and,
a plurality of excitation elements and a plurality of sensing elements disposed on the guidewire

body in proximity to the pressure sensor.

2. The device of claim 1 wherein a first of the plurality of sensing elements is not

equally spaced from second and third sensing elements.

3. The device ot claim 1 further comprising a processor secured within or along the

guidewire body and in electrical communication with the pressure sensor.

4, The device of claim 3 wherein the processor comprises an ASIC component formed

along the substrate and in electrical communication with the diaphragm.

5. The device of claim 3 wherein the processor comprises a switch that is in

communication with the pressure sensor and the plurality of electrodes.

6. The device of claim | wherein the guidewire body comprises a structure having at

least a distal coil.

7. The device of claim | wherein the pressure sensor comprises a housing which defines

a slot therealong.

8. The device of claim 7 further comprising a substrate secured within the housing, the

substrate havi'ng a diaphragm exposed through the slot defined by the housing.

9. The device of claim 3 wherein the processor is positioned within the guidewire body

proximal to the pressure sensor.
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10. The device of claim 3 wherein the processor is in electrical communication with the
guidewire body.
1. The device of claim 10 wherein the pressure sensor is in electrical communication

with the guidewire body.

12. The device of claim | wherein the plurality of excitation elements and sensing

elements are positioned proximal to the pressure sensor along the guidewire body

13. The device of claim 1 wherein the plurality of excitation elements and sensing

elements are coupled to a processor configured to sense a luminal diameter.

14. The device of claim 3 wherein the processor is configured for wireless transmission of
information.
15. The device of claim | wherein a first sensing element is disposed axially between the

second and third sensing elements on the guidewire body.

16. The device of claim 15 wherein the second and third sensing elements are also first

and second excitation elements.

17. The device of claim | wherein the excitation elements and sensing elements are
electrodes.
18. The device of claim 1 further comprising an external power source in wireless

communication with the processor and/or pressure sensor.

19. The device of claim 1 wherein the plurality of excitation elements are in
communication with a processor which is programmed to generate a multiple-frequency electrical

signal at a plurality of frequencies through the excitation elements.
20. The device of claim 19 wherein the processor is further programmed to measure an

electrical signal from the plurality of sensing elements from at least two of the frequencies in response

to a delivered signal.
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21, The device of claim 20 wherein the processor is further programmed to determine a

lumen dimension using the measured electrical signal at the at least two frequencies.

22. A method of treating one or more vascular bodily lumens, comprising:

intravascularly positioning an elongate device within the one or more vascular bodily lumens in
proximity to at least one lesion;

determining a pressure in proximity to and distal to the at least one lesion via a pressure sensor
positioned along the elongate device;

determining a lumen dimension in proximity to and through the at least one lesion via a lumen
dimension measurement device positioned along the elongate device;

modeling the one or more vascular bodily lumens and the at least one lesion into a
corresponding electrical network;

solving the electrical network using the pressure and lumen dimension measured via the
elongate device; and,

developing one or more treatment plans corresponding to a treatment of one or more particular

lesions.
23. The method of claim 22 wherein the elongate device comprises a guidewire.
24, The method of claim 22 wherein determining a pressure comprises sensing the

pressure via a diaphragm exposed near or at a distal end of the elongate device.

25. The method of claim 24 further comprising determining the pressure via a processor

positioned within the elongate device and in electrical communication with the pressure sensor.

26. The method of claim 22 wherein determining a lumen dimension comprises

determining the dimension via an IVUS sensor.

27. The method of claim 22 wherein determining a lumen dimension comprises

determining the dimension via an OCT sensor.

28. The method of claim 22 wherein determining a lumen dimension comprises:

generating a multiple-frequency electrical signal at a plurality of frequencies;
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delivering the multiple frequency electrical signal to the electrode assembly in the vicinity of the
vascular bodily lumen;

measuring an electrical signal from a plurality of sensing elements at least two of the plurality of
frequencies in response to the delivered signal; and,

determining the lumen.dimension using the measured electrical signal at the at least two

frequencies.

29. The method of claim 28 wherein measuring an electrical signal comprises measuring

voltages across the plurality of sensing elements at the at least two of the plurality of frequencies.

30. The method of claim 28 wherein measuring an electrical signal comprises measuring

voltages across the plurality of sensing elements at each of the plurality of frequencies.

31, The method of claim 30 wherein determining the lumen dimension comprises

converting the voltages to one or more lumen dimensions.

32, The method of claim 31 wherein determining a lumen dimension comprises
determining a lumen cross sectional area using the electrical signal at at least two of the plurality of

frequencies.

33. The method of claim 28 wherein the measuring step comprises measuring the

electrical signals at the at least two frequencies simultaneously.

34, The method of claim 22 wherein modeling comprises modeling the pressure from the

vascular bodily lumen as voltage in the corresponding electrical network.

3s. The method of claim 34 further comprising modeling a fluid resistance through the at

least one lesion as electrical resistance in the corresponding electrical network.

36. The method of claim 35 wherein modeling the fluid resistance comprises correlating

the fluid resistance to the lumen dimension across the at least one lesion,

37. The method of claim 34 further comprising modeling a blood flow through the

vascular bodily lumen as electrical current in the corresponding electrical network.
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38. The method of claim 37 wherein modeling the blood flow comprises correlating the

blood flow to a pressure drop across the vascular bodily lumen.

39. The method of claim 34 further comprising modeling a resistance of vasculature distal

to the at least one lesion.

40. The method of claim 22 wherein solving the electrical network comprises solving for

a resistance of vasculature distal to the at least one lesion.

41, The methed of claim 40 further comprising solving for a blood flow through the

vascular bodily lumen.

42. The method of claim 22 wherein developing one or more treatment plans comprises

varying one or more resistance values correlating to a treatment of the one or more particular lesions.

43, The method of claim 42 further comprising determining a correlating blood flow

through the vascular bodily lumen as a result of varying the one or more resistance values.

44, A method of treating one or more vascular bodily lumens, comprising:

intravascularly positioning an elongate device within the one or more vascular bodily lumens in
proximity to at least one lesion;

determining a pressure in proximity to and distal to at least one lesion via a pressure sensor
positioned along the elongate device;

determining a lumen dimension in proximity to and through the at least one lesion via a lumen
dimension measurement device positioned along the elongate device;

developing one or more treatment plans corresponding to a treatment of one or more particular
lesions using measured pressure and lumen dimensions;

determining a functional outcome of each of the one or more treatment plans; and,

selecting an optimal treatment plan based on the determined functional outcome of one or more

treatment plans.

45. The method of claim 44 wherein determining a pressure comprises sensing the

pressure via a diaphragm exposed near or at a distal end of the elongate device.
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46. The method of claim 45 further comprising determining the pressure via a processor

positioned within the elongate device and in electrical communication with the pressure sensor.

47. The method of claim 44 wherein determining a lumen dimension comprises:

generating a multiple-frequency electrical signal at a plurality of frequencies;

delivering the multiple frequency electrical signal to the electrode assembly in the vicinity of the
vascular bodily lumen;

measuring an electrical signal from a plurality of sensing elements at least two of the plurality of
frequencies in response to the delivered signal; and,

determining the lumen dimension using the measured electrical signal at the at least two

frequencies.

48. The method of claim 47 wherein measuring an electrical signal comprises measuring

voltages across the plurality of sensing elements at the at least two of the plurality of frequencies.

49, The method of claim 47 wherein measuring an electrical signal comprises measuring

voltages across the plurality of sensing elements at each of the plurality of frequencies.

50. The method of claim 49 wherein determining the lumen dimension comprises

converting the voltages to one or more lumen dimensions.

51. The method of claim 50 wherein determining a lumen dimension comprises
determining a lumen cross sectional area using the electrical signal at at least two of the plurality of

frequencies.

52. The method of claim 47 wherein the measuring step comprises measuring the

electrical signals at the at least two frequencies simultaneously.
53. The method of claim 44 wherein developing one or more treatment plans comprises
modeling the one or more vascular bodily lumens and the at least one lesion into a corresponding

electrical network.

54. The method of claim 53 further comprising modeling a fluid resistance through the at
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least one lesion as electrical resistance in the corresponding electrical network.

55. The method of claim 54 wherein modeling the fluid resistance comprises correlating

the fluid resistance to the lumen dimension across the at least one lesion.

56. The method of claim 53 further comprising modeling a blood flow through the

vascular bodily lumen as electrical current in the corresponding electrical network.

57. The method of claim 47 wherein modeling the blood flow comprises correlating the

blood flow to a pressure drop across the vascular bodily lumen.

58. The method of claim 53 further comprising modeling a resistance of vasculature distal

to the at least one lesion.

59. The method of claim 53 further comprising solving the electrical network comprises

solving for a resistance of vasculature distal to the at least one lesion.

60. The method of claim 44 wherein determining a functional outcome comprises

determining a correlating blood flow through the vascular bodily lumen.

61. The method of claim 44 wherein selecting an optimal treatment plan comprises

selecting a treatment plan based on a risk-reward trade-off.

62. A method of treating one or more vascular bodily lumens, comprising:

determining a lumen dimension of at least one lesion via a lumen dimension measuring system,

intravascularly positioning an elongate device within the one or more vascular bodily lumens in
proximity to at least one lesion;

determining a pressure in proximity to and distal to the at least one lesion via a pressure sensor
positioned along the elongate device;

modeling the one or more vascular bodily lumens and the at least one lesion into a
corresponding electrical network;

solving the electrical network using the pressure and lumen dimension measured via the
elongate device; and,

developing one or more treatment plans corresponding to a treatment of one or more particular
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lesions.

63. The method of claim 62 wherein the lumen dimension measuring system is selected
from the group consisting of X-ray, MRI, CT, Quantitative Coronary Angiography (QCA) and

combinations thereof.

64. The method of claim 62 wherein determining a pressure comprises sensing the

pressure via a diaphragm exposed near or at a distal end of the elongate device.

6. The method of claim 64 further comprising determining the pressure via a processor

positioned within the elongate device and in electrical communication with the pressure sensor.

66. The method of claim 62 wherein determining a lumen dimension comprises:

generating a multiple-frequency electrical signal at a plurality of frequencies;

delivering the multiple frequency electrical signal to the electrode assembly in the vicinity of the
vascular bodily lumen;

measuring an electrical signal from a plurality of sensing elements at least two of the plurality of
frequencies in response to the delivered signal; and,

determining the lumen dimension using the measured electrical signal at the at least two

frequencies.

67. The method of claim 66 wherein measuring an electrical signal comprises measuring

voltages across the plurality of sensing elements at the at least two of the plurality of frequencies.

68. The method of claim 66 wherein measuring an electrical signal comprises measuring

voltages across the plurality of sensing elements at each of the plurality of frequencies.

69. The method of claim 68 wherein determining the lumen dimension comprises

converting the voltages to one or more lumen dimensions.
70. The method of claim 69 wherein determining a lumen dimension comprises

determining a lumen cross sectional area using the electrical signal at at least two of the plurality of

frequencies.
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71. The method of claim 66 wherein the measuring step comprises measuring the

electrical signals at the at least two frequencies simultaneously.

72. The method of claim 62 wherein developing one or more treatment plans comprises
modeling the one or more vascular bodily lumens and the at least one lesion into a corresponding

electrical network.

73. The method of claim 72 further comprising modeling a fluid resistance through the at

least one lesion as electrical resistance in the corresponding electrical network.

74. The method of claim 73 wherein modeling the fluid resistance comprises correlating

the fluid resistance to the lumen dimension across the at least one lesion.

75. The method of claim 72 further comprising modeling a blood flow through the

vascular bodily lumen as electrical current in the corresponding electrical network.

76. The method of claim 75 wherein modeling the blood flow comprises correlating the

blood flow to a pressure drop across the vascular bodily lumen.

71. The method of claim 72 further comprising modeling a resistance of vasculature distal

to the at least one lesion.

78. The method of claim 72 further comprising solving the electrical network comprises

solving for a resistance of vasculature distal to the at least one lesion.

79. The method of claim 62 further comprising selecting an optimal treatment plan from

the one or more treatment plans based on a risk-reward trade-off.

80. A guidewire assembly, comprising:

an elongate guidewire body;

a pressure sensor secured near or at a distal end of the guidewire body; and,

a processor secured within or along the guidewire body and in electrical communication with

the pressure sensor.
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81. The assembly of claim 80 wherein the processor comprises an ASIC component

formed along the substrate and in electrical communication with the diaphragm.

82. The assembly of claim 80 wherein the processor comprises an ASIC component in

electrical communication with the pressure sensor.

83, The assembly of claim 80 wherein the processor is positioned within the guidewire

body proximal to the pressure sensor.

84, An elongate device configured to measure intravascular pressure and lumen
dimensions,.comprising:

a pressure sensor positioned at or along the distal end where the pressure sensor is configured to
measure intravascular pressure; .

a lumen dimension measurement device positioned in proximity to the pressure sensor and
where the lumen dimension measurement device is configured to measure Jumen dimensions,

wherein the said pressure sensor and the said lumen dimension measurement device are in
communication with a processor which is programmed to use the measured pressure and lumen

dimension information and provide a treatment plan.
8S. The device of claim 84 wherein the elongate device comprises a guidewire.

86. The device of claim 84 wherein the lumen dimension measurement device comprises

an IVUS sensor.

87. The device of claim 84 wherein the lumen dimension measurement device comprises

an OCT sensor.

88. The device of claim 84 wherein the lumen dimension measurement device comprises
a plurality of excitation elements and a plurality of sensing elements disposed on the elongate device
in proximity to the pressure sensor.

89. The device of claim 88 wherein the elongate device comprises a guidewire.

90. The device of claim 88 wherein the plurality of excitation elements are in
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communication with a processor which is programmed to generate a multiple-frequency electrical

signal at a plurality of frequencies through the excitation elements.
91. The device of claim 90 wherein the processor is further programmed to measure an
electrical signal from the plurality of sensing elements from at least two of the frequencies in response

to a delivered signal.

92 The device of claim 91 wherein the processor is further programmed to determine a

lumen dimension using the measured electrical signal at the at least two frequencies.
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3. D Claims Nos.:
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Continuation of Box lll: Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group | (Claims 1-21) is drawn to a guidewire device configured to assess one or more vascular bodily lumens, comprising:

an elongate guidewire body;

a pressure sensor positioned near or at a distal end of the guidewire body; and,

a plurality of excitation elements and a plurality of sensing elements disposed on the guidewire body in proximity to the pressure sensor.

Group Il (Claims 22-79, 84-92) is drawn to a device and method of treating one or more vascular bodily lumens, comprising:

a pressure sensor positioned at or along the distal end along an elongate device,

a lumen dimension measurement device positioned in proximity to the pressure sensor and where the lumen dimension measurement
device is configured to measure lumen dimensions,

wherein the said pressure sensor and the said lumen dimension measurement device are in communication with a processor which is
programmed to use the measured pressure and lumen

dimension information and provide a treatment plan.

Group HI (Claims 80-83) is drawn to a guidewire assembly, comprising:

an elongate guidewire body,

a pressure sensor secured near or at a distal end of the guidewire body; and

a processor secured within or along the guidewire body and in electrical communication with the pressure sensor.

The inventions listed as Groups I-lll do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Groups I-1Il share the technical feature of an elongate guidewire body and a pressure sensor secured near or at a distal end of the
guidewire body as shown by US 6,112,598 A to Tenerz et al. (hereinafter Tenerz). Tenerz teaches an elongate guidewire body and a
pressure sensor secured near or at a distal end of the guidewire body (Abstract; Figs. 1-9).

Groups Il and I share the technical feature of a guidewire with a pressure sensor, the pressure sensor communicating with a processor
as shown by US 2010/0305476 A1 to Thornton et al. (hereinafter Thomnton). Thornton teaches a guidewire with a pressure sensor, the
pressure sensor communicating with a processor (Abstract; para[0017]; para[0019}-[0023]).

The inventions of Groups I-Ill each recite a special technical feature above and beyond the shared technical feature and method. In
particular:

The special technical feature of Group | is a plurality of excitation elements and a plurality of sensing elements disposed on the
guidewire body in proximity to the pressure sensor, not required by the inventions of Group 1-118.

The special technical feature of Group Il is a lumen dimension measurement device positioned in proximity to the pressure sensor and
where the lumen dimension measurement device is configured to measure lumen dimensions, wherein the said pressure sensor and the
said lumen dimension measurement device are in communication with a processor which is programmed to use the measured pressure
and lumen dimension information and provide a treatment plan, not required by the inventions of Group | and Ill.

The special technical feature of Group Ill is a processor secured within or along the guidewire body and in electrical communication with
the pressure sensor, not required by the inventions of Group I-II.

None of these technical features are common to the other groups, nor do they correspond to a special technical feature in the other
groups. Therefore, unity of invention is lacking because the groups do not share a same or corresponding special technical feature
making a contribution over the prior art. Therefore, unity of invention is lacking.
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