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ENDOVASCULAR NAVIGATION SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application Serial
Number 61/411,412 filed November 8, 2010, entitled “Endovascular Navigation System and
Method,” by Wenkang Qi and Brad Hill, the entirety of which is incorporated herein by

reference for all purposes.

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.

FIELD OF THE INVENTION

[0003] This invention relates, in general, to an endovascular navigation system and methods
for guiding and positioning an endovascular device using an algorithm-based pattern recognition

Processor.

BACKGROUND OF THE INVENTION

[0004] This invention provides a method to substantially increase the accuracy and reduce
the need for imaging related to placing an intravascular catheter or other device. Aspects of the
invention relate to the guidance, positioning and placement confirmation of intravascular
devices, such as catheters, stylets, guidewires and other elongate bodies that are typically
inserted percutaneously into the venous or arterial vasculature, including flexible elongate
bodies. Currently, these goals are suboptimally achieved using x-ray imaging, fluoroscopy, and
in some cases ultrasound imaging. ECG alone is used but has severe limitations with accuracy,
navigation along the entire venous pathway, and is of minimal value in the presence of
arrhythmia or abnormal heart cardiac activity. Reduced imaging reduces the amount of radiation
that patients are subjected to, reduces the time required for the procedure, and decreases the cost
of the procedure by reducing the time needed in the radiology department. The degree of
accuracy provided by the invention is critical because there are patient consequences to a

catheter in a location that is not precisely correct.
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[0005] The vasculature of mammals has long been accessed to provide therapy, administer
pharmacological agents, and meet other clinical needs. Numerous procedures exist in both

venous and arterial systems and are selected based on patient need. One challenge common to
all vascular-based therapies is health care provider access to the specific location or section of

the vascular tree.

[0006] One common venous access procedure is central venous access. Central venous
access is the placement of a venous catheter in a vein that leads directly to the heart. Central
venous catheters are ubiquitous in modern hospital and ambulatory medicine, with up to 8

million insertions per year in the U.S. and a similar number outside the U.S.
[0007] Venous access devices are most often used for the following purposes:

e Administration of medications, such as antibiotics, chemotherapy drugs, and other IV
drugs

Administration of fluids and nutritional compounds (hyperalimentation)

Transfusion of blood products

Hemodialysis

Multiple blood draws for diagnostic testing

[0008] Consequences of cather tip placement inaccuracies include, among other things:

Increased risk of thrombis formation
Venous damage due to drug toxicity
Increased risk of infection
Additional radiation exposure

[0009] Central venous access devices are typically small, flexible tubes placed in large veins
for people who require frequent access to their bloodstream. The devices typically remain in

place for long periods: week, months, or even longer.
[00010] Central venous access devices are usually inserted in one of three ways:

a) Directly. Catheters are inserted by tunneling under the skin into either the
subclavian vein (located beneath the collarbone) or into the internal
jugular vein (located in the neck). The part of the catheter where
medications are administered or blood is drawn remains outside of the

skin.,
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b) Through a port. Unlike catheters, which exit from the skin, ports are

placed completely below the skin. With a port, a raised disk about the size
of a quarter or half dollar is felt underneath the skin. Blood is drawn or
medication delivered by placing a tiny needle through the overlying skin

into the port or reservoir.

c) Indirectly via a periphal vein. Peripherally inserted central catheter

(PICC) lines, unlike central catheters and ports, are not inserted directly
into the central vein. A PICC line is inserted into a large vein in the arm

and advanced forward into the larger subclavian vein.

[00011] Central catheters and ports are usually inserted by a surgeon or surgical assistant in a
surgical suite. A PICC line can be put in at bedside, usually by a specially-trained nurse. In this
latter case, confirmation by X-ray is currently required for assessing the success of the PICC
placement. Therefore PICC procedures as currently practiced involve exposure to X-ray, and

manipulation of the catheter increases the risks of infection.

[00012] Traditional, surgically-placed central catheters are increasingly being replaced by
peripherally inserted central venous access devices. PICC lines usually cause fewer severe
complications than central venous access devices. The PICC line placement procedure is
performed by interventional radiologists to deliver long-term drug delivery, chemotherapy
procedures, delivery of intravenous medications or intravenous nutrition (hyperalimentation) and
taking blood samples. Insertion of PICC lines is a routine procedure in that it is carried out for a
variety of treatments, and more than once in the same patient when the catheter is to be left in
place for any length of time. Even though it is routine, it is a very time and labor-intensive
procedure for the hospital staff, which also makes it expensive. During the procedure the
physician or nurse places the catheter into a superficial arm vein such as the cephalic, basilic,
antecubital, median cubital, or other superficial vein with the goal of having the distal end of the
catheter reach the superior vena cava. After entering the superficial vein around the area where
the arm bends (elbow), the catheter is advanced up the subclavian vein, then the brachiocephalic
vein and finally it enters the superior vena cava. One caveat is to make sure that the PICC line

does not enter and remain in the jugular vein.

[00013] In addition to guiding the catheter through the vasculature, the final location of the
catheter tip is very important to the success of the procedure. Catheters will generally function

equally well for pressure measurement and fluid infusion if the tip is situated in any major vein,
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above the heart, or below the heart. For dialysis or the infusion of irritant/hypertonic fluids, a

high rate of blood flow past the catheter tip is desirable and this requires the placement of the
luminal opening in as large a vessel as possible. However, central venous catheter instructions
for use give strong warnings about the requirement for catheter tips to lie outside the heart to
avoid perforation and subsequent pericardial tamponade. Likewise positioning the catheter tip
away from small peripheral veins is important to avoid damaging the vein wall or occluding the
vein due the caustic effects of the infusing solution. An interventional radiologist may use a
fluoroscopic agent to delineate the veins in the body and subsequently verify the correct
positioning of the catheter tip using a post-operative X-ray. Currently, a post-operative X-ray is
performed routinely while some studies have shown that only 1.5% of the cases are subject to

complications that would indeed require X-ray imaging.

[00014] Current methods for guiding PICC lines include the legacy landmark measurement
technique, X-ray guidance, external electromagnetic sensors, and intravascular sensors (e.g. ECG
sensor). In the case of external electromagnetic sensors, the endovascular device is guided by
assessing the distance between an electromagnetic element at the tip of the device (e.g. a coil)
and an external (out of body) receiver. This method is inaccurate because it does not actually
indicate location in the vascular but instead indicates only relative position to an external
reference. In the case of ECG-guided catheters, the classic increase in P-wave size, known as ‘P-
atriale”, is a widely accepted criterion for determining location of central venous catheter tips in
the proximity of the sino-atrial node. Current methods include using a catheter filled with saline
and an ECG adaptor at the proximal end connected to an ECG system. This method is
inaccurate because it does not indicate location in the blood vessel but instead indicates the

proximity of the sino-atrial node (SA node).

[00015] Because of known inaccuracies, all the current methods in use explicitly require the
use of a confirmatory chest X-ray to verify and confirm location of the tip of the endovascular

device at the desired target in the vasculature.

[00016] Additional approaches based on the use of non-imaging ultrasound are described in
U.S. Patent Pub. Nos. 2007/0016068, 2007/0016069, 2007/0016070, and 2007/0016072,
incorporated herein for all purposes. Limitations of an approach based exclusively on measuring
right-atrial electrocardiograms have been described in the literature, for example, in [1]: W.
Schummer et al., Central venous catheters — the inability of ‘intra-atrial ECCG’ to prove

adequate positioning, British Journal of Anaesthesia, 93 (2): 193-8, 2004.
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[00017] What is needed is a guidance system and method that overcome the above and other

disadvantages of known systems and methods.

[00018] In view of the variable nature of physiological signal information used during
endovascular positioning and guidance, what is needed are methods and apparatuses to optimize
the use of physiological signal information and take into account the variable accuracy and

usefulness of the signal information.

[00019] What is needed is a guidance system and method that can accurately position a device
in irregular vascular environments such as the vasculature of patients with an aneurysm or

arrhythmia.

[00020] What is needed is increased accuracy of the catheter tip placement without additional

X-rays and manipulation of the catheter.

SUMMARY OF THE INVENTION

[00021]  An aspect of the invention includes an endovenous access and guidance system
enabled with artificial intelligence capabilities. The system includes a transducer on a distal end
of an endovascular instrument, a control system connected to the transducer, the control system
being configured to generate and receive at least one acoustic signal using the transducer, a pre-
processor containing computer-readable instructions for manipulating the acoustic signal input to
extract information related to one or more desired parameters, a processor configured to evaluate
the acoustic features to generate an output related to guidance of the instrument, and an output
device for displaying an indication of the output generated by the processor. The processor may
evaluate the information using artificial intelligence and inference rules, comparisons to
information in a database, probabilities, among others. The system may use an electrical signal
from, for example, the heart as a confirmation input. Further disclosed is a method of navigating
and positioning an endovascular device in a vasculature, and more specifically, in a blood vessel.

In various embodiments, the acoustic signal comprises a non-imaging ultrasound signal.

[00022] In various embodiments, the positioriing system further includes a sensing electrode
mounted on the instrument, the sensing electrode being connected to the control system and
configured to measure and/or detect electrical signals from the heart. The control system may be
configured to receive an electrical signal from the sensing electrode. The pre-processor may
contain instructions for manipulating the received electrical signal to extract information related

to one or more desired electrical features. The computer-readable set of inference rules may

-5-
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contain an inference rule to evaluate the one or more electrical features. In various
embodiments, the processor evaluates the one or more electrical features to confirm the output

related to the guidance or a position of the instrument within a blood vessel.

[00023] In various embodiments, the computer-readable set of rules comprises a rule to
evaluate whether a power level of the acoustic signal is below a threshold. In various
embodiments, the computer-readable set of rules comprising a rule to evaluate whether an
antegrade flow in the blood vessel is dominant over a retrograde flow in the blood vessel.
Antegrade flow in the blood vessel is flow in the normal direction of flow, which is generally
away from the heart in the arterial system and towards the heart in the venous system.
Retrograde flow in the blood vessel is flow in the opposite direction of normal flow, i.e. towards
the heart in the arterial system or away from the heart in the venous system. In various
embodiments, the computer-readable set of rules comprises a rule to evaluate whether a
retrograde flow in the blood vessel is dominant over an antegrade flow in the blood vessel. In
various embodiments, the computer-readable set of rules comprises a rule to evaluate whether a
low frequency signal dominates both an antegrade flow in the blood vessel and a retrograde flow

in the blood vessel.

[00024] In various embodiments, the control system is configured to synchronize the acoustic

signal and the electrical signal.

[00025] In various embodiments, the computer-readable set of rules comprises a rule to

evaluate a P-wave relative to a reference.

[00026] In various embodiments, the output is related to the guidance or position comprises
an indication of the most probable condition selected from the group consisting of: instrument
moving in a desired direction, instrument moving in an undesired direction, and instrument

positioned in a desired location.

[00027] In yet another embodiment, the system is configured such that the processor
incorporates a predetermined set of processing rules or inference statements to process in vivo
non-image based ultrasound information and intravascular electrocardiogram signals of the
vasculature system of the patient provided by the sensors to indicate in the output information

the location or proximity of the sensors to a structure within the vasculature of the patient.
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[00028] In various embodiments, the processor contains a member selected from rules,

functions, relationships, and combinations of the same used to determine the probable location

and/or movement of the device within the body.

[00029] In various embodiments, the system includes a pre-processor configured to pre-
process physiological signals to provide feature information as inputs to the processor.
Exemplary features useful in the positioning schemes described herein include: in vivo non-
image based ultrasound information at a particular frequency, energy level, or timing within a
portion of a cardiovascular cycle; a portion of an intravascular electrocardiogram signal, a blood
flow direction, a blood flow velocity, e.g., the highest, the lowest, the mean or the average
velocity, a blood flow signature pattern, a blood flow characteristic at a particular frequency, a
pressure signature pattern, A-mode information, a preferential non-random direction of flow, the
shape of the different waveforms and complexes charactering the intravascular
electrocardiogram, e.g., P-wave, QRS complex, T-wave, the peak-to-peak amplitudes, the
absolute and relative amplitude changes and other distinctive elements of the intravascular ECG.
Such parameters can be pre-processed as a feature for use in the fuzzy controller either
individually or in combination. In one specific example, the signals are pre-processed to provide
inputs to the processor based on P-wave changes indicative of the proximity of the sinoatrial
node near the caval-atrial junction and together with the venous blood flow signature pattern
indicative of the caval-atrial junction. In another specific example, the signals may be pre-
processed to identify behavior of a feature in time indicative of location in the vasculature, e.g.
evident pulsatile variations of the blood flow signature pattern may be indicative of a location in

the internal jugular vein.

[00030] Another aspect of the invention includes a method for positioning an instrument in
the vasculature of a body. The method includes inserting a system including an endovascular
device and at least one transducer into the lumen of a patient, transmitting an acoustic signal,
pre-processing the reflected signal to extract information related to one or more desired features,
and processing the information as an input to produce an output related to guidance of the
instrument within a blood vessel or a position of the instrument within the blood vessel. The
system may include any of the features and configurations described above. In various
embodiments, the method includes displaying an output comprising an indication of the most
probable condition selected from the group consisting of: instrument moving in a desired
direction, instrument moving in an undesired direction, and instrument positioned in a desired
location. In various embodiments, the method includes advancing the instrument in a blood

vessel based on the output.
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[00031] Another aspect of the invention includes a positioning system. The positioning

system includes a transducer for mounting on a distal end of an endovascular instrument; a
control system connected to the transducer, the control system being configured to generate and
receive an acoustic signal using the transducer; a pre-processor receiving the acoustic signal as
an input, the pre-processor containing computer-readable instructions for manipulating the signal
input to extract one or more acoustic features from the signal input; a processor configured to
receive the one or more extracted features, the processor containing a computer-readable set of
rules to evaluate the extracted features using the rules to generate an output related to guidance
of the instrument within a blood vessel or a position of the instrument within the blood vessel,

and an output device for displaying an indication of the output generated by the processor.

[00032] In some embodiments, the positioning system further includes a sensing electrode for
mounting on the instrument, the sensing electrode being connected to the control system;
wherein the control system is further configured to receive an electrical signal from the sensing
electrode, and wherein the pre-processor further contains instructions for manipulating the
received electrical signal to extract one or more features related to the electrical signal; and/or
wherein the computer-readable set of rules contains a rule to evaluate the one or more electrical

features.

[00033] In some embodiments, the the acoustic signal includes a non-imaging ultrasound
signal. In some embodiments, the processor evaluates the one or more electrical features to

confirm the output related to the guidance or a position of the instrument within a blood vessel.

[00034] In some embodiments, the electrical signal comprises an ECG signal, an EMG signal,

and/or an EEG signal.

[00035] In some embodiments, the computer-readable set of rules contained in the processor
includes artificial intelligence programming; evaluates the extracted features based on at least
one of inference rules, an expert system, a neural network, and logic; includes a rule to evaluate
whether a power level of the acoustic signal is below a threshold; includes a rule to evaluate
whether an antegrade flow in the blood vessel is dominant over a retrograde flow in the blood
vessel; includes a rule to evaluate whether a retrograde flow in the blood vessel is dominant over
an antegrade flow in the blood vessel; and/or includes a rule to evaluate whether a low frequency
signal dominates both an antegrade flow in the blood vessel and a retrograde flow in the blood

vessel.
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[00036] In some embodiments, the control system is configured to synchronize the acoustic

signal and the electrical signal.

[00037] In some embodiments, the computer-readable set of rules further includes a rule to
evaluate a P-wave in the received electrical signal relative to a reference. In some embodiments,
the rule to evaluate a P-wave in the received electrical signal relative to a reference further
includes providing an output when the P-wave in the received electrical signal is elevated above
the reference; providing an output when the P-wave in the received electrical signal is at or
below the reference; and/or providing an output when the P-wave in the received electrical signal

is biphasic.

[00038] In some embodiments, the output related to the guidance or a position includes one of
a plurality of states, each state related to a predetermined set of conditions of instrument
movement or position; and an indication of the most probable condition selected from the group
consisting of: instrument moving in a desired direction, instrument moving in an undesired
direction, and/or instrument positioned in a desired location. In some embodiments, the
indication of the instrument moving in a desired direction is different from the indication of the

instrument positioned in a desired location.

[00039] In some embodiments, the one or more features related to the electrical signal

‘corresponds to a pre-selected portion of a regular electrical wave produced by the body; a pre-

selected portion of an irregular electrical wave produced by the body; and/or a pre-selected
portion of an electrical wave produced by a body having arrhythmia. In some embodiments, the
electrical wave is an electrocardiogram and the pre-selected portion is an RS amplitude; an
electrocardiogram and the pre-selected portion is an electrocardiogram segment; and/or an

electrocardiogram and the pre-selected portion is an electrocardiogram interval.

[00040] In some embodiments, the one or more acoustic features corresponds to a ratio of a
retrograde power of the flow in the blood vessel to an antegrade power of the flow in the blood
vessel during a single ECG cycle; a ratio of a low frequency flow power to a high frequency flow
power; an acoustic signal obtained during a portion of a heart beat; the portion of a heart beat
during the occurrence of retrograde flow produced by atrial contraction; the portion of a heart
beat during the occurrence of antegrade flow during systole; the portion of a heart beat during the
occurrence of retrograde flow at the end of systole; and/or the portion of a heart beat during the

occurrence of antegrade flow during diastole.
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[00041] In some embodiments, the one or more features related to the electrical signal

corresponds to a portion of an QRS complex; a ratio of a magnitude of a P-wave measured by
the sensing electrode and a magnitude of a P-wave measured by an external electrode; and/or an

indication of the presence of a biphasic P-wave.

[00042] Another aspect of the invention includes a method of positioning an endovascular
instrument in a vasculature. The method includes inserting the system of any one of the
embodiments discloses herein into the lumen of a patient and advancing the device based on the

output.

[00043]  Another aspect of the invention includes a method of positioning an endovascular
instrument in a vasculature. The method includes inserting a system including an endovascular
device and at least one transducer into the lumen of a patient; transmitting an acoustic signal
within the lumen; pre-processing a reflected signal to extract one or more acoustic features; and
processing the one or more acoustic features using a computer readable set of rules to produce an
output related to guidance of the instrument within a blood vessel or a position of the instrument

within the blood vessel.

[00044] In some embodiments, the processing is performed based on a predefined set of
inference rules related to one of a set of navigation states; based on a predefined set of
probabilities related to one of a set of navigation states; and/or based on a comparison of the one

or more parameters to a predefined set of parameters in a database.

[00045] In some embodiments, the method further includes displaying the output related to
guidance of the device within the blood vessel or a position of the instrument within the blood

vessel.

[00046] In some embodiments, the output comprises an indication of the most probable
condition selected from the group consisting of: instrument moving in a desired direction,
instrument moving in an undesired direction, and instrument positioned in a desired location. In
some embodiments, the desired direction is towards the heart and/or with a flow of blood
returning to the heart, and the undesired direction is away from the heart and/or is against a flow
of blood returning to the heart. In some embodiments, the desired location is within a lower
third of the superior vena cava; proximate to the caval atrial junction; and/or within the superior

vena cava proximate to the caval atrial junction.

-10-
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[00047] In some embodiments, the method further includes manipulating the device in the

blood vessel in response to the output. In some embodiments, the manipulating step further

includes withdrawing the instrument and/or advancing the instrument.

[00048]  Another aspect of the invention includes a computer readable storage medium. The
computer readable medium includes a program that can be executed by a processor to perform a
method for positioning an endovascular instrument in a vasculature. The method includes
manipulating a reflected acoustic signal from a sensor on the instrument positioned within a
blood vessel to extract one or more acoustic features from the acoustic signal; manipulating an
electrical signal from a lead on the instrument positioned within a blood vessel to extract one or
more electrical features from the electrical signal; generating an output related to guidance or a
position of the instrument within the blood vessel using a computer readable set of rules to
evaluate the one or more extracted features; and displaying one of a predetermined number of

indications of guidance or position corresponding to the output.

[00049] In some embodiments, the computer readable set of rules to evaluate the one or more
extracted features includes one or more predefined membership functions that indicate one or

more positional states of the instrument.

[00050] In some embodiments, the method further includes inputting the extracted features
into the one or more predefined membership functions and for generating one or more scores that
indicate the likelihood of membership in one or more positional states; weighting the extracted
features or one or more membership functions before generating one or more scores; selecting
the highest score and determining the positional state based on the highest score. In some
embodiments, weighting the extracted features or one or more membership functions includes
applying weighting factors to the extracted features or one or more membership functions. In
some embodiments, the weighting factors apply less weight to an extracted feature or one more
membership function based on a weak acoustic or electrical signal. In some embodiments, the
weighting factors apply more weight to an extracted feature or one more membership function

based on a strong acoustic or electrical signal.

[00051] In some embodiments, one score of the one or more scores relates extracted acoustic
features to the direction of movement of the instrument relative to flow in the vasculature; to the
overall flow energy in the vasculature measured by the sensor; and/or to the overall flow velocity

in the vasculature measured by the sensor.

-11 -
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[00052] In some embodiments, the one or more acoustic features corresponds to a ratio of a

low frequency flow power to a high frequency flow power; to an acoustic signal obtained during
a portion of a heart beat; to the portion of a heart beat during the occurrence of retrograde flow
produced by atrial contraction; to the portion of a heart beat during the occurrence of retrograde
flow at the end of systole; and/or to the portion of a heart beat during the occurrence of antegrade

flow during diastole.

[00053] In some embodiments, the one or more electrical features corresponds to a portion of
an QRS complex; to a ratio of a magnitude of a P-wave measured by the sensing electrode and a
magnitude of a P-wave measured by an external electrode; and/or to an indication of the

presence of a biphasic P-wave.

[00054] Another aspect of the invention includes a method of determining a position of a
medical device in the vasculature of a patient. The method includes transmitting a signal in the
vasculature comprising an ultrasound signal from a distal end of a device; receiving a reflected
ultrasound signal; extracting an ultrasound feature from the reflected ultrasound signal; receiving
an electrical signal from a lead on the device; extracting an ECG feature from the received
electrical signal; calculating a plurality of indicator scores using the extracted features; and
identifying a positional state by comparing the indicator scores. In some embodiments, each

feature infers a distinct position in the vasculature.

[00055] In some embodiments, the calculating step further includes inputting the extracted
features into a plurality of indicator equations representing positioning probabilities. In some
embodiments, the indicator equations correspond to membership functions. In some
embodiments, the indicator equations further include applying a weighting factor related to the

extracted feature used in the indicator equation.

[00056] In some embodiments, the identifying step further includes selecting the positional

state that corresponds to the highest indicator score.

[00057] In some embodiments, the calculating step further includes solving preset equations
based on a correlation between an extracted feature and a probability of a particular position or

state of navigation of the device.

[00058] In some embodiments, one indicator score in the plurality of indicator scores relates
extracted acoustic features to the direction of movement of the device relative to flow in the

vasculature; acoustic features to the overall flow energy in the vasculature measured by the

-12 -
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sensor; and/or acoustic features to the overall flow velocity in the vasculature measured by the

S€nsor.

[00059] Although certain aspects or features of the invention have been disclosed in
connection with certain embodiments, it is understood that these aspects or features can be

incorporated with any of the other embodiments disclosed herein, as appropriate.

[00060] The systems and methods of the present invention have other features and advantages
which will be apparent from or are set forth in more detail in the accompanying drawings, which
are incorporated in and form a part of this specification, and the following Detailed Description

of the Invention, which together serve to explain the principles of the present invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[00061] The novel features of the invention are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying

drawings of which:

[00062] FIG. 1 illustrates an overview of an endovascular device guiding system and method

disclosed in accordance with the invention.
[00063] FIG. 2 illustrates an endovascular device with multiple sensors.

[00064] FIGs. 3A-3B illustrate an optional intravascular ECG electrode which can be used for

steering and moving the endovascular member away from the vessel wall.

[00065] FIG. 4A-4C illustrate the concept of a removable sensor core, whereby a stylet with
integrated sensors can be inserted into and removed from an endovascular device like a catheter

at any time.

[00066] FIGs. 5SA-5B illustrate an embodiment of integrated sensors in an endovascular

device with a braided shaft and atraumatic tip.
[00067] FIG 6 is a block diagram of the software / processing system of FIG. 1.

[00068] FIG. 7 illustrates a graphical user interface displaying blood flow information,

intravascular ECG signals, their correlation, and catheter tip location information based on the
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processing method in accordance with the invention. FIG. 7 also illustrates the use of A-mode

imaging for clot identification inside the blood stream or inside an endovascular member.

[00069] FIGs. 8A-8D illustrate a simplified user interface corresponding to the user interface
of FIG. 7 and using blood flow information, optional intravascular ECG signals, and their
correlation to display if the endovascular member is advancing towards the caval-atrial junction
and sinoatrial node, if the endovascular member is advancing away from the caval-atrial junction
and sinoatrial node, or if the endovascular member is at the caval-atrial junction proximal to the

sinoatrial node.

[00070] FIG. 9 is a block diagram of an endovascular guidance system in accordance with the
invention, illustrating pre-processor and processor circuitry for manipulating a Doppler signal

and optional ECG signal.
[00071] FIG. 10 is a block diagram representing the flow of data in the system of FIG. 9.

[00072] FIG. 11 is a flow chart of the pre-processing of signal data of FIG. 10 to obtain three

Doppler features in accordance with the invention.

[00073] FIG. 12A illustrates an intravascular ECG signal used to correlate gating of the

acquisition or processing of the blood flow information of FIG. 11 to the heart function.

[00074] FIG. 12B illustrates an intravascular ECG signal indicating the amplitude of the RS
portion of the signal in a brachial vein portion and in the portion of the caval atrial junction
(CAJ).

[00075] FIG. 13 is a flow chart of the pre-processing of signal data of FIG. 11 to obtain
Doppler feature la (DF1la).

[00076] FIG. 14 is a flow chart of the pre-processing of signal data of FIG. 11 to obtain
Doppler feature 2.

[00077] FIG. 15 is a flow chart of the pre-processing of signal data of FIG. 11 to obtain
Doppler feature 3.

[00078] FIG. 16 is a block diagram of the system of FIG. 9, illustrating receiving information
related to the pre-processed feature as inputs and providing a result based on membership

functions.
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[00079] FIG. 17 is a flow chart of the method of using the system of FIG. 9 to guide an

endovascular device to a desired destination in accordance with the invention.

[00080] FIG. 18 is a block diagram of optional confirmation sources that may be input to the
pre-processor according to the method of FIG. 17.

[00081] FIG. 19 illustrates an endovascular device within the vasculature at various locations

according to the method of FIG. 17.
[00082] FIGs. 20 and 21 are various views of the heart and surrounding vasculature.

[00083] FIG. 22 illustrates the optional use of an intravascular ECG signal to gate or trigger

the acquisition or processing of the blood flow information.

DETAILED DESCRIPTION OF THE INVENTION

[00084] For convenience in explanation and accurate definition in the appended claims and
following description, the terms “up” or “upper”, “down” or “lower”, “inside” and “outside” are
used to describe features of the present invention with reference to the positions of such features

as displayed in the figures.

[00085] Patient data has long been used for diagnostic and therapeutic techniques. Various
features may be measured, monitored, and analyzed for myriad purposes such as identifying a
medical condition or performing a medical procedure. Improvements in medical technology
have led to the use of patient monitoring for far more applications. The advance of computer
technology and its integration into the medical field has significantly expanded the applications
for analysis of patient data. For example, U.S. Patent No. 6,179,782 to Cucg, incorporated
herein for all purposes by reference, discloses a system for classifying a patient and identifying a
medical indication by coupling a fuzzy logic processor to a conventional blood pressure cuff

monitoring arterial pressure.

[00086] The broad class of systems and methods for monitoring and collecting patient data
can be categorized based on several distinctions. For one, the system may either collect data for
analysis at least somewhat contemporaneously or store the data for analysis later. For another,
the system may use the patient data for therapeutic, surgical, or diagnostic purposes. Of course,

some system and methods can be used for multiple purposes and in multiples ways.
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[00087] Various aspects of the invention relate to a system and methods for navigating and

positioning a device in the body. Various aspects of the invention relate to a system and
methods for navigating and positioning a device in the vasculature. The use of patient data for
navigating and positioning devices in the vasculature has long been used. A conventional
technique involves placing a device in the superior vena cava (SVC) just short of the right
atrium. In a typical procedure, the device is inserted into the body (e.g. percutaneously) and
moved towards the heart. An ECG signal is displayed on a monitor as the device moves. The
user compares the P-wave on the monitor and identifies a particular location by identifying
changes to the P-wave. An example of this method is disclosed by U.S. Patent No. 5,078,678
entitled “Method and Apparatus for Locating a Catheter Adjacent to a Pacemaker Node of the

Heart,” to Katims, the entire contents of which are incorporated herein for all purposes.

[00088] Conventional methods for navigating and positioning devices in the vasculature have
several drawbacks. A significant limitation is the fact that the system relies on the user to notice
even minute changes to the P-wave. The user must recognize specific and nuanced P-wave
shapes, amplitudes, and trends, all while busy performing the actual procedure. Additionally, the
technique is useful for identifying a specific location—the SVC at an entrance to the right
atrium—>but does not generally provide for the general positioning of devices in other locations.
This is a problem in that the lower third of the SVC is considered to be more optimal for many
applications (e.g. dilation and drug delivery) than the bottom of the SVC. The system also does
not provide navigation. The user has no indication of location. The user merely recognizes a

shift when a target is passed and then has to withdraw the device back to the target.

[00089] Various aspects of the invention relate to use of a plurality of input variables related
to the body and its functioning for therapy and diagnosis. In the context of the cardiovascular
system, for example, many inputs can be used for a single application. Many inputs used by the
system in accordance with aspects of the invention are considered as noise or useless by
conventional systems and techniques. The system generally makes use of sophisticated
processing techniques to read, interpret, and analyze complicated information for specific
purposes. For example, conventional systems typically cannot be used in the venous vasculature

because the blood flow is so turbulent and complicated as to be wholly indecipherable by a user.

[00090] Various aspects of the invention are directed to collecting the huge amounts of data
long considered as an impediment (e.g. noise) and advantageously using the data to improve
performance and/or accomplish tasks previously considered impossible. For example, various

aspects of the invention relate to a non-imaging system and methods for navigating and
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positioning a device in the venous vasculature as opposed to the arterial vasculature. The system
may make use of intravenous information without the use an X-ray, fluoroscopy, and
conventional methods. Various aspects of the invention relate to a system and methods for
navigating and positioning a device in the body using a plurality of information related to the

patient, and more specifically, related to the patient’s cardiovascular system.

[00091] In various respects, the present invention provides new methods, devices and systems
for intravascular guidance and placement of endovascular devices based on the recognition of

patterns in the signals for different physiological features and correlation of those signal patterns.

[00092]  Aspects of the current invention overcome the above described limitations and
provided accuracy by applying a guidance system to the obtained physiological signals. The
guidance system of the invention takes into account the variable nature of the obtained
physiological features, the relationship of one or more physiologic signals to specific locations in
the vasculature, and the degree of accuracy provided during the different phases of endovascular
navigation. The output of the positioning system provides indications to a user in the form of

navigation instructions and/or position information.

[00093] The exemplary system will now be described generally with reference to FIGs. 1, 2,
3A, 3B, 4A-4C, 5A, 5B, 6, 7, and 8 A-8D. Further details of the system will be provided below.

[00094] An exemplary device in accordance with various aspects of the invention is shown.
Embodiments of the present invention include a pre-processor for obtaining one or more
physiological signals and pre-processing the obtained signals to extract desired features and
provide inputs to a processor. Various aspects of the pre-processor are similar to conventional
signal processing and medical diagnostic systems. U.S. Patent No. 6,007,491 to Ling et al.,
incorporated herein for all purposes by reference, discloses a cardiac output monitor. The system
analyzes a blood pressure waveform in part by extracting desired feature parameters. The
system receives the blood pressure waveform as an input, digitizes the input, and then extracts

selected blood pressure features for use as inputs in a fuzzy logic model.

[00095] An exemplary pre-processor is shown in FIG. 9. The pre-processor includes
hardware and software. The software may be implemented in the exemplary personal computer
(PC). The other features shown in the figure generally relate to the hardware for the sensors and
pre-processor hardware. The software may be configured to pre-process the raw data. The
hardware may be configured to extract specified feature information from the signal data

processed by the software. The pre-processing may include, but is not limited to, conversion of a
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Doppler or an ECG signal from the time domain to the frequency domain, frequency to time

domain, amplification, filtering, analog-to-digital conversion, and partitioning of an ECG
waveform to extract one or more ECG features, partitioning of an acoustic waveform to extract
one or more acoustic features. The pre-processing can be performed on any inputs or features or
signal described herein, such as Doppler signals, ECG signals or other natural or artificial

sources, for example.

[00096] The features are transmitted to the processor as inputs. The processor then evaluates
the pre-processed inputs to obtain precise and accurate location and/or guidance information for
output and display to the user. The processor may process the pre-processed inputs using
artificial intelligence such as a predetermined set of processing rules, inference statements, and
the like.

[00097] Various functions of the pre-processor and processor are similar to those employed
by existing medical diagnostic devices. U.S. Patent No. 7,627,386 to Mo et al., incorporated
herein for all purposes by reference, discloses an ultrasound system making use of a neural
network processor and fuzzy logic controller. The Mo system employs the different processors
and controllers to optimize the ultrasound images for clinical diagnosis. U.S. Patent No.
6,179,781 to Phillips, incorporated herein for all purposes by reference, discloses a processor that
assigns weights to feature parameters to improve the accuracy of a medical diagnostic ultrasound
apparatus. U.S. Patent No. 6,179,782 to Cuce, incorporated herein for all purposes by reference,
discloses use of a fuzzy logic processor to more accurately measure arterial pressure. U.S. Patent
No. 7,966,061 to Al-Abed et al., incorporated herein for all purposes by reference, discloses a
system for detecting a sleep disorder. The Al-Abed system uses statistical analysis to formulate
inference rules for a fuzzy logic processor which analyzes an external ECG waveform. These
and other references are directed to different purposes, signal data, and patient populations than
the invention; however, these references are representative of the integration of computer
processing techniques into the medical diagnostics field. Various aspects of the invention are
directed to improve processing techniques. Various aspects of the invention are directed
analyzing hemodynamic data for navigation and positioning within the vascular system, and in

some respects, the venous vasculature.

[00098] As will be discussed in greater detail below, the pre-processor and/or processor in
accordance with the invention may employ artificial intelligence features. “Artificial
intelligence” is used broadly to refer to a large collection of advanced processing techniques

including, but not limited to, logic (e.g. fuzzy logic, Bayesian probability, two-valued logic, and
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sentential logic), probabilistic reasoning, an expert system, one or more pattern recognition

technique, a neural network, an inference engine, classifiers, and combinations of the same.

[00099] An input signal is obtained from the body and used to determine the location or
relative movement of a device positioned within the body. In various embodiments, two
different input signals are obtained from the body. The input signals are typically amplified,
filtered or converted as is typical in the digitalization of analog signals and other signal
processing techniques. These collected signals are then pre-processed to produce one or more

parameter inputs for use in a processor/controller.

[000100] In various embodiments, the system acquires two or more signals and at least one of
the signals is used as a confirmation signal. For example, the system may acquire a Doppler
signal and an ECG signal. The system may process one of the signals and output a result. The
result may be confirmed by independent processing of the other signal. For example, the system
may rely primarily on Doppler-based guidance but use the ECG signal to confirm the Doppler-

based result. In this way the system may provide improved confidence levels.

[000101] One will appreciate from the description herein that the system may acquire and
process signals over a variety of time periods. In one example, ECG and Doppler signals are
analyzed over time intervals that range from less than one heart beat (i.e., during a portion of a
QRS complex or during the same portion of a QRS complex on sequential heartbeats) to a heart
beat during patient inspiration, expiration, or during a portion of a respiration cycle or sequential
respiration cycles. Multiple time intervals could be analyzed together using various membership

functions.

Endovascular Member with Sensors for Guidance

[000102] FIGs. 1-2 illustrate an exemplary endovascular access and guidance system 100
including a catheter is shown. The system and exemplary catheter are similar in many respects
to those described in U.S. Patent Pub. No. 2009/0005675 to Grunwald et al., the entire contents

of which is incorporated herein for all purposes.

[000103] The exemplary device is configured to obtain two different physiological signals from
the body, in particular, a Doppler signal (an in vivo, non-image-based ultrasound signal) and an
ECG signal. One will appreciate from the following description, however, that the system may
operate using only a Doppler signal or only an ECG signal. One will further appreciate that the
system is not limited to Doppler or ECG; other signals as will be understood by one of skill from

the description herein may be used. Examples of other measurable information that may be
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useful in the invention include, but are not limited to, oxygen saturation, cardiac output, heart

rate, blood pressure, temperature and respiration rate.

[000104] The illustrated system 100 includes a peripherally inserted central catheter (PICC).
One will appreciate that the system may be paired with other medical devices such as an
endoscope. The exemplary catheter includes an elongate body 105 with a proximal end 110 and
a distal end 115. The exemplary elongate body 105 is any of a variety of endovascular devices
adapted for insertion into and navigation through the vasculature of the patient 1. FIG. 1
illustrates the distal end 115 inserted into the basilic vein 6, for example. The expected path of
travel (dashed line 20) in this illustrative example is into a portion of the heart 20 or within the
superior vena cava 14 in proximity to the sinoatrial node (SA node) §. The aorta 3, the
pulmonary arteries, the pulmonary veins 11, the jugular veins 10, the brachiocephalic vein 12,

the inferior vena cava 16, and the atrioventricular node (AV node) 9 are also represented in this

view,

[000105] Not shown in FIG. 1, but further described below, the exemplary elongate body 105
includes a first ultrasound sensor and one or more optional sensors for measuring physiological
features in the body. In some embodiments, the first sensor is a non-imaging ultrasound
transducer 120 on the elongate body 105 configured to provide in vivo non-image based
ultrasound information of the vasculature of the patient 1. In some embodiments, the one or
more optional sensors is an endovascular electrocardiogram lead on the elongate body 105 ina
position such that, when the elongate body 105 is in the vasculature, the endovascular
electrocardiogram lead electricai sensing segment provides an in vivo electrocardiogram signal
of the patient 1. In various embodiments, the elongate body 105 includes two or more
ultrasound sensors spaced apart by a specified distance. FIG. 1 illustrates the use of a second
electrocardiogram sensor that is outside of the vasculature. The electrode 112 is positioned
external to the vasculature of the patient 1. The electrode 112 detects electrocardiogram
information that is transmitted via lead 111 to the processor 140. In various embodiments, the
system includes a plurality of external ECG sensors. For example, although only a single lead or
electrode is shown in shown in FIG. 1 for illustrative purposes, it is understood that a plurality of
external ECG electrodes can be used, such as a 3 electrode system that is placed to form a
triangle around the patient’s heart. In other embodiments, a standard 5 electrode system can be
used. Similarly, the signals may be generated by one or more structures in the body or external

to the body.
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[000106] In various embodiments, in place of the electrode 112, or in addition to the electrode

112, another electrocardiogram sensor may be placed on the elongate body 105. More than one
electrocardiogram sensor may be provided on the elongate body. In this case, the processor 140
would also be configured to receive, process, compare and correlate the electrocardiogram
information from the additional electrocardiogram sensor (or other sensors) provided by the

elongate body 105.

[000107] The electrocardiogram leads or sensors on the elongate body 105 may also be placed
relative to the elongate body 105 and to one another in order to obtain a target electrocardiogram
signal and a baseline electrocardiogram signal in order to facilitate the position and location
capabilities of the guidance system 100. The target and baseline electrocardiogram information
may be related to one or more of: (a) electrical activity of the heart including all or a portion of
an electrocardiogram (ECG); (b) electrical activity of the brain including all or part of an
electroencephalogram (EEG); and (c) electrical activity of a muscle or muscle group including
all or part of an electromyogram (EMG) related to that muscle or muscle group. Additional
details of the sensors and the various alternative configurations of the elongate body 105 are

described below with respect to at least FIGs. 2-5B.

[000108] The system 100 also includes an output device 130 configured to display a result of
information processed by the processor 140. The display device may, like the processor 140,
include capabilities found in conventional display devices among other capabilities. The display
device 140 of the invention differs from the conventional display in that the display is configured
to display information related to the unique processing and results determined by processor 140.
In particular, rather than displaying acquired signal information, the output device displays
straightforward indicators to the clinician based on the underlying processing of the signals.
Unlike conventional displays, the user does not need to have considerable experience
interpreting signal information nor engage in the time-consuming and complicated process of

interpreting the signal information in real-time.

[000109] In one aspect, the output device 140 displays a result related to a position of the
elongate body within the vasculature of the patient. In another aspect, a result of information
processed by the processor includes an indication of a position or a movement of the elongate
body 105 within the vasculature based on in vivo non-image based ultrasound information and in
vivo electrocardiogram information. The display 130 would be configured to display this
information for a user to perceive in any suitable manner such as visually, with colors, with

pictograms, with sounds or in other appropriate manners.
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[000110] FIGs. 7, 8A, 8B, 8C, and 8D illustrate an alternative output device whereby indicators

having specific shapes, sizes, and/or colors relate to the user the exact position of the device in
the vasculature. FIGs. 8A, 8B, 8C, and 8D illustrate the positions corresponding to each
indicator. The indicators may be any color, icon, and sound, or any other kind of graphical,
alphanumeric, and/or audible elements to indicate the tip location in an easy-to-understand

manner.

[000111] The exemplary output device also displays a variety of other information to the user
such as tracing of the received Doppler signals and a meter representing the relative
contributions of antegrade and retrograde flow. The exemplary output device also includes a

number of controls and instrument displays.

[000112] In an exemplary embodiment, Doppler and/or ECG signals are used to determine the
catheter tip location. In various embodiments, the system makes use of the fact that, during the
catheter insertion, the physiological characteristics of the input signals are different in different
positions. In various embodiments, artificial intelligence is used to derive positional information
from the sensor signals to guide the tip to and land at optimal desired position (e.g. the lower 1/3
of superior vena cava (SVC) and the catheter tip heading to atrium). The two signals are
amplified, sampled, and filtered along with other appropriate pre-processing operations to render
the signal information as one or more features. These features become inputs to a processor.
The processor then processes the input and outputs a result indicative of the position and/or
direction of the tip. Parameters associated with the feature and algorithms generally include
constants, coefficients and weighing factors, for example, that can be adjusted to fine tune the

algorithms.

[000113] In an exemplary Doppler channel, the transmitter center frequency is about 11.667
MHz, outputting a burst of about 8 pulses at a pulse repetition frequency (PRF) of approximately
30 kHz. The received Doppler signal may be amplified, sampled, down-converted or otherwise
appropriately subjected to operations to yield features used as inputs to the guidance system, and

in particular, the pre-processor.

[000114] The operating frequency and PRF typically depend on the hardware and the device
environment. The exemplary system for insertion and navigation in the venous environment has
a selected operating frequency of between about 8 MHz and about 15 MHz, and in various

respects between about 10 MHz to about 12 MHz. In various embodiments, the operating
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frequency is about 12 MHz. The operating frequency may be higher or lower depending on the

applications. For example, conventional coronary artery systems operate at around 20 MHz.

[000115] The PRF drives the signal generation and acquisition. Among other things, the PRF
in combination with the operating frequency determines the resolution of the signal. For
example, if the PRF is too low the system will not acquire useful data. Generally, a higher PRF
provides more flow information but emits more energy into the patient. Thus, if the PRF is too
high the system may present a health risk to the patient. In various embodiments, the PRF is
between about 30 kHz to about 45 kHz. In various embodiments, the PRF is below 60 kHz,
below 50 kHz, below 40 kHz, or below 30 kHz. In various embodiments, the PRF is about 30
kHz or about 40 kHz. By contrast, the PRF needs to be significantly higher for use in the arterial
system. Typically, PRF must be around 100 kHz or higher in the arterial system.

[000116] During the insertion, the exemplary guidance system provides four different signs or
output indications: a green arrow, the blue bull’s eye, a red stop indicator, and yellow bar, to
guide the clinical operator to reach the optimal position (shown in FIGs. 7, 8A, 8B, 8C, and 8D).
As will be described in greater detail below, the exemplary processor is designed around the
probability that the device is in one of four navigational states. State 0, state 1, state 2, and state
3 are used to represent yellow (i.e. caution and/or more data needed), green arrow (i.e. go
forward), the blue bull’s eye (i.e. landing zone achieved), and red circle (i.e. wrong direction,
pull back), respectively. The exemplary four states will be described in greater detail below with
respect to Tables 1-6. Note that the term “zone” can be used interchangeably with the term
“state.” The system described includes four states for illustration purposes. One will appreciate

from the description herein that more or less states may be provided for in the processor.

[000117] Various aspects of the invention relate to the use of intravascularly-measured
physiological parameters for locating, guiding, and placing catheters in the vasculature. Various
aspects of the invention relate to an endovascular member assembly with built-in sensors for
measuring of physiological parameters such as blood flow, velocity, and pressure. Various

aspects of the invention relate to an assembly for further measuring intravascular ECG.

[000118] Various aspects of the invention relate to data processing algorithms that can identify
and recognize different locations in the vasculature based on the pattern of physiological
parameters measured at that location. FIG. 6 illustrates an exemplary software block diagram 4

for providing the processing capabilities used by embodiments of the present invention.
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[000119] Various aspects of the present invention relate to data processing algorithms that can

identify and recognize structures such as objects of interest in the vasculature or in endovascular
members, for example, blood clots based on the pattern of parameters measured (e.g., A-mode
and blood flow velocity). Various aspects of the invention relate to an instrument that has a user
interface which shows guiding and positioning information and presents the objects of interest
(e.g. blood clots). For example, in this aspect the processor is further configured to process a
signal from the non-image ultrasound transducer and to indicate in the output device information
related to the presence of a structure in the field of view of the non-imaging ultrasound
transducer. In various embodiments, the system can draw conclusions from the location

information and even make recommendations to the user.

[000120] Various aspects of the invention relate to a method of guiding and positioning an
endovascular member within the vasculature by the user based on location information provided
by the sensor-based endovascular member. Other various aspects of embodiments the invention
relate to the use of intravascularly measured physiological parameters for locating, guiding, and
placing catheters or stylets or guide wires for use as guides to particular locations within the
vasculature that have been identified using the guided vascular access devices and systems

described herein.

[000121] FIGs. 2, 3A, 3B, 4A and 4B illustrate an endovascular device 150 in accordance with
various aspects of the invention having an elongate body 105 with a proximal end 110 and a
distal end 115. A non-imaging ultrasound transducer 120 is provided on the elongate body 105.
An atraumatic tip 121 is provided on the endovascular device 150. The atraumatic tip 121 may
also include an ultrasound lens. The ultrasound lens may be used to shape the ultrasound signal

produced by the ultrasound transducer 120. In one aspect, the ultrasound lens is a divergent lens.

[000122] The endovascular device 150 also has an opening 182 in the elongate body 105 and a
lumen within the elongate body 105 in communication with the opening 182 and the elongate
body proximal end 110. As illustrated, there may be one or more openings 182 in
communication with one or more lumens or tubes 183. Also shown on the proximal end 110 are
the various connections to the sensors and lumens in the endovascular device 150. These
connections are conventional and may take any suitable form to connect the endovascular device
to the other guidance system 100 components such as the processor, display or fluid delivery
device. As such, by using additional lumens or other access features, the elongate body 105 or
endovascular device 150 is adapted to deliver a therapy to the patient such as by delivering

drugs, therapeutic or diagnostic agents through the openings 182 or between the inner and outer
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tubes. In yet another alternative configuration, the elongate body 105 or the endovascular device

150 is adapted to provide endovascular access for another device.

[000123] One will appreciate that other additional and optional sensors may be provided on the
endovascular device 150. Embodiments of the endovascular device 150 may contain any of a
number of different sensors. The sensor is selected based on the physiological parameter to be
measured and used in the guidance, positioning and correlation methods described herein. By
way of non-limiting example, the device may include an ultrasound sensor, a conductive wire, a
pressure sensor, a temperature sensor, a sensor for detecting or measuring electrical potential and
voltages and other sensors suited to collecting physiological information and providing
information to the processor 140 for processing in an algorithm or for other suitable form of
analysis based on the techniques described herein. The sensor-based endovascular device 150
can be used independently to deliver a payload into the vasculature, e.g., a drug or to draw blood
or it can be inserted into the one of the lumens of another endovascular device, e.g., a catheter.
Then the entire assembly can be inserted into the patient’s body, e.g., for a PICC placement

procedure, or through a catheter 90 (shown in FIG. 4C).

[000124] Additionally or alternatively, the endovascular device 150 can be configured as any
type of catheter, stylet, guidewire, an introducer, a combination thereof or any other type of
device which allows for vascular access. The endovascular device and the corresponding
connection from the sensors to the proximal end can either be fixed in the endovascular device,
or pre-inserted and removable after procedure, or reinsertable for location verification post
placement. In one embodiment the endovascular device integrates a single lead electrode for
electrical activity monitoring. In a different embodiment, the endovascular device may integrate
several electrodes (leads), for example one at the very distal tip of the endovascular member and
one more proximal such that the distal electrode can detect the electrical activity of the heart
while the more proximal electrode can serve as a reference for measuring since the more
proximal electrode is closer to the patient’s skin and further away from the heart. In addition to
providing electrical mapping, the lead/electrode can be used as a steering element to steer and

position the endovascular device as illustrated in FIGs. 3A, 3B, 4A and 4B.

[000125] According to the embodiments of the present invention physiological information is
acquired by sensors and transmitted to a processor. The processor uses algorithms which
analyze and process the sensor data to provide information on the location of the sensor core
assembly and of the corresponding endovascular device in the patient’s vasculature. Since high

degree of accuracy is desired, different types of physiological information, ideally independent
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from each other, such as blood flow information and electrocardiogram information are used to

accurately characterize the direction of movement and location. In one aspect of the present
invention, the described clinical need is met by gathering physiological information regarding
blood flow using ultrasound and regarding the electrical activity of the heart by acquiring

endovascular electrical signals.

[000126] By way of example, the endovascular device embodiments of FIGs. 3A, 3B, 5A, 5B,
include an elongate body 105 that may be configured as any of a catheter, a stylet, or a guidewire
that is configured for endovascular access. Moreover, the catheter, stylet or guidewire may be of

the one part or two part construction described herein.

[000127] The endovascular device 150 may be configured as a single structure (shown, e.g., in
FIGs. 3A, 3B, 4A, 4B, 5A and 5B). The device may be a removable device or sensor core
assembly and may consist of a non-imaging ultrasound transducer mounted at the end of a piece
of tubing. The tubing can be single or multi-lumen and can be made of any of a variety of
polymeric or elastomeric materials. The lumens may be used to support the sensors on the
tubing or may be used for delivery of therapeutic or diagnostic agents. One or more
physiological parameter monitoring sensors may be positioned on the tubing as described herein.
The endovascular device may have a two part construction as shown in the illustrative
embodiment of FIG. 2 where the ultrasound transducer is on a tube (an inner tube) within

another tube (an outer tube).

[000128] In the illustrative embodiment of FIG. 2, the inner tube carries the ultrasound
transducer. The outer tube, possibly a multi-lumen tube, has a lumen for the inner tube.
Additionally, lumens 183 are provided to correspond to the openings 182. The outer tube also
supports the additional sensors (one sensor 186 is shown). The wiring or other connections for
the additional sensors 186 or electrocardiogram lead may also be provided with their own lumen
or lumens. The proximal end 110 and the various leads and lumens and other connections may
be placed into a single connector used to attach the endovascular device 150 to the other

components of the system 100.

[000129] Whether the endovascular device 150 is a single tube or a multiple tube construction,
the device optionally includes an additional sensor 186 on the endovascular device for measuring
a physiological parameter. In one aspect, the additional sensor is an optical sensor and the
physiological parameter is related to an optical property detected within the vasculature. In

another aspect, the additional sensor is a pressure sensor and the physiological parameter is
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related to a pressure measurement obtained within the vasculature. In another aspect, the
additional sensor is an acoustic sensor and the physiological parameter is related to an acoustic

signal detected within the vasculature.

[000130] The exemplary system includes an optional endovascular electrocardiogram lead 130
on the elongate body 105 in a position that, when the endovascular device 150 is in the
vasculature, the endovascular electrocardiogram lead 130 is in contact with blood. There are two
endovascular leads 130 in the illustrated embodiment of FIG. 2. As shown, there is an

endovascular electrocardiogram lead 130 positioned at the elongate body distal end 115.

[000131] The electrocardiogram lead 130 contains at least one electrical sensing segment 135.
The electrical sensing segment 135 is that portion of the electrocardiogram lead 130 that is used
for detecting or sensing the electrical activity being measured. The electrical sensing segment
135 could be a portion of the lead 130 that is not insulated, it could be a separate structure, like
an electrode, that is joined to the lead 130 or it could be a structure within the endovascular
device (shown in FIG. 5B). In one aspect, the electrical sensing segment of an endovascular
electrocardiogram lead is positioned within 3 cm of the elongate body distal end 115. In another
aspect, the electrical sensing segment 135 of an endovascular electrocardiogram lead 130 is
positioned within 3 cm of the non-imaging ultrasound transducer 120. As shown in FIG. 2, this
aspect relates to the lead 130 that extends from the distal end or to the spacing of proximally
positioned endovascular lead 130. Additionally or alternatively, the electrical sensing segment
135 of an endovascular electrocardiogram lead 130 is positioned proximal to the non-imaging

ultrasound transducer 120.

[000132] FIG. 2 also illustrates an exemplary endovascular device with an optional second
endovascular electrocardiogram lead 135 on the elongate body 105. The second endovascular
lead is shown in a position that, when the endovascular device 150 is in the vasculature, the
second endovascular electrocardiogram lead 130 is in contact with blood. Endovascular leads
130 (and/or the corresponding electrical sensing segment or segments 135) may extend from the
elongate body 105 as shown in FIGs. 2 and 3A or may be integral to or within the elongate body
as shown in FIGs. 3B, 4A, 4B 5A, and 5B. In one embodiment, the electrical sensing segment
135 of the second endovascular electrocardiogram lead 130 (the proximal electrocardiogram lead
130 in FIGs. 2 and 4B) is positioned about 5 cm from the other endovascular electrocardiogram
lead 130. Alternatively, electrical sensing segment 135 of the second endovascular

electrocardiogram lead 130 is positioned about 5 cm from the elongate body distal end 115.
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[000133] The present invention provides new methods, devices, and systems for intravascular

guidance and placement of endovascular devices based on the recognition of patterns in the
signals for different physiological parameters and correlation of those signal patterns. In one
exemplary application, a catheter, such as a peripherally inserted central catheter (PICC) is
inserted, advanced, positioned, and monitored within the vasculature based on the recognition of
parameter information (e.g. blood flow patterns) and their correlation at the locations of interest.
In various embodiments, the system optionally utilizes electrocardiogram signals with the above

parameters.

Pre-Processing and Processing System

[000134] The present invention provides a new methods, devices and systems for intravascular
guidance and placement of endovascular devices based on the recognition of patterns in the
signals for different physiological parameters and correlation of those signal patterns to catheter
tip locations. In addition or alternatively, neural network algorithms can be used for feature
extraction, determining parameter values, and/or be used in scoring functions, as further

described below.

[000135] FIG. 9 is an exemplary block diagram of at least a portion of a system in accordance
with various aspects of the invention. In various respects, the system of FIG. 9 is similar to the

system 100 of FIG. 1 and the same numbering will be used herein.

[000136] Various components of system 100 are similar to conventional ultrasound control
systems. Examples of ultrasound control systems are described in the following patents: U.S.
Pat. No. 6,896,658 to Ji et al. entitled “Simultaneous Multi-mode and Multi-band Ultrasonic
Imaging”; U.S. Pat. No. 6,251,073 to Imran et al. entitled “Miniaturized Ultrasound Apparatus
and Method”; U.S. Pat. No. 5,492,125 to Kim et al. entitled “Ultrasound Signal Processing
Apparatus”; U.S. Pat. No. 6,561,979 to Wood et al. entitled “Medical Diagnostic Ultrasound
System and Method”; and U.S. Pat. No. 5,477,858 to Norris et al. entitled “Ultrasound Blood
Flow/Tissue Imaging System”; related to Doppler ultrasound U.S. Pat. No. 4,324,258 to
Huebscher et al. entitled “Ultrasonic Doppler Flowmeters™; U.S. Pat. No. 4,143,650 to Hatke
entitled “Directional Doppler Ultrasound Systems for Biosignal Acquisition and Method of
Using the Same”; U.S. Pat. No. 5,891,036 to [zumi entitled “Ultrasonic Wave Doppler
Diagnosing Apparatus”; related to guidance U.S. Pat. No. 5,220,924 to Frazin entitled “Doppler-
Guided Retrograde Catheterization using Transducer Equipped Guide Wire”; U.S. Pat. No.
6,704,590 to Haldeman entitled “Doppler Guiding Catheter using Sensed Blood Turbulence
Levels”; U.S. Pat. No. 5,311,871 to Yock entitled “Syringe with Ultrasound Emitting Transducer
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for Flow-directed Cannulation of Arteries and Veins”; U.S. Pat. No. 6,612,992 to Hossack et al.

entitled “Medical Diagnostic Ultrasound Catheter and Method for Position Determination
Related to Tracking Method”; U.S. Pat. No. 5,785,657 to Breyer et al. entitled “Blood Flow
Measurement Device”; and related to pressure estimation U.S. Pat. No. 5,749,364 to Sliwa Jr. et
al. entitled “Method and Apparatus for Mapping Pressure and Tissue Properties”, the entire

contents of which patents are hereby incorporated herein for all purposes.

[000137] The system 100 includes a pre-processor 139 and processor 140 configured to receive
and process a signal from the non-imaging ultrasound transducer and a signal from the optional
endovascular electrocardiogram lead. In the embodiment illustrated in FIGs. 6 and 9, the
hardware and the software of the pre-processor are separate. The pre-processor software is
implemented on the same device (e.g. a personal computer or microprocessor) as the processor
software. The other pre-processing functions are handled by the hardware. The hardware may
also include embedded software or firmware. In other embodiments, the preprocessor can be

entirely software or entirely hardware.

[000138] Referring to FIG. 9, the system 100 includes a stylet-ECG interface 201 having one
or more sensors. A programmable pulse sequence generator including a pulser 203, pulser drive
205, and pulser control 207 generates electronic signals, such as electronic pulses, that drive the
ultrasound sensor. A transmit-receive switch 210 controls the interface and sends/receives signal
data to and from the sensor. The transmission and reception functions are controlled by pulser
203, pulse drive 205, a field programmable gate array (FPGA) 213, and a digital signal processor
215. The exemplary signals are individually delayed depending on the mode of processing and
other factors. In one example, the generated waveform for the sensors depends on the operating
mode. A-scan, Doppler, etc. can be selected according to the desired mode. In an exemplary
embodiment, an A-scan is generated about every 10 ms. In an exemplary embodiment, a sensor
is driven with a Doppler pulse sequence fired at a frequency referred to as pulse repetition
frequency (PRF). In various embodiments, the PRF is about 40 kHz. The system may make use
of pulsed-wave (PW) or continuous-wave (CW) functions. Further information regarding
parametric waveform generation and similar concepts are discussed in U.S. Pat. Nos. 6,896,658
to Ji et al for Simultaneous multi-mode and multi-band ultrasonic imaging and 6,551,244 to Gee
for Parametric transmit waveform generator for medical ultrasound imaging system, the entire

contents of which are incorporated herein for all purposes.

[000139] The transmit-receive switch 210 provides acquired data to the other components of

the system. In an exemplary embodiment, the system includes a plurality of Doppler sensors and
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the transmit-receive switch includes a multiplexer to couple electrical signals from generator to

each of the respective sensors (e.g. 120 in FIG. 2). The exemplary sensors generate a single
divergent ultrasound beam by transforming the electrical energy into mechanical acoustic waves.

The exemplary acoustic waves are between about 5 MHz and about 15 MHz.

[000140] The sensor receives a reflected signal (e.g. an echo) and transforms the high
frequency ultrasound mechanical wave into corresponding electrical signals. These electrical
signals are received through transmit-receive switch 210 and optionally multiplexed into the
desired signal path. The exemplary digital signal processor receives the electrical signals and

distributes them to the processing path.

[000141] In general, the pre-processor includes conventional processing capabilities to receive
and process ultrasound as with conventional ultrasound signals. The conventional processing
capabilities may include conventional components needed to receive, process, and store the
corresponding sensor data such as analog-to-digital (A/D) conversion. In the system of FIG. 9,
for example, the received signals are transferred from the interface 201 through the switch 210 to
a Doppler gain 217, analog filter 219, and Doppler analog-to-digital converter (ADC) 220 where
the signal is amplified, filtered, and digitized. The amplification of the signal is controlled by a
programmable gain DAC/POT 222. The digital signal is then transmitted to a digital signal
processing (DSP) chain on the FPGA 213. The exemplary system is a 16-bit data system and
has an internal clock speed of 135 MHz.

[000142] If sensors on the elongate body are optionally used to further detect ECG activity,
then appropriate electrocardiography components and processing capabilities are provided. The
same is true for EEG signal processing, EMG signal processing, acoustic sensor processing,
pressure sensor processing, optical sensor processing and the like. Referring to FIG. 9, a right
shoulder 225 cooperates with an ECG lead 111. The ECG signal is amplified, filtered, and
otherwise modified by various components including ECG gain 219 and ECG analog-to-digital
converter 220. As is apparent from FIG. 9, the ECG signal processing is carried out by separate

components than the Doppler signal processing.

[000143] System 100 further includes other features such as a computer processor 140
implementing the guidance and navigation processing techniques described herein and a digital-
signal-processor 215 connected to a temperature sensor 227 for measuring and recording other

system information.
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[000144] Unlike conventional systems, pre-processor 139 and processor 140 include
programming and processing capabilities to evaluate information from intravenous signals
obtained from the sensors to provide specific results related to the guidance, positioning and
confirmation of location as described herein. In general, the guidance system includes
programming and capabilities of a pre-processor and processor adapted to extract information
from the sensor signals based on desired parameters, evaluate the pre-processed information
based on correlations and/or other information (e.g. knowledge of the phase of navigation), and
determine a result related to the guidance, positioning and confirmation of location. Moreover,
the system of the invention may be able to return a result based on in vivo non-image based

ultrasound alone without the need for X-rays verification.

[000145] The exemplary device is enabled to transmit and receive signals to collect
information for use in the navigation and placement process of the invention. In various
embodiments, the device transmits a non-imaging ultrasound signal into the vasculature using a
non-imaging ultrasound transducer on the endovascular device. The device receives a reflected

ultrasound signal with the non-imaging ultrasound transducer.

[000146] In one aspect, the processor 140 is adapted and configured using software, firmware
or other programming capabilities to receive and process physiological signals including, but not
limited to, a venous blood flow direction, a venous blood flow velocity, a venous blood flow
signature pattern, a pressure signature pattern, A-mode information, and a preferential non-
random direction of flow, as well as the capability to pre-process these signals to provide
parameter features as inputs to the processor. In various embodiments, the processor is
optionally adapted and configured to further receive and process other signals such as an
electrocardiogram signal, a P-wave pattern, a QRS-complex pattern, a T-wave pattern, an EEG
signal, and an EMG signal. Further discussion of other signal information and parameters

suitable for use with the system of the invention is provided below.

[000147] The exemplary processor provides an output related to the probable position of or
guidance information relating to the device within the vasculature. The exemplary processor
contains, for example, rules, functions, or relationships used to determine the probable location
and/or movement of the device within the body. Various embodiments of the guidance system
described herein apply mathematical analysis to the pre-processed inputs including, for example
and without limitation, mathematical functions, moving windows, weights, adaptive weights,

partitioning of a power spectrum, ratios of pre-processed inputs, iterations, updating of values,
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fuzzy logic, neural networks, membership functions, features, inference rules, output, and

feedback, alone or in any combination.

[000148] In general, the processing of the signal information to provide a result to the output
device generally includes the following operations. The first step is to extract information
related to one or more desired parameters from the signal inputs (e.g. retrograde/antegrade
power). Depending on the application, the information may be a numerical value derived from

the Doppler signal and optional other signals (e.g. ECG signal).

[000149] Next, the processor receives the extracted information as inputs. In various
embodiments, the processing of the input information involves determining its degree of
membership, or membership value, to a set of predefined input membership functions or classes
for catheter tip location (e.g. push the catheter in, stop and keep the current tip location, pull back
the catheter, etc.). When features cannot be described as only a single membership function, a
combined membership function may be introduced. Next, the processor evaluates membership
values for the possible output membership functions. This may include, for example, applying a
set of inference or IF-THEN rules in a fuzzy logic based algorithm, where if certain criteria are
met, then a particular zone or state is indicated. Alternatively, a neural network based algorithm
can be used, as described herein. Next, the processor calculates a score based on the
membership functions and derives a definite result related to the tip location. In various aspects,
weighting is used in the final processing of the various parameters to signify the relative impact
of each and adapt the signal to the overall condition of the data set. In various respects, the
processor output correlates to one of a number of predefined states. In some embodiments, a
plurality of scores are generated or determined based on a plurality of features, where the higher
the score, the higher the probability or likelihood of membership in a zone or state. In some

embodiments, the highest score of the plurality of scores is used to determine the state or zone.

[000150] Finally, the processor output is translated into an indicator displayed on an output
device. The indicator may be a unique light color, symbol, or other straightforward indication to

a uscr.

[000151] With reference to FIGs. 1, 9, 10, and 11, the exemplary system 200 includes
processing features corresponding to the sensors of the system. The exemplary processing
circuitry includes circuitry 202 for processing an in vivo non-image ultrasound signal and an

optional circuitry 202 for processing an exemplary ECG signal.
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[000152] In the exemplary embodiment, the optional ECG signal is used as a confirmatory

signal for the ultrasound signal processing. However, the guidance system and method disclosed
may, and in many cases will, provide for sufficiently accurate guidance and positioning without
use of a confirmation signal or other techniques for confirming position. Nonetheless, use of
such other signals may be desirable for additional placement confidence, error reporting, or

selective triggering of the data acquisition and processing mechanism among other reasons.

[000153] In various embodiments, the Doppler-based processing and positioning technique
includes the following operations explained with reference to FIG. 11. First, convert incoming
signals from a time domain to a frequency domain, as described in steps 1105, 1110, 1115 and

1120.
[000154] At step 1105, get sampled Doppler data, antegrade and retrograde flow.
[000155] Next, at step 1110, filter antegrade and retrograde flow using a band pass filter.

[000156] Next, at step 1115, in each data segment of antegrade and retrograde flow, apply

Hamming window (e.g. Hanning, Rectangular, Gaussian, etc.).

[000157] Next, at step 1120, calculate frequency spectrum (e.g. Fast Fourier Transform, FFT)

of each data segment.

[000158] Next, at step 1125, calculate power spectrum of antegrade and retrograde Doppler
data. Numerous different features are possible. Exemplary Doppler features are further

described, for example, in FIGs. 13, 14 and 15.

[000159] Next, extract features for use in processor functions. For Doppler Feature 1a (DF1a),
for example in step 1130, calculate the ratio of retrograde/antegrade Doppler power in dB per
heart beat, shown in FIG. 13. For Doppler Feature 2 (DF2), for example in step 1135, calculate
total Doppler power, as shown in FIG. 14. For Doppler Feature 3 (DF3), for example in step

1140, calculate dominant Doppler low frequency power, as shown in FIG. 15.

[000160] Next, determine the output of each membership function using the inputted features,
where the membership function provides information regarding the location of the catheter tip
based on a particular feature or features. Here, a feature includes all Doppler, ECG or other

feature used by the system.

-33 -



10

15

20

25

WO 2012/064769 PCT/US2011/059816
[000161] Next, assign a weight to each feature based upon zone score to be calculated, shown

in FIG. 16. In addition or alternatively, apply weights to membership function determinations

per membership class.

[000162] Next, calculate a score for each zone based upon Doppler or ECG feature,

membership function, weight, and summation, shown in FIG. 16.
[000163] Next, check if there are any exceptions. If so, select exception result.

[000164] If there are no exceptions, the zone with highest score calculation in each cycle

determines which indicator to display, depending upon subsequent time average.

[000165] The overall operation of the system will now be described with reference to FIG. 16.
FIG. 16 is a flow chart of the process flow used to input signals into a decision engine according
to the methods and systems described herein. Based on the listing set out above, operations
leading up to the calculation of probability of membership function are generally performed by a
pre-processor, generally designated 139. Operations including and after the membership
function determination step are generally performed by the exemplary processor 140. One will
appreciate, however, that the pre-processor and processor of the invention may be modified
depending on the application including adapting the components to perform more or less

operations and combining all the operations into a single processing device.

[000166] In various embodiments, internal and external ECG signals are obtained and fed into
the pre-processor. The optional ECG signal pre-processing may include a number of steps, such

as:

[000167] 1. Get a section of raw data from ECG signal train.

[000168] 2. Detect QRS complex wave.

[000169] 3. Detect the corresponding P wave.

[000170] 4. Calculate the magnitude of P wave, P_mag, by peak detection.

[000171] 5. Obtain the timing of each heart beat for Doppler (antegrade, retrograde) to align.
[000172] 6. Calculate the P wave feature, pRatio, as follows:

Two P_mag: external P_mag and internal P_mag are calculated as above, and
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pRatio is calculated as follows: pRatio = (internal P_mag) / (external P_mag)

[000173] In general, the pRatio increases the catheter tip moves from the periphery and towards
the heart. Therefore, as the catheter tip is navigated through the venous system, an increasing
pRatio generally indicates that the catheter is moving towards the heart and is moving in the

correct direction.

[000174] Since the P-wave in the internal ECG may elevate during the catheter insertion, the P-
wave in the external ECG may optionally be used as a reference signal in the processing system.
The reference value or a comparison to the reference value may be used as a feature as will be
described below. In addition, detection of a P-wave with biphasic characteristics can trigger an
internal software flag that may be used by the processor as a feature to determine the location
status or zone of the catheter tip. For example, in some embodiments, detection of a biphasic P-
wave can indicate that the tip of the catheter has passed the SA node and has entered the right
atrium, which in some applications indicates that the catheter tip has been advanced too far and

should be retracted. Whether the P-wave is biphasic or not is another P-wave feature.

[000175] By monitoring both the pRatio and whether the P-wave is biphasic or not, the catheter
tip can be advanced towards the heart and towards the desired destination, while also detecting

whether the catheter tip has been advanced past the destination.

[000176] Turning to FIGs. 9, 10, and 11, the exemplary system receives sampled signal
information from the one or more sensors as an input. FIG. 10 illustrates the general flow of
data within the system circuitry of FIG. 9. FIG. 11 is a flow chart illustrating the flow of data for

each data cycle.

[000177] The signal information from the sensors may consist of Doppler (ultrasound) signal,
and optionally, other non-Doppler signals. In the exemplary embodiment, the system inputs
include a Doppler signal, an intravascular ECG signal, and an extravascular ECG signal. The
exemplary pre-processor algorithm includes sampling the Doppler signal at a desired frequency.
In various embodiments, the frequency is between about 20 to about 50 KHz/channel. The

resulting sampled data may be stored in a memory, which may be local or off-device.

[000178] The signal input (sampled data) is passed through a series of pre-processing functions
to extract desired parameter information. In the illustrated example, when using optional ECG

sensors, the signals are first separated between a Doppler processing path and an ECG
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processing path. Next, the Doppler signal and ECG signals are subjected to a number of

processes to further extract desired parameter information.

tEIN 14

[000179] In various respects, “parameter”, “criterion”, and “feature” are used somewhat
interchangeably and refer to the desired information output by the pre-processor and utilized by
the processor as discussed below. In various respects, “parameter” refers to the information after
the extraction and optional mathematical operations are performed by the pre-processor.
[000180] The pre-processing generally includes separating desired parameters from the
sampled data. In one example, the device extracts Doppler directional data (e.g. antegrade and
retrograde or left and right channel). The data may be extracted at different memory locations if
it is presented as a continuous incoming data stream from the sampler. In the illustrated
example, each of the retrograde and antegrade signals are subjected to a low pass filter, high pass
filter, and spectrum analysis to extract flow information in the retrograde and antegrade
directions. The exemplary low pass filter removes noise associated with wall movement (low
frequency). The high pass filter and spectrum analysis separate the power spectrum data as
shown in FIG. 11. The data is further subjected to other operations such as Hamming, fitting
(e.g. to a Gaussian curve), and Fast Fourier Transformation (FFT) to focus on a specific

parameter or feature of interest.

[000181] The exemplary pre-processing identifies at least one desired parameter in the data
stream. In an exemplary embodiment, the pre-processor outputs the following parameters to the
processor: a ratio of the antegrade to retrograde flow, a difference between antegrade and
retrograde flow velocity, Doppler signal total power, and a ratio of average low velocity power

to high velocity power.

[000182] The exemplary pre-processor also performs numerical calculations on the extracted
information before transmitting to the processor. The pre-processor operations may include
adding, subtracting, combining (e.g. to provide a ratio), averaging, and more. As shown in FIG.
11 and further described in FIG. 13, for example, the pre-processor combines the extracted
retrograde and antegrade power values to determine a ratio of retrograde/antegrade power
corresponding to a desired “Doppler feature 1a.” Similarly, other mathematical operations are
performed to generate “Doppler feature 2” (the total Doppler power) as shown in FIG. 11 and
further described in FIG. 14. Similarly, “Doppler feature 3” (dominant low frequency power) is
shown in FIG. 11 and further described in FIG. 15.
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[000183] Doppler Feature #1a: Ratio of Antegrade to Retrograde Doppler for both high
frequency and low frequency components (DF1a). Doppler Feature #1a can be used to
determine whether the catheter tip is being advanced in the right direction. In some
embodiments, frequencies below 15000 Hz, 14000 Hz, 12000 Hz, 11000 Hz, 10000 Hz, 9000
Hz, 8000 Hz, 7000 Hz, 6000 Hz, 5000 Hz, 4500 Hz, 4000 Hz, 3500 Hz, 3000 Hz, 2500 Hz, 2000
Hz, 1500 Hz, 1000 Hz or 500 Hz can be used with this feature. In some embodiments,
frequencies above 15000 Hz, 14000 Hz, 12000 Hz, 11000 Hz, 10000 Hz, 9000 Hz, 8000 Hz,
7000 Hz, 6000 Hz, 5000 Hz, 4500 Hz, 4000 Hz, 3500 Hz, 3000 Hz, 2500 Hz, 2000 Hz, 1500 Hz
1000 Hz, 500 Hz or 0 Hz can be used. In some embodiments, a frequency bandwidth between

the high cutoff and the low cutoff can be used.

[000184] Doppler Feature #1b: Difference of Antegrade to Retrograde Doppler for a bandwidth
of frequencies (DF1b). Doppler Feature #1b can be used to determine whether the catheter tip is
being advanced in the right direction. In some embodiments, frequencies below 15000 Hz,
14000 Hz, 12000 Hz, 11000 Hz, 10000 Hz, 9000 Hz, 8000 Hz, 7000 Hz, 6000 Hz, 5000 Hz,
4500 Hz, 4000 Hz, 3500 Hz, 3000 Hz, 2500 Hz, 2000 Hz, 1500 Hz, 1000 Hz or 500 Hz can be
used with this feature. In some embodiments, frequencies above 15000 Hz, 14000 Hz, 12000
Hz, 11000 Hz, 10000 Hz, 9000 Hz, 8000 Hz, 7000 Hz, 6000 Hz, 5000 Hz, 4500 Hz, 4000 Hz,
3500 Hz, 3000 Hz, 2500 Hz, 2000 Hz, 1500 Hz, 1000 Hz, 500 Hz or 0 Hz can be used. In some

embodiments, a frequency bandwidth between the high cutoff and the low cutoff can be used.

[000185] Doppler Feature #2: Ratio of Total Doppler Power to noise floor estimate (DF2). The
Total Doppler Power is related to the total blood flow. In some embodiments, frequencies below
20000 Hz, 19500 Hz, 19000 Hz, 18500 Hz, 18000 Hz, 17500 Hz, 17000 Hz, 16500 Hz, 16000
Hz, 15500 Hz, 15000 Hz, 14500 Hz, 14000 Hz, 13500 Hz, 13000 Hz, 12500 Hz, 12000 Hz,
11500 Hz, 11000 Hz, 10500 Hz or 10000 Hz, and above 0 Hz, 20 Hz, 40 Hz, 60 Hz, 80 Hz, 100
Hz, 120 Hz, 140 Hz, 160 Hz, 180 Hz, 200 Hz, 220 Hz, 240 Hz, 260 Hz, 280 Hz, 300 Hz, 320
Hz, 340 Hz, 360 Hz, 380 Hz, 400 Hz, 420 Hz, 440 Hz, 460 Hz, 480 Hz, 500 Hz, 600 Hz, 700
Hz, 800 Hz, 900 Hz or 1000 Hz can be used.

[000186] Doppler Feature #3: Ratio of low frequency power to low frequency plus high
frequency power for both antegrade and retrograde Doppler (DF3). Doppler Feature #3 is
related to the distance from the heart, and tends to decrease in value as the catheter tip
approaches the heart. Frequencies and frequency bandwidths that can be used include low
frequency bandwidths, mid frequency bandwidths and high frequency bandwidths as described

above.
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[000187] Doppler Feature #4: Difference of antegrade to retrograde Doppler for bandwidth of

frequencies. Exemplary frequency bandwidths include for use with Doppler Feature #4 include

the frequencies and frequency bandwidths as described above.

[000188] The frequency cutoffs are based on correlations with blood flow velocities. Low
frequencies are associated with blood flow in the peripheral venous system, while high
frequencies are associated with blood flow closer to the heart such as in the central venous
system. In addition, where frequency bandwidths are used, a value or parameter can be averaged

over the frequency range encompassed by the frequency bandwidth.

[000189] Additionally or alternatively, a feature may be based on a segment, a portion or a
signal in an electrocardiogram. One such feature is pRatio. This feature is a ratio of internal
ECG P wave to external P wave reference value. Another such feature is RS amplitude (see FIG.

12B). Still another feature is the QRS complex. Still another feature is T-wave amplitude.

[000190] With regard to step 1130 in FIG. 11 and reference to FIG. 13, exemplary Doppler
feature 1a represents retrograde/antegrade power ratio (step 1130). This feature is generated by
calculating a moving average to the spectrum of antegrade and retrograde data previously
extracted by the pre-processor (step 1131). The averaged value information is aligned with a
respective heart beat (step 1132) as shown, for example, in FIG. 12A. Next in step 1133, the

retrograde and antegrade power (dB) is calculated for the heart beat and combined into a ratio.

[000191] Doppler feature 1b (DF1b) is generated using the same values as Doppler feature 1a
(DF1a). While DFla is aratio, DF1b is generated by taking a difference of the antegrade and

retrograde data. Although the mathematical inputs are the same, the features are different.

[000192] With reference to FIG. 11 and in particular to FIG. 14, exemplary Doppler feature 2
(DF2) is used to represent total Doppler power (step 1135). This feature is generated by
applying a moving average to the entire spectrum of flow data previously extracted by the pre-
processor (step 1136). The averaged value information is aligned with a respective heart beat
(step 1137) as shown, for example, in FIG. 12A. Next, the total power (dB) is determined for the
heart beat (step 1138).

[000193] With reference to FIG. 11 and in particular to FIG. 15, exemplary Doppler feature 3
(DF3) is used to represent Dominant Doppler low frequency. This feature is generated by
applying a moving average to the spectrum of data flow previously extracted by the pre-

processor and calculating the low frequency power and high frequency power (step 1141). The
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calculated power values are aligned with a respective heart beat (step 1142) as shown, for
example, in FIG. 12A. Next, the power values are combined into a ratio of low frequency power
to low frequency plus high frequency power to determine the dominant low frequency power

(step 1143).

[000194] In other aspects, one or more features may be combined in a different way or used as
part of a different function or feature. In some embodiments, features can combine information
related to multiple signal sources such as ECG, Doppler, and other sensors, such as oxygen
saturation or carbon dioxide levels. In one specific aspect, one or more features may be
combined or compared in order to determine a weight ratio. The weight ratio changes the
importance of the Doppler signal compared the other inputted signals in the processor. In one
exemplary embodiment, the weight ratio is a Doppler ECG CAJ weight ratio. This weight ratio
is used to determine the significance of Doppler signal compared to ECG, in particular when the
instrument is advancing within the vena cava approaching the caval-atrial junction. When the
ratio is large, the processor places more emphasis on the information derived from the Doppler
signal. When the ratio is low, the brocessor places more weight on the ECG signal features. The
weighting ratio is determined at every time step since conditions may change which may affect
the quality of the Doppler and ECG signals. In one exemplary embodiment, this ratio is based
on Doppler Feature #2 and pRatio.

[000195] In various embodiments, the pre-processor extracts parameter information from
additional non-Doppler sensors after separation from the Doppler signal. In an exemplary
embodiment, the pre-processor processes an ECG signal. In an exemplary embodiment, the
device includes internal and external sensors for providing an intravascular ECG signal and
external (outside the body) ECG signal. The ECG signal is passed through an ECG front end,
ECG filter, and PQRS peak detection element to extract information related to the PQRS peak.
In an exemplary embodiment, the pre-processor outputs a correlation or ratio of the intravascular
P-wave to the external P-wave as the desired ECG parameter. One will appreciate that other
ECG-based features may be extracted from the ECG waveform. Examples of other features that
may be extracted and used by the system inchllde, but are not limited to, absolute peak values,
average peak values, presence or absence of a peak, and time from peak-to-peak or beat-to-beat.
For example, the system may extract information related to the RS peak, T-wave, S-wave, and
more. The exemplary ECG parameter is output to the processor with the Doppler parameters
above. In various embodiments, the features extracted from the non-Doppler signal are

combined with the Doppler features as inputs in the pre-processing software.
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[000196] One will appreciate from the description herein that the system may make use of
signal s other than, or in lieu of, Doppler and ECG. For example, the system may make use of
sensors and data related to respiration, oxygen saturation, and more. The data used by the
system may be collected in real-time. The data may be acquired from memory or another source.
For example, information can be collected, stored, and used later, such as by performing an assay

and using information related to the assay later during navigation.

[000197] The software implementing the pre-processing techniques described can be applied in
different ways. In various embodiments, the software controls are applied to the frequency
domain after performing a Fast Fourier Transform (FFT) or in the time domain (no FFT). A
typical number of points for the FFT are 512, 1024, 2048, and 4096. These numbers represent
the length of a data vector. The signal can be averaged over time or over the number of samples
both in time and frequency domains. The on-line averaging uses a filter window of variable
length (e.g. between 3 and 25 samples) to average along a data vector. The multi-lines averaging
computes the average of a selectable numbers of data vectors. The can spectral power can be
computed in the frequency domain from the shape of the power spectrum for each of the
considered signals (e.g. directional Doppler). In an exemplary embodiment, the spectral power
of the directional Doppler spectra is used to differentiate between retrograde and antegrade blood

flow.

[000198] Accordingly, the pre-processor receives signal information comprising information
from a variety of sensors, extracts desired parameter information in successive steps, and
optionally performs a number of calculations on the extracted information. The pre-processor
receives the complex signal information and outputs discrete desired parameters, in the
exemplary case, Doppler features 1a, 1b, 2, and 3 and an ECG feature. Thus, the signals are
substantially transformed to obtain the desired parameter information. Nonetheless, the

parameter information is generally representative of the sensor signal environment.

[000199] Unlike conventional systems that merely digitize a sensor signal of a single type (e.g.
A/D conversion), one will appreciate from the description herein and the figures that the pre-
processor of the invention performs a significant amount of processing on signal data to prepare
the data for processing by the processor. The pre-processor of the invention can also receive as
an input signal data consisting of a variety of types of signals such as Doppler, ECG, and more.
The system of FIG. 9, for example, receives data from a Doppler sensor and ECG sensors and
outputs information specifically related to antegrade power, retrograde power, total Doppler

power, low frequency Doppler power, and ECG PQRS peak.
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[000200] As discussed above, the pre-processing entails a number of separation and extraction
operations. Although the parameter information output by the pre-processor reflects the signal
input, and the sensor environment, the pre-processor outputs are directed to specific information
of use by the interrelated processor. One will appreciate that the pre-processor may be
configured in various manners depending on the application to receive, analyze, condition, and

otherwise modify the incoming sensor data.

[000201] One will appreciate that the pre-processing may identify a variety of types of
parameters. The pre-processing may extract single data points, data ranges or streams, and more.
For example, the system may collect Doppler data over a segment of time, and the pre-
processing may separate a segment of the Doppler data based on pattern recognition. The pre-
processed parameters may be quantitative or qualitative, binary or fuzzy. More information

regarding the parameters suitable for use with the device of the invention is provided below.

[000202] While described above with specific reference to Doppler and ECG, the techniques
for navigation within the body are not so limited. The features used as part of a guidance system
as well as the membership functions and adaptive weights applied to those functions may be
altered to provide guidance to other parts of the anatomy or utilize other inputs/signals to
determine location and/or position. Other signals naturally generated by the body such as
electrical or acoustic signals, for example, may be utilized as part of a membership function.
Additionally or alternatively, artificial signals (i.e. not generated by or within the body) may be
introduced into, on, or about a region or location of the body and then utilized as part of a
membership function. In still other alternatives, other instrumentation may be added to the
catheter described herein, or separate devices or instruments may be utilized to provide
membership function information in addition to Doppler. Other devices or capabilities include,
but are not limited to, other ultrasound modes, encoded signals, acoustic signals, magnetic
signatures, and the like. These signals and devices may be introduced into the body, detected,

and then utilized in a membership function.

[000203] With continued reference to FIGs. 9, 10, and 11, the system 200 includes a processor
for receiving the parameter information from the pre-processor as inputs. The processor is
adapted and configured to process the input information and output a result related to the

position, movement, or confirmation of location of the sensor in the vasculature.
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[000204] Both the exemplary pre-processor and processor within the system may be adapted

and configured with software, firmware, or other programming capabilities to receive and

process the features as described.

[000205] In contrast to the pre-processor, the processor generally conducts higher-level, more
sophisticated processing of the respective data. In part, the processor implements algorithms and
makes decisions whereas the pre-processor generally extracts embedded information and

performs basic mathematical operations.

[000206] In various embodiments, the positioning method includes comparing the parameters

to another value. In an exemplary embodiment, the processor compares the flow energy directed
away from the endovascular device to the flow energy directed towards the endovascular device.
In one aspect, the system selects for comparison the flow energy related to blood flow within the

range of about 2 cm/sec to about 25 cm/sec.

[000207] In various embodiments, the positioning method includes processing the reflected
ultrasound signal to detect indicia of pulsatile flow in the flow pattern. The indicia of pulsatile
flow may be any of a number of different parameters. The indicia of pulsatile flow may be: a

venous flow pattern, an arterial flow pattern, an atrial function of the heart, and the like.

[000208] In various embodiments, the pre-processor makes use of decision processing. In
various embodiments, the pre-processor separates a desired parameter from the signal data,
makes a comparison, and then decides whether to store information related to the parameter for

use based on the comparison.

[000209] In various embodiments, the pre-processor and/or processor include filters. Selective
filtering of certain frequencies may be used to remove undesired artifacts and frequency
components, e.g., high frequencies indicative of a high degree of turbulence. Selective filtering
also may be used to emphasize certain frequencies as being more important in the decision
making process. For example, the lowest and the highest relevant frequency of the spectrum (i.e.
the lowest and the highest relevant detected blood velocity) can be associated with certain

location in the vasculature and in the blood stream.

[000210] One will appreciate from the description herein that the device in accordance with the
invention may be modified to perform the pre-processing and processing functions within

different structures. For example, some of the pre-processing may be performed on-board a
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sensor. Some or all of the pre-processing may be integrated into the processor or provided as a

separate unit. In addition, the order of the operations may vary depending on the application.

[000211] The processor may be configured to process the parameter inputs by adapting
processing techniques understood by one of skill in the art from the description herein. In
various embodiments, the processor utilizes artificial intelligence programming. Examples of
artificial intelligence programming that can make use of the principles described herein include,
but are not limited to, logic such as first order logic (e.g. fuzzy logic) and proposition logic, an

expert system, a neural network, and an inference engine.

[000212] With continued reference to FIGs. 9 and 10, the processing platform 4 can be a
generic one like a persbnal computer or a dedicated one containing digital signal processors
(DSP). The computing platform serves two purposes. It provides the processing capabilities of
the pre-processor 139 and processor 140, which allows data processing algorithms to run. The
various data processing algorithms employed by the various methods of embodiments of the
current invention are described in greater detail below. The other purpose of the computing
platform is to provide “back-end” functionality to the system 100 including a graphical user
interface, data storage, archiving and retrieval, and interfaces to other systems, e.g., printers,
optional monitors, loudspeakers, networks, etc. Such interfaces can be connected in a wired or
wireless configuration. Those of ordinary skill will appreciate that the conventional components,
their configurations, their interoperability and their functionality may be modified to provide the

signal processing and data capabilities of the guidance system 100.

Guidance and Positioning Principles

[000213] While desiring not to be bound by theory, certain aspects of the invention operate
based on the principle that certain locations in the vasculature can be identified by specific blood
flow parameters and correlation between these blood flow patterns at those locations. These
patterns may be based on, for example, Doppler blood flow measurements. This information
may be supplemented and/or confirmed based on parameters related to other sources such as an
intravascular and/or extravascular electrocardiogram and blood pressure. Moreover, the
direction of travel for a sensor-equipped endovascular device relative to the direction of blood
flow can be derived from Doppler information. In various respects the methods and systems for
intravascular guidance and placement are based on the recognition of patterns in the signals for

different physiological parameters and correlation of those signal patterns.

-43 -



10

15

20

25

30

WO 2012/064769 PCT/US2011/059816

[000214] Signals or information based on one or more of the above may be used by the pre-
processor and input to the processor described herein to accurately determine a position.
Alternatively, one or more principles and rules used by the processor system may be based on

one or more of the above.

[000215] In various aspects of the invention, the system processes position and/or direction
information in real-time using the sensors, techniques, data acquisition, and processing described
herein. In the case of a Peripheral Inserted Central Catheter (PICC) line, a user receives real-
time, constant feedback on advancing a guided vascular access device to allow the PICC to
advance along a desired path from an insertion vein into the vena cava and towards the sinoatrial
node. The system recognizes unintended entry into other veins based on the differences in flow
patterns or other parameters extracted from the intravascularly placed sensor signals. As such,
the system may recognize unintended entry into the right atrium, inferior vena cava, jugular vein,
the subclavian vein. Additionally, the system may detect when a sensor is against the vessel
wall. By monitoring and processing the data acquired from sensors positioned on the
endovascular access device, the user can be notified when the device tip reaches the ideal
placement in the lower third of the superior vena cava, at the caval-atrial junction (CAJ) and/or
in the proximity of the sinoatrial node. The system recognizes these locations of the vena cava,
and other vascular components, by analyzing sensor-acquired data to identify unique flow

patterns in order to confirm placement, location and/or guidance.

[000216] In various embodiments, the sensor technology described herein is only a non-
imaging ultrasound. The unique flow patterns may be discerned using non-imaging ultrasound
and as such does not require all the elements that make ultrasound imaging possible, such as
scanning with a moving transducer, working with phased arrays and beam forming, and the like.
As such, embodiments of the present invention provide a vascular access and guidance system
with a hand-held, simple, inexpensive user interface. Non-imaging ultrasound includes a number
of various ultrasound techniques and processing configurations, by way of non-limiting example:
A-beam ultrasound, Doppler ultrasound, continuous wave Doppler ultrasound, pulsed Doppler
ultrasound, color Doppler ultrasound, power Doppler ultrasound, bi-directional Doppler
ultrasound, and ultrasound techniques that provide for the determination of velocity profile based

on correlation of blood flow and time.

[000217] The physiological information is analyzed in order to identify the location in the

vasculature where the information was acquired. Because body functions are unique at certain

-44 -



10

15

20

25

30

WO 2012/064769 PCT/US2011/059816

corresponding unique locations in the vasculature, embodiments of the present invention can use

measurements of the body functions and detect location in the body.

[000218] In various embodiments, the present invention relates to the use of the blood flow
profile to detect the proximity of the sinoatrial node and of the caval-atrial junction. FIG. 20
illustrates the anatomical location of the caval-atrial junction at the confluence between the
superior vena cava (SVC) and inferior vena cava (IVC) just before entering the right atrium
(RA). FIG. 21 illustrates the anatomical location of the sinoatrial node at the caval-atrial
junction (CAJ). The function of the vasculature and the function of the heart are unique at the

caval-atrial junction both in terms of blood flow profile and of electrical activity of the heart.

[000219] In various embodiments, the methods, devices and systems described herein use a
“multi-vector” or “multi-parameter” approach. Multi-vector approach refers to the use of
multiple parameters such as the blood flow information, the electrical activity information, and

the relationship between the two.

[000220] In various embodiments, the system is a multi-parameter system that uses
intravascular electrocardiograms or other physiological or non-physiological sensor data in
combination with the ultrasound signal. In various embodiments, the system according to the
present invention identifies the blood flow profile characteristic of the caval-atrial junction and
optionally identifies ECG waveform patterns characteristic of the proximity of the sinoatrial
node. When both these patterns are present, the system indicates to the user that the desired
target location has been reached. One benefit of this approach is that the location is accurate
without the need for ECG signals and other methods. Another benefit of the exemplary
approach using ECG as an optional confirmatory signal is that the blood flow and the electrical
activity are independent physiological parameters and thus, by considering them together, the
accuracy of the location information is further improved over any system dependent on ECG

signals alone.

[000221] With particular reference to FIGs. 9, 10, and 16, the operation of the processor 140
will now be described in greater detail. As shown in FIG. 10, the processor receives the pre-
processor outputs, processes the data, and provides a result 250 related to navigation and
guidance of the sensor. The exemplary processor 140 sorts the parameter information from the

pre-processor into membership functions.
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[000222] As discussed above, the pre-processor 139 extracts and translates sensor signals into

processing parameters. The processing parameters (variables) output by the illustrated pre-

processor are shown in Table 1 below.

Table 1
Processing Variables
Feature Parameter/Variable
Doppler 1a (DF1a) Ratio: antegrade flow to retrograde flow
Doppler 1b (DF1b) Antegrade flow minus retrograde flow
Doppler 2 (DF2) Doppler Signal Total Power
Doppler 3 (DF3) Ratio: Low Velocity power to (low
frequency power plus high frequency
power)
ECG 1 (El) Ratio: P wave intravascular to P wave
external

[000223] The first four parameters—DF1a, DF1b, DF2, and DF3—relate to a Doppler signal.
The processor also optionally receives a non-Doppler signal, E1. In one aspect, the non-Doppler
signal is based on one or more portions of an electrocardiogram signal as described herein. The
variables are generated by the pre-processor as explained above. The methods of extracting the

parameters from the sensor signal are described above with respect to FIGs. 13-15.

[000224] The non-Doppler signal may be used for several purposes. For example, the non-
Doppler signal can be used to align the Doppler parameters and/or sampling with physiological

events (e.g. a heartbeat, inhalation of the lungs, or a nerve signal).

[000225] In various embodiments, the processing is catried out by recognizing flow patterns
and/or signatures in the blood flow. In various embodiments, the processor compares a
respective processor input (pre-processor output) to a calculated or expected value. In various
embodiments, the processor compares a respective processor input to values in a look-up table.
The use of a look-up table provides the advantage of reducing the number and complexity of
processing operations that must be performed. In various embodiments, the processing makes
use of thresholds. For example, an increase of a feature value above a threshold may indicate the

catheter tip is in a specific zone or location.

[000226] The processor may make use of a computer platform programmed with software or

embedded with code to perform the processing functions described herein. In various

- 46 -



10

15

20

25

30

WO 2012/064769 PCT/US2011/059816

embodiments, the system utilizes standard intravascular system components and a computer

program product for performing instructions related to the functions described herein.

[000227] In the exemplary case, the software is based on artificial intelligence. In various
embodiments, the processor operates based on fuzzy logic. The principles and techniques for
utilizing fuzzy logic systems are described in the following: European Patent Application No.
97830611.6 filed on November 18, 1997 entitled “FUZZY LOGIC METHOD FOR AN
INDIRECT MEASURE OF A PHYSICAL SIGNAL TO BE MONITORED, AND
CORRESPONDING MEASURING DEVICE” with Publication No. EP 0917069; Application
No. 08/938,480 filed on September 30, 1997 entitled “FUZZY LOGIC TISSUE FLOW
DETERMINATION SYSTEM?” granted as U.S. Patent No. 5,857,973; Application No.
PCT/US01/09115 filed on March 22, 2001 entitled “METHOD AND APPARATUS FOR
ASSESSING HEMODYNAMIC PARAMETERS AND BLOOD VESSEL LOCATION
WITHIN THE CIRCULATORY SYSTEM OF A LIVING SUBJECT” with International
Publication No. WO 01/70303; Application No. 10/961,709 filed on October 7, 2004 entitled
“ULTRASOUND IMAGING SYSTEM PARAMETER OPTIMIZATION VIA FUZZY LOGIC
with U.S. Patent Application Publication No. 2006/0079778; and Application No. 10/329,129
filed on December 24, 2002 entitled “METHOD AND APPARATUS FOR WAVEFORM
ASSESSMENT” granted as U.S. Patent No. 7,043,293, each of which is incorporated by

reference in its entirety.

Time Intervals and Selective Acquisition and Processing

[000228] Time underlies much of the data acquisition and processing method described herein.
For example, the time of acquisition, sampling frequency and PRF, and other time factors play
roles in the described positioning method.

[000229] In various embodiments, increasing sampling frequency (i.e. PRF) may increase
resolution of the system. With reference to FIG. 124, increasing the sampling frequency may
increase the number of data points for each processing cycle between a start time, t0, and stop

time, tf.

[000230] In various embodiments, the position and guidance of the sensor is broken into
discrete movement increments and the sampling frequency is faster than the sensor is expected to
move. Put another way, the sampling frequency may be tied to other factors than mere
movement of the sensor such as the heart rate, breathing rate, and more. As the sensor moves
from a location SO to location S1, the processing system receives more than one data set. In

other cases, signal data from more than one period or point of time may be bundled together.
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[000231] Additionally, by analyzing the behavior of a parameter over a period of time, the
system can realize several advantageous features. FIG. 12A illustrates an exemplary period of
time selected by the system for analysis, which will generally be referred to here as the

“processing window.” The window starts at time t0 and ends at time tf.

[000232] In various embodiments, the processing windows for all or a portion of the
positioning procedure are of substantially uniform length in the time domain. In various
embodiments, the processing windows are shorter for increased granularity in one region than
another. For example, it may be desirable to sample data faster and increase the rate of
positioning analyses as the sensor approaches a desired or undesired destination. By segmenting
the signal data and modifying the frequency and length of the segments, the speed and
performance of the system may also be improved or adjusted. In various embodiments, the
system recognizes when the signal data in one block of time is substantially similar to another

and either bypasses the processing operation or deletes the subsequent block as being redundant.

[000233] Signal pre-processing and processing functions on any or all of the collected signals
can be performed over time intervals. In one specific example where the signals are derived
from ECG and Doppler signals, one or more time intervals could be selected to include
correlation between the ECG and Doppler signals within a sub-interval of a heartbeat (shown,
e.g., in FIG. 12A). Exemplary waves, points, intervals and subintervals for the heart rthythm that
may be used for correlation measurements, pre-processing or processing functions include, for
example, (a) any of the various waves or portions thereof such as P-wave, Q-wave, R-wave, S-
wave, T-wave, or U-wave; (b) any of the various segments or portions thereof including the PR
segment or ST segment; (c) any of the various intervals or portions thereof including the PR
interval, the QRS interval, the QT interval, the ST interval; (d) the amplitude of any portion of
the ECG waveform such as the P-wave amplitude, RS amplitude, T-wave amplitude; and (e) the
use of the overall shape, amplitude or variation in a portion or sub-portion of the signal such as

the QRS complex, the J point or any other inflection point in the electrocardiogram,

[000234] Features that may be obtained from pre-processing operations include energy and
waveforms of the ECG signals such as QRS complex ratios and antegrade and retrograde blood
flow velocity signals. Features provided by collected signal pre-processing over the same time
interval or at different time intervals (i.e. in synchrony with a specific portion of the QRS
complex, respiratory cycle or other timing sequence imposed on the data collection and pre-

processing activities) are utilized in membership functions and other aspects of the processing
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described herein. These optional features include, but are not limited to, ECG signal waveform,

amplitude, position or other information related to the P-wave, QRS complex and the T-wave.

[000235] FIG. 12A illustrates a standard ECG wave. The ECG can be broken down into three
primary components: the P-wave, QRS complex, and T-wave. These different components
along with numerous other segments and values are indicated on FIG. 12A. Each of the different
waves corresponds to different electrical activities of a normal heart. The P-wave may be of
interest because it corresponds to atrial depolarization. As is understood in the art, the P-wave
becomes distorted during atrial fibrillation. As the above illustrates, even in the case of patients
with atrial fibrillation, the atrial electrical activity, which may not be seen on the regular skin
ECG, becomes visible and relevant as the intravascular ECG sensor approaches the caval-atrial
junction. Both the amplitude of the atrial electrical activity and its relative amplitude versus the
QRS and R-waves change visibly at the caval-atrial junction in the close proximity of the sino-

atrial node,

[000236] In addition to P-wave changes, various other portions of the QRS complex may be
used with the positioning techniques described herein. For example, the amplitude of one or
more segments may be compared to any portion of or all of an external ECG signal, an internal
ECG signal or a reference ECG signal. In another alternative aspect, an ECG signal may be
compared beat-to-beat or compared against earlier obtained ECG data. In one specific aspect,
the amplitude of a portion or a segment of the electrocardiogram is used in the positioning
process. In one alternative embodiment, the relative amplitude of a portion of the QRS complex
is used. In one specific embodiment illustrated in FIG. 12B, the amplitude of the RS signal is
used. FIG. 12B illustrates an exemplary ECG waveform from the brachial area (left side of the
figure) and from the caval-atrial junction or CAJ area (right hand side of the figure). In this
illustrative embodiment, the RS amplitude is compared against prior measured RS amplitude.
FIG. 12B illustrates how the overall RS amplitude increases when advancing towards the CAJ
from the brachial area. This information may be used in conjunction with positioning techniques
described herein. For example, when a comparison of prior RS amplitude signals reveals that the
amplitude has increased and remained consistently increased, then the processing algorithm may

use that information as an additional factor for determining position of the instrument.

[000237] FIG. 12B illustrates one exemplary use of changes in amplitude of a portion of the
electrocardiogram signal. Other portions of the electrocardiogram signal may also be used in a
similar fashion depending upon the particular patient circumstances. Consider for example the

case of a patient experiencing an irregular heart rhythm during a catheter placement procedure.
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In that event, the processing system may stop using one portion of the electrocardiogram made
unreliable by the irregular rhythm and instead analyze a different portion of the
electrocardiogram signal that is believed reliable. In addition or alternatively, the system may
alter the weighting factor applied to those portions of the processing system that relies on the
electrocardiogram information. By adjusting the weighting factor of the now unreliable ECG

information, the processing system adapts to the reliability of ECG information.

[000238] In various embodiments, one or more parameters may be related to or aligned with
Doppler signal information at a specific moment in the heart cycle. A parameter or feature that
is aligned includes an average value, a summation, a truth value (e.g. has it passed a threshold
value), a maximum value or a minimum value, and the like. As shown in FIG. 12A, for
example, the data point or data period for the parameters may be selected based on the desired
physiological event, in this case the heart pumping. This alignment may also occur by selecting
the same portion of the electrocardiogram cycle for successive heartbeats. The portion of the
electrocardiogram used to correlate the various signals used by the system during either or both
of pre-processing and position calculations may be any of those electrocardiogram signal
indications (i.e., waves, segments, intervals, points or portions) illustrated or described herein or
with respect to FIGs. 12A and 12B. By example in reference to FIG. 12A, one feature may
incorporate parameters obtained during times t1 (i.e., R-wave peak), t2 (i.e., S-wave peak), or
both. In one specific example, Doppler feature 3 may incorporate a parameter analyzed over a
period t3 (i.e., a time period corresponding to the interval from the S-wave to the J point). In the
case of t3, another Doppler feature may be an average value, a summation, a truth value (e.g. has

it passed a threshold value), a maximum or minimum, and the like.

[000239] Each of the exemplary features DF1 (DF1a or DF1b), DF2, and DF3 are used in
combination in the analysis cycle shown in FIG. 11. When the sensor moves and/or new sample
data is acquired, the cycle repeats and new DF1, DF2, and DF3 values are acquired. One will
appreciate, however, that in the next cycle DF1, DF2, and DF3 will likely be acquired at slightly
different times between t0 and tf and relative to each other. Alternatively, one or more of the

features may be acquired at set times relative to t0, tf, or other indicia.

[000240] One will appreciate that, the feature values likely will vary when shifted to different
times within a single processing window (in this example corresponding to the ECG waveform).
As will be understood from the description herein, the feature values may be aligned with

specific events. As described herein, features and parameters can be combined in a function or
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algorithm that relates the features to the parameters in order to determine a score that indicates

positional information regarding the catheter tip.

[000241] In various embodiments, the properties of the ultrasound beam generated by the
sensor are modified with respect to time. For example, it may be desirable to modify the
operating frequency and/or the pulse repetition frequency to sample different target volumes or
at different depths of penetration. The volume of the target of interest is defined as the three-
dimensional region encompassed by the beam geometry and contained in the acquisition
(processing) window. In various embodiments, the operating frequency is about 10 MHz to
allow for a maximum penetration depth of about 20 mm. In various embodiments, the pulse
repetition frequency (PRF) is about 40 kHz to allow the ultrasound wave to penetrate to a

sufficient depth between pulses.

[000242] The modification of the processing based on the time function may be used to realize
several unexpected advantages. For example, the period of time for inspection can be used as a

quasi-filter by narrowing the analysis window to exclude undesirable data.

[000243] Aspects of the systems and methods described herein enable vascular navigation and
device positioning in patients having irregular heartbeats such as arrhythmia including, for
example, atrial fibrillation. If an irregular heart rate is detected or indicated, the processing
system may apply a weighting function to a period of time over a specific portion of the ECG
signal (e.g. the P-wave) during the signal processing and/or pre-processing. As a result, the
feature produced from an irregular ECG signal may be weighted to reduce reliance on the ECG
signal if the irregular aspect of the heart beat renders it unusable. If the irregular aspect of the
heart beat, however, only renders a portion of the ECG signal unreliable, then the pre-processing
may then be used to filter out the unreliable portion of the ECG signal. Alternatively, the
irregular aspect of the heart beat may simply cause a different aspect of the ECG signal to be
used based on the type of irregularity presented by the patient. Thus, in a patient suffering from
arrhythmia, a ECG signal value may be different from a “normal” patient but still usable in the
arrhythmic patient. As such, the signal collection and pre-processing features may be adjusted to

utilize different portions of the ECG signal based on the type of arrhythmia.

[000244] Any of a wide variety of physiological characteristics of the body may be collected,
pre-processed and then used with the pre-processor and processor to determine the location of
the device within the body. Physiological characteristics often change depending upon location,

relative movement, or proximity to structures within the body.
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[000245] The signals used in the system described herein may be naturally produced by body
functions, such as from electrical signals of the body like ECG, EMG or EEG. In addition or
alternatively, the signal may be the result of an interaction with the body from an artificial signal
or source introduced into a portion of the body. Such artificial signals include those generated
through use of ultrasound, magnetic, or electric fields (e.g. through contact with the body with a
probe, electrode or instrument in order to produce a signal or input at a specific, predetermined

location in the body).

[000246] In various embodiments, one or both of the pre-processor and processor makes use of
information related to the behavior in time of any of the parameters described herein. In one
example, the behavior refers to the difference between strongly pulsatile flows present in the
right atrium, in the heart in general, and/or in the arterial flow compared to the low pulsatility
characteristic of venous flow. As the sensor moves, the pulsatile nature of the flow changes and
the system makes a determination based on this behavioral change or pattern. The system may
also take into account a periodic change in behavior of the flow profiles in comparison to the
heart rate. In one example, a stronger periodic change with the heart rate or pulsatility may be

indicative of the right-atrial activity.

[000247] In various embodiments, the sensor, pre-processor, and/or processor are synchronized
for data acquisition and processing. The signal data can be provided as data points triggered by
activation of the sensor and/or recording of a specific point in time in the data stream. The
method of the invention may also use averaging, smoothing, and other techniques in connection

with processing of the real-time data.

[000248] Focusing on FIG. 12a, the parameters output by the pre-processor may relate to the
same point in time or different points in time within the same processing window. Referring to
FIG. 12a, for example, one parameter may correspond to t1 and another parameter used in the
same processing cycle may correspond to t2. In various embodiments, the system is configured
to process the signal information over predetermined periods of time such as t3. The
predetermined periods may be preset or may be modified by a feedback loop at the end of each

analysis cycle.

[000249] The processing methods and algorithms may also identify important or unique
signatures useful in guidance, localization or correlation. The method may include different or
customized software or programming for processing ultrasound signal and/or other optional

signal information. The processing may include processing of reflected ultrasound signal to
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identify the caval-atrial junction or to determine the highest average velocity of a velocity

profile.

[000250] Certain of the parameters used by the system may be more reliable or more
significant at different points in time. The system may make use of this fact. For example, if the
antegrade flow velocity may be more significant during the strongest part of the contraction
period, the system can analyze the antegrade flow velocity parameter only at this time. Other
parameters may be more significant over selected periods of time than as specific periods. Yet
other parameters may be more significant at peaks and valleys. Accordingly, the system may
employ filters, synchronization of the sampling, recording, and processing functions, and other
techniques to improve the parameter data to the processor. In various embodiments, the system
weights the influence of each of the parameters. The system may employ an expert system such
that the weights are changed based on expert knowledge. In various embodiments, the weights
can fluctuate between zero and one such that a parameter can have no influence, complete

influence, or anything in between.

[000251] In various embodiments, another sensor and signal data are provided and configured
as a trigger to acquire and/or process the ultrasound information. In one aspect, the signal from
one sensor is the trigger for acquisition or processing of a signal from another sensor. In this
manner, the data from two different physiologic sensors may be correlated in time and to the
trigger signal. Alternatively, rather than triggering acquisition data from the triggered sensor, all
sensor data could be collected and/or stored and the trigger could instead result in the processing
of only the subset of the data based on the trigger data. In either triggering scheme, the trigger
sensor data and the triggered sensor data are processed together to yield the benefits described
below. One will appreciate that the triggering method described may be used to correlate the

data acquisition to the points in time when particular parameters are more or less significant.

[000252] In various embodiments, the optional intravascular electrocardiograph (ECG) signal
is used for selective (gated) acquisition and processing of the blood flow information, depending
upon the specific characteristics of the electrocardiogram signal being utilized. For example,
when the electrocardiogram signal is produced by the heart, the gating acquisition may be based
on one or more integrals of the heart cycle. In this example, detection of the P-wave detection
from an electrocardiogram sensor may be triggering signal for acquiring ultrasound data from an
ultrasound sensor. As described herein, the unique P-wave signal detected when an
electrocardiogram lead is positioned in the superior vena cava near the sino-atrial node 8 can be

used to confirm the detection of the unique blood flow pattern that also occurs in this area of the
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vasculature. In this way, the existence of both unique physiological signals from two different
physiological systems increases the accuracy of the guidance system embodiments described
herein. This selective approach may increase the accuracy of determining blood flow patterns

corresponding to locations in the vasculature.

[000253] In various embodiments, a feature may be derived from a Doppler signal waveform,
amplitude, position, or other aspect. In various embodiments, the selective acquisition and

processing is based on muscular or physiological events such as those corresponding to:
[000254] 1. Retrograde flow from atrial contraction;
[000255] 2. Antegrade flow during systole, tricuspid valve closure and/or atrium fill

[000256] 3. Retrograde flow at end of systole, capacitance of atrium goes to zero and

negative pressure wave reverses flow in superior vena cava, and
[000257] 4. Antegrade flow during diastole, filling of both atrium and ventricle

[000258] In various embodiments, the selective acquisition and processing are triggered by

acoustic signals from the body such as valve closing or filling of a passage.

[000259] In various embodiments, the method of positioning an endovascular device in the
vasculature of a body includes processing the reflected ultrasound signal to detect indicia of
pulsatile flow in the flow pattern. The indicia of pulsatile flow may be any of a number of
different features. The indicia of pulsatile flow may be: a venous flow pattem; an arterial flow
pattern or an atrial function of the heart. Likewise, the processing may be based on indicia of

other events or features.

Input Features for Navigation and Guidance

[000260] The above description provides a better understanding of the pre-processor outputs
and nature and quality of the feature information utilized by the processor. Although the
exemplary system is described in terms of three specific Doppler parameters, DF1a, DF1b, DF2,
and DF3, and one ECG signal, E1, one will appreciate that a variety of features may be used in

accordance with the invention.

[000261] As described above, the pre-processor may be configured to extract and transmit a
number of feature values to the processor. The feature information will now be described in

greater detail.
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[000262] In various embodiments, the pre-processor is configured to receive a signal from the
non-imaging ultrasound transducer and extract a feature including, but not limited to, a venous
blood flow direction, a venous blood flow velocity, a venous blood flow signature pattern, a
pressure signature pattern, A-mode information, a preferential non-random direction of flow, and

others.

[000263] Additional features useful in assessing location in the vasculature based on Doppler
informatibn are described below. Examples of some of the other features that can be used to
determine sensor location in the vasculature from the blood flow velocity profiles include, but
are not limited to: a) comparing energy (e.g. as measured by spectral power in frequency
domain) of each of the directions of bidirectional flow; b) bidirectional flow patterns in lower
velocity range to detect the caval-atrial junction; ¢) pulsatility to detect atrial activity; and d) the

highest meaningful average velocity of the velocity profile and others described herein.

[000264] In another example, one feature used for correlating the Doppler frequency (velocity)
distributions to the anatomical locations relates to the spectral power or the area under a specific
Doppler frequency curve (the integral computed of the frequency spectrum) in conjunction with
the uniformity of differences in frequencies over the entire frequency range. The sensor may be
positioned in the superior vena cava looking towards the heart and with the main blood flow
stream moving away from the sensor towards the heart. Based on the Doppler frequency curves
(e.g. the relative areas under each curve correlated to the relative amount of flow) over the whole
range of Doppler frequencies (velocities), the system can make a determination, for example, the
catheter tip has been pushed into the jugular vein. Consequently, if the blood velocity profile
shows larger spectral power in one direction it can be inferred that this is the predominant

direction of flow of the blood stream.

[000265] Another feature is related to the distribution of the low velocities in two directions—
towards and away from the sensor. In a vein, the blood velocities are different than in the right
atrium. Therefore, most of the relevant spectral energy will be present in the low velocity range.

Typically, low blood flow velocity range is from 2 cm/sec to 25 cm/sec.

[000266] Another feature is the similarity between the antegrade velocity curve and the
retrograde velocity curve. At the caval-atrial junction (shown in FIG. 19) the curves are almost
identical with similar areas (similar energy or the area under curves) and with similar velocity

distributions (similar velocity profiles or shape of the curves). This is indicative of the similar
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inferior vena cava (IVC) and superior vena cava (SVC) flow streams joining together from

opposite directions when entering the right atrium.

[000267] Another feature is the amplitude of the antegrade and retrograde velocity curves. The
higher the amplitude at a certain frequency, the higher the signal energy (i.e. the more blood

flows at the velocity corresponding to that particular frequency).

[000268] Another feature is the amplitude of the highest useful velocity contained in the
antegrade and retrograde velocity profiles. In one example, useful velocity is defined as one
being at least 3 dB above the noise floor and showing at least 3 dB of separation between
directions. The highest useful velocity may be an indication of the highest average velocity of
the blood stream because the exemplary device intends to measure volumetric (average)

velocities.

[000269] The correlation between the shape, amplitude, and other characteristics of the
intravascular waveforms and relative changes can also be used as the feature information for

positioning, guiding, or confirming sensor location in accordance with the invention.

[000270] As described above, the system may also make use of non-Doppler information for

different purposes, including, but not limited to, confirmation and error reporting.

Membership Functions

[000271] Turning back to FIGs. 10 and 16, the processing operation in accordance with the
invention will now be described in greater detail. As shown in FIG. 16, the Doppler signal and
other optional signals are input to the pre-processor 139 where they are separated. The pre-
processor outputs the desired feature information and transmits the feature information to the

processor 140.

[000272] Various aspects of the system are based on the recognition of patterns in the sensor
signals for different physiological features and correlation of those signal patterns. The pre-
processor extracted information relates to the different, desired physiological features, and the

processor identifies patterns and correlations among the pre-processed information.

[000273] Various aspects of the system and method of the invention correlate the features to
the phase of intravascular navigation. For purposes of illustration, one example of the system

and method in accordance with the invention will be described with reference to FIG. 16.
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[000274] Referring to FIG. 16, the exemplary processor sorts each of the Doppler features into

membership functions 230 (also shown in Table 3 below). Given each feature value (shown in
Table 1 above), the membership function value, similar to a conventional probability function, is
calculated for each zone. The achieved purpose of the exemplary system is to indicate the
position of the catheter tip with plus or minus about 3 cm, 2 cm, or 1 cm accuracy at the cavial

atrial junction of the human heart.

[000275] Various aspects of the system and method of the invention correlate the parameters to
the phase of intravascular navigation. To that end, the processor utilizes inference rules
governing the use of parameter information in the various “states” of navigation. The rules and
principles used with the present navigation technique will be understood from the description

herein.

[000276] In order to determine the probable location of or recommended movement of the
device, the exemplary guidance system utilizes the features of Doppler signals in each state. The
exemplary system uses an optional ECG signal to increase the confidence level. Table 2 briefly

describes the rules governing the use of features in each state.

[000277] The exemplary states of navigation include state 0 (weak or low usefulness of the
parameter), state 1 (ECG P-wave is not elevated), state 2 (ECG P-wave is elevated), and state 3

(ECG signal is not elevated or ECG P-wave is elevated, and ECG p wave shows biphasic).

[000278] The states illustrated in Table 2 are based on known information about the behavior
of the Doppler parameter and optional ECG parameter in various states or phases of navigation.
For example, as is generally understood in the art, the flow will generally flip from
predominantly antegrade to retrograde if the sensor improperly enters the atrium. Thus, the

exemplary state 3 corresponds to predominating of the retrograde flow.

[000279] Additionally, the processor may take into account previous location information. For
example, state 3 may only be achieved after passing through one or more of states 0, 1, and 2.
State 3 would only be expected to be reached after the device is properly positioned in and

navigates the venous vasculature.

[000280] The exemplary system also makes use of the ECG signal for confirmation of location.
In state 3, the ECG signal is expected to be low or the P-wave is elevated, and ECG P-wave
shows biphasic. Thus, the states of Table 2 incorporate known information about the

environment of specific states of navigation and current and prior navigation.
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Table 2
The features of each state
State | ECG signal | System output | Description Clinical Doppler signal
displayed on operator’s
console action
The Doppler Wait for
State | Weak or low signal istoo | about 5~10 | Doppler power
0 usefulness weak, or any | sec, or push is relatively
: other in/push out weak
(Yellow) unknown the catheter,
scenario and see if
the sign
changes
State | ECG p wave The optimal Advance Antegrade flow
1 is not elevated location is the catheter | is dominant over
ahead retrograde flow
State | ECG p wave The catheter Stop and Dominant low
2 is elevated tip location is | keep the tip frequency in
P . at the optimal | locationin | both antegrade
(Blue Bull’s locatli)on the area, and retrograde
Eye) ready to flow
wrap up the
procedure
Either the tip
State | ECG signal is locationistoo | Pull back | Retrograde flow
3 not elevated deep in the catheter | is dominant over
or ECGp atrium, or in until red antegrade flow
wave is wrong places, sign
elevated, and such as changes to
ECG p wave subclavian, other signs
shows azygos, 1], or
biphasic the stylet is

coiled

[000281] With continued reference to FIG. 16, next exemplary processor 140 translates the
parameter features (e.g. DF1 (DF1a, DF1b), DF2, DF3, and E1) from the pre-processor into

membership functions 230 for further processing of the probability that the device is in or not in

a particular state of navigation. Table 3 illustrates the membership functions. For a feature DF1,
for example, the membership functions are PZ0D1, PZ1D1, PZ2D1, and PZ3D1. These

membership functions correspond to the parameter value in each of zones 0, 1, 2, and 3,

respectively.
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Table 3
Membership Functions

Membership Function Feature
PZ0D1 DF1
PZ1Dl1 DF1
PZ2DI1 DF1
PZ3D1 DF1
PZ0D2 DF?2
PZ1D2 DF2
PZ2D2 DF2
PZ3D2 DF2
PZ0D3 DF3
PZ1D3 DF3
PZ2D3 DF3
PZ3D3 DF3
PZOE1 : EF1
PZ1E1 EF1
PZ2E1 EF1
PZ3E1 EF1

[000282] In general, the exemplary processor calculates a membership score for each state of
navigation (shown in Table 5 below) based on a specific set of rules to calculate the state with
the highest probability (which corresponds to the result). The exemplary system makes use of

the rules described in Table 2 above.

[000283] Table 4 lists the weighting matrix for each of the Doppler parameters in each of the
states of function. Thus, as shown in Table 4 and FIG. 16, for example, DF2 will be weighted by
a factor of Wy3 in state 0. In state 1, the weighting will change to Wg3.

[000284] The rules governing the use of the parameter information in the various “states” of
navigation described herein inform the weighting of the calculation and balancing of the
contribution of the various parameters. The weighting is determined based on the contribution of

each parameter/feature to each class.

[000285] Additionally, Table 4 indicates that the each feature has a weight for each state
(zone). In fact, the weights can be zero for some zones or states based on the current condition
or strength of the Doppler and ECG signals. For example, State 1 uses all four Doppler features
and pRatio (ECG1). By contrast, State 0 (yellow) only looks at DF2 and pRatio. In some
embodiments, not every feature is used to determine the score. In still other embodiments, the
relative strength of a signal may be used to adjust a weight. For example, a weak signal can be

weighted less than a strong signal or have its weight decreased, while a strong signal can be
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weighed more than a weak signal or have its weight increased. This is one example of adaptive

weighting which allows the algorithm to adjust to the patient and/or changing conditions during

use.
Table 4
Weights
Feature>>>> Doppler 1 Doppler 2 Doppler 3 ECG1
(DF1) (DF2) (DF3)
State
0 Wyl Wy2 Wy3 Wyel
1 Wgl Wg2 Wg3 Wgel
2 Wbl Wbl Wb3 Whbel
3 Wrl Wr2 Wr3 Wrel

[000286] Table 5 illustrates an indicator score matrix for each of factors 1, 2, 3, and 4. In
general, the factor score represents the weighted likelihood of the device being in any of states 0,

1,2, and 3.

[000287] In general, the factor score is equal to the sum of the respective weights shown in
Table 4 multiplied by the respective membership function shown in Table 3 for each of states 0,
1,2, and 3. As the device is expected to be in one of the states, the sum of all the weights in

each class is equal to 1. The summation function is shown as element 141 in FIG. 16.

Table 5
Indicator Score
Score Factor 1 Factor 2 Factor 3 Factor 4
SO Wyl *PZ0D1 Wy2*PZ0D2 Wy3*PZ0D3 Wyel*PZ0E]
S1 Wgl*PZ1D1 Wg2*PZ1D2 Wg3*PZ1D3 Wgel*PZ1El
S2 Wbl1*PZ2D1 Wb1*PZ2D2 Wb3*PZ2D3 Wbel*PZ2E1
S3 Wrl1*PZ3D1 Wr2*PZ3D2 Wr3*PZ3D3 Wrel*PZ3E1

[000288] Table 6 illustrates the calculation of a probability or membership score for each of the
parameters in the different states. Referring to FIG. 16, the processor calculates a score 142 as
described. The final score of each “class” is a weighted sum of the output scores from all the

parameter membership functions (i.e. membership functions for DF1, DF2, DF3, and E1).
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[000289] The weighted sum of the output scores from all the feature membership functions for

one class is as follows.

Sp = Z w,(n)-S ,(n)

[000290] The above equation represents one of the output scores for red (state 3 in Table 2).
“n” refers to the number of parameter features. Generally, the scores for each of the classes
corresponding to the different states increase and decrease in likelihood with the membership

function.

Table 6
Score Calculation

l S = Factor 1 + Factor 2 + Factor 3 + Factor 4

[000291] As shown in FIG. 16, final scores 142 are output by the processor 140. The processor
then determines the state of navigation based on the highest score. In other words, the highest
score corresponds to the highest likelihood, and the device is determined to be in the most likely
location determined by the processor. In the above example, if SR is the highest score, the
processor outputs a result related to State 3. In another example, if the highest score corresponds

to state 0, the processor provides an output to the output device to display a yellow arrow.

[000292] The exemplary system includes exceptions to the above processing output. The
exceptions may be based on expert knowledge, thresholds, or the like. In various embodiments,
the system includes two exceptions to the results from above, which can be handled using a

fuzzy logic based algorithm. The two exemplary exceptions include:

[000293] IF there are a number of consecutive heart beats in State 0 (Yellow), and the State 2

score (Blue Bull’s Eye) is greater than Statel and State 3 scores, then output “State 2”.

[000294] IF detect atrial fibrillation, or other ECG abnormalities (e.g. if ECG P Waves
becomes bi-phasic), then default to State 3.

[000295] IF detect dominant retrograde flow, then default to State 3.

[000296] The selection of parameters and weighting play a significant role in the accurate

positioning and guidance of the system of the invention. An exemplary device configured
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similar to the above has been found to have a high, clinically-acceptable level of accuracy with
respect to positioning and location confirmation. The catheter tip was located at the cavial atrial

junction with repeated accuracy without the need for X-ray guidance.

[000297] Moreover, acquisition, conversion, processing and correlation steps, components, and
capabilities may be included in the system 100 as needed depending upon the type and number

of sensors employed on the endovascular device 150.

Intravascular Placement and Positioning

[000298] Turning to FIGs. 17-19, the method of using a system in accordance with the
invention will now be described. The exemplary system is configured similarly to FIG. 1. As
discussed above, the methods for intravascular guidance and placement of endovascular devices
disclosed herein are generally based on the recognition of patterns in the signals for different

physiological parameters and correlation of those signal patterns.

[000299] Various aspects of invention relate to a method to substantially increase the accuracy
and reduce the need for imaging related to placing an intravascular catheter or other devices.
The method generally relates to the guidance, positioning, and placement confirmation of
intravascular devices such as catheters, stylets, guidewires and other elongate bodies that are
typically inserted percutaneously into the venous or arterial vasculature, including flexible

elongate bodies.

[000300] According to one embodiment of the present invention, there is provided a method
for positioning an instrument in the vasculature of a body using the instrument to determine a
location to secure a device within the vasculature of a body; and securing the device to the body
to maintain the device in the location determined by the instrument. After the passage of some
period of time (as is common with patients who wear catheters for an extended period of time),
the instrument may be used to calculate the current position of the device. Next, using the
known original position and the now determined current position, the system can determine if the

device has moved from the original position.

[000301] FIG. 17 illustrates an exemplary method 300 of catheter placement. This example is
for illustration purposes only. Similar conventional catheter, guide wire, or device introduction
procedures may be tailored for the requirements of other therapeutic devices such as, for
example, placement of hemodialysis catheters as well and placement of laser, RF, and other

catheters for percutaneous treatment of varicose veins.
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[000302] From top to bottom, FIG. 17 represents a single analysis or processing cycle. The

cycle is repeated for each newly-acquired sample signal data. In general, the exemplary cycle is

performed over and over until a desired destination is achieved.

[000303] In this example, the method 300 describes how a user would place a PICC catheter
using a guided vascular device with guidance information displayed on an output device similar
to that described above. The exemplary catheter is similar in many respects to the device 150
described above and includes one or more sensors. The output device 130 indicates a navigation
direction or position of the device based on the collection, processing, and use of information

related to the signal data collected by the exemplary device.

[000304] In general, the exemplary system operates by collecting and manipulating a reflected
ultrasound signal to determine a position of the device. In an exemplary embodiment, the
desired destination of the device is where two or more vessels join. However, one will
appreciate that this method may be practiced in any of a wide variety of vascular junctions and
other locations in both the venous and arterial vasculature. Other exemplary positions where two
or more vessels join include the junction between a superior vena cava and an inferior vena cava

and a junction between an inferior vena cava and a renal vein.

[000305] While the techniques described herein may be practiced in a number of clinical
settings, the placement method 300 will be described in relation to bedside catheter placement.
The workflow presented in catheter placement method 300 begins with preparing the device for
placement. A user prepares the device in a conventional manner and as described in greater

detail above.

[000306] The medical professional next inserts the catheter into the vessel at step 1700. This
step is similar to the catheter introduction currently performed by medical professionals. One

exemplary insertion point is the basilic vein 6 as shown in FIG. 19.

[000307] At step 1700, the user holds the devices in position in the vessel until the output
device provides an indication of positive placement. As described above, the indication may be
a change from a blinking green light to a solid green light. In the exemplary case of navigating
the venous vasculature, the output indicator provides a clear indication to the user that the device

is positioned in a vein.

[000308] Once in position in the vessel, the user holds the device in position or slowly moves

the device forward for a few seconds. This step ensures that the signal processing algorithm can
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calibrate the data acquisition and pattern recognition to the current patient data. Additionally, the
processing system will analyze the sensor date to confirm that the sensor is placed in a vein not
an artery. If the guidance system includes other optional signal acquisition and evaluation, such
as use of an ECG signal as described below, this may also be an appropriate time to establish and
record a baseline. In some embodiments, the processing system can record the external ECG
during the baseline. The P wave magnitude can be extracted and the external P wave magnitude
can be used in the pRatio to determine if the catheter tip is at the CAJ at every time step. The
processing system can also record information about the patient (age, gender, heart conditions,

etc) to further tune and customize the algorithm more to the patient.

[000309] After receiving confirmation from the system that the sensor/catheter has been
introduced into a vein, the clinician may start advancing the catheter. The clinician navigates
and positions the device as described above, for example, in relation to FIG. 19. The underlying

operation of the guidance system is described in greater detail above.

[000310] Turning to step 1710, the device is enabled to transmit and receive signals to collect
information for use in the navigation and placement process of the invention. In various
embodiments, the device transmits a non-imaging ultrasound signal into the vasculature using a
non-imaging ultrasound transducer on the endovascular device. The device receives a reflected
ultrasound signal with the non-imaging ultrasound transducer. One will appreciate that other
signals may also be provided with the addition of sensors and other mechanisms in accordance

with the invention.

[000311] At Step 1720, the system pre-processes the reflected ultrasound signal received by the
non-imaging ultrasound transducer and the optional additional sensors. The pre-processing
technique is described in greater detail above with respect to FIGs. 9 to 16. In general, the pre-
processing involves data acquisition from the sensors and extracting of designated information
parameters. In some respects, the extracted information represents the real-time sensor

environment.

[000312] The method of using the exemplary device may optionally include a confirmation
subroutine to verify the location of the device. Although the method described above involves
reliable placement of the device in the vasculature, for various reasons a user may wish to use

additional techniques to further increase the reliability and accuracy of the method.

[000313] Accordingly, at optional Step 1725, the system includes additional non-Doppler

sensors for providing a confirmation signal as an input to the pre-processor. The confirmation
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signal may be derived from a natural source or an artificial source. Because the system does not
use these other sources as the primary location information, the natural and artificial sources may
be normal (regular) or irregular. Examples of natural and artificial sources, both regular and
irregular, are shown in FIG. 18, and include a regular, natural source from the body 1726, a
irregular natural source from the body 1727, a regular artificial source applied to the body 1728,

and an irregular artificial source applied to the body 1729.

[000314] A natural source is a source that naturally occurs within the body or is naturally
generated by the body. A normal or regular natural source includes sinus ECG, RS amplitude,
EEG, EMG, a gastric rumble, and flow acoustics in an open vessel or lumen including flow
signatures for specific vessel, junctions of vessels, organs or limbs. An irregular natural source
includes arrhythmia, abnormal EEG that can be noisy, abnormal EMG that can be noisy, and

flow acoustics for blocked, occluded or partial flow through a vessel.

[00031S5] An artificial source is a source that artificial and not naturally occurring in the body
or is something imposed onto the body. An artificial source can be introduced to the body by
localized introduction of a marker or indicia that can be detected by the navigation system and
used for confirmation. The artificial source may augment or interact with a system of the body
or it may be used to provoke a response from the body. Confirmation can be provided through
the use of the marker or indicia itself, the response of the body to the marker or indicia or

combinations thereof,

[000316] One will appreciate from the description herein how to incorporate a number of
conventional placement verification techniques in conjunction with the present method. In one
example, a medical professional will approximate a necessary length of catheter prior to the
procedure. In use, the professional can verify that the amount of length that has been inserted
reasonably corresponds to what is expected for the position indicated by the output device. In
this manner, conventional, non-electronic positioning techniques can be used to verify proper

working of the guidance system.

[000317] The method may also make use of other confirmatory techniques as would be
appreciated by one of skill in the art from the description herein. For example, the method may

make use of confirmatory signals described above and illustrated in FIG. 18.

[000318] In step 1730, the pre-processed signal information is provided as inputs to a processor

that implements artificial intelligence. As will be understood from the description herein, the
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pre-processing of the signal information plays an important role in the function of the processor

and the ultimate results of the system provided to the user.

[000319] In general, the pre-processor processes the signal data and outputs parameter
information. The processor than uses the pre-processor outputs to make a determination and
provide a result. For example, the pre-processor may receive streams of raw Doppler data and
output corresponding total power values, ratios of antegrade/retrograde flow, and ratios of low
velocity power to high velocity power. The processor then uses the outputs to make a
determination with respect to the sensor(s), for example, that the sensor is moving in a direction
with the blood flow or that the sensor is located in a particular position. Accordingly, the pre-
processing and processing are interrelated to provide accurate results to the clinician. The
operation of the processor of the invention in conjunction with the pre-processor will be

described in more detail above with respect to FIGs. 9 to 16.

[000320] In various embodiments, the processor makes use of the parameter information by
recognizing flow patterns and/or signatures in the flow. In various embodiments, the processor
compares a respective processor input to another input or to a calculated value. In various
embodiments, the processor compares a respective processor input to values in a look-up table.
The use of a look-up table provides the advantage of reducing the number and complexity of
processing operations that must be performed.

[000321] At step 1740, the processor provides an output to the output device based on the
processor determination. The output displays an indication to the user regarding movement or

positioning of the sensor.

[000322] Next, at step 1750, the user reads the output device and stops advancing the catheter
if the output device indicates that the catheter is in the desired destination. Otherwise, the user

continues advancing the catheter and the process continues.

[000323] In an exemplary embodiment, the guidance system is configured to guide a catheter
to the superior vena cava (SVC). In the region near the entry to the SVC, the output device
displays a red light if the catheter/sensor is determined to be in the jugular or other vein instead
of the SVC. In FIG. 19, this position is labeled "Red" and the catheter is shown in the internal
jugular vein. In this situation the blood stream flowing towards the heart comes towards the
device. The system may also be configured to determine the proximity of the catheter/sensor to

a structure. For example, if the catheter is facing a vessel wall and cannot be advanced, the
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output device displays a yellow light (marked "yellow" in FIG. 19). Further, the exemplary

output device displays a blue light to indicate that the desired destination has been reached.

[000324] The method includes an optional Step 1760. The exemplary system is configured to
determine a recommended direction of movement to reach the desired destination and indicate
the direction via the output device. In various embodiments, the system uses the historical
position information, present information, and/or other information to determine a recommended
direction. In turn, the output device may include a symbol, color, graphic or other indicator to

convey the recommendation to the user in Step 1760.

[000325] It should be understood that various alternatives to the embodiments of the invention
described herein may be employed in practicing the invention. For example if the target device
position where in the brain for example, then the processing algorithms and outputs could be
changed to indicate that movement into the jugular is the correct direction (green indicator) and
that movement towards the heart would be an incorrect direction (red indicator). The system
indications and parameters can be altered depending upon the location of and access route taken

to various different target sites in the vasculature.

[000326] The method of positioning an endovascular device in the vasculature of a body may
also include additional or modified steps according to the specific application or process being
performed. Numerous additional alternative steps are possible and may be used in a number of
combinations to achieve the guidance and positioning results described herein. Additional steps
may include verifying that the length of the endovascular device inserted into the body is
equivalent to the estimated device length prior to the procedure and/or inputting into the system

the length of the endovascular device inserted in the body.

[000327] The method of positioning may also make use of various non-Doppler signals for
selective acquisition and processing. FIG. 22 illustrates how the endovascular electrical signal
can be use to trigger and gate the processing of the ultrasound signals. The electrical signal
acquired from the endovascular sensor is periodic and related to the heart cycle (10a). It is
similar in shape with a known diagnostic ECG signal. By analyzing the waveforms, e.g., P-wave,
QRS complex and the T-wave, a number of events and time segments can be defined in the heart
cycle. The P-wave event occurs when the P-wave amplitude is at its peak. The-R-wave event
occurs when the R-wave amplitude is at its peak. Other events can be defined, e.g., when the R-
wave amplitude is one third lower than the peak. Between such events time intervals can be

defined. T1 is the time interval between 2 consecutive P-waves and indicates the heart rate. T2
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is the time interval between two R-waves and similarly indicates the heart rate. T3 is the time
interval between the P and the R waves. T4 is the time interval between the R-wave and the
subsequent P-wave. Other time intervals can be defined, as well. These intervals can be defined
in reference to a peak value of a wave, the beginning or end of such a wave, or any other relevant
change in the electric signal. The events defined in a heart cycle can be used to trigger selective
acquisition and/or processing of physiological parameters through the different sensors, e.g.,
blood flow velocity information through the Doppler sensor. The time intervals can be used to
gate the acquisition and processing of physiological parameters like blood velocity, e.g., only in
the systole or only in the diastole. Thus more accurate results can be provided for guiding using
physiological parameters. Graphs 10b and 10c illustrate exemplary ultrasound data triggered on

the T3 interval.

[000328] One will appreciate that other triggers may be used. For example, variations in blood
flow as identified by the Doppler signal can be used to trigger and gate signal acquisition and
processing based on the respiratory activity of the patient. The flow patterns as indicated by the
Doppler power spectrum change with the patient’s respirations. Certain cardiac conditions like
regurgitation also cause changes in the flow patterns with respiration. Such changes with
respirations can be identified, in particular when the strength of a certain pattern changes with
respirations. These identified changes can then be used to trigger and gate the acquisition and
processing of physiological parameters relative to the respiratory activity of the patient. Thus

more accurate results can be provided for guiding using physiological parameters.

[000329] Other features of the ECG waveform may also be used to trigger signal acquisition.
For example, the relative changes in the QRS complex can be used to identify proximity of the
sinoatrial node even in patients with atrial fibrillation, i.e., patients without a significant P-wave
detected by diagnostic ECG. In patients with atrial fibrillation, the P-wave cannot be typically
seen with current diagnostic ECG systems. However, changes (i.e., significant increases in the
QRS complex amplitude as identified by an endovascular sensor) may be indicative of the
proximity of the sino-atrial node. In addition, an endovascular device can measure electrical
activity which is not detected by a standard ECG system (e.g. the atrial electrical activity in a
patient thought to have atrial fibrillation). Such changes in the waveform of the endovascular
electricél signal can be used to position the sensor and the associated endovascular device at
desired distances with respect to the sino-atrial node including in the lower third of the superior

vena cava or in the right atrium.
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[000330] The methods, devices, and systems of the invention provide many advantages over
conventional guidance and positioning systems and techniques. One benefit of the new
apparatus and method introduced herein is that it increases the probability of correct placement
of an endovascular device in a placement procedure performed at the bedside. Moreover,
because of the accuracy and redundancy of the positioning methods described herein, it is
believed that the use of the inventive methods, devices, and systems will allow for endovascular
device placement without the need for imaging guidance, in particular without X-ray imaging
and/or imaging for confirmation of placement and lack of device migration. Another benefit of
the new apparatus and method may be it provides for correct placement of an endovascular
device in a placement procedure on a larger group of patient’s such as those experiencing an
aneurysm. Yet another benefit of the new apparatus and method introduced herein may be that it
allows the detection of blood clots in the vasculature or in catheters such as identifying the cause

for a mal-functioning catheter, e.g., a central line.

[000331] Yet another benefit is related to the fact that the guided vascular access devices and
the systems described herein may be inserted into the existing healthcare workflow for placing
endovascular devices into the vasculature. More specifically, embodiments of the invention
provide new sensor-based endovascular devices, systems, and methods for intravascular
guidance and placement of, for example, sensor-based catheters and/or guide wires. The
properly-positioned, sensor-based endovascular device is then used to guide the deployment of
other endovascular devices or facilitate the performance of other diagnostic or therapeutic
procedures in the body such as, for example: (a) location of heart valves for replacement heart
valve procedures; (b) identification of the renal veins for therapy in those veins or in the kidneys;
(c) identification of renal veins and/or the inferior vena cava for IVC filter placement; (d)
location of coronary sinus for placement of pacing leads or mitral valve modification devices;
and (e) location of pulmonary veins for sensor placement and/or performance of therapy such as
ablation treatment for atrial fibrillation. A wide variety of other diagnostic or therapeutic
procedures may also benefit from the placement of device or performance of therapy at specific

locations in the vasculature identified by the sensor correlation techniques described herein.

[000332] In some embodiments, the systems and methods of embodiments of the inventive
guidance system described herein are utilized to locate, guide and position catheters and/or guide
wires equipped with sensors described herein within the vessels of the venous system. The
embodiments described herein may also be utilized in the vessels of the arterial system as well.
In one aspect, the guided vascular access devices described herein may be used for the guidance,

positioning, and placement confirmation of intravascular catheters used in a wide number of
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clinical applications. Exemplary clinical applications that would benefit from embodiments of
the invention include the placement of, for example, central venous access catheters (PICC),
hemodialysis catheters and the placement of catheters, positioning of endovascular devices in the
vasculature of the brain for treatment of stroke, placement of leads or other brain based therapy
or therapy devices or treatment systems for percutaneous treatment of varicose veins. Moreover,
particular muscles or muscle groups may be selected for EMG stimulation and/or senor
collection in support of one of more methods and devices described herein where the EMG
signals are used to confirm and/or correlate a position in the vasculature. This aspect may be
particularly helpful when identifying portions of the vasculature in the legs for localization of
varicose veins, localization of the femoral veins or positioning of a vessel harvesting device

within the great saphenous vein, for example.

Other System Features

[000333] In various embodiments, all or some of the operations of the above method are
automated. In various embodiments, the system is remotely controlled, networked, or transfers
information through a wireless interface. Such information can be coordinated with a central

location via, for example, a wireless network.

[000334] In many clinical applications, endovascular devices are required to have the device tip
(distal end) to be placed at a specified location in the vasculature. For example, CVC and PICC
lines are required to have their tip placed in the lower third of the superior vena cava. However,
for example, due to lack of a guidance system at the patient’s bedside, users currently place the
catheters into the patient’s body blindly, often relying on x-ray to confirm the location of the
catheter a couple of hours after initial placement. Since the CVC or a PICC line can be released
for use only after tip location confirmation, the patient treatment is delayed until after X-ray
confirmation has been obtained. Ideally, users should be able to place the catheter at the desired
location with high certainty and with immediate confirmation of tip location. Building a user-
friendly, easy-to-use system which integrates electrical activity information with other types of

guiding information, devices and techniques described herein.

[000335] While the simplified user interface provides a clear indication to a clinician the
position and direction of the distal end of the device, it may be desirable to store the guidance
information during the procedure. The position information, and in particular the processor
results, can be digitally recorded so that it can be used to print a report for the patient’s chart.
Storing of patient information, exporting the data to a standard medium like a memory stick, and

printing this information to a regular printer may be especially useful when the device and
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system disclosed in the current invention are used without chest X-ray confirmation to document

placement at the cavo-atrial junction of the endovascular device.

[000336] In some embodiments, with respect to the descriptions and figures provided herein,
such as FIGS. 9-18 which disclose manipulating acoustic and electrical signals during
preprocessing and processing steps, a computer readable storage medium having embodied
thereon a program can be used with the devices, systems and methods disclosed herein. The
program can be executed by a processor to perform a method for positioning an endovascular
instrument in a vasculature, the method comprising manipulating a reflected acoustic signal from
a sensor on the instrument positioned within a blood vessel to extract one or more acoustic
features from the acoustic signal; manipulating an electrical signal from a lead on the instrument
positioned within a blood vessel to extract one or more electrical features from the electrical
signal; generating an output related to guidance or a position of the instrument within the blood
vessel using a computer readable set of rules to evaluate the one or more extracted features; and
displaying one of a predetermined number of indications of guidance or position corresponding

to the output.

[000337] In some embodiments, the computer readable set of rules on the computer readable
medium comprises one or more predefined membership functions that indicate one or more
positional states of the instrument. The computer readable storage medium further comprises
instructions for inputting the extracted features into the one or more predefined membership
functions and for generating one or more scores that indicate the likelihood of membership in
one or more positional states. The computer readable storage medium can further comprise
instructions for weighting the extracted features or one or more membership functions before
generating one or more scores, wherein weighting the extracted features or one or more
membership functions comprises applying weighting factors to the extracted features or one or
more membership functions, wherein the weighting factors apply less weight to an extracted
feature or one more membership function based on a weak acoustic or electrical signal, wherein
the weighting factors apply more weight to an extracted feature or one more membership

function based on a strong acoustic or electrical signal.

[000338] In some embodiments, extracted acoustic features used by the program relate to, for
example, the direction of movement of the instrument relative to flow in the vasculature, the
overall flow energy in the vasculature measured by the sensor, the overall flow velocity in the
vasculature measured by the sensor, a ratio of a low frequency flow power to a high frequency

flow power, an acoustic signal obtained during a portion of a heartbeat, the portion of a heart
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beat during the occurrence of retrograde flow produced by atrial contraction, the portion of a
heart beat during the occurrence of retrograde flow at the end of systole, and/or the portion of a

heart beat during the occurrence of antegrade flow during diastole.

[000339] In some embodiments, extracted electrical features used by the program relate to, for
example, a portion of an QRS complex, a ratio of a magnitude of a P-wave measured by the
sensing electrode and a magnitude of a P-wave measured by an external electrode, and/or an

indication of the presence of a biphasic P-wave.

[000340] The foregoing descriptions of specific embodiments of the present invention have
been presented for purposes of illustration and description. They are not intended to be
exhaustive or to limit the invention to the precise forms disclosed, and obviously many
modifications and variations are possible in light of the above teaching. The embodiments were
chosen and described in order to best explain the principles of the invention and its practical
application, to thereby enable others skilled in the art to best utilize the invention and various
embodiments with various modifications as are suited to the particular use contemplated. It is
intended that the scope of the invention be defined by the Claims appended hereto and their

equivalents.
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CLAIMS

What is claimed is:

1. A positioning system, comprising:
a transducer for mounting on a distal end of an endovascular instrument;

a control system connected to the transducer, the control system being configured to

generate and receive an acoustic signal using the transducer;

a pre-processor receiving the acoustic signal as an input, the pre-processor containing
computer-readable instructions for manipulating the signal input to extract one or more acoustic

features from the signal input;

a processor configured to receive the one or more extracted features, the processor
containing a computer-readable set of rules to evaluate the extracted features using the rules to
generate an output related to guidance of the instrument within a blood vessel or a position of the

instrument within the blood vessel; and

an output device for displaying an indication of the output generated by the processor.

2. The positioning system of claim 1, further comprising:

a sensing electrode for mounting on the instrument, the sensing electrode being

connected to the control system;

wherein the control system is further configured to receive an electrical signal from the

sensing electrode,

and wherein the pre-processor further contains instructions for manipulating the received

electrical signal to extract one or more features related to the electrical signal;
and wherein the computer-readable set of rules contains a rule to evaluate the one or

more electrical features.

3. The positioning system of any of the preceding claims, wherein the acoustic

signal comprises a non-imaging ultrasound signal.

4, The positioning system of any of claims 2 or 3, wherein the processor evaluates
the one or more electrical features to confirm the output related to the guidance or a position of

the instrument within a blood vessel.
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5. The positioning system of claims 2, 3, or 4 wherein the electrical signal comprises
an ECG signal.
6. The positioning system of claims 2, 3, 4 or 5 wherein the electrical signal

comprises an EMG signal.

7. The positioning system of claim 2, 3, 4, 5 or 6 wherein the electrical signal

comprises an EEG signal.

8. The positioning system of any of the preceding claims, wherein the computer-

readable set of rules contained in the processor includes artificial intelligence programming.

9. The positioning system of any of the preceding claims, wherein the computer-
readable set of rules contained in the processor evaluates the extracted features based on at least

one of inference rules, an expert system, a neural network, and logic.

10. The positioning system of any of the preceding claims, the computer-readable set
of rules further comprising: a rule to evaluate whether a power level of the acoustic signal is

below a threshold.

11. The positioning system of any of the preceding claims, the computer-readable set
of rules further comprising: a rule to evaluate whether an antegrade flow in the blood vessel is

dominant over a retrograde flow in the blood vessel.

12. The positioning system of any of the preceding claims, the computer-readable set
of rules further comprising: a rule to evaluate whether a retrograde flow in the blood vessel is

dominant over an antegrade flow in the blood vessel.

13. The positioning system of any of the preceding claims, the computer-readable set
of rules further comprising: a rule to evaluate whether a low frequency signal dominates both an

antegrade flow in the blood vessel and a retrograde flow in the blood vessel.

14. The positioning system of claims 2 - 13, wherein the control system is configured

to synchronize the acoustic signal and the electrical signal.

15. The positioning system of claims 2 - 14, the computer-readable set of rules further

comprising: a rule to evaluate a P-wave in the received electrical signal relative to a reference.
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16. The positioning system of claim 15, the rule to evaluate a P-wave in the received
electrical signal relative to a reference further comprising: providing an output when the P-wave

in the received electrical signal is elevated above the reference.

17. The positioning system of claim 15, the rule to evaluate a P-wave in the received
electrical signal relative to a reference further comprising: providing an output when the P-wave

in the received electrical signal is at or below the reference.

18. The positioning system of claim 15, the rule to evaluate a P-wave in the received
electrical signal relative to a reference further comprising: providing an output when the P-wave

in the received electrical signal is biphasic.

19. The positioning system of any of the preceding claims, wherein the output related
to the guidance or a position comprises one of a plurality of states, each state related to a

predetermined set of conditions of instrument movement or position.

20. The positioning system of any of the preceding claims, wherein the output related
to the guidance or position comprises an indication of the most probable condition selected from
the group consisting of: instrument moving in a desired direction, instrument moving in an

undesired direction, and instrument positioned in a desired location.

21. The positioning system of claim 20, wherein the indication of the instrument
moving in a desired direction is different from the indication of the instrument positioned in a

desired location.

22. The positioning system of claims 2 - 21, wherein the one or more features related
to the electrical signal corresponds to a pre-selected portion of a regular electrical wave produced

by the body.

23. The positioning system of claim 22 wherein the electrical wave is an

electrocardiogram and the pre-selected portion is an RS amplitude.

24, The positioning system of claim 22 wherein the electrical wave is an

electrocardiogram and the pre-selected portion is an electrocardiogram segment.

25. The positioning system of claim 22 wherein the electrical wave is an

electrocardiogram and the pre-selected portion is an electrocardiogram interval.
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26. The positioning system of claims 2 - 25, wherein the one or more features related
to the electrical signal corresponds to a pre-selected portion of an irregular electrical wave

produced by the body.

27. The positioning system of claim 26, wherein the one or more features related to
the electrical signal correspond to a pre-selected portion of an electrical wave produced by a

body having arrhythmia.

28. The positioning system of any of the preceding claims, wherein the one or more
acoustic features corresponds to a ratio of a retrograde power of the flow in the blood vessel to

an antegrade power of the flow in the blood vessel during a single ECG cycle.

29. The positioning system of any of the preceding claims, wherein the one or more
acoustic features corresponds to a ratio of a low frequency flow power to a high frequency flow

power.

30. The positioning system of any of the preceding claims, wherein the at least one

acoustic feature corresponds to an acoustic signal obtained during a portion of a heart beat.

31. The positioning system of any of the preceding claims, wherein the at least one
acoustic feature corresponds to the portion of a heart beat during the occurrence of retrograde

flow produced by atrial contraction.

32. The positioning system of any of the preceding claims, wherein the at least one
acoustic feature corresponds to the portion of a heart beat during the occurrence of antegrade

flow during systole.

33. The positioning system of any of the preceding claims, wherein the at least one
acoustic feature corresponds to the portion of a heart beat during the occurrence of retrograde

flow at the end of systole.

34, The positioning system of any of the preceding claims, wherein the at least one
acoustic feature corresponds to the portion of a heart beat during the occurrence of antegrade

flow during diastole.

35. The positioning system of claims 2 - 34, wherein the one or more features related

to the electrical signal corresponds to a portion of an QRS complex.
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36. The positioning system of claims 2 - 35, wherein the one or more features related
to the electrical signal corresponds to a ratio of a magnitude of a P-wave measured by the

sensing electrode and a magnitude of a P-wave measured by an external electrode.

37. The positioning system of claims 2 - 36, wherein the one or more features related

to the electrical signal corresponds to an indication of the presence of a biphasic P-wave.

38. A method of positioning an endovascular instrument in a vasculature comprising
inserting the system of any one of claims 1 to 37 into the lumen of a patient and advancing the

device based on the output.

39. A method of positioning an endovascular instrument in a vasculature comprising:

inserting a system including an endovascular device and at least one transducer into the

lumen of a patient;
transmitting an acoustic signal within the lumen;
pre-processing a reflected signal to extract one or more acoustic features; and

processing the one or more acoustic features using a computer readable set of rules to
produce an output related to guidance of the instrument within a blood vessel or a position of the

instrument within the blood vessel.

40. The method of claim 39, wherein the processing is performed based on a

predefined set of inference rules related to one of a set of navigation states.

41. The method of any of claims 39 and 40, wherein the processing is performed

based on a predefined set of probabilities related to one of a set of navigation states.

42. The method of any of claims 39 - 41, wherein the processing is performed based

on a comparison of the one or more parameters to a predefined set of parameters in a database.

43. The method of any of claims 39-42, further comprising displaying the output
related to guidance of the device within the blood vessel or a position of the instrument within

the blood vessel.

44. The method of any of claims 39 - 43, wherein the output comprises an indication
of the most probable condition selected from the group consisting of: instrument moving in a
desired direction, instrument moving in an undesired direction, and instrument positioned in a

desired location.
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45. The method of claim 43 wherein the desired direction is towards the heart.

46. The method of any of claims 44 or 45 wherein the undesired direction is away

from the heart.

47, The method of any of claims 44- 46 wherein the desired direction is with a flow

of blood returning to the heart.

48. The method any of claims 44 — 47 wherein the undesired direction is against a

flow of blood returning to the heart.

49. The method of any of claims 44 - 48 wherein the desired location is within a

lower third of the superior vena cava.

50. The method of any of claims 44 — 49 wherein the desired location is proximate to

the caval atrial junction.

51. The method of any of claims 44 — 50 wherein the desired location is within the

superior vena cava proximate to the caval atrial junction.

52. The method of any of claims 39 — 51, further comprising: manipulating the device

in the blood vessel in response to the output.

53. The method of claim 52 the manipulating step further comprising: withdrawing

the instrument.

54. The method of claim 52 the manipulating step further comprising: advancing the
instrument.
55. A computer readable storage medium having embodied thereon a program, the

program being executed by a processor to perform a method for positioning an endovascular

instrument in a vasculature, the method comprising;:
manipulating a reflected acoustic signal from a sensor on the instrument positioned
within a blood vessel to extract one or more acoustic features from the acoustic signal;

manipulating an electrical signal from a lead on the instrument positioned within a blood

vessel to extract one or more electrical features from the electrical signal;

generating an output related to guidance or a position of the instrument within the blood

vessel using a computer readable set of rules to evaluate the one or more extracted features; and
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displaying one of a predetermined number of indications of guidance or position

corresponding to the output.

56. The computer readable storage medium of claim 55, wherein the computer
readable set of rules to evaluate the one or more extracted features comprises one or more

predefined membership functions that indicate one or more positional states of the instrument.

57. The computer readable storage medium of any of claims 55 and 56, further
comprising inputting the extracted features into the one or more predefined membership
functions and for generating one or more scores that indicate the likelihood of membership in

one or more positional states.

58. The computer readable storage medium of any of claims 55, 56 or 57, further
comprising weighting the extracted features or one or more membership functions before

generating one or more Scores.

59. The computer readable storage medium of claim 58, wherein weighting the
extracted features or one or more membership functions comprises applying weighting factors to
the extracted features or one or more membership functions, wherein the weighting factors apply
less weight to an extracted feature or one more membership function based on a weak acoustic or
electrical signal, wherein the weighting factors apply more weight to an extracted feature or one

more membership function based on a strong acoustic or electrical signal.

60. The computer readable storage medium of any of claims 55-58, further
comprising selecting the highest score and determining the positional state based on the highest

Score.

61. The computer readable storage medium of claim 58 wherein one score of the one
or more scores relates extracted acoustic features to the direction of movement of the instrument

relative to flow in the vasculature.

62. The computer readable storage medium of claim 58 wherein one score of the one
or more scores relates acoustic features to the overall flow energy in the vasculature measured by

the sensor.

63. The computer readable storage medium of claim 58 wherein one score of the one
or more scores relates acoustic features to the overall flow velocity in the vasculature measured

by the sensor.
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04, The computer readable storage medium of any of claims 55 - 63, wherein the one
or more acoustic features corresponds to a ratio of a low frequency flow power to a high

frequency flow power.

65. The computer readable storage medium of any of claims 55-64, wherein the at
least one acoustic feature corresponds to an acoustic signal obtained during a portion of a heart

beat.

66. The computer readable storage medium of claim 65, wherein the at least one
acoustic feature corresponds to the portion of a heart beat during the occurrence of retrograde

flow produced by atrial contraction.

67. The computer readable storage medium of claim 65, wherein the at least one
acoustic feature corresponds to the portion of a heart beat during the occurrence of retrograde

flow at the end of systole.

68. The computer readable storage medium of claim 65, wherein the at least one
acoustic feature corresponds to the portion of a heart beat during the occurrence of antegrade

flow during diastole.

69. The computer readable storage medium of any of claims 55 - 68, wherein the one

or more electrical features corresponds to a portion of an QRS complex.

70. The computer readable storage medium of any of claims 55 - 69, wherein the one
or more electrical features corresponds to a ratio of a magnitude of a P-wave measured by the

sensing electrode and a magnitude of a P-wave measured by an external electrode.

71. The computer readable storage medium of any of claims 55 - 70, wherein the one

or more electrical features corresponds to an indication of the presence of a biphasic P-wave.

72. A method of determining a position of a medical device in the vasculature of a

patient, comprising:

transmitting a signal in the vasculature comprising an ultrasound signal from a distal end
of a device;

receiving a reflected ultrasound signal;

extracting an ultrasound feature from the reflected ultrasound signal ;

receiving an electrical signal from a lead on the device;
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extracting an ECG feature from the received electrical signal;
calculating a plurality of indicator scores using the extracted features; and

identifying a positional state by comparing the indicator scores.

73. The method of claim 72, wherein each feature infers a distinct position in the
vasculature.
74. The method of claims 72 or 73, the calculating step further comprising: inputting

the extracted features into a plurality of indicator equations representing positioning

probabilities.

75. The method of claim 74, wherein the indicator equations correspond to

membership functions.

76. The method of claim 74, the indicator equations further comprising: applying a

weighting factor related to the extracted feature used in the indicator equation.

77. The method of any of claims 72 - 76, the identifying step further comprising:

selecting the positional state that corresponds to the highest indicator score.

78. The method of any of claims 72- 77 the calculating step further comprising:
solving preset equations based on a correlation between an extracted feature and a probability of

a particular position or state of navigation of the device.

79. The method of any of claims 72 — 78 wherein one indicator score in the plurality
of indicator scores relates extracted acoustic features to the direction of movement of the device

relative to flow in the vasculature.

80. The method of any of claims 72 — 79 wherein one indicator score in the plurality
of indicator scores relates acoustic features to the overall flow energy in the vasculature

measured by the sensor.

81. The method of any of claims 72 — 80 wherein one indicator score in the plurality

of indicator scores relates acoustic features to the overall flow velocity in the vasculature

" measured by the sensor.
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