06/049787 A2 IR 0 0O 0 OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
11 May 2006 (11.05.2006)

(10) International Publication Number

WO 2006/049787 A2

(51) International Patent Classification:
A61B 5/05 (2006.01)

(21) International Application Number:
PCT/US2005/035611

(22) International Filing Date: 4 October 2005 (04.10.2005)
English
English

(25) Filing Language:
(26) Publication Language:

(30) Priority Data:
10/482,190 2 November 2004 (02.11.2004) US
60/625,002 4 November 2004 (04.11.2004) US

(71) Applicant (for all designated States except US): THE
TRUSTEES OF THE UNIVESITY OF PENNSYL-
VANIA [US/US]; Suite 200, 3160 Chestnut Street,
Philadelphia, PA 19104 (US).

(71) Applicant and
(72) Inventor: WILSON, David, F. [US/US]; 207 Saint Marks
Square, Philadelphia, PA 19104 (US).

(72) Inventor; and

(75) Inventor/Applicant (for US only): SCHEARS, Gregory,
J. [US/US]; 2746 Summit Drive Northeast, Rochester, MN
55906 (US).

(74) Agent: MCCONATHY, Evelyn, H.; Drinker Biddle &
Reath LLP, One Logan Square, 18th and Cherry Streets,
Philadelphia, PA 19103 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, LY,
MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO,
NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK,
SL, SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ,
VC, VN, YU, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: OPTICALLY GUIDED SYSTEM FOR PRECISE PLACEMENT OF A MEDICAL CATHETER IN A PATIENT

103

100
N
N
\M\i
,\_@
123
122
106

& (57) Abstract: A system is provided comprising an optically-guided catheter having a proximal end, a distal end, and at least one
lumen. A light-emitting means is coupled to the catheter, the catheter is inserted into place in the patient, and light is emitted as a
point or points from a selected location, usually the distal tip, of the catheter to which it is coupled. The system further comprises an
external detection device that detects the transdermally projected light, emitted by the light-emitting point from within the patient,
thereby indicating precise placement of the catheter within the patient.

=



WO 2006/049787 PCT/US2005/035611

Optically Guided System for Precise Placement of a Medical Catheter in a Patient

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001]  The present application is a Continuation-in-Part application of U.S. Patent
Application 10/482,190, filed November 2, 2004, as a National Phase application of
PCT/US02/19314, filed June 19, 2002, which further claims priority to U.S. Provisional
Patent Application No. 60/299,299, filed June 19, 2001. Priority is also claimed to U.S.
Provisional Patent Application No. 60/625,002, filed November 4, 2004. The

aforementioned patent applications are herein incorporated by reference.

FIELD OF THE INVENTION

[0002] The invention relates to the field of optical guidance to accurately place a medical
catheter device within a human or animal body, and in particular to optically-guided system,
apparatus and methods used to precisely place inserted medical catheters and devices into the

vascular system, organs or other anatomical cavities or regions of a patient.

BACKGROUND OF THE INVENTION

[0003] Development of permanent implantable catheter systems, temporary diagnostic
and therapeutic catheters and implantable devices has resulted in life-saving benefits, and has
greatly improved the quality of life of patients across virtually the entire spectrum of medical
treatment. However, the proper placement and positioning of invasive catheters, tubes and
devices is critical to their effective use. For example, it is typically desirable to apply
medications, nutrients or diagnostic probes to a specific location in the body using catheters
or tubes.

[0004]  Positioning of these medical devices is usually done without benefit of any type of
real-time visual guidance. Often catheters and catheter-type devices must be steered through
a tortuous path and positioned at a site some distance from the proximal insertion point in the
patient. The location of the distal tip of this medical device is unknown until some
confirmatory study is performed, such as an x-ray. In cases where positioning is particularly
critical, x-rays can be used to locate and position the inserted implant, medical device,
catheter or tube. Often, following the confirmatory study, the position of the medical device
has to be adjusted or may need to be reinserted to achieve proper position of the tip or other

critical location(s) on the device.
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[0005]  For example, when an endotracheal tube is used to provide a patient with a
mixture of oxygen and air, it is essential that the tube be correctly placed. If the endotracheal
tube is in an incorrect position, possibly either too high or too low, either one lung will not be
ventilated at all or if the tube is above the vocal cords, neither lung will be ventilated.
Radiographs are commonly taken, sometimes at frequent intervals, to establish that an
endotracheal tube has been and remains properly located. Similarly, when an orogastric tube
is placed into a patient, radiographs are routinely taken to ascertain that the tube ends in the
patient's stomach, and not in the duodenum or the esophagus. The same principles apply to
the placement of arterial or venous catheters, wherein placement is critical with regard to
established reference points.

[0006] Some medical devices are subject to movement after insertion due to changes in
patient position, weakening of the device’s securement to the body, rapid infusion of fluids,
or removal of guidewires or introducers used during the device insertion process. This
necessitates regular, often at least daily, surveillance of the medical device position with x-
rays.

[0007] Positioning techniques using x-rays have several shortcomings. Often multiple x-
rays are required to locate or confirm the position of an inserted device, subjecting the patient
to undesirable levels of ionizing radiation. This problem increases when handling or
movement of the patient necessitates periodic rechecking of tube placement. Additionally, x-
ray equipment can be large and cumbersome to use, and often is not readily available at the
patient bedside when a catheter must be inserted, or placement of an indwelling catheter
verified or readjusted. As a result, considerable time and effort are involved in taking repeat
radiographs, adding significantly to patient care costs and to delays in optimal therapy.
Alternative attempts to properly place the device without the aid of any real-time visual
placement tool can make proper positioning of the device a difficult and time-consuming
task.

[0008]  U.S.Patent No. 4,567,882 (Heller et al.) provides a method for locating the tip of
an endotracheal tube inserted into a patient's trachea to provide an airway, wherein the
endotracheal tube that is inserted through the patient's mouth or nose includes a means for
emitting and laterally projecting a beam of high-intensity visible light (wavelength 4000 to
7700 A) from a point on the wall of the tube immediately adjacent to the distal end.
Consequently, position of the tip of the endotracheal tube can be externally and visually
observed as a high intensity visual light, projected laterally through the body to the outside of

the patient. However, the heat generated by such a high intensity light over time can cause
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burns to the delicate tissues lining the patient’s airway. This is recognized in U.S. Patent No.
5,007,408 (Ieoka), which regulates the light in a similar system by using color-separating
filters. The light is pulsed for predetermined time intervals through an iris-controlled circuit
to reduce the heat that is generated, thereby keeping the temperature slightly below tissue
damaging levels. U.S. Patent No. 5,005,573 (Buchanan) provides a light emitting
endotracheal tube connected to, and controlled by, an external oximeter.

[0009] Light emitting systems are often used to detect irregularities in a duct, vessel,
organ or the like. U.S. Patent No. 4,248,214 (Hannal et al.) provides an illuminated urethral
catheter to assist a surgeon in locating the junction of the bladder and the urethra to permit
the proper performance of the Marshall-Marchetti-Kranz procedure. U.S. Patent No.
4,782,819 (Adair) is repreéentative of many patents using .catheters for illuminating organs
for internail inspection. For example, U.S. Patent Nd. 5,947,958 (Woodward et al.) provides a
system for the illumination of internal organs of a patient after insertion through, for example,
the peritoneal wall. In that case, the light is provided for either imaging of the tissue surface
or for delivering light for use in photodynamic therapy. However, such devices are not used
for catheter placement, and are not the subject of the present invention.

[0010] In a conventional endoscope an illuminating light emitted from a light source
outside the body is introduced into the body cavity through a light guide, which is inserted
through a tube. The light is radiated onto tissue within the body cavity. In order to observe
the tissue surface within the body cavity, the light, which is reflected from the surface of the
tissue, is received and observed with the naked eye using an eyepiece, or is imaged by a
television camera or the like. However, with conventional endoscopes the character of the
viewed tissue, such as the venous circulation below the mucous membrane of the stomach or
the minute structure of the venous system, cannot be seen. As a result, U.S. Patent No.
4,898,175 (Noguchi) provides an imaging device in which a constant illuminating light is
shined onto the tissue being observed through a catheter-type device inserted into the
patient’s body, permitting the interior of the tissue to be observed using a viewing device that
images the light emitted to the outside of the body and processed by a signal processing
device. The imaging of the ‘175 patent utilizes a solid state imaging device, wherein the
illuminating light is sequentially switched among a variety of colors, or a single plate system,
wherein a color filter is fitted to the front surface of the solid state imaging device to obtain a
color picture image. However, the image is designed only to permit visualization of the
tissue onto which the light is projected. It is not used as an optical guidance means for

placing a catheter or scope quickly, easily and precisely within the patient’s body.
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[0011]  U.S. Patent Nos. 5,423,321; 5,517,997, 5,879,306; 5,910,816; 6,516,216;
6,597,941; 6,685,666 (Fontenot) provide multiple light guiding fibers of different lengths that
are inserted into internal organs or vessels during surgery to reduce the danger of erroneously
cutting into a passage or organ during surgery. The Fontenot catheter comprises an infrared-
emitting flexible, polymeric, preferably round light guide encased in a flexible essentially
infrared-transparent outer covering, such that infrared light is circumferentially emitted over
the entire length of the duct, passage, etc of the patient, which permits the length of the
passage to be viewed by the surgeon via an infrared photodetector. By placing a single
emitter or line of emitters in the structure, the Fontenot patents operate to create a background
of light against which the proximity of surgical instruments to organs or passages is
determined by measuring intensity of light emitted, but the patents fail to provide or suggest
precise and accurate information with regard o placement of the emitter in the patient.

[0012] U.S. Patent Nos. 5,906,579 (Vander Salm et al.) and 6,113,588 (Duhaylongsod et
al) similarly describe methods for visualizing balloon catheters through the vessel wall under
surgical conditions, specifically during cardiothoracic surgery. In these devices, the optical
fiber is an independent entity, preferably inserted through one lumen of a multi-lumen
catheter.

[0013] U.S. Patent No. 5,540,691 (Elstrom et al.) provides a detection system consisting
of a light source which is passed down the center of the intramedullary rod and a video
system, sensitive to infrared light, which captures an image of the light transmitted through
the transverse hole in the rod. The light simply shines out toward the surgeon who attempts
to line up the drill by centering it on an area of light coming out of the hole. The infrared
light is visualized using either a video system or night vision goggles to determine when the
light intensity is centered around the drill.

[0014]  U.S. Patent No. 6,081,741 (Hollis) uses an array of inexpensive sensor elements to
determine the center of an emitter that transmits light at a predetermined wavelength. For
alighment purposes, the ‘741 patent provides the relative direction and relative amount of
movement to rapidly achieve accurate alignment or orientation with regard to the emitted
light spreading from the point source.

[0015] A series of related published patent applications 2002/0115922, 2003/0187360
and 2004/0019280 (Waner et al.) provide infrared monitoring of an intraluminal indwelling
catheter, wherein optical properties are varied to form patterns to distinguish the light

emitting catheter from adjacent anatomical structures.
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[0016] Several patents, e.g., U.S. Patent No. 4,784,128, use infrared sensors internally in
the patient to locate heat generating body tissue, such as cancers. U.S. Patent No. 4,821,731
uses a sound generating catheter to image internal features of the body.

[0017]  Accordingly, as indicated above, prior efforts in this field have related primarily to
protecting, managing, viewing, or treating parts of the patient’s body. However, prior to the
present invention, none of the prior art devices have been adapted to quickly, easily and
precisely guide a catheter or other invasive delivery tube or device to an exact location within
the patient. A need has existed, therefore, for a system and method to reliably locate and
position invasive devices that overcomes these shortcomings without the requirement for x-
rays or other cumbersome devices.

SUMMARY OF THE INVENTION

[0018] The present invention fulfills this need, among others by relying upon an emitted
point or points of light being transmitted from the catheter within a patient to outside the
body where it is detected and displayed to provide guidance of the catheter or similar device
to a precise location within the patient. A system is provided comprising an optically-guided
catheter having a proximal end, a distal end, and at least one lumen. A light-emitting means
is coupled to the catheter, the catheter is inserted into place in the patient, and light is emitted
as a point or points from a selected location, usually the distal tip, of the catheter to which it
is coupled. The system further comprises an external detection device that detects the
transdermally projected light, emitted by the light-emitting point, from within the patient,
thereby indicating catheter placement within the patient.

[0019] In an exemplary embodiment, the provided system comprises a catheter or
catheter-like device, a light source, a waveguide coupled to the light source for providing a
light signal from the light source to the device such that the emitted light from the catheter
within the patient can be detected from a location outside of the patient’s body. The
waveguide is coupled to an interior wall, an exterior wall, or embedded within a wall of a
lumen of the catheter, or it may be coupled to the catheter but not affixed to the wall. An
embodiment is provided wherein the waveguide comprises an optical fiber or multiple fibers
in a fiber bundle. In yet another embodiment, light is generated by a light source located at
the light-emitting point on the catheter and a waveguide is not needed. In either embodiment,
the light source may be an LED or LD. The preferred emitted light is infrared or near
infrared light, detectable by a photodetector. The system may further comprise one or more

filters coupled to the photodetector. In addition, the system may also comprise an imaging
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device for displaying a visual image of the location of the light-emitting point of the catheter
within the patient and/or a recording device for creating a record of the identified location of
the light-emitting point.

[0020] It is an object of the invention to also provide an optically-guided medical catheter
for use in the system described above, wherein the catheter comprises a light-emitting point
from which light is emitted when coupled to the catheter, and wherein light emitted by the
light emitting point is detectable by a detection device to indicate location of the light-
emitting point within the patient.

[0021] It is also an object of the invention to further provide a catheter guidewire
comprising an optical fiber as described above, wherein the fiber is embedded within a
sufficiently rigid material so as to provide catheter guidance when the catheter is placed
within the patient.

[0022] It is yet another object of the invention to provide a method of precisely placing a
light-emitting point on an optically-guided catheter within a patient, the method comprising:
1) inserting the optically-guided catheter into the patient; 2) emitting light from a light-
emitting point on the catheter within the patient; 3) externally detecting light emitted from the
light-emitting point on the catheter within the patient, wherein the light is transdermally
projected from within the patient; 4) determining location of the light-emitting point within
the patient, based upon the externally detected light; and 5) determining placement of the
catheter within the patient, based upon location of the light-emitting point. The catheter
devices, waveguides, wavelengths, lights sources, detection, imaging and recording devices
associated with this method are as described in the system above.

[0023] Itis also an object to provide a specialized method of this invention, wherein the
optically-guided catheter is a Peripherally Inserted Central Catheter (PICC), inserted into a
blood vessel leading to the heart of the patient, and wherein the emitted-light is emitted from
the distal end of the PICC, said method further comprising moving the light-emitting point in
proximity to the patient’s heart and observing changes in pattern of emitted light as the light-
emitting point approaches the patient’s heart, wherein in proximity to the heart, the emitted
light fluctuates in intensity synchronously with heart beats, thereby indicating the location of
the distal end of the PICC within the patient’s vessel in relation to the patient’s heart. Also
provided are additional methods comprising observing a marked occlusion of emitted light
from the distal end of the PICC when the PICC end is advanced within the vessel and enters
into the patient’s heart, observing return of the emitted light to its non-occluded state when

the distal end of the PICC is withdrawn into the vessel from the heart muscle; and based upon
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observations of the qualitative changes in the emitted light in the optically-guided PICC in
proximity to the heart, rapidly confirming placement of, or changing placement of, the
optically-guided PICC in the patient.

[0024]  Additional objects, advantages and novel features of the invention will be set forth
in part in the description, examples and figures which follow, all of which are intended to be
for illustrative purposes only, and not intended in any way to limit the invention, and in part
will become apparent to those skilled in the art on examination of the following, or may be
learned by practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] For the purpose of illustrating the invention, there is shown in the drawings one
exemplary implementation; however, it is understood that this invention is not limited to the
precise arrangements and instrumentalities shown.

[0026]  FIG. 1 illustrates a system for positioning an invasive device in accordance with
an exemplary embodiment of the invention.

[0027]  FIG. 2 illustrates a catheter for use in the system shown in Fig. 1.

[0028]  FIGs. 3A-3F are cross-sectional views of a catheter and optical fiber in
accordance with an exemplary embodiment of the present invention. FIG. 3A shows an
optical fiber embedded in the wall of a catheter. FIG. 3B shows an optical fiber coupled to
the outer wall of a catheter. FIG. 3C shows a catheter incorporating a plurality of optical
fibers in accordance with an exemplary embodiment of the present invention. FIG. 3D shows
an optical fiber residing in a lumen of a dual-lumen catheter. FIG. 3E shows an optical fiber
coupled to the inner wall of a catheter. FIG.3Fisa cross-sectional view of an optical fiber in
a guidewire in accordance with an exemplary embodiment of the present invention.

[0029]  FIG. 4is a longitudinal cross-sectional view of a guide wire in accordance with an
exemplary embodiment of the present invention, wherein the optical fiber is shown residing
in the catheter. '

[0030] FIG. 5 is a cross-sectional view of a catheter incorporating a guide-wire in
accordance with an exemplary embodiment of the present invention.

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS OF THE INVENTION

[0031]  The present invention is described to permit quick, reliable, and precise placement
of an optically-guided catheter (or other catheter-like device) into organs, vessels, ducts or

passages within a patient. Through detection of the lighted distal tip, the invention allows for
the tracking of the light-emitting, optically-guided catheter as it is advanced into a patient and
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for the precise identification of the tip (or alternative portion of a catheter) for accurate final
placement of the catheter. The light emitted from the optically-guided catheter introduced
into the patient is detected ex vivo and displayed externally by a coordinated
viewing/recording device. The light-emitting catheter of the present invention is not limited
to one particular type of catheter, nor is the system comprising the catheter restricted in use or
location. Rather, it is useful for all situations in which precise placement of a catheter is
necessary, or when reconfirmation of the precise placement of an indwelling catheter is
beneficial or desired. The description below and several examples are provided to illustrate
the utility of the present system and method.

Catheter
[0032] The present invention establishes an optically-guided property of catheters,

permitting precise placement of the thus-improvéd catheters, while leaving the basic function
of the catheter unaltered. Accordingly, the optically-guided catheter element of the present
invention comprises all medical catheters, including tube-like or catheter-like devices
recognized in the art, having a light-guide and/or other functionalities that permit a point of
light emitted from within the patient to be detected and displayed outside of the patient. This
provides to the clinician an ability to precisely place the distal end, or other selected region(s)
of the device.

[0033] The term “catheter” is used herein to collectively denote all invasive or non-
invasive types of catheters and catheter-like devices, e.g., peripherally inserted central venous
catheters (PICCs), coronary catheters, pulmonary artery catheters, epidural catheters, central
venous catheters, peripheral vascular catheters, etc, as well as alternative catheter devices
(e.g., feeding tubes, endotracheal tubes, urethral catheters, and the like). Feeding tubes have
recently been classified as being non-invasive catheters. For ease of reference, therefore, the
term “catheter,” is herein applied to all catheters and tube-like or catheter-like devices, even
though technically they may not always be called a catheter per se, that are inserted into a
patient for protecting, managing, viewing, or treating parts of a patient’s body, and with
which the optically-guided system of the present invention quickly, easily and precisely
permits placement at an exact location within the patient. Thus, as used herein, the term
further includes catheters that are used as delivery devices, such as for the delivery of a stent
and/or other medical device to a precise location in the patient.

[0034] For discussion purposes, the catheter has a proximal end and a distal end, and
comprises at least one lumen internally within the catheter and extending longitudinally for

the entire length of the catheter. Catheters having a plurality of parallel lumens, of the same
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sizes , shape or internal diameter, or different, are known in the art. The distal end of a
catheter is inserted into the patient via an orifice or through the skin in accordance with
recognized medical practices, depending on the intended purpose of the catheter. By
manipulating the proximal end of the catheter, the clinician maneuvers the distal end to a
precise location in the patient, leaving the proximal end of the catheter at the point of entry or
extending externally beyond the point of entry into the patient, or placed subcutaneously. In
the preferred use, the distal end of the optically-guided catheter is precisely positioned in the
patient, although other uses of the device will be described separately.

[0035] The physical characteristics of the catheter range from flexible to rigid, and the
selection of the catheter by the practitioner depends upon its intended purpose. When
selecting an optically-guided catheter, the practitioner’s criteria for choice need not change
from what would normally be selected simply because of the addition of the present
optically-guided system. For example, but without intended limitation, an endotracheal tube
would typically be selected from a material characterized as semi-rigid to flexible. By
comparison, again only as a non-limiting example, when the catheter is intended to function
as an orogastric tube the skilled practitioner would select a catheter constructed of different
materials and of a much larger diameter, as compared to, for instance, a narrow gauge arterial
or venous catheter. The vascular catheter, for example, requires greater flexibility and
resilience.

[0036] Consequently, catheters are known to have a wide range of characteristics,
including many different dimensions and proportions. Some catheters are of fixed length;
others like PICCs are cut to length. Moreover, the catheter may be constructed having one or
more lumens. Such varied needs of the patient, as well as the range of physical
characteristics and the selection of the catheter itself, are well within the scope of the
practitioner of ordinary skill having experience in using catheters in the medical arts.
Accordingly, a more detailed discussion of the physical characteristics of the catheter and the
basis for its selection by the skilled practitioner is believed to be unnecessary for the practice
of the present optically-guided catheter system. ‘

Waveguide

[0037] The term “waveguide” is used herein to refer to a light conductive element that
provides light of the necessary wavelength(s) to be used in connection with the catheter
element of the system of the present invention. The waveguide allows transmission of light

into the body so that it can be detected externally, or outside the body. This allows for the
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precise placement of the optically-guided catheter. The terms “optical-guide” or “light-
guide” are also encompassed by the term waveguide.

[0038]  The waveguide is terminated with a distal light emitting end just short of the distal
end or tip of the catheter (within 0.01 to 1.5 cm, preferably 0.3 to 1.0 cm, preferably <1.0 cm,
preferably <0.75 cm, preferably <0.5 cm). Nevertheless, the terms “distal end” and “tip” are
used herein with the understanding that the waveguide ends just short of the actual distal end
or tip of the catheter as defined in the preceding sentence. As a result, the light radiates
outward from within the catheter and is diffused by the catheter material (typically
transparent or translucent plastic), making it multidirectional. In an alternative embodiment
the waveguide may reach to or slightly beyond the end or tip of the catheter, but in such an
embodiment the waveguide end would need to be coated or insulted to protect it from
abrasion or damage during handling or while in use in the patient. Advéntageously, such
additional protection is not needed for the end of the waveguide in the embodiment in which
the waveguide stops just before the end of the catheter.

[0039]  In certain embodiments, if the waveguide is terminated at a different point on the
catheter, the light still passes multi-directionally through the catheter material. Preferably the
light shines outward circumscribing an approximately 360° radius from the tip of the catheter,
or other selected point on the catheter. Note that rather than repeat in each instance that other
points may, in some cases, be selected on the catheter for precise placemenf in the patient by
the optically guided system, it is understood herein that each reference to the “distal end” or
“tip” of the catheter shall also encompass other selected locations on the catheter, both in the
singular and in the plural.

[0040] The light itself becomes fully omni-directional as soon as it enters the tissue
surrounding the inserted catheter. Thus, a diffuser may be added to the end of the optical
fiber for regulatory purposes, although it may not be necessary to enhance the present system.
In another embodiment, the distal end or selected portion of the catheter is etched or
constructed of plastic containing reflective particles if greater diffusion is needed.

Regulatory requirements are based on the light in any given direction that can be imaged by
the eye and/or the absolute intensity of the light in mW/cm2 at a specified distance from the
source (fiber tip, LED, independent light source, etc).

[0041] In certain embodiments of the invention, fiber optics are used to provide light
transmission through flexible transmissive fibers to direct the light to the distal end of the
optically-guided catheter. In that case, the waveguide is a singlé optical fiber or several

single fibers, or a bundle of light conducting fibers, or any combination thereof (collectively
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referred to herein simply as the “optical fiber”), affixed to the catheter, as will be described in
greater detail below. Each optical fiber comprises a light carrying core and cladding which
traps light in the core. Typically each fiber is a two-layered glass or plastic structure, with a
higher refractive index interior covered by a lower refractive index layer. One of ordinary
skill in the field of fiber optics would be familiar with and could readily select from the range
of construction types, from continuous gradient to steps in refractive index.

[0042]  Although, using either diffusive plastic on the tip of the catheter or etching the
fber would be more effective and less expensive, in an alternative embodiment multiple
fibers of different lengths are employed, i.e., a fiber bundle consisting of very thin
waveguides. More specifically, multiple small diameter (25 to 50 microns) fibers are
assembled, twined, and then terminated at the distal end of the light-emitting catheter,
particularly for three dimensional imaging of the catheter tip position and the intervening
tissue Tn addition, the terminus of each small fiber in the bundle may be cut at an angle so as
to direct the near-infrared light in a complete circle from the end of the emitting catheter. A
reflector can also be placed at the distal end of the light-emitting light guided catheter to
reflect any light energy not initially scattered to the outside of the patient, thereby increasing
the efficiency of the light being emitted transdermally from the waveguide. These
embodiments in which a bundle of fibers are used are for simplicity also referred to herein as
an “optical fiber.”

[0043]  Any design or size of optical fiber or waveguide is suitable in the present
invention, so long as (1) it provides light of the necessary wavelength and characteristics to
be viewed through the skin from within the patient, and (2) it is sufficiently small to fit on or
within the catheter or catheter wall and to permit the catheter to function without impeding its
intended purpose, and (3) it is compatible with the presently described system. The
waveéuide is selected to produce a wavelength compatible with a device used to view and/or
record the light shining from within the patient when the light is activated.

[0044]  There are several general methods for coupling an optical fiber to the catheter. In
one embodiment, the optical fiber is included within or coupled to the interior wall of the
catheter. The “interior” of the catheter refers to the iumen side of the catheter wall, or if there
are multiple lumens in the catheter to the lumen side of the wall of at least one lumen within
the catheter. This lumen may be dedicated to just the optical fiber or it may reside in only
part of the lumen, permitting the remainder of the lumen to remain available for other
purposes. In another arrangement, the optical fiber is joined to or formed within the interior

wall of the catheter during construction, or alternatively joined to or formed along an exterior
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wall (i.e., the outside surface) of the catheter during construction. Each of these means of
attachment is intended to “couple” the optical fiber to the catheter.

[0045] In another arrangement, the optical fiber is later added to the interior surface of
the catheter wall by, for example, blowing it into the catheter lumen. The fiber, in one
embodiment, is further fixed in place (e.g., by gluing) on the interior wall of the catheter
fumen. The attached optical fiber is then coated in place on the wall with a protective (e.g.,
plastic) coating that effectively isolates the optical fiber from contact with body or other
fluids that may be transmitted through the catheter lumen, and protects it from abrasion as
devices, such as a guidewires, stents etc. pass through the catheter. A similar process can be
used to fix the optical fiber to the outside wall of the catheter. As above, each of these means
of attachmgnt is also intended to “couple” the optical fiber to the catheter, as is the insertion
of the fiber into the catheter lumen without fixing.

Alternative Embodiments: Waveguide as Guidewire

[0046] In one embodiment, the optical fiber is attached to a catheter guide-wire in a
manner similar to that which was just described, so that the optical fiber and the guide wire
become one. Such catheter guide wires are well known in the art. In a variation of this
approach, the guide wire is not a wire per se, but rather, it is a metal coating applied over the
optical fiber to convert it into a guide wire/optical fiber element, which then has the physical
properties desired for both providing a light guide for viewing the catheter tip and for
providing stiffness and guidance as the catheter is positioned within the patient.

[0047]  In another arrangement, the optical fiber comprises the core of a standard guide
wire; whereas, in yet another arrangement, the optical fiber is attached to the outside of the
guidewire, with or without protective coatings, to make the unit function as one.

[0048] In yet another embodiment, the guide/guidewire is introduced into the patient and
the distal tip of the waveguide/guidewire is properly positioned using the system as
previously described. However, in this situation a catheter, wherein the material at the tip is
too dense to allow transmission of light, is then slid into place over the waveguide/guidewire.
Thus, the position of the catheter can be identified as the emitted light is quenched as the
catheter covers the waveguide (and accordingly, the transmitted light).

[0049] In a further embodiment, a catheter (such as, a PICC that has been cut to length)
comprising a waveguide/guidewire, is introduced into the patient, advanced until the distal tip

of the catheter is properly positioned in the patient. The position of the catheter is confirmed
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by using the detector in the manner previously discussed, but then the waveguide/guidewire
is withdrawn from the catheter, leaving the catheter precisely as placed.

[0050]  In still another embodiment, the waveguide/guidewire is introduced into the
patient and the distal tip of the waveguide/guidewire is properly positioned using the system
as described. And then the catheter, also containing a waveguide, is slid over the guidewire
into position in the patient. The catheter waveguide is then distinguished from the
waveguide/guidewire by flashing one, or the other, emitted light or by using a different
wavelength for each waveguide and detecting each separately, or by using a detector capable
of broadly detecting the range of the selected wavelengths.

Light Emitter(s)
[0051]  Light emitter(s) are a key element in the present optic system. A light emitting

element converts an electrical analog or digital signal into a corresponding optical signal,
which in the optical fiber system of the present invention provides a light signal that can be
injected into the fiber. The light emitter is an important element because it is often the most
costly element in the system, and its characteristics often strongly influence the final
performance limits of a given link.

[0052] The most common devices used as the light source in optical systems are the light
emitting diode (LED) and the laser diode (LD), typically a solid state LD. Eachisa
semiconductor device that emits coherent light when stimulated by an electrical current, as
will be discussed in greater detail below.

Selected Power and Wavelength
[0053] The light transmitted by or from the optically-guided catheter of the present

invention falls in the near infrared region of the spectrum (~620 nm to 1500 nm), typically
having an emission less than 5 nm wide and light energy in the range of 1 to 100 mW. The
selected power may be less than 50 mW, less than 30 mW, or even less than 10 mW, so long
as the transmitted light can be detected transdermally. The best results are usually achieved
by coupling as much of a source’s power into the fiber as possible. The key requirement is
that the output power of the source must be strong enough to provide sufficient power to the
photodetector at the receiving end, yet it must remain low enough so that tissue is not
damaged and the patient is not harmed or caused unnecessary discomfort. Optimally, the
selected power level produces little heat, and little or no risk to the patient. In a fiber optic
system, selection of power level must consider fiber attenuation, coupling losses and other

system constraints.
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[0054] A near-infrared light source is preferred in the present invention because there is
less absorption of the light by chromophors in the tissue and less light scattering by small
particles and other structures within the tissue, as compared with the effect when shorter
wavelengths are used. The infrared region of the spectrum includes much longer
wavelengths, and through-out most of that wavelength range, tissue has quite high
absorption. Preferably the selected transmitted light is 620 nm to 1100 nm, more preferably
650 nm to 980 nm, more preferably 700 nm to 930, more preferably 750 nm to 930, more
preferably 750 to 850 nm. Moreover, these particular ranges of wavelengths of light are
selected because human skin readily transmits near-infrared and infrared light, and the
underlying or subcutaneous structures attenuate infrared light. Muscle fiber tends to scatter
the light, whereas it is absorbed by oxygenated and deoxygenated hemoglobin in the blood
stream. See, e.g., Anderson et al.,‘J . Invest. Dermatol. 77(1):13-19 (1981).

[0055] Some wavelengths within the stated range perform better than others. For
example, shorter wavelengths do not penetrate very far into the tissue. From 620 nm to about
700 nm the light is considered “visible” because the eye can detect it, although sensitivity of
the eye falls rapidly with increasing wavelength of the light being detected. Accordingly, by
coordinating the selected wavelength with the photodetector of the present system, optimal
detection of the transdermally-transmitted light is provided. While the transdermally-
transmitted light may also be viewed directly by the practitioner at certain wavelengths, the
present invention provides a level of detection, sensitivity, and accuracy that could not
reliably be provided by a practitioner using unaided visual observation alone.

Light sources
[0056] In a preferred embodiment, the light sources are LDs or super-luminescent diodes

(SLD), since they are known to provide sufficient brightness for the present invention when
coupled into a small optical fiber. In the alternative, selected LEDs, preferably surface-
emitting LEDs (SLEDs) also provide sufficient light to be seen through the skin of the
patient, and are more economical. The LEDs of the present invention are those suitable for
use in fiber optics, not the more common indicator LEDs used in common appliances. The
optical LED advantageously transmits wavelengths in the near infrared (because the optical
loss of fiber is lowest at these wavelengths), and the LED emitting area is generally much
smaller than in the indicator LED, thereby allowing the highest possible modulation
bandwidth and improved coupling efficiency with small core optical fibers.

[0057]  In fact, while there are differences between a LD and an LED, when operating
below their threshold current, LDs act as LEDs. Accordingly, it is intended that the present
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invention applies to any or all solid state light sources having sufficient power when coupled
into the optical fiber, thereby providing light that is transmitted through the patient and
viewed through the skin of the patient to provide precise placement of the attached device.
This is intended to include light sources developed in the future that are capable of generating
the proper light output. While the utility of the invention is demonstrated using a variety of
light sources, further source enhancements can be made by one skilled in the art as guided by
these teachings.

[0058] A preferred light source is typically a commercially available LD or LED, having
a spectral peak centered at about 830-920 nm. The light emitting diode laser is a solid state
device employing a p-n junction in a semiconducting crystal. A narrow spectral emission
band is produced by the recombination of electrons and holes in the vicinity of the junction
when a small bias voltage is applied in the forward direction. The peak wavelength is the
wavelength at which the source emits the most power, in this case within the near infrared
range. When an optical fiber is used in the present invention it is matched to the wavelengths
that are transmitted with the least attenuation through optical fiber. Ideally, all light emitted
from an LED or LD would be at the peak wavelength, but in practice light is emitted in a
range of wavelengths centered at the peak wavelength. This range is referred to as the
“spectral width” of the source. The narrow band source of light produced by the LD can be
readily coupled into small diameter (less than 500 micron core) optical fibers.

[0059]  LEDs are complex semiconductors that convert an electrical current into light.
The conversion process is fairly efficient in that it generates little heat compared to
incandescent lights, but it is not as powerful as a LD. LDs and LEDs are advantageous for
use in the optically-guided catheter because they are small yet they possess high radiance,
i.e., they emit a lot of light in a small area. Their size is comparable to the dimensions of an
optical fiber. They have a very long life, offering high reliability. Moreover, they can be
modulated (turned off and on) at high speeds.

[0060]  The primary difference between the two for the present purpose is primarily that
surface emitter LEDs have a comparatively simple structure, while still offering low-to-
moderate output power levels. SLEDs emit light in all directions, which is beneficial for the
present invention.

[0061]  The spectral location of the peak output wavelength of the LD is determined by
selecting one of a variety of alloy semiconductor materials, such as GaAs, InGaAs or SiC,
and by varying the composition of the selected semiconductor. A suitable source within the

preferred range of the present invention is a narrow band, commercially available GaAs or
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GaAlAs (gallium arsenide or gallium aluminum arsenide, respectively) light emitting diode
laser, having a peak output wavelength at 830 to 905 nanometers and a bandwidth of only a
few nanometers (e.g., Hitachi model HE 8801 GaAlAs IRED). Longer-wavelength devices
generally incorporate InGaAs or InGaAsP (indium gallium arsenide or indium gallium
arsenide phosphide, respectively).

[0062]  Because an LED light source of appropriate wavelength and energy produces light
of a much wider spectral width than a LD, a wider bandpass filter may be required on the
photodetector. See Filters below under the heading Detection Devices. The optical
bandwidth of the light becomes important as it becomes greater than about 40 nm due to the
increase in room light that passes through the filter and onto the photodetector. Although this
background illumination is increased when using filters passing a wider range of
wavelengths, the resulting decrease in signal to noise can be compensated by using modestly
higher power light sources.

[0063]  In the fiber optic system of the present invention, the LD or LED light emitting
devices are mounted in a package that enables an optical fiber to be placed in very close
proximity to the light emitting region in order to couple as much light as possible into the
fiber. In some cases, the emitter is fitted with a tiny spherical lens to collect and focus all
possible light onto the fiber. In other cases, a fiber is “pigtailed” directly onto the actual
surface of the emitter. A pigtail is a short length of fiber attached to a fiber optic component,
such as a laser or coupler. When a proximity type of coupling is employed, the amount of
light that will enter the fiber is a function of several factors: the intensity of the LED or LD,
the area of the light emitting surface, the acceptance angle of the fiber, and the losses due to
reflections and scattering

[0064] The intensity of an LED or LD is a function of its design and is usually specified
in terms of total power output at a particular drive current. Sometimes this figure is given as
actual power that is delivered into a particular type of fiber. All other factors being equal,
more power provided by an LED or LD translates to more power “launched” into the fiber.
The amount of light “launched” into a fiber is a function of the area of the light emitting
surface compared to the area of the light accepting core of the fiber. The smaller this ratio is,
the more light that is delivered into the fiber. The acceptance angle of a fiber is expressed in
terms of numeric aperture (NA), defined as the sine of one half of the acceptance angle of the
fiber. Typical NA values are 0.2 to 0.8 which correspond to acceptance angles of 11 degrees
to 46 degrees (which should match the NA values). Optical fibers will only transmit light

that enters at an angle that is equal to or less than the acceptance angle for the particular fiber.
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Other than opaque obstructions on the surface of a fiber, there is always a loss due to
reflection from the entrance and exit surface of any fiber (referred to as the Fresnell Loss, and
is equal to about 4% for each transition between air and the glass or plastic fiber material).
There are special commercially available coupling gels that can be applied between glass
surfaces to reduce this loss when necessary.

[0065] The light generation systems may further require or benefit from the use of
recognized enhanced signal regenerators, signal repeaters, or optical amplifiers, such as
EDFAs, in order to maintain signal quality. When fiber optics are applied, a fiber optic
amplifier may be used, i.e., an all optical amplifier using erbium or other doped fibers and
pump lasers to increase signal output power from the optical fiber without electronic
conversion.

Pulsed light
[0066] Tn certain embodiments of the invention, the light source is pulsed to both

decrease the total light intensity needed and to facilitate detection of the flashing emitted
light. For example, pulsed light could facilitate the detection of a dense organ, such as the
heart (not to be confused with the pulsating intensity of the transmitted light described in
Example 2 as the optically-guided catheter approaches the heart). Pulsed light has a number
of advantages over a constant beam of light emitted from the catheter, including, but not
limited to, significantly reducing the power needed to transmit the light because it is ‘on’ only
for a short burst. This also means that significantly less heat is generated that could damage
the surrounding tissue in the patient. This reduces or eliminates light-based safety concerns
associate with the use of the present invention.

[0067] It is well recognized in the art that a pulsed or flashing signal of known
characteristics (pulse width, frequency, time of pulsing, etc.) can be detected and measured
much more accurately and against noisier backgrounds, as compared to continuous signals.
Moreover, the photodetector and light source can be frequency and time locked. This allows
the optical signal when thé light is “off’ to be subtracted from the signal when the light is ‘on’
prior to amplification. This dynamic subtraction of the background suppresses contribution
due to room lighting, since presumably the room or background light is the same whether the
transmitted near-infrared light source is ‘on’ or ‘off.” This substantially improves the
recognition of signal over noise.

[0068]  Using 1 millisecond pulses with a frequency of 100 Hz, there are 100 pulses per
second (10% duty cycle). If the light source is 100 mW, the duty cycle of 10% gives an

average power of only 10 mW in consideration of regulatory purposes, whereas the

17



WO 2006/049787 PCT/US2005/035611

photodetectors ‘view” the signal from a 100 mW source. The pulse frequency can, therefore,
vary widely, depending on the light source/photodetector used. This can range from LIght
Detection And Ranging (LIDAR) frequencies (MHz) ranging as low as 1 Hz, although
optimal frequencies may be in the 100Hz and 10 kHz range. The pulse widths are adjusted to
values that give preferred duty cycles of between 1% and 10%. Notably, a 1 microsecond
pulse at 100 kHz equals a 10% duty cycle, whereas a 100 microsecond pulse at 100 Hz is a
1% duty cycle.

[0069] Moreover, the signal can be accumulated (summed and/or averaged) from many
different pulses to provide greater sensitivity (increased signal to noise ratio) by the square
root of n, wherein n is the number of pulses averaged.

Multiple wavelengths
[0070]  In yet another embodiment of the design, the light source consists of several

wavelengths or a continum of wavelengths. Since different tissue types, e.g., muscle,
adipose, lung etc., have very different absorption and light scattering properties, the
differences in intensity measured at a variety of different wavelengths is analyzed to show the
position of the catheter tip in three dimensions. With application of appropriate known
mathematical algorithms describing the scattering of light by tissue at each wavelength, three
dimensional renderings made of the absorption and scattering properties of the tissues
between the catheter tip and the cutaneous surface where the measurements provide a 3-
dimensional “image” of the internal structure of the body. The spatial resolution obtained for
structures between the light source and the body surface are dependent on the number of
measurements made and other experimental parameters.

Light Detection and Imaging Devices
[0071] A photodetector is a device comprising a photodiode, or a photodiode and signal

conditioning circuitry, that converts light to an electrical signal. In the present case, the light
is transmitted to the photodetector from the optically guided catheter in a direct line to the
nearest transdermal area on the patient, as set forth above. The conversion of light to an
electrical signal permits imaging and recording of the light. Various different types of
photodetectors, such as near-infrared photodetectors, photomultipliers, photodiodes and
avalanche photodiodes, cameras, and the like are used as imaging devices of the present
invention. CCD arrays, singlely, or in groups, may be used to determine the intensity and
position of the emitted light. The detection system can be coupled to any of several different
additional devices for enhancing and reporting the position of the detected light on the

surface of the patient’s skin to the operator.
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[0072]  Photodetection devices are well understood and readily used in the art, and further
discussion of photomultipliers, photodiodes, including silicon PIN photodiodes, and
avalanche photodiodes (APD), including silicon APD, are not believed to be necessary for
the practice of the present invention by the skilled practitioner. All are herein included;
although at low frequencies and at low, but not ultralow, signal levels, a PIN photodiode is
often preferred, whereas at other light levels, avalanche photodiodes may be preferred. For
example, a wavelength range of 200 to 1100 nm is associated with silicon photodiodes.
However, as recognized by one of skill in the art, other photodiode compositions have
different wavelength sensitivities, and such an individual will know how to select the
preferred detection sensitivity or capability. |

‘ Filters
[0073]  Photomultipliers and image intensifiers are generally less sensitive in the near-

infrared wavelengths than they are in the visible region of the spectrum. As a result, filters
may be desired for all photodetectors of the present invention if there is significant room
lighting present. In one embodiment, the detection device is covered with an appropriate
filter or filters. The contrast ratio or signal-to-noise-ratio (SNR) drives the spectral
performance of both the light source and the filter in a synchronized manner. For example,
using a narrow band light source, such as an LED, and a filter having passband(s) which are
very narrow (a few nanometers FWHM) and highly transmitting (>80%) will yield a good
and workable SNR.

[0074] Even if the light transmitted from the optically-guided catheter includes a range of
wavelengths when used in a patient, in practice, the distal end of the catheter is treated as a
single light emitting point. The light issuing from the body is typically a nearly round spot,
herein referred to as a “point of light,’ although when a plurality of emitted lights are used in
sufficiently close proximity to each other in or on the catheter (i.e., in a feeding tube with
multiple openings), each represents a single point of light, but collectively, they may be
detected as an apparent length or bar of light. The place on the body surface at which the
maximal light emission occurs is approximately that which is closest to the tip or selected
region of the catheter. This is because the light intensity is strongly dependent on the
distance from the source (tip of the catheter) to the body surface, i.e., the distance it has to
travel (diffuse) through tissue. Thus, the point of light from the catheter is detected
transdermally on the external surface of the patient at a location directly in line with the

transmitted light from the distal catheter tip (or other selected point) within the patient. In
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general, the contribution of other ambient lighting (admitted noise) increases directly with the
increased width of the optical filter bandpass.

[0075]  Depending on the ambient room lighting, the background lighting can be either
lower than visible light (fluorescent lamps) or higher (operating lamps, tungsten filament
based lighting in general). Accordingly, the operator advantageously uses filter(s) to enhance
the quality of light recognized by the detection system of the present invention. In doing so,
the wavelengths of light reaching the photodetector are passed through the optical filter that
removes (to the extent possible) the background room light, preferably until the room light
(interfering noise) is optimally no longer detected by the photodetector. However, in
practical application the background illumination increases the total light falling on the
photodetector, thus increasing the noise reaching the photodetector. In addition, commercial
light sources tend to add to the noise. They are noisier at higher frequencies, since little
effort is made at the commercial level to control modulations that occur too fast to be ‘seen’
by the naked eye. Fluorescent lights, typically used in medical facilities, for example, are
modulated at frequencies of 180 and 360 Hz, and in addition they produce substantial
amounts of higher frequency noise due to arc instabilities.

[0076] The background room light will interfere in proportion to the intensity of the
wavelength used in the waveguide. Narrow band interference filters (e.g., 10 nm bandpass)
having high attenuation (about 10-4 to 10-5) blocking wavelengths outside of the transmitted
passband(s) will further improve the SNR, typically allow measurements in a fully lighted
hospital room. Nevertheless, it is advantageous for the practice of the invention to turn off
surgical lights and other particularly high intensity light sources.

[0077] To select the appropriate filter, in one embodiment, a narrow pass (<10 nm at half
height) is preferred, although wider bandpass filters could be used. In the alternative, an
interference filter having a peak wavelength centered at 780 nm (for a light source of 780 nm)
can be used to cover the photodetector viewing surface. The value of <10 nm is selected, by
example only, to allow some variation in the LD wavelength, while at the same time
minimizing the amount of extraneous light (other than the light transmitted from the LD or
LED) that passes through the filter(s) to the photodetector. Of course, if other wavelengths of
light are used, an appropriate interference filter is selected that is centered at about that
wavelength.

[0078] Filters for enhancing near-infrared light are well known in the art and are
commercially available. They can be readily selected by the practitioner, depending on the

existing background light and wavelength selected for transmittion. Since there is less
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extraneous ambient infrared or near-infrared light with which to contend, such filters enhance
the detection capability of the selected near-infrared light, and benefit the intended
coordination of the transmitted wavelength with the detection device.

[0079] Detection systems, such as those used in night vision goggles (NVGs) and other
image intensifying systems, exclude the background visible light to the greatest extent
possible, permitting the near-infrared light of interest to be more easily detected. As a result,
for example in night vision goggles, it is really the filter(s) that makes near-infrared light
visible to the practitioner or detection device over the visible light.

[0080] While it is understood that detection systems of the present invention are not
limited to NVG photodetectors, and they are, in fact, more cumbersome than other detection
systems, they do provide an easily understood example of the use of filters on a near-infrared
detection device. For example, such near-infrared night vision goggles or an equivalent
detection device having filters coordinated with the wavelength of the transmitted light, may
be employed in the system to display and follow the progress of the transmitted light of the
optically-guided catheter from the site of entry to the chosen location in the patient. With the
necessary filters in place, the detection device, therefore, amplifies or multiplies the emitted
light, particularly at low levels of transmitted near-infrared light.

[0081]  The light absorbing filter can operate based on either its substrate per se (such as a
selected glass or plastic) and/or an optical coating over the substrate; whereas, an interference
filter is typically derived from the coating. The specific filter for accomplishing a particular
spectral sensitivity may be selected without limitation by one skilled in the applicable art as
guided by these teachings. Ambient light may also be excluded from the spectral range of
interest by performing the method of the invention in an environment suitably shielded.
[0082] Because of the differences in absorption characteristics of venous blood, arterial
blood, and abnormal structures as compared to skin, bone and surrounding muscle and fatty
tissue, the location and arrangement of veins, arteries or other structures can be visualized
using an imaging system in the present invention of appropriate spectral sensitivity. In the
alternative, a combination of filters are used to select the spectral range of viewing into
narrow transmission band(s) to allow use of system in daylight, to differentiate venous from
arterial blood or to exclude noise or other radiation not contributing to the desired image.
Filters may also be used in conjunction with an imaging system to narrow the spectral range
of viewing or to exclude light that might interfere with the visualization of specific
subcutaneous structure of interest. It is nevertheless important to ascertain, regardless of the

type of near-infrared photodetector that is employed, that intervening surgical instruments,
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sponges and the like, do not mask the transmitted light emission from the optically-guided
catheter through the patient to and through the skin.

Additional components of the photodetector system
[0083] In aselected embodiment, an emitter control circuit controls the energy to the

optically-guided catheter. A safety detector in another embodiment determines the integrity
of the coupling between the near-infrared emitting catheter and its control circuit and/or the
continuity of the infrared emitting light guide. The addition of an audible system can be also
employed, for example to warn of errors in the connection of the energy source supplying
light to the light-emitting catheter, e.g., inconsistencies in the actual wavelength or intensity
provided as compared with the selected wavelength or intensity. Audible signaling is just
one way of providing non-visual information to the operator, thereby permitting the operator
to look toward the paﬁent while, for example, passing a photodetector over the patient’s
body.

[0084] In an alternative application of the optically-guided system of the present
invention, the near-infrared detecting light guide is physically coupled to an instrument
employed for cutting, e.g., a laparoscopic electrocautery instrument. However, since cutting
instruments are generally used with internal imaging systems, and the present light-guided
catheter is not an internal imaging system, such instrumentation would probably not be used
in conjunction with the optically-guided catheter to provide the precise placement of a cutting
instrument.

[0085] In another embodiment, a visual light source video camera and monitor are
employed with the system to provide a visual display of the light emitted transdermally to the
outside of the patient’s body from the organ, passage, duct, vessel or the like. A means of
recording the images is further provided in an embodiment, although the images may be
recorded or not, at the election of the operator. Because the imaging means resides outside of
the patient’s body, and the observation of the guiding light is made from outside of the body,
the size of the imaging means is not limited, except by the convenience of the operator or
institution in which the patient resides. A wide range of imaging devices can be operated in
conjunction with the present system as would be recognized by one of ordinary skill in the
art.

Other Considerations
[0086] The presently defined optically-guided catheter and system for its use can be

practiced by anyone familiar with catheter placement, including health care persons in the

field (military, rapid response teams and the like), and advantageously and reliably permits
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precise placement of the optically-guided catheter. No specialized facilities are needed,
except for the availability of a photodetector device. The present system is particularly useful
for precisely placing the catheter in trauma situations when a clear view of the catheter might
not otherwise be possible, and for maintaining the catheter in position when the patient is .
being transported from one location to another, especially when movement of the patient
could dislodge the placed catheter.

[0087] To assist the practitioner using the optically-guided catheter system in the
treatment of a patient, methods for visibly displaying the detected, transdermally-emitted
light, include displaying the detected image on a monitor or TV screen to view the real-time
image or recorded image of the light spot emitted transdermally from within the patient.
Advantageously, the displayed image shows the gmitted light as it appears extemally with
regard to the patient, or the image can be zoomed to show just a localized area of the patient.
In an alternative embodiment, a visible second point of light is directed from an external
source to shine onto the patient at the location of the detected near infrared light being
emitted from the optically guided catheter within the patient, thereby acting as a visible
pointer for the practitioner, who would otherwise not actually see the near-infrared emitted
light directly on the patient.

[0088] Similarly, different photodetectors may be used, including photodiodes,
photomultipliers, avalanche photodiodes, and microchannel plates. For example, in one
variation of the detection system, a sensitive microchannel plate imager or similar device is
used to place a mini-display directly in front of one eye of the operator, thereby allowing the
operator to look at either the patient, or at the display, as desired. When photodiodes or other
single site photodetectors are used, they can be movéd over the patient to detect the
maximum point of the specific light emitted from the optical fiber. The sensitivity of the
measurement is maximized by modulating the light at a specific frequency (such as 1000 Hz)
and detecting only the photosignal of that frequency.

[0089] A camera controlling unit may be provided with an automatic gain control to
adjust the contrast of the image, providing enhanced visibility to the practitioner. The
presently described system can also be associated with an emitted audible and/or visual signal
indicating signal strength, etc. as the photodetector(s) is passed over the patient.

[0090]  Like any catheter, the light-guided catheter is sterilized prior to patient use.
However, since it is already sterile as delivered to the hospital or practitioner, there are no
additional or particular sterilization requirements at the hospital, although known guidelines

must be followed to maintain sterility of the catheter. The photodetector device and other
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system components that do not touch the patient do not need to be sterilized prior to use,
although in accordance with standard (regulated) medical practice, they are regularly cleaned
and prior to each use they are wiped with a sterilizing solution.

[0091]  The risks involved in using the present optically-guided catheter are no greater
than those associated with any other catheter system in a patient, and actually the risks are far
less because of the accurate placement of the present device. While fiber optic cable is
immune to all forms of interference, the electronic receiver/photodetector is not. Because of
this, normal precautions, such as shielding and grounding, should be taken when using
electronic components of the present optically guided catheter system.

[0092] The “patient” of the present iﬂvention is any human or animal into which an
catheter would be used. The patient can be healthy or diseased, from the smallest infant to a
Jarge adult. All will benefit from the advantages of the precise placement of the light-guided
catheter of the present invention.

4

Operation of System
[0093] Referring to FIG. 1, an exemplary system 100 for positioning an invasive medical

device is shown. It is understood, however, that the following discussion is intended to be
instructive of one embodiment of the present optically-guided catheter system, but is not
intended to be limiting of the present invention. The system is described herein with
reference to precise placement of an optically-guided catheter, as defined above, that it is
physically inserted into the patient or maintained in its indwelling position. In the
embodiment illustrated in FIG. 1, the system is shown having a catheter 101 precisely placed
within a patient’s body. Catheter 101, as shown in FIG. 1, is a dual lumen catheter with a
bifurcation 115 at the point where the lumens join and IV connector hubs 114, 116 on each
lumen to allow for coupling to further tubing/equipment. Catheter 101 is inserted into an
artery in the leg (groin) of the patient and travels into the chest cavity. However, the
apparatus and methods described herein may be used in other locations with the body in
accordance with standard medical practices for the selected catheter type for a selected
purpose, some of which are further described in the Examples that follow.

[0094] Catheter 101 has a distal end 103 and a proximal end 105. A waveguide 107 is
coupled to a light source 109 and inserted into proximal end 105 of one lumen of catheter
101. System 100 operates by using waveguide 107 to provide a light signal to distal end 103
of catheter 101, from which point the light signal is emitted. The signal is detected
transdermally, outside of the patient’s body, enabling the location of distal end 103 to be

determined. For example, light source 109 generates a light signal, which is provided to
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waveguide 107. The waveguide 107 enters the catheter 101 at a waveguide entry point (e.g.,
via IV connector hub 116 in the embodiment illustrated in Figure 1) external to the point
where the catheter 101 enters the patient. The waveguide 107 provides a path for the light
signal to travel to the distal end 103 of catheter 101. Operationally, the light signal is emitted
from waveguide 107 at the distal end 103 of catheter 101, preferably 360° in all directions.
The emitted light passes through the body of the patient and is detected by photodetector 111.
[0095] In the embodiment illustrated in FIG. 1, photodetector 111 is physically coupled
to base unit 120. However, one of skill in the art will appreciate that various forms of
photodetectors can be used, including hand-held photodetectors that are coupled via a wired
or wireless connection to the base unit.

[0096] Base unit 120 forms the mechanical support for the various system elements. In
an exemplary embodiment, base unit 120 comprises a frame 102 formed of a strong,
lightweight material such as aluminum. The lower portion of frame 102 has a weighted
section 104 to stabilize frame 102, i.e., to keep it from tipping. In an exemplary embodiment,
frame 102 contains a plurality of castors or wheels 106 to allow for base unit 120 to be
mobile.

[0097] In the embodiment illustrated in FIG. 1, system 100 is powered by a standard 110
V power source via power cable 122. Alternatively, one or more batteries are used to power
the system for systems where increased mobility is desired. In embodiments that use battery
power, the system 100 has an advantage in that it does not require proximity to an electrical
outlet.

[0098] Light source 109 generates a light signal that is coupled to waveguide 107. In an
exemplary embodiment, the signal comprises radiation in the near-infrared or infrared
spectrum. Transmittance of radiation through the patient’s body is typically higher for
radiation signals having longer wavelengths. Asa result, radiation in the visible light range
(i.e., wavelengths of 400 nm to 620 nm) are subject to higher levels of absorption by the body
tissue (e.g., hemoglobin and other pigments) of the patient, which would require higher
power levels to cause the same signal level to reach photodetector 111. Thus, using radiation
in the near-infrared or infrared spectrum (e.g., 620 nm to 1500 nm) allows for the system to
operate at lower power levels. It would be apparent, however, to one of skill in the art that
the techniques described herein could be used in conjunction with radiation of various
wavelengths.

[0099]  In this exemplary embodiment, the light source 109 comprises a LD that operates
at a maximal power level between 10 mW and 100 mW. The LD generates a light output
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having a wavelength of 830 nm, which is coupled into the waveguide 107. Alternative light
sources (e.g., super luminescent diodes, LEDs) may also be used, and will be apparent to one
of skill in the art.

[0100] Referring to FIG. 2, an exploded view of catheter 101 in accordance with an
embodiment of the invention is shown. Catheter 101 has a distal end 103 and a proximal end
105, and a wall 205 that forms a tube enclosing an interior portion or lumen 207. An optical
fiber 209 is coupled to the wall 205 along the lumen 207 to form the waveguide discussed
with reference to FIG. 1. In the exemplary embodiment, the waveguide comprises an optical
fiber with, e.g., a 100 micron core. Fiber 209 extends from a light source (109 of FIG. 1) into
the catheter 101, entering at proximal end 105. The fiber extends the length of the catheter
101 and terminates at the distal end 103.

[0101] In the embodiment shown in FIG. 2, fiber 209 is coupled to the wall 205 in the
interior of lumen 207. Alternatively, fiber 209 can be encapsulated into wall 205 of catheter
101, or fiber 209 can be coupled to the outside of the wall 205. Alternative configurations for
locating fiber 209 with respect to wall 205 of catheter 101 are shown in FIGs. 3A through 3E.
Referring to FIG. 3A, fiber 209 is shown encapsulated within wall 205. In FIG. 3B, fiber 209
is coupled to wall 205 the outside of catheter 101. Additionally, as shown in FIG. 3C,
catheter 101 can include a plurality of fibers. Referring to FIG. 3C, first fiber 209a, second
fiber 209b and third fiber 209¢ are encapsulated in wall 205. Additional fibers are further
intended in other embodiments. The use of multiple fibers in a single catheter allows for
radiation of differing wavelengths or differing modulation patterns to be used in a single
catheter simultaneously. Additionally, the various fibers can be terminated at different
locations along the catheter, which allows for tracking of more than one point along the
catheter. This can be useful in determining whether a catheter is improperly inserted (e.g.,
has “doubled back” on itself). FIG. 3D illustrates fiber 209 residing in one of the two lumens
207a, 207b found in a dual-lumen catheter 101. In FIG. 3E, fiber 209 is coupled to the
interior of wall 205 of catheter 101. Fiber 209 can also reside within lumen 207 without
being coupled to the wall 205 of catheter 101. Multiple other configurations are possible, and
would be apparent to one of skill in the art.

[0102] In an alternative embodiment, fiber 209 may be contained within an independent
structure, such as a guidewire or a separately defined lumen. FIG. 3F and FIG 4 illustrate
fiber 209 encapsulated in a guidewire 401. Fiber 209 is contained within the structure of
guidewire 401. Guidewire 401 is typically formed from a rigid or semi-rigid material.

Guidewire 401 is inserted into a catheter from one end and used to place the catheter in
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position in the patient. Fiber 209 resides in guidewire 401 and is used to locate the distal end
403 of guidewire 401. In an exemplary embodiment, guidewire 401 can be formed by
coating fiber 209 with a rigid or semi-rigid material to create the guidewire.

[0103]  One concern which arises when fiber 209 is not physically coupled to the catheter
is assuring that distal end 403 of guidewire 401 is properly aligned with the distal end of the
catheter that is being inserted. Because the aim is to precisely locate the end of the catheter,
distal end 403 of guidewire 401 must correspond with the distal end of the catheter. This can
be accomplished, for example, by using a pressure or friction fit between guidewire 401 and
the inner wall of the lumen in the catheter being placed. Alternatively, a physical stop may
be formed to assure proper alignment. Referring to FIG. 5, a catheter 501 is illustrated with
guidewire 401 residing in lumen 503. An alignment stop 505 is formed at the end of catheter
501. Guidewiré 401 passes through lumen 503 until the distal end 403 of guidewire 401
contacts alignment stop 505.

[0104]  Referring again to FIG. 2, distal end 103 of catheter 101 is aligned with the light |
emitting end 210 of fiber 209. Light emitting end 210 of fiber 209 is configured to allow
light to be directed in all directions. For example, a teardrop shape or ball shape is formed at
the end of fiber 209 to allow the light passing to the light emitting end 210 to be radiated
isotropically. One of skill in the art will appreciate various other configurations that are
formed at the light emitting end 210 of the fiber 209 to create an isotropic radiation pattern.
[0105] Once the signal travels via fiber 209 to emitting end 210 and is isotropically
radiated, the radiation passes through the surrounding tissue and exits the patient’s body. The
radiation is detected by photodetector 111 (as shown in FIG. 1). Various detection devices
can be used for detector 111. One embodiment of the invention provides for the operator of
the system to use a detection device, such as, but not limited to, near-infrared night vision
goggles (“NVG”) to directly view the location from which the radiation is being emitted
during the placement of the catheter. Additional embodiments utilize photodetectors that
capture the radiated signal and provide the signal to a processing center 123 for display on an
output device such as display 113 (as shown in Fig. 1). .
[0106]  Referring again to FIG. 1, in an exemplary embodiment, processing center 123 is
located on base unit 120. The processing center is coupled to the light source 109,
photodetector 111, and a display 113. The processing center processes the data collected by
the photodetector 111 and provides for a visual output on the display 113. Signal processing

of this nature is well known, and thus is not further described herein.
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[0107]  In addition to locating the position of the catheter 101, an anatomical image of the
areas surrounding the emitting end 210 of the fiber 209 can be output on the display. By
measuring the strength and direction of the radiated signal received by one or more detection
devices, the anatomical structure of the areas through which the signal radiates is determined
in either two-dimensions or three-dimensions. For example, light may be detected from
many points on the surface of the body. Computational methods are then used to calculate
the positions of the source relative to the body surface. The computations use factors, such as
the diffusion properties of the light through highly scattering media, the relative positions of
the photodetectors on the body surface, and the strengths of the signals at various
photodetectors to calculate the precise position of the light source within the body. Using a
sufficient number of measurements, the emitting end 210 of the fiber 209 is accurately
located and”signiﬁcant information is obtained regarding any internal structures within the
body that have different absorption/scattering properties than the surrounding areas. This
allows more dense tissues, such as bones, blood vessels, and muscles, to be differentiated
from less dense materials, such as air spaces and adipose tissue.

[0108]  Additionally, the processing center can be used to control the light source to allow
for various types of light signals to be coupled into the waveguide. Using the processing
center to control the light source permits variation of the light input to the waveguide (e.g.,
optical fiber). The input signal is thus modulated to correspond with any modulation in the
photodetector. For example, in one embodiment the photodetector operates in a manner
similar to a camera by taking a snapshot of the emitted radiation at time intervals. The input
signal is thus modulated to match the time window of detection. This allows a reduction in
the overall power required, thereby providing the advantages of using reduced light intensity
as described above. According to this embodiment, the amount/intensity of light emitted
from the light source device is controlled so that the amount of light being received is
substantially constant. As a result, the picture image is kept at a substantially constant
brightness and a higher quality picture image is obtained. By combining this with an
automatic gain control, the effect is further enhanced. When the light source is pulsed,
causing a flashing of the emitted light, even a static picture image has a high picture quality.
[0109]  The processing center 123 can further include storage capabilities (e.g., a hard
disk drive) for recording the data collected and storing digital images of the pictures
displayed on display. This allows for review of the images after the medical procedure is

completed, and inclusion in the digital medical record, if desired.
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[0110]  Those skilled in the art will appreciate that other designs of the optical guidance
system for catheters in accordance with the invention may be constructed using different light
sources and light photodetectors.

[0111]  Additional objects, advantages and novel features of the invention will be set forth
in part in the description and examples which follow, and in part will become apparent to
those skilled in the art on examination of the following, or may be learned by practice of the
invention. The following examples, however, are understood to be illustrative only and are
not to be construed as limiting the scope of the appended claims.

EXAMPLES

Example 1
[0112] To demonstrate the effectiveness of the guidance method of the present invention

in the alimentary track of a patient, a standard nasogastric feeding tube for an adult human
was used. The feeding tube was inserted into the oropharynx of an anesthetized pig. The
feeding tube included an optical fiber down the primary lumen of the tube. The tip of the
fiber was within 0.5 cm of the tip of the feeding tube. Room lighting was minimized. Using
night vision goggles and a camera/monitor system (Gen III intensified CCD camera ITT
Industries Night Vision, San Diego, CA) insertion of the catheter could be followed very
easily from the mouth to the stomach. The point of light emitted from the end of the optical
fiber could easily be seen on the monitor as the feeding tube was advanced and placed.
[0113] The system was further tested on a human subject, a 210 Ib man. An optical fiber
(200 micron diameter core) was inserted into the nasogastric tube until the optical fiber was
within a half centimeter of the tip of the distal end of tube 101 and the optical fiber was fixed
(taped) in place at the external port of the tube. The external (proximal) end of the optical
fiber terminated with a SMA fiber optic connector, which was then coupled to an
approximately 20 mW CW LD, producing a light wavelength of 780 nm. There are many
different types of connectors in use with fiber optic systems of the type used in this optically-
guided catheter system. The SMA connector, which was first developed before the invention
of single-mode fiber, was the most popular type of connector until recently, when it was
replaced in popularity by the ST multimodal connector. Additional suitable connectors will
continue to be developed.

[0114]  Tmages were recorded showing the controlled positioning/movement of the
nasogastric tube. The images were viewed and recorded at different stages of the insertion

using approximately 0.1 sec exposures, by a Gen III intensified CCD camera (ITT Industries
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Night Vision, San Diego, CA 92126) through a 696 nm long pass glass filter, 3 mm in
thickness (Schott Glass, Schott North America, Elmsford, NY).

[0115]  The images were visible at each stage of insertion from the time just after the tip
of the optically-guided nasogastric tube entered the nasal passage until it had passed through
the pyloric sphincter and proceeded posteriorly in the small intestine. The room light was
adjusted to enhance viewing capability, such that there was a weak image of the person to
permit accurate determination of the position of the tip of the tube.

[0116] A critical stage of the insertion was noted when the tip of the light-guided
nasogastric tube passed into the chest cavity of the patient, after which the emitted light could
be seen, but only very weakly, as the light emitted from the distal end of the tube passed
through the chest. However, as the lighted tip emerged from the chest into the stomach, the
signal became very bright and was easily tracked as it passed across the abdomen within the
stomach. As the lighted tip passed from the stomach into the small intestine, it passed
through the pyloric sphincter and crossed midline into the duodenum. The pyloric sphincter
is a narrow circular muscle at the junction of the stomach and the small intestine. As
expected, the dense muscle of the sphincter absorbed substantially more light than the
stomach or small intestine on either side. As a result, when the light source was half-way
through the pyloric sphincter the light reaching the surface of the abdomen took on a dual
lobe appearance transdermally and was clearly visible on the monitor. This resulted from the
shadow of the sphincter muscle bisecting the lighted region. Thus, the shadow of the
sphincter muscle precisely indicated when the tip of the feeding tube passed from the
stomach into the small intestine, easily and reliably permitting precise placement of the tip of
the optically-guided nasogastric tube. This placement was further aided by observing the tip.
of the feeding tube pass the midline point and continuing to the right side of the body,

indicating that it was post-pyloric.

Example 2
[0117] While demonstrating the effectiveness of the guidance method of the present

invention for positioning intravascular catheters, an additional useful feature was noted.
When an optical fiber and near infrared light LD system was added, as described above, to a
peripherally inserted central venous catheter (PICC) line and placed in accordance with
standard PICC practice in a vein leading to the heart, it was observed that as the lighted tip of
the catheter neared the heart, the light became modulated by the movement of the beating
heart. Moreover, as the lighted tip entered the heart, the light (signal) was greatly attenuated.
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[0118]  The heart consists of heavy, dense muscle, and the muscle tissue strongly
attenuates the near infrared laser light, as compared to the surrounding environment. This is
because the heart is suspended in what is mostly open space (lung, chest cavity), which easily
transmits near-infrared light. Light emitted from the end of the catheter travels in all
directions (360° radii) within the chest cavity, however the light is absorbed when it hits the
heart. Accordingly, as the lighted catheter tip approaches the heart, the movement of the
heart causes modulation of the light transmitted to the surface of the body, wherein the
modulation intensity increases as the tip gets closer to the outer edge of the heart. Thus, the
intensity of the light pulsates, synchronously with the heart beat. However, as the lighted tip
actually enters the heart and is surrounded by heart muscle, the light intensity decreases
dramatically and the modulation effectively ceases due to the low level of measured light.
These observations were confirmed with x-rays.

[0119] By this method, an operator literally “sees” via the detector that the catheter is in
the correct vessel, that it is nearing the heart, and then that it has been advanced too far and
has entered the heart by observing the modulation of the emitted light. Because the emitted
light is clearly detected, the operator can easily identify the tip of the optically-guided PICC
line as it enters the vessels near the heart. The visible catheter tip can then be precisely
advanced until it pulsates, signaling optimal position. If the catheter is advanced into the
heart, the light is occluded and the catheter tip will no longer be visible. In this situation, the
catheter is withdrawn to a pre-selected distance from the heart such that the emitted light is
again visible and appears to be pulsating.

[0120] In the embodiment in which the waveguide is fixed to the catheter and not
removable (in contrast with the stylet or guidewire application), the position of an optically-
guided catheter can be checked at any time by simply reconnecting the catheter to the
imaging system, turning on the laser light, and observing the modulation of the light intensity
caused by the movement of the heart. There are several advantages to this, including that
radiation and x-ray images are not required. Also, it requires neither moving the patient to an
x-ray suite, nor moving bulky portable x-ray equipment to the patient’s room. Consequently,
the present technology and method of using the emitted light from an optically-guided PICC
permits easy determination of the proximity of the catheter tip to the heart and will greatly
enhance the accuracy and precise placement of central venous catheters, including PICC

lines.

Example 3
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[0121] In another example of the guidance system, a light-guided epidural catheter was
inserted into the lower lumbar region of a large pig. Pigs are representative of humans for
this invention, as shown in Example 1. The epidural space was accessed in the standard
manner by palpation of spinous processes, insertion of an 18 gauge Toughy needle to the
depth of the epidural space using the air/fluid technique and a glass syringe. A standard
epidural catheter was used, having an optical fiber within its lumen, threaded to the distal tip
of the catheter and secured to the catheter (tape was used in this example, but any of the
above disclosed methods for securing and/or sealing the optical fiber to the catheter would be
effective).

[0122] In ambient light, the epidural catheter was advanced in the subject and the
transdermally emitted point of light was captured and followed by the imaging system as it
moved from the lower lumbar region to the thoracic region. Using a filtered camera/ monitor
system (e.g., an Astrovid StellaCam EX Video Camera filtered with a Schott AG 745 nm
LongPass filter) the location of the lighted tip of the catheter was easily identified through the
entire process.

[0123] The catheter was removed and the needle was advanced into the intrathecal space.
The light-guided catheter was then reinserted. Again the catheter was observed, by means of
the light guide at the tip of the catheter, as it traveled the entire distance in the intrathecal
space, as it had in the epidural space. The light output was only slightly diminished with the
increased depth of the lighted tip of the catheter in the body of the subject, but the
effectiveness of the light-guided system for the precise placement of the catheter in the
subject was not affected.

[0124] Each and every patent, patent application and publication that is cited in the
foregoing specification is herein incorporated by reference in its entirety.

[0125]  While the foregoing specification has been described with regard to certain
preferred embodiments, and many details have been set forth for the purpose of illustration, it
will be apparent to those skilled in the art without departing from the spirit and scope of the
invention, that the invention may be subject to various modifications and additional
embodiments, and that certain of the details described herein can be varied considerably
without departing from the basic principles of the invention. Such modifications and

additional embodiments are also intended to fall within the scope of the appended claims.
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CLAIMS
What is claimed is:

1. A system for determining a lighted point for precise placement of a medical
catheter within a patient, the system comprising:

an optically-guided catheter having a proximal end, a distal end, and a lumen;

a light-emitting point from which light is emitted when coupled to the catheter; and

an external detection device, whereby light emitted by the light-emitting point is
transdermally projected from within the patient when the catheter is within the patient,
thereby indicating catheter placement within the patient.

2. The system according to claim 1, wherein the light is provided to the light

emitting point via a waveguide extending from a light source to the light-emitting point,

3. The system according to claim 2, wherein the light source is an LED or Jaser
diode (LD). -
4. The system according to any one of claims 1-3, wherein the light-emitting

point is located within 0.01 to 1.5 cm of the distal end of the catheter.

5. The system according to any one of claims 2-4 , wherein the waveguide is
coupled to an interior wall, an exterior wall, or embedded within a wall of the lumen.

6. The system according to any one of claims 2-5, wherein the waveguide
comprises an optical fiber.

7. The system according to any one of claims 2-6, wherein the fiber further
comprises multiple fibers in a fiber bundle.

8. The system according to any one of claims 2-7, wherein the fiber is cut at an
angle at the light-emitting point to direct the light in a circular pattern.

9. The system according to any one of claims 1-8, further comprising a reflector
placed at the distal end of the catheter.

10.  The system according to claim 1, wherein the light is generated by a light
source located at the light-emitting point on the catheter.

11.  The system according to claim 10, wherein the light source is an LED or LD.

12.  The system according to any one of claims 1-11, wherein the light is infrared
or near infrared light.

13.  The system according to any one of claims 1-12, wherein the light has a

wavelength in the range of 620 nm to 1500 nm.
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14.  The system according to any one of claims 1-13, wherein the light is emitted
in a pulsed pattern.

15.  The system according to any one of claims 1-14, wherein the detection device
comprises a photodetector.

16.  The system according to any one of claims 1-15, further comprising a filter
coupled to the detection device.

17.  The system according to claim 16, wherein the filter is a narrow band
interference filter.

18.  The system according to claims 16 or 17, wherein the detection device
comprises night vision goggles.

19.  The system according to any one of claims 1-18, further comprising an
imaging device coupled to the detection device for displaying a visual image of the location
of the light-emitting point of the catheter within the patient.

20.  The system according to any one of claims 1-19, further comprising a
recording device for creating a record of the location of the light-emitting point of the
catheter within the patient.

21.  An optically-guided medical catheter having a proximal end, a distal end, and
a lumen, said catheter comprising a light-emitting point from which light is emitted when
coupled to the catheter, wherein light emitted by said light emitting point is detectable by a
detection device to indicate location of said light-emitting point within the patient

22.  The catheter according to claim 21, wherein the light is provided to the light-
emitting point via a waveguide extending from a light source to the light-emitting point.

23.  The catheter according to claim 21 or 22, wherein the light source is an LED
or LD.

24.  The catheter as set forth in claims 22 or 23, wherein the waveguide comprises
an optical fiber.

25.  The catheter according to any one of claims 22-24, wherein the fiber further
comprises multiple fibers in a fiber bundle.

26.  The catheter according to any one of claims 22-25, wherein the fiber is cut at
an angle at the light- emitting point to direct the light in a circular pattern.

27.  The catheter according to any one of claims 21-26, further comprising a
reflector placed at the distal end of the catheter.

28.  The catheter according to any one of claims 21-27, wherein the light is emitted

in a pulsed pattern.
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29.  The catheter according to any one of claims 21-28, wherein the light is
generated by a light source located at the light-emitting point.

30.  The catheter according to claim 29, wherein the light source is an LED or LD.

31.  The catheter according to any one of claims 21-30, wherein the light is
infrared or near infrared light.

32.  The catheter according to any one of claims 21-31, wherein the light has a
wavelength in the range of 620 nm to 1500 nm.

33.  The catheter according to any one of claims 22-32, wherein the waveguide is
coupled to an interior wall, an exterior wall, or embedded within a wall of the lumen.

34. A catheter guidewire comprising an optical fiber according to claim 2, wherein
the ﬁber is embedded within a sufficiently rigid material so as to provide catheter guidance
when the catheter is placed within the patient.

35. A method of precisely placing a light-emitting point on an optically-guided
catheter within a patient, the method comprising:

inserting the optically-guided catheter into the patient;

emitting light from a light-emitting point on the catheter within the patient;

externally detecting light emitted from the light-emitting point on the catheter within
the patient, wherein the light is transdermally projected from within the patient;

determining location of the light-emitting point within the patient, based upon the
externally detected light; and

determining placement of the catheter within the patient, based upon location of the
light-emitting point.

36.  The method according to claim 35, wherein the detecting is performed using a
detection device.

37.  The method according to claims 35 or 36, wherein the detecting comprises
photodetecting.

38.  The method according to any one of claims 35-37, wherein the detecting
further comprises filtering the emitted light by a filter coupled to the detection device.

39.  The method according to claim 38, wherein the filter is a narrow band
interference filter.

40.  The method according to any one of claims 36-39, wherein the detection
device comprises night vision goggles.

41.  The method according to any one of claims 35-40, wherein emitting the light

utilizes a waveguide extending from a light source to the light-emitting point.
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42.  The method according to claim 41, wherein the light source is an LED or LD.

43.  The method according to claim 35, wherein emitting the light further
comprises coupling a light source at the light emitting point on the catheter, and generating
the light therefrom.

44.  The method according to claim 43, wherein the light source is an LED or LD.

45.  The method according to any one of claims 35-44, wherein the light has a
wavelength in the range of 620 nm to 1500 nm.

46.  The method according to any one of claims 41-45, wherein the waveguide
comprises an optical fiber.

47.  The method according to any one of claims 35-46, wherein the optically-
guided catheter is a PICC, inserted into a blood vessel leading to the heart of the patient, and
wherein the emitted-light is emitted from the distal end of the PICC, said méthod further
comprising moving the light-emitting point in proximity to the patient’s heart; and observing
changes in pattern of emitted light as the light-emitting point approaches the patient’s heart,
wherein in proximity to the heart, the emitted light fluctuates in intensity synchronously with
heart beats, thereby indicating the location of the distal end of the PICC within the patient’s
vessel in relation to the patient’s heart.

48.  The method according to any one of claims 35-47, wherein the method further
comprises:

observing a marked occlusion of emitted light from the distal end of the PICC when
the PICC end is advanced within the vessel and enters into the patient’s heart;

observing return of the emitted light to its non-occluded state when the distal end of
the PICC is withdrawn into the vessel from the heart muscle; and

based upon observed qualitative changes in the emitted light, rapidly confirming

placement of, or changing placement of, the optically-guided PICC in the patient.
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