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RIGHT ATRIUM INDICATOR

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application No. 61/643,888 filed

May 7, 2012, U.S. Provisional Application No. 61/643,890 filed May 7, 2012, U.S. Provisional

Application No. 61/649,172 filed May 18, 2012, and U.S. Provisional Application No.

61/649,196 filed May 18, 2012, each of which is hereby incorporated by reference in its entirety

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

[0003] Embodiments of the invention relate, in general, to an endovascular navigation

system and methods for guiding and positioning an endovascular device using an algorithm-

based artificial intelligence processor.

BACKGROUND

[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 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 can reduce the amount of

radiation that patients are subjected to, reduce the time required for the procedure, and decrease

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 an

intravascular catheter in a location that is not precisely correct.

[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 (CVCs) 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:

[0008] · Administration of medications, such as antibiotics, chemotherapy drugs, and other

IV drugs

[0009] · Administration of fluids and nutritional compounds (hyperalimentation)

[00010] · Transfusion of blood products

[00011] · Hemodialysis

[00012] · Multiple blood draws for diagnostic testing

[00013] Consequences of catheter tip placement inaccuracies include, among other things:

[00014] · Increased risk of thrombus formation

[00015] · Venous damage due to drug toxicity

[00016] · Increased risk of infection

[00017] · Additional radiation exposure

[00018] 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.

[00019] Central venous access devices are usually inserted in one of three ways:

[00020] 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.

[00021] b) Through a port: Unlike catheters, which exit from the skin, a port is placed

completely under 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 is delivered by placing a tiny needle

through a subcutaneous injection port.

[00022] c) Indirectly via a peripheral 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 upper arm and advanced forward into the larger subclavian

vein.



[00023] CVCs 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 may increase the risks of infection.

[00024] 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 has been

used 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 upper arm vein such as the basilic, brachial, or cephalic with the goal of having the

distal end of the catheter reach the superior vena cava (SVC). After entering the superficial vein

at 1/3 and 2/3 of the upper arm, the catheter is advanced up the subclavian vein, then the

brachiocephalic vein and finally it enters the SVC. One caveat is to make sure that the PICC line

does not enter and remain in the undesired veins such as jugular, azygos, or other vein.

[00025] 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 a major vein,

above the heart (i.e., SVC), or below the heart (i.e., inferior vena cava; IVC). 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,

CVC/PICC 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.

[00026] 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 CVC/PICC 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).

[00027] 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.

[00028] 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., CVCs - the inability of 'intra-atrial ECG' to prove adequate positioning,

British Journal of Anaesthesia, 93 (2): 193-8, 2004.

[00029] What is needed is a guidance system and method that overcome the above and other

disadvantages of known systems and methods.

[00030] 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.

[00031] What is needed is a guidance system and method that can accurately position a device

in irregular cardio-vascular environments such as the vasculature of patients with an aneurysm or

arrhythmia.

[00032] What is needed is increased accuracy of the catheter tip placement without additional

X-rays and manipulation of the catheter.

SUMMARY OF THE DISCLOSURE

[00033] The present invention relates to an endovascular navigation system and methods for

guiding and positioning an endovascular device using an algorithm-based artificial intelligence

processor.



[00034] In some embodiments, a method for determining the location of a medical device

within a body is provided. The method includes transmitting from the medical device an

acoustic signal; receiving with the medical device a reflected acoustic signal; advancing the

medical device based on a first algorithm, the first algorithm including a first weighting factor

and a first feature extracted from the reflected acoustic signal; determining a first location of the

medical device based on the first algorithm; and moving the medical device to a second location

based on a second algorithm, the second algorithm based on the determined first location and

including at least one of a second weighting factor and a second feature extracted from the

reflected acoustic signal.

[00035] In some embodiments, the method further includes detecting an ECG signal, wherein

the first algorithm includes a third feature extracted from the ECG signal.

[00036] In some embodiments, the third feature is the R-wave of the ECG signal.

[00037] In some embodiments, a method for detecting that a medical device has entered the

right atrium of a patient is provided. The method includes transmitting from the medical device

an acoustic signal; receiving with the medical device a reflected acoustic signal; extracting one

or more features indicative of turbulent flow from the acoustic signal; determining a turbulent

flow pattern based on the extracted one or more features; and determining whether the medical

device has entered the right atrium based on the determined turbulent flow pattern.

[00038] In some embodiments, the one or more features includes a frequency content of the

acoustic signal over time.

[00039] In some embodiments, the method further includes indicating that the medical device

has entered the right atrium when the frequency content of the acoustic signal over time changes

between antegrade dominant and retrograde dominant while the medical device is not being

advanced or retracted.

[00040] In some embodiments, the one or more features includes an antegrade power signal, a

retrograde power signal, and a ratio of the antegrade power signal to the retrograde power signal.

[00041] In some embodiments, the method further includes indicating that the medical device

has entered the right atrium when an average value of the ratio of the antegrade power signal to

the retrograde power signal over a cardiac cycle is close to one.

[00042] In some embodiments, the one or more features includes an overall power of the

acoustic signal.

[00043] In some embodiments, the method further includes generating a Mel-frequency

cepstrum of the acoustic signal; and determining one or more coefficients of the Mel-frequency

cepstrum.



[00044] In some embodiments, the method further includes comparing the determined one or

more coefficients with a database of coefficients based on turbulent and non-turbulent blood

flow.

[00045] In some embodiments, the method further includes monitoring respiration and

removing respiratory artifacts from the acoustic signal.

[00046] In some embodiments, a method for guiding a medical device to a target location

within a patient's cardiovascular system is provided. The method includes transmitting from the

medical device an acoustic signal; receiving with the medical device a reflected acoustic signal;

extracting one or more features indicative of blood flow characteristics from the acoustic signal;

determining a plurality of scores for a plurality of membership functions, each membership

function comprising a series of extracted features, each extracted feature modified by a

weighting factor, wherein the plurality of membership functions include at least one membership

function for the target location within the cardiovascular system, at least one membership

function for moving the device within the cardiovascular system, and at least one membership

function for a secondary location within the cardiovascular system; and changing at least one

weighting factor or at least one extracted feature in the series of extracted features of at least one

membership function when the score of the membership function for the secondary location

within the cardiovascular system is the greatest score.

[00047] In some embodiments, the target location is the SVC.

[00048] In some embodiments, the secondary location is the right atrium.

[00049] In some embodiments, a system for determining the location of a medical device

within a body is provided. The system includes an elongate body having an non-imaging

ultrasound transducer disposed on a distal portion of the elongate body; a processor configured to

receive and process a reflected acoustic signal from the non-imaging ultrasound transducer; and

memory for storing instructions, which when executed by the processor, causes the processor to:

provide instructions to advance the elongate body based on a first algorithm, the first algorithm

including a first weighting factor and a first feature extracted from the reflected acoustic signal;

determine a first location of the elongate body based on the first algorithm; and provide

instructions to move the elongate body to a second location based on a second algorithm, the

second algorithm based on the determined first location and including at least one of a second

weighting factor and a second feature extracted from the reflected acoustic signal.

[00050] In some embodiments, a system for detecting that a medical device has entered the

right atrium of a patient is provided. The system includes an elongate body having an non¬

imaging ultrasound transducer disposed on a distal portion of the elongate body; a processor

configured to receive and process a reflected acoustic signal from the non-imaging ultrasound



transducer; and memory for storing instructions, which when executed by the processor, causes

the processor to: extract one or more features indicative of turbulent flow from the reflected

acoustic signal; determine a turbulent flow pattern based on the extracted one or more features;

and determine whether the elongate body has entered the right atrium based on the determined

turbulent flow pattern.

[00051] In some embodiments, the one or more features includes a frequency content of the

reflected acoustic signal over time.

[00052] In some embodiments, the memory further comprises instructions, which when

executed by the processor, causes the processor to indicate that the elongate body has entered the

right atrium when the frequency content of the acoustic signal over time changes between

antegrade dominant and retrograde dominant while the elongate body is not being advanced or

retracted.

[00053] In some embodiments, the one or more features includes an antegrade power signal, a

retrograde power signal, and a ratio of the antegrade power signal to the retrograde power signal.

[00054] In some embodiments, the memory further comprises instructions, which when

executed by the processor, causes the processor to indicate that the elongate body has entered the

right atrium when an average value of the ratio of the antegrade power signal to the retrograde

power signal over a cardiac cycle is close to one.

[00055] In some embodiments, the one or more features includes an overall power of the

reflected acoustic signal.

[00056] In some embodiments, the memory further comprises instructions, which when

executed by the processor, causes the processor to generate a Mel-frequency cepstrum of the

reflected acoustic signal; and determine one or more coefficients of the Mel-frequency cepstrum.

[00057] In some embodiments, the memory further comprises instructions, which when

executed by the processor, causes the processor to compare the determined one or more

coefficients with a database of coefficients based on turbulent and non-turbulent blood flow.

[00058] In some embodiments, the memory further comprises instructions, which when

executed by the processor, causes the processor to remove respiratory artifacts from the acoustic

signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[00059] The novel features of the invention are set forth with particularity in the claims that

follow. 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:

[00060] FIG. 1 is a flow chart of one embodiment of the data acquisition and processing

procedure used to navigate a device within the vasculature of a patient;

[00061] FIG. 2 is a flow chart of the embodiment illustrated by FIG. 1 further illustrating the

various features that can be extracted from the sensor data and how the features can be used in

the navigation procedure; and

[00062] FIG. 3 illustrates how flow characteristics change between the peripheral vein, the

SVC and the right atrium.

[00063] FIG. 4 is shows the anatomy of the superior vena cava (SVC) and cavoatrial junction

(CAJ);

[00064] FIGS. 5A-F show exemplary Doppler signals on the time-frequency domain at

various locations within the vasculature;

[00065] FIG. 6A shows a flow chart describing generally an embodiment of the navigation

process;

[00066] FIG. 6B shows a flow chart of an embodiment of the calibration process;

[00067] FIG. 7 shows an embodiment of the processing of data;

[00068] FIG. 8 shows a flow chart of an embodiment of the pre-processing and processing of

the ECG and Doppler data;

[00069] FIGS. 9A and 9B illustrate turbulent blood flow formation at the CAJ and RA from

the intermixing of blood from the IVC and SVC and the movement of the walls of the RA;

[00070] FIGS. 10A and 10B illustrate the ECG waveform of two exemplary patients; and

[00071] FIG. 11 illustrates an embodiment of the relationship between the initial feature value

and the threshold feature value.

DETAILED DESCRIPTION

[00072] An aspect of the invention includes an endovenous access and guidance system

enabled with artificial intelligence capabilities. The system includes a transducer and an electric

sensor on a distal end of an endovascular instrument, such as a catheter for example, a control

system connected to the transducer and electric sensor, the control system being configured to

generate and receive at least one acoustic signal using the transducer and receive at least one

electrical signal, a pre-processor containing computer-readable instructions for manipulating the

acoustic and electrical signal inputs to extract information related to one or more desired

parameters, a processor configured to evaluate the acoustic and electrical 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. In some embodiments, the system can include memory for

storing the computer readable instruction. In some embodiments, the computer readable

instructions can be implemented in an application specific integrated circuit (ASIC). The

transducer can be an acoustic transducer, such as an ultrasound transducer. The electric sensor

can be an sensor that detects the electrical signals generated by the heart, such as an ECG sensor.

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 measured by an electric sensor as a confirmation input. The electrical signal can

be an ECG signal or a portion of an ECG signal, such as the P-wave, QRS complex, or other

features of the ECG signal. Further disclosed is a method of navigating and positioning an

endovascular device in a vasculature, and more specifically, in a blood vessel.

[00073] In a previous version of the algorithm as described in U.S. Application 13/292,010,

filed on November 8, 201 1, entitled "Endovascular Navigation System and Method" which is

hereby incorporated by reference in its entirety, there were 4 status indicators: Green (State 1),

Blue (State 2), Red (State 3), and Yellow (State 0). These four indicators would guide the user to

go straight or continue advancing the device (State 1), indicate that the device was at the target

location (State 2), withdraw or retract the device (State 3), and wait (State 0), respectively.

However, these indicators only give specific location guidance with respect to the cavo-atrial

junction (CAJ) and the "Blue" target location indicator. Otherwise, the user has little indication

(or information) of where the tip of the catheter may reside. By providing the user with

additional information about the tip location, the user will have greater confidence in their ability

to find the CAJ point and to avoid potentially unfavorable situations (e.g., catheter in the heart).

Additionally, the location of the catheter tip may provide a gating function for the processor such

as changing the weights, parameters, features and formulas of the algorithms based on the

current location of the catheter tip to increase the accuracy of the placing the catheter tip in the

ideal or desired location.

[00074] For example, one of the locations of interest is the right atrium. The presence of a

catheter tip in the right atrium may cause an arrhythmia and cardiac tamponade. Therefore, it

would be desirable in some embodiments to either avoid or prevent unintentional insertion into

the right atrium or quickly remove the catheter tip from the right atrium after unintentional

insertion into the right atrium. The current algorithm may detect the right atrium as a Status 3

Zone (Red) if the retrograde acoustic signal is stronger than the antegrade acoustic signal, where

antegrade flow in the blood vessel, indicated by an antegrade acoustic signal, is flow away from

the transducer and/or sensor. Retrograde flow in the blood vessel, indicated by a retrograde

acoustic signal, is flow toward the transducer and/or sensor. However, the flow pattern of the



right atrium is not purely antegrade like the brachiocephalic vein or purely retrograde like the

internal jugular vein. The right atrium has a distinct flow pattern caused by three occurrences:

[00075] (1) the SVC (an antegrade flow pattern) connects to the IVC (a retrograde flow

pattern),

[00076] (2) the chamber of the right atrium is larger than either the SVC or the IVC, and

[00077] (3) the right atrial wall moves with each atrial contraction.

[00078] These three occurrences, as illustrated in FIGS. 9A and 9B, create a multi-directional

blood flow pattern and/or turbulent flow pattern caused by the mixing of blood from the SVC

and IVC, as well as the movement of the atrial wall. This turbulent flow pattern is dependent on

the location within the right atrium as well. The turbulent flow pattern near:

[00079] (1) the SVC will be antegrade dominant;

[00080] (2) the IVC will be retrograde dominant;

[00081] (3) during diastole the blood flow through tricuspid valve will be antegrade

dominant and highly pulsatile with each ventricular contraction.

[00082] During the general case of catheter insertion into a vein, the blood flow by the

transducer will be antegrade dominant as the blood travels to the heart. As the catheter tip

approaches the heart, the blood flow volume increases as a result of the merging of several

branch vessels and larger vessel diameters that are closer to the heart. The increased flow volume

leads to a larger antegrade signal. If the catheter enters the right atrium, the blood flow pattern

will change from antegrade dominant to turbulent flow.

[00083] In addition to the blood flow pattern analysis in U.S. Application 13/292,010

referenced above, an additional analysis will be performed to determine the presence of turbulent

blood flow. The pre-processor will extract useful features from the acoustic signal indicative of

turbulent flow. There are several possible features that could be used to determine the flow

pattern, as further described below and in Figs. 1 and 2. One of the possible features is the

frequency content of the antegrade acoustic and retrograde acoustic signal and the changes in the

frequency content over time. The frequency content of the non-imaging acoustic Doppler signal

represents the blood flow velocity. Essentially, the higher the frequency component of the

acoustic signal, the higher the blood velocity. In some embodiments, the frequency content of the

acoustic signal between about 5 and 15 kHz is analyzed when a pulse repetition frequency (PRF)

of 30 kHz is used by the system. There are many methods of finding the turbulent flow pattern

of the right atrium including, but not limited to, neural networks, wavelets, fuzzy logic, expert

systems, pattern recognition, and artificial intelligence.

[00084] In one embodiment of the turbulent flow analysis, the frequency content of the

acoustic signal is monitored over time. One method is to use a Fourier Transform or a power



spectral analysis of the incoming signal using overlapping or non-overlapping windows. These

windows may be filtered using a variety of methods including, but limited to, Hamming,

Hanning, rectangular, Gaussian, among others. After the acoustic signal is windowed, filtered,

and transferred from the time domain to the frequency domain, the magnitude and phase of the

frequency components of the signal are monitored over time. In the veins leading to the heart, the

antegrade frequency components will be larger in magnitude than the retrograde components. If

the probe enters an ancillary or undesired vessel en route toward the heart, the retrograde

components will be larger than the antegrade components.

[00085] In the right atrium, the frequency components will vary between antegrade dominant

to retrograde dominant as the right atrium contracts. The rapid changes from antegrade to

retrograde dominated signal even though the stylet may be stationary are indicative of turbulent

blood flow pattern of the right atrium. There are many methods of monitoring this rapid change.

For instance, one could monitor the change of frequency components in the antegrade signal.

Instead of small changes in the frequency components associated with each heart contractions as

seen in the vein, the right atrium will produce large and distinctive changes in the frequency

components with each heart contraction. For example, in the vein, about a 5 to 7 kHz change in

the frequency components with each heart contraction is generally expected, depending on the

location within the venous vasculature, while in the right atrium, about a 7 to 1 kHz change is

generally expected, when using a PRF of 30 kHz. In addition, the shape of the frequency signal

can be different, with the vein having a frequency component signal with a relatively smooth

shape, and the right atrium having a frequency component signal with a relatively sharp and

random shape. One could also use the retrograde signal for the analysis. While the stylet is in the

veins, the retrograde signal will be weak or minimal. Once the transducer enters the right atrium,

the magnitude of the retrograde signal will increase and will vary with each atrial contraction and

respiration.

[00086] An additional embodiment of monitoring turbulent blood flow is to monitor

frequency component peaks as the blood flow changes direction. When the turbulent blood flow

changes direction, the frequency component will change creating a peak. The peaks and troughs

(local maximums and minimums) will indicate the how often the blood flow velocity changes,

the magnitude of these changes, and the timing of the changes. For example, Fig. 3 illustrates

how these features change in a peripheral vein, the SVC and the right atrium. In the vein and the

SVC, the flow is primarily unidirectional (antegrade), but the signal magnitude in the SVC is

greater than the vein. In the right atrium, there is bidirectional flow with a large magnitude. The

timing of changes in blood flow will help determine if the changes are associated with a heart

contraction, respiratory rhythm, or moving of the catheter tip. In some embodiments, the peaks



and troughs can be compared with ECG measurements and data to determine whether the

changes are associated with the heart rate.

[00087] Another feature of the turbulent signal could be the ratio of the antegrade power to

the retrograde power signal. For example, the ratio of the spectral power of the antegrade signal

to that of the retrograde signal can be used. While the transducer is in the main vein, the power

of the antegrade will be dominant. If the transducer is in an ancillary vein, the signal will be

retrograde dominant. If the transducer is in the right atrium, the power the acoustic will vary

rapidly between antegrade and retrograde dominant. In the right atrium, if one were to average

the power over one cardiac cycle, the ratio between antegrade and retrograde will be close to

unity in turbulent blood flow since the both signals are present. In some embodiments, close to

one can mean within 30% of unity, or within 20% of unity, or within 10% of unity. In addition,

the ratio will generally be greater than one just past the CAJ, and closer to the IVC, the ratio will

be generally less than one.

[00088] There may be turbulent blood flow where two veins combine (for instance where the

brachiocephalic vein meets the internal jugular vein) because the two blood flow are merging in

a chamber than is larger than either vein. These small sections of turbulent blood flow need to be

differentiated from turbulent blood flow of the right atrium. One method to differentiate the two

types of turbulent blood flow will be based on the overall power of the acoustic signal. The

power of the acoustic signal in the right atrium will be much larger than the power at one the

ancillary venous junctures. Another method is to measure the power of the retrograde component

of the turbulent blood flow. The retrograde flow at the ancillary venous juncture which has no

retrograde source will be much lower than at right atrium which has the IVC providing the

retrograde source of the turbulent blood flow.

[00089] Another embodiment of the analyzing the acoustic signal for turbulent blood flow

will be to create Mel-frequency cepstrum (MFC) of the acoustic signal. MFC is a presentation of

the short-term power spectrum of an acoustic signal based on a linear cosine transform of a log

power spectrum on a nonlinear Mel scale of frequency. The coefficients of the MFC are the

acoustic characteristics of the acoustic signal for the short time period. These MFC coefficients

(MFCC) are compared to a database of previously recorded MFCC from turbulent and non-

turbulent blood flow. At each time step, the MFCC of the sampled signal will be compared to the

stored MFCC such that a scoring of the match can be made. This comparison step could be done

by a variety of means including, but not limited to, support vector machines, Gaussian Mixture

Models, Mahalanobis Distance, and neural networks. The scores from each stored MFCC are

then compared against each other and over time to determine the most probable blood flow

pattern. This comparison can be done via a variety of methods including hidden Markov chains,



K means, nearest neighbor, codebook indexing, AdaBoost, Bayesian model, and neural

networks. In one embodiment, the hidden Markov chain will analyze the series of scores from

each stored MFCC. Based on the model parameter, the model will then output the state (blood

flow pattern) of the system.

[00090] Besides using MFC to characterize, one skilled in the art could also use different

acoustic scaling such as Bark scale, Fletcher-Munson curves, or any other audiometric weighting

curves. Other feature extractions of the acoustic signal are linear predictor coefficients and

frequency domain enveloping among others. These techniques can be used to generate

coefficients that can be compared to a database of coefficients values from known locations in

the venous vasculature and circulatory system.

[00091] In some embodiments, another feature that can be extracted is the instantaneous

respiratory rate of the patient. The inserted catheter can move with each respiratory cycle

creating a low frequency modulation of the acoustic and ECG signals. The movement may

confound the analysis of the acoustic and ECG signal and especially the turbulent flow analysis.

The movement of the catheter can change the position of the ultrasound transducer within the

right atrium. Depending of the location of the transducer, the magnitude of the antegrade,

retrograde, and turbulence will change. For instance, if the transducer is in the right atrium near

the SVC, then the turbulent signal will be antegrade dominant. If the transducer is in the right

atrium near the IVC, then the turbulent signal will be retrograde dominant. The transducer

movement caused by the respiratory cycle could move the transducer from the bottom of the

SVC to the top of the IVC causing the signal to oscillate from an antegrade dominant to

retrograde dominant turbulent signal.

[00092] In some embodiments, one method of monitoring respiration is to monitor and

analyze the R wave portion of the ECG. The amplitude of the R wave increases with expiration

and the amplitude decreases with inspiration. The R - R interval also increases with expiration

and decreases with inspiration. Based on these two features, the respiratory cycle can be

determined (see Bowers, Murray, & Langley, 2008, which is hereby incorporated by reference in

its entirety). The respiratory cycle components of the acoustic and ECG signal may be removed

before the features are sent to the processor to increase the accuracy of the features. In some

embodiments, the acoustic and ECG signals can be monitored and analyzed during a

predetermined portion of the respiratory cycle, such as the beginning of inspiration, the

beginning of expiration, the end of inspiration, the end of expiration, the middle of inspiration,

and/or the middle of expiration.

[00093] In other embodiments, respiration can be monitored using an accelerometer that

measures the periodic movement of a patient's chest during respiration.



[00094] In some embodiments, once the features are measured during the pre-processing

stage, the features are passed into the processor to determine the output, such as stylet location

for example, that will be displayed to the user. As discuss above, the features can be inputted into

their respective membership functions for each states 0, 1, 2, and 3. However, the right atrium, or

another anatomical location, can be an additional state or states: state 4 and so on. 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 Dl, D2, D3, and El).

[00095] The weighted sum of the output scores from all the feature membership functions for

one class is as follows.

[00096] S = ∑ w R (n) -S (n)

[00097] The above equation represents one of the output scores for red (state 3). "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.

[00098] Final scores are output by the processor. The processor then determines the state of

navigation based on the highest score. The state with highest score is displayed to the user. In the

above example, if S is the highest score with state 3, the processor outputs a result related to

State 3. In another example, if the highest score corresponds to state 4, the processor provides an

result to the output device to display right atrium.

[00099] In some embodiments, the above function does not take into account the output of

previous states. For instance, the state at time tn-i does not influence probability of obtaining any

state at time t„. Of states 0 through 3, only state 2 provides an exact location to the user. Once

state 2 is achieved, the user stops moving the catheter since the catheter is in the ideal or target

location. The other 3 states only provide general directions (move forward, pull back, etc.).

Given that the previous states do not provide information on how close the catheter tip is to the

CAJ point, the current state is not dependent on the previous states.

[000100] However, the right atrium is an exact location. Once the catheter reaches the right

atrium, it has only 5 places to go: IVC, right ventricle, coronary sinus, CAJ, or stay in the right

atrium. Giving the limited number of locations to go, in some embodiments, the system can gate

the rules the processor uses based on location within the right atrium. The processor can use the

general formulation used above. If the state ever changes to state 4 (right atrium), the processor

can change the weighting on the formula or use a different formula all together.

[000101] Once the system determines that the catheter tip is located in the right atrium, the

formula can change from the original formula (below) to a new formula such that the weights are

different for the same state.



[000102] SR = ∑ wR n - SR (n)

[000103] In the example below, the score for the State 3 (Red) can be based on a different set

of weight ( ) instead of the original weights (w R ) . The formula can also use a different set of

features to calculate the score. In the example below, the features in the original SR ) is changed

[000104] SR = ∑n w R2 n) - SR2 n )

[000105] In some embodiments, after determining location within the right atrium, the new

processor formula can be solely based presence or absence of turbulent blood flow pattern

analysis. The turbulent blood flow will only decrease if the catheter is moved into the IVC, the

CAJ, or the ventricle. The IVC will be a retrograde dominant signal. The ventricle will be highly

pulsatile blood flow associated with the R wave. The CAJ will be antegrade dominant and

represent State 2. Since the right atrium indicator can tell the user to slowly withdraw the

catheter, the most likely state achieved after State 4 will be State 2. Therefore, the processor may

be weighted to take into account that State 2 will be a highly probable state once the user leaves

State 4. For example, w 2 can be increased after achieving State 4, to reflect the high probability

that State 2 will be achieved next.

[000106] Other embodiments of the gating of the processor formula can be used once the

location of the catheter tip is determined. For instance, if the processor can determine the

location of the SVC, then the processor knows any turbulent signals found will be associated

with the right atrium since the stylet tip has already passed all ancillary venous junctures.

Therefore, the weighting and/or features of the state functions can be changed to reflect this

information.

[000107] Figs. 1 and 2 are flow charts illustrating embodiments of the methods described

above. In step 100, acoustic data and ECG data are acquired by recording signals from the

ultrasound transducer and ECG sensor of the probe. Next, in step 110, the recorded data

undergoes pre-processing and feature extraction before being passed to the algorithms for further

processing. During pre-processing and data extraction, specific values of a variety of features

are identified and provided as inputs to the algorithm. Pre-processing can include time to

frequency conversion of the acoustic signal, filtering and de-noising as further described above.

Data extraction includes extracting a variety of features from the raw data, including the power

level, the QRS complex, the P, Q, R, S, and T wave, retrograde or antegrade flow dominance,

frequency content, frequency content morphology, and other Doppler and/or ECG features, such

as the area under the curve, minimums, maximums, derivatives, and integrals.

[000108] For example, Fig. 2 shows that features that can be extracted from acoustic data 201

include the difference between retrograde flow to antegrade flow 2 11, the ratio of retrograde



flow to antegrade flow 1 , the ratio of total Doppler Power to Noise 3, the ratio of low

frequency power to low plus high frequency power 214 (total frequency component), and

turbulence indicators 215. Features that can be extracted from ECG data 202 include the ratio of

internal P Wave to external P Wave 216 (internal refers to P Wave measured from intravascular

ECG sensor located on the stylet while external P Wave refers to P Wave measured from ECG

electrodes located on the skin), bi-phasic P wave characteristics 217, atrial fibrillation/flutter

218, and R Wave to S Wave ratio 219.

[000109] Returning to Fig. 1, after the data has be pre-processed and the features have be

extracted, the pre-processing data and extracted features are passed to the algorithms for further

processing 120. The algorithms can include membership functions and weightings that are used

to determine zones or states of the device as described above. The results of the processing 120

can be output to the user 130 using a visual indicator or display or audio indicator.

[000110] Fig. 2 illustrates examples of which features can be used to determine the values of

the membership functions for the plurality of zones or states. For example, Zone 1 221, which

can be represented by a green indicator such as an arrow, indicates to the user to continue

advancing the device. The features that can be included in the membership function for Zone 1

include difference in retrograde to antegrade flow 2 11, ratio of retrograde to antegrade flow 212,

ratio of total Doppler power to noise 213, ratio of low frequency power to low plus high

frequency power 214, and ratio of internal P Wave to external P Wave 216. Zone 3 222, which

can be represented by a blue indicator such as a bull's eye, indicates that the target location has

been reached. The features that can be included in the membership function for Zone 3 include

difference in retrograde to antegrade flow 2 11, ratio of retrograde to antegrade flow 212, ratio of

total Doppler power to noise 213, ratio of low frequency power to low plus high frequency

power 214, and ratio of internal P Wave to external P Wave 216. Zone 4 223, which can be

represented by a red or orange indicator such as a stop sign, indicates to the user stop and

withdraw or retract the device. The features that can be included in the membership function for

Zone 4 include ratio of retrograde to antegrade flow 212, ratio of total Doppler power to noise

213, bi-phasic P wave characteristics 217, and atrial fibrillation/flutter 218. Zone 5 224, which

can be represented by a yellow indicator such as a triangle, indicates to the user to stop and wait.

The features that can be included in the membership function for Zone 5 include ratio of total

Doppler power to noise 213 and ratio of internal P Wave to external P Wave 216. Zone 7 225,

which can be a right atrium indicator, indicates that the right atrium has been reached. The

features that can be included in the membership function for Zone 7 include a turbulence

indicator 215 and bi-phasic P wave characteristics 217. Zone 6 226, which can be a SVC

indicator, indicates that the SVC has been reached. A feature that can be included in the



membership function for Zone 6 includes R Wave to S Wave ratio 219. After the values of the

membership functions are determined, the zone with the highest value can be selected and

outputted to the user 23 1 as described above.

[000111] CAJ and/or RA Turbulence Blood F ow Pattern Detection

[000112] Some embodiments of the present invention are based on the understanding that each

location of the major venous vasculature from the peripheral arm vein or another peripheral vein

to the heart can be identified by specific blood flow patterns quantified by ultrasound Doppler

and by specific ECG features. The direction of the catheter's navigation can be determined by

relative spectral power analysis (antegrade versus retrograde) of blood flow direction measured

by the Doppler sensor, and by monitoring and/or measuring the change of the major ECG

components.

[000113] For example, in the case of a CVC or PICC line, by real-time monitoring of the

direction and speed of blood flow in the venous system, a user can estimate the catheter tip

location and guide the CVC or PICC to the ideal or target location, such as the 1/3 lower SVC to

CAJ. FIG. 4 illustrates the anatomical location of the CAJ 404, which is located between the

SVC 400 and RA 406.

[000114] Embodiments of the present invention identify the specific blood flow profile at the

CAJ. One aspect of the present invention is based on the principle that certain locations in the

vasculature can be identified by specific blood flow patterns. For example, the blood flow pattern

in the CAJ area is multi-directional pulsatile with a high degree of turbulence. Embodiments of

the present invention are intended to detect the specific (turbulent) blood flow pattern at the CAJ

area using an ultrasound Doppler sensor.

[000115] Embodiments of the present invention are based on the new methods described herein

in combination with non-image ultrasound Doppler blood flow pattern recognitions algorithm

and ECG morphology change detection, which is further described above and in U.S. App. No.

13/292,010, to guide and place the catheter in the optimal or target location. For the accurate

placement of a CVC or PICC line, characterization of venous blood flow along the venous

vasculature path is of importance, e.g., from the cephalic/brachial/basilic veins to the subclavian

and then into the SVC along with CAJ, jugular vein, and inferior vena cava regions. In general,

the mean blood velocities are slower in the veins as compared to arteries and the heart chambers.

In addition, venous blood flow is weak pulsatile with low peak velocities.

[000116] In the upper extremity venous (cephalic, brachial, subclavian and basilic), the blood

flow is generally weak pulsatile, as illustrated in FIGS. 5A-D. In FIGS. 5A-5F, the x-axis

represents time in seconds and the y-axis represents the frequency in kHz. In the SVC, the blood

flow is generally unidirectional pulsatile, as illustrated in FIG. 5E. In the CAJ and RA, the blood



flow is generally multi-directional pulsatile with a high degree of turbulence, as illustrated in

FIG. 5F and FIGS. 9A and 9B. FIG. 9A illustrates the multi-directional blood flow pattern

and/or turbulent blood flow pattern caused by the blood flow from the SVC and IVC, while FIG.

9B illustrates the contribution from movement of the RA walls. . The weak pulsatile pattern of

the upper extremity venous flow lightly follows the pulsatile pattern of the heart beat. Since the

venous weak pulsatile pattern differs from the multi-directional pulsatile pattern in the CAJ area

and the RA, the pattern analysis algorithm detects these significant pattern differences of the

different locations of interest, and helps the user place an endovascular catheter in the ideal or

target location. Various aspects of the invention relate to ultrasound Doppler data processing

algorithms that can accurately characterize the direction and velocity of blood flow at the

catheter location and guide the catheter to the optimal or target location.

[000117] In some embodiments, a pre-processor calculates the level of background noise from

the Doppler signal in the initial catheter insertion session. The background noise can be

calculated by adding the first 7 seconds of Doppler data within the pre-defined high frequency

bandwidth (i.e., 11.43 kHz to 13.42 kHz or about 11 kHz to 4 kHz). In the beginning of the

procedure while in the peripheral vasculature such as the brachial artery, blood flow generally

does not reach this high frequency bandwidth range. If the level of background noise is higher

than a threshold value due to a medical procedure such as flushing a catheter, then next 7

seconds of Doppler data is studied. Afterwards, the level of background noise for each frequency

point is calculated. This value is then subtracted from the entire set of frequency points to

increase the signal-noise ratio.

[000118] In some embodiments, a pre-processor can extract physiological parameter

information from the ultrasound Doppler data. Exemplary physiological parameters described

here include: total frequency power, low frequency band power, medium frequency band power,

high frequency band power, very high frequency band power, ratio between each frequency

power and total frequency power. In addition, the upper envelope (maximum) of the antegrade

blood flow and the lower envelope (minimum) of the retrograde blood flow can be constructed

from the ultrasound Doppler signal. The preprocessor extracts information from the envelope

signal. Exemplary information include: maximum height envelope, total area under the envelope

line, mean envelope value, length (duration) of envelope in each beat, percentile area of the

specific bandwidth, and ratio between above parameters.

[000119] The parameters listed above are used as input data in the processing algorithms,

which can be based on artificial intelligence, for example Neuro-Fuzzy logic. The algorithms

can also be based on, for example, expert systems, neural networks and genetic algorithms. The

processor contains a set of processing rules including membership functions and Fuzzy rules to



process in vivo intravascular and external ECG and non-imaging ultrasound Doppler signals to

determine SVC area and the probable location of the intravascular catheter tip.

[000120] The processor with a set of processing rules can evaluate a blood flow pattern and a

frequency power within a specific bandwidth of the ultrasound Doppler signal on a beat-to-beat

base. In some embodiments, the blood flow patterns can be classified as the following types:

antegrade blood flow Doppler signal is dominant over retrograde blood flow Doppler signal

(Type 1), both antegrade flow Doppler signal and retrograde flow Doppler signal show well

balanced waveform or turbulence patterns (Type 2), retrograde blood flow Doppler signal is

dominant over antegrade flow Doppler signal (Type 3), and both antegrade and retrograde flow

Doppler signals are concentrated in the low frequency band (Type 4). In some embodiments, the

location of interest is the lower part of CAJ area and the upper part of the atrium. This location

is characterized by distinct turbulent blood flow patterns (Type 2). The present analysis

algorithm detects the presence of turbulent blood flow patterns in and around the CAJ area by

analyzing one or more of the following Doppler features:

1) Maximum amplitude >= 2.3 kHz (both antegrade and retrograde flow)

2) 0.6 <= Ratio (maximum amplitude of Antegrade/Retrograde flow) <= 1.3

3) Percentage of Antegrade & Retrograde Doppler signal at 0.2930 kHz vs total possible

signal >= 50

4) Percentage of Antegrade & Retrograde Doppler signal at 40% max kHz vs at 0.2930

kHz>= 30

5) 0.6 <= Ratio (total Antegrade area/total Retrograde area) <= 2.5

6) Area at Very high frequency (6.9727 kHz to 14.6484 kHz)

7) Antegrade <=10 & Retrograde <=5

8) Retrograde signal at maximum antegrade Doppler point

[000121] In addition, in some embodiments, the beat-to-beat CAJ area can be estimated or

determined with an analysis of changes of the ECG waveform due to the atrium and ventricular

activities during the cardiac cycle. As illustrated in FIGS. 10A and 10B which illustrate

exemplary ECG waveforms for two different patients, these ECG features include, for example,

(1) P wave amplitude, (2) area under the P waveform, and (3) interrelationships of the atrium and

ventricular parameters including, for example, (4) QRS complex amplitude, (5) area under the

QRS waveform, (6) T wave amplitude, (7) area under the T wave waveform, and (8) ratios or

differences between various components of the ECG waveform including, for example, P versus

QRS (amplitude and/or area under the waveforms), P versus T (amplitude and/or area under the

waveforms), T versus QRS (amplitude and/or area under the waveforms), and the like.



[000122] For example, an analysis of FIGS. 10A and 10B illustrates that both the T wave

amplitude and the P wave amplitude increases between the ECG waveform measured in the

peripheral vein and the ECG waveform measured in the CAJ. In general, the system and method

identifies differences between the ECG waveforms in the peripheral vein and the location of

interest, such as the SVC, CAJ or other location, which are consistently found among a large

population of patients. These consistently identified relationships can be incorporated in the

features, parameters, constants and algorithms described herein to help locate the stylet.

[000123] In some embodiments, the ratio of the beat-to-beat feature value to an initial feature

value is compared with a threshold feature value, where the beat-to-beat feature value refers to

the present or current feature value during the navigation procedure, the initial feature value

refers to the feature value measured after insertion of the stylet or during initial calibration, and

the threshold value is a value determined from a database of patient data such that when the ratio

exceeds the threshold, it is likely that the stylet is in the CAJ and/or RA or some other target

location.

[000124] In addition, in some embodiments, the values of the initial feature value and/or the

value of the threshold feature value can be constrained to a predetermined range. In some

embodiments, the threshold feature value can be a predetermined constant. For example, one or

more of a lower bound and a higher bound can be set for the initial feature value and/or the

threshold feature value. For example, the above relationships can be expressed in equations such

as the following, which uses the P wave amplitude as an example:

Beat-to-beat
≥ P hres>show CAJ sign

[000125] These equations specify that the initial P value has a value between A i and B , which

can be constants with predetermined values. This means that when the initial P value is being

determined, during for example the calibration procedure, and the measured P value is less than

Aj, then the initial P value is assigned a value of A . If the measured P value is between Ai and

B], the initial P value is assigned a value of the measured P value, and if the P value is greater

than Bi, then the initial P value is set at Bi.



[000126] In some embodiments, instead of or in addition to using the comparison between the

ratio and the threshold, a delta feature value can be determined, where the delta feature value is

equal to a product between a sigmoid weighting factor and a value that is a function of the beat-

to-beat feature value and optionally other variables, parameters or constants, such as the upper

threshold for example, which can also depend on a variety of factors, such as the initial feature

value, the signal strength or quality, and the like. The delta feature value can be compared with

the threshold feature value, where the threshold feature value is selected such that when the delta

feature value exceeds the threshold feature value, it is likely that the stylet is in the CAJ or some

other target location. The value of the sigmoid weighting factor can depend on, i.e. can be a

function of, the initial feature value and/or other variables. Similarly, the threshold feature value

can depend on, i.e. can be a function of, the initial feature value and/or other variables as

illustrated in FIG. 11. The following equations represent these relationships:

= Weightsigmoid x f X, _ _ )

// > FThres,high probability to show CAJ or blue bulls eye sign

[000127] Overall System and Method

[000128] With the system algorithm, which can be based on Neuro-Fuzzy logic, extracted

features are processed and a weighing factor is assigned to each feature based on the evaluation

of ECG, acoustic and Doppler signals. In some embodiments, a subset of the above features,

such as one, two or more features, can be used for the analysis. For, example, one embodiment

of the algorithm The preprocessor conducts high-level feature extraction processing of the data.

The processor implements the algorithms to make the final decision of the catheter location.

During the catheter insertion with the stylet, the guidance system provides four different location

indicators: a green arrow (move forward), the blue bull's eye (right location), a red or orange

indicator (stop and pull back), and yellow triangle (no decision due to the lack of data). These

location indicators guide the clinical operator to place the catheter in the optimal location. FIGS.

6A and 6B illustrate simplified general steps for catheter guidance according to various

embodiments.

[000129] Additionally, the location of the catheter tip may provide a gating function for the

processor such as changing the weights, parameters, features and formulas of the algorithms

based on the current location of the catheter tip to increase the accuracy of the placing the

catheter tip in the ideal or desired location. For example, if the processor can determine the



location of the SVC, then the processor knows any turbulent signals found will be associated

with the right atrium since the stylet tip has already passed all ancillary venous junctures.

Therefore, the weighting and/or features of the state functions can be changed to reflect this

information. Additionally, the features from the acoustic signals and the features from the

Doppler signals can be used to identify whether the multidirectional flow or turbulence detected

by the system and method is turbulence at the junction of two veins or turbulence in the RA/CAJ.

One feature, as described above, which can be used to make this distinction is the overall power

of the acoustic signal, which will be larger in the RA/CAJ than at the junction of two veins.

Therefore, a state representing the RA/CAJ can weigh the overall power of the acoustic signal

more heavily than a state representing the junction of the two veins.

[000130] As illustrated in FIG. 6A, the method begins after the insertion of a stylet, catheter or

other device into a peripheral vein of the patient with step 600, where the stylet is advanced.

Then, at step 602, ECG and Doppler feature information is obtained. Using this information, at

step 604 the system determines using the Doppler data whether retrograde flow is dominant. If

retrograde flow is dominant, the system activates the red/orange indicator which prompts the

user to go to step 608 and pull the stylet back and then start over at step 600. If, however, flow is

not retrograde dominant, the system activates the green indicator, the stylet is advanced, and the

system checks whether the SVC area has been reached at step 606. If the SVC has not been

reached, the green indicator is activated and the stylet is advanced. If however the system

determines that the SVC area has been reached, the system proceeds to evaluate the Doppler

signal rules at step 610 and P wave rules at step 612. If both sets of rules are satisfied, then the

target location (i.e., 1/3 lower SVC) has been reached and the blue bull's eye indicator can be

activated.

[000131] If however, the Doppler signal rules have not been satisfied, the system determines

whether the flow is retrograde dominant or antegrade dominant using the Doppler data. If the

flow is retrograde dominant 614, the red/orange indicator is activated, which instructs the user to

pull the stylet back, which sends the process back to step 600. If the flow is clearly antegrade

dominant, then the green indicator is activated, which instructs the user to advance the stylet,

sending the process back to step 600. If the flow is not clearly antegrade dominant, the yellow

indicator is activated, which instructs the user the wait and sends the process to step 608.

[000132] If however, the P wave rules are not satisfied, the system determines whether the P

wave is biphasic 616. If the P wave is biphasic, the red/orange indicator is activated, which

instructs the user to stop and pull back, and the process is directed to step 608. If the P wave is

not biphasic, then the green indicator is activated, which instructs the user to advance the stylet

and returns the process to step 600.



[000133] FIG. 6B illustrates a calibration procedure. Starting at step 650, ECG data is

obtained. Then at step 652 the system determines whether the ECG data was collected as part of

a calibration or not. If not, the ECG data is sent for pre-processing and processing 668 as

illustrated in FIG. 8. If a calibration session is indicated, the process proceeds to step 654 where

the ECG data is read, then de-noised at step 656, and sent to step 658 to determine whether the

QRS complex is detectable. If not, the process is sent back to step 654 and the next ECG data is

read. If the QRS complex is detectable, the process proceeds to step 660 where the system

attempts to detect the P wave. If the P wave is not detectable, the process is sent back to step

654. If the P wave is detectable, the process proceeds to step 662 where the system constructs an

ECG ensemble average waveform and extracts the ECG features. Then the process proceeds to

step 664, where the ECG ensemble average waveform and extracted features are saved, which

ends the calibration session 666.

[000134] FIG. 7 illustrates a diagram of the logic process, which can be Neuro-Fuzzy, of the

collected ECG and Doppler data, which are further described herein and in U.S. App. No.

13/292,010. As shown in FIG. 7, in some embodiments, input signals 700 undergo data

separation 702 into Doppler signals, which undergo Doppler signal pre-processing 704, and ECG

signals, which undergo ECG signal pre-processing 706. From the Doppler signals, Doppler

features are extracted 708 and from the ECG signals, ECG features are extracted 710. The

extracted features are sent to membership functions 712 which are incorporated into a plurality

of rules 714. Each rule is given a weighting factor 716 which can be state dependent (i.e., state 1

(green), state 2 (red/orange), state 3 (yellow), state 4 (blue), etc). Each state can be a function of

the membership functions, rules and weights 718. The state function with the highest score can

be output to the user 720.

[000135] In various embodiments, both ECG and Doppler based processing for guiding and

positioning of the stylet include the following operations which are illustrated in FIG. 8:

If it is the calibration session (FIG. 6B):

1. Get intravascular and external ECG signal, remove noise signal and

2. Detect P-wave and QRS complex,

3. Generate ECG ensemble average waveform;

If it is the PICC navigation session (FIG. 8):

1. Get intravascular and external ECG signal,

2. Remove noise signal from the ECG signals,

3. Detect QRS complex,

4. Calculate magnitude of QRS complex,

5. Detect P-wave,



6. Calculate magnitude and time location of the P-wave,

7. Calculate the ratio of intravascular QRS complex magnitude to external QRS

complex magnitude,

8. Calculate the ratio of intravascular P-wave magnitude to external P-wave

magnitude,

9. Detect the biphasic P-wave and send out a flag (internal software flag),

10. Get antegrade and retrograde blood flow Doppler data,

11. Apply filters on the Doppler data,

1 . Calculate frequency spectrum of Doppler data,

13. Display time-frequency spectrum data,

14. Construct the envelop curve of the spectrum data,

15. Extract Doppler features,

16. Calculate the membership functions for the Doppler signal features and ECG

signal features,

17. Assign weight to each features,

18. Calculate the final score for each possible sign,

[000136] Display sign with the highest score in each cardiac cycle.

[000137] Variations and modifications of the devices and methods disclosed herein will be

readily apparent to persons skilled in the art. As such, it should be understood that the foregoing

detailed description and the accompanying illustrations, are made for purposes of clarity and

understanding, and are not intended to limit the scope of the invention, which is defined by the

claims appended hereto. Any feature described in any one embodiment described herein can be

combined with any other feature of any of the other embodiments whether preferred or not.

[000138] It is understood that the examples and embodiments described herein are for

illustrative purposes only and that various modifications or changes in light thereof will be

suggested to persons skilled in the art and are to be included within the spirit and purview of this

application and scope of the appended claims. All publications, patents, and patent applications

cited herein are hereby incorporated by reference for all purposes.



CLAIMS

What is claimed is:

1. A method for determining the location of a medical device within a body, the

method comprising:

transmitting from the medical device an acoustic signal;

receiving with the medical device a reflected acoustic signal;

advancing the medical device based on a first algorithm, the first algorithm including a

first weighting factor and a first feature extracted from the reflected acoustic signal;

determining a first location of the medical device based on the first algorithm; and

moving the medical device to a second location based on a second algorithm, the second

algorithm based on the determined first location and including at least one of a second weighting

factor and a second feature extracted from the reflected acoustic signal.

2. The method of claim 1, further comprising detecting an ECG signal, wherein the

first algorithm includes a third feature extracted from the ECG signal.

3. The method of claim 2, wherein the third feature is the R-wave of the ECG signal.

4. A method for detecting that a medical device has entered the right atrium of a

patient, the method comprising:

transmitting from the medical device an acoustic signal;

receiving with the medical device a reflected acoustic signal;

extracting one or more features indicative of turbulent flow from the acoustic signal;

determining a turbulent flow pattern based on the extracted one or more features; and

determining whether the medical device has entered the right atrium based on the

determined turbulent flow pattern.

5. The method of claim 4, wherein the one or more features includes a frequency

content of the acoustic signal over time.

6. The method of claim 5, further comprising indicating that the medical device has

entered the right atrium when the frequency content of the acoustic signal over time changes

between antegrade dominant and retrograde dominant while the medical device is not being

advanced or retracted.



7. The method of claim 4, wherein the one or more features includes an antegrade

power signal, a retrograde power signal, and a ratio of the antegrade power signal to the

retrograde power signal.

8. The method of claim 7, further comprising indicating that the medical device has

entered the right atrium when an average value of the ratio of the antegrade power signal to the

retrograde power signal over a cardiac cycle is close to one.

9. The method of claim 4, wherein the one or more features includes an overall

power of the acoustic signal.

10. The method of claim 4, further comprising:

generating a Mel-frequency cepstrum of the acoustic signal; and

determining one or more coefficients of the Mel-frequency cepstrum.

11. The method of claim 10, further comprising comparing the determined one or

more coefficients with a database of coefficients based on turbulent and non-turbulent blood

flow.

12. The method of claim 4, further comprising monitoring respiration and removing

respiratory artifacts from the acoustic signal.

13. A method for guiding a medical device to a target location within a patient's

cardiovascular system, the method comprising:

transmitting from the medical device an acoustic signal;

receiving with the medical device a reflected acoustic signal;

extracting one or more features indicative of blood flow characteristics from the acoustic

signal;

determining a plurality of scores for a plurality of membership functions, each

membership function comprising a series of extracted features, each extracted feature modified

by a weighting factor, wherein the plurality of membership functions include at least one

membership function for the target location within the cardiovascular system, at least one

membership function for moving the device within the cardiovascular system, and at least one

membership function for a secondary location within the cardiovascular system; and



changing at least one weighting factor or at least one extracted feature in the series of

extracted features of at least one membership function when the score of the membership

function for the secondary location within the cardiovascular system is the greatest score.

14. The method of claim 13, wherein the target location is the SVC.

15. The method of claim 13, wherein the secondary location is the right atrium.

16. A system for determining the location of a medical device within a body, the

system comprising:

an elongate body having an non-imaging ultrasound transducer disposed on a distal

portion of the elongate body;

a processor configured to receive and process a reflected acoustic signal from the non¬

imaging ultrasound transducer; and

memory for storing instructions, which when executed by the processor, causes the

processor to:

provide instructions to advance the elongate body based on a first algorithm, the

first algorithm including a first weighting factor and a first feature extracted from the

reflected acoustic signal;

determine a first location of the elongate body based on the first algorithm; and

provide instructions to move the elongate body to a second location based on a

second algorithm, the second algorithm based on the determined first location and

including at least one of a second weighting factor and a second feature extracted from

the reflected acoustic signal.

17. A system for detecting that a medical device has entered the right atrium of a

patient, the system comprising:

an elongate body having an non-imaging ultrasound transducer disposed on a distal

portion of the elongate body;

a processor configured to receive and process a reflected acoustic signal from the non¬

imaging ultrasound transducer; and

memory for storing instructions, which when executed by the processor, causes the

processor to:

extract one or more features indicative of turbulent flow from the reflected

acoustic signal;



determine a turbulent flow pattern based on the extracted one or more features;

and

determine whether the elongate body has entered the right atrium based on the

determined turbulent flow pattern.

18. The system of claim 17, wherein the one or more features includes a frequency

content of the reflected acoustic signal over time.

19. The system of claim 18, wherein the memory further comprises instructions,

which when executed by the processor, causes the processor to indicate that the elongate body

has entered the right atrium when the frequency content of the acoustic signal over time changes

between antegrade dominant and retrograde dominant while the elongate body is not being

advanced or retracted.

20. The system of claim 17, wherein the one or more features includes an antegrade

power signal, a retrograde power signal, and a ratio of the antegrade power signal to the

retrograde power signal.

2 1. The system of claim 20, wherein the memory further comprises instructions,

which when executed by the processor, causes the processor to indicate that the elongate body

has entered the right atrium when an average value of the ratio of the antegrade power signal to

the retrograde power signal over a cardiac cycle is close to one.

22. The system of claim 17, wherein the one or more features includes an overall

power of the reflected acoustic signal.

23. The system of claim 17, wherein the memory further comprises instructions,

which when executed by the processor, causes the processor to generate a Mel-frequency

cepstrum of the reflected acoustic signal; and determine one or more coefficients of the Mel-

frequency cepstrum.

24. The system of claim 23, wherein the memory further comprises instructions,

which when executed by the processor, causes the processor to compare the determined one or

more coefficients with a database of coefficients based on turbulent and non-turbulent blood

flow.



25. The system of claim 17, wherein the memory further comprises instructions,

which when executed by the processor, causes the processor to remove respiratory artifacts from

the acoustic signal.
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