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LOCALIZATION OF CAPSULE WITH A SYNTHETIC SOURCE OF QUADRUPOLES

AND DIPOLES

FIELD OF INVENTION

[001] The present invention relates to an in vivo device and method such as for imaging an in

vivo lumen. More specifically, the present invention relates to a method and apparatus for an in

vivo system for localizing an autonomous in vivo imaging device.

BACKGROUND OF THE INVENTION

[002] Known devices may be helpful in providing in vivo sensing, such as imaging or pH

sensing. Autonomous in vivo sensing devices, such as swallowable or ingestible capsules or

other devices may move through a body lumen, sensing as they move along. An autonomous in

vivo sensing device such as an imaging device may include, for example, an imager for obtaining

images from inside a body cavity or lumen, such as the gastrointestinal (GI) tract while the in

vivo imaging device passes through the GI lumen. The imager may, for example, be associated

with an optical system, and optionally a transmitter and an antenna. Some of these devices use a

wireless connection to transmit image data. Other devices, systems, and methods for in vivo

sensing of passages or cavities within a body, and for sensing and gathering information (e.g.,

image information, pH information, temperature information, electrical impedance information,

pressure information, etc.), are known in the art.

[003] Since it is important not only to obtain images of the in vivo lumen, such as those of the

GI tract, but also to know where these images were taken to be able to provide effective

treatment, an accurate localization of the imaging device becomes an important task. A precise

presentation of the localization of the imaging device, such as a swallowable capsule, would

enable the operator of the apparatus to accurately determine where the in vivo the capsule was

located when the image was captured.

[004] Localization of an item in a three dimensional (3-D) space has been addressed by various

methods and solutions. Typically, the larger the entity that needs to be localized, the closer the

item to the localizing system, and the stronger the source of energy used for the localization, the

easier the solution for localization. Localization of an entity in a 3-D space may, typically, return

a set of three coordinates, for example X, Y, and Z parameters in a Cartesian system, and a set of

three orientation parameters, indicating the orientation of the item with respect to a reference

frame.



Various meino s an systems or oca zat on ase on an e ect are

known. Magnetic localization methods are based on the use of a magnetic source that can

generate a set of prescribed magnetic field patterns in a given domain in space, and a magnetic

sensor designed to "read" the magnetic field. Traditionally, the magnetic source consists of three

orthogonal magnetic dipoles (current loops, or source coils) that can be excited independently by

time-varying currents of frequency ω. The sensor consists of three orthogonal coils. The voltage

excited across the terminal of a single sensor coil is proportional to ω « , where H is the

magnetic field, and n is a unit vector normal to the coil plane. Therefore, the three orthogonal

sensor coils can be used to determine the local magnetic field, i.e. its strength and its direction

relative to the sensor coordinate system (for example, the coordinate system defined by the three

orthogonal sensor coils). The local magnetic fields for three linearly independent excitations (the

source orthogonal dipoles) provide sufficient information to determine the sensor location. This

is the principle of operation in traditional magnetic localization systems. However, in many

applications the physical space and/or electronic resources that can be allocated for a source

and/or a sensor are extremely limited. In such cases, a magnetic localization system utilizing a

single-coil source and/or sensor may be of importance. One option is to use more than one set of

dipole sources and/or sensors; say N sources and/or N sensors, each with its own distinct location

/ „, n = 1, ... N-I and orientation vπ , n=l, ... NA relative to the pre-defined "main" source and/or

sensor, conveniently situated at T Q = 0. If the relative locations and orientations of these N

distinct sensors are known, then an algorithm for detεπnining the location of the source coil can

be derived, as described by H. C. Gilbert in "Dipole moment detector and localizer," US patent

5,731,996. The main disadvantage of this approach is the need to have a precise knowledge of

Tn and vn . For example, in some medical applications it is desirable to locate the sources on the

patient's body. In such a situation it may be difficult to measure their relative locations and

orientations, and furthermore, these may vary in time due to patient's movements. A solution for

accurate localization, which requires a small space and overcomes the drawbacks illustrated

above, is thus required.

SUMMARY OF THE INVENTION

[006] According to one embodiment of the present invention, a method and apparatus are

disclosed for determination by a single coil sensor of the location of a single electromagnetic

source comprising a set of three orthogonal dipoles and three orthogonal quadrupoles, said

quadrupoles being S3'nthesized from said dipoles.
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enabling the determination of substantially the precise location of an in vivo sensing device. In

some embodiments, electromagnetic radiator source coils may serve as an external reference

frame for enabling the localization of a device containing an electromagnetic detector coil.

According to an embodiment of the invention, electromagnetic positioning source coils may be

connected to an electromagnetic positioning locator, which may be included as part of a

workstation. In some embodiments, a D/A converter may be used to supply proper current to an

electromagnetic source for localization purposes.

[008] In some embodiments, a single coil assembly may be used for one or more of three

separate, distinct, and independent purposes: as a electromagnetic sensor used for localization of

an in vivo imaging capsule; as a part of a DC-DC voltage step-up converter, which may be used,

for example, for providing the capsule with power; and as part of an antenna transmit/receive

system used for transmitting, for example, images from the capsule, receiving, for example,

control instructions by the capsule, etc. According to some embodiments of the invention, time

division multiplexing scheme may be utilized for using the coil assembly to achieve its multiple

purposes.

[009] In some embodiments, the system may include an in vivo imaging device having an

optical sensor, one or more illumination sources, a power source, and a transceiver (a.k.a.

transponder or transceiver). In some embodiments, an optical system may be implemented to

enable enhanced imaging. In some embodiments, the device may include an in vivo image

sensor, which may capture and transmit images of, for example, the GI tract while the device

passes through the GI lumen.

[0010] In some embodiments, the in vivo device may be implemented using a swallowable

capsule, but other sorts of devices or suitable implementations may be used. The in vivo device,

according to some embodiments, may typically be or may be comprised of an autonomous

swallowable capsule, but the device may have other shapes and need not be swallowable or

autonomous. Embodiments of the device are typically autonomous, and are typically self-

contained. In some embodiments, the components of the device may be enclosed within a

housing or shell, e.g., capsule-shaped, oval, or having other suitable shapes. The housing or shell

may be substantially transparent or semi-transparent, and/or may include one or more portions,

windows or domes that may be substantially transparent or semi-transparent.

[001 1] In some embodiments, the transmitter of the in vivo device may include, for example, a

transmitter module or sub-unit and a receiver module or sub-unit, or an integrated transceiver or

transmitter-receiver. In some embodiments, the device may communicate with an external



embodiments, a processor may be utilized for the control of the processes and methods occurring

within the device. In some embodiments, the transmitter may transmit/receive via an antenna.

Control of the processes taking place within the in vivo capsule may be accomplished by a

controller or a processor contained therein, or by a transmitter and/or another unit, which may

include control capability.

[0012] In some embodiments, the imager in the device may be operationally connected to a

transmitter. The transmitter may transmit images to, for example, an external transceiver or a

transceiver/recorder (e.g., through one or more antennas), which may send the data to a processor

and/or to a storage unit. The transmitter may also be capable of receiving signals/commands, for

example from an external transceiver. For example, in some embodiments, the transmitter may

include an ultra low power Radio Frequency (RP) high bandwidth transmitter, possibly provided

in Chip Scale Package (CSP).

[0013] In some embodiments, a power source may include one or more batteries or power cells

and may be internal to the device, and/or may not require coupling to an external power source.

[0014] Optionally, in some embodiments, the transmitter may include a processing unit, or

processor, or controller, for example, to process signals and/or data generated by the imager. In

another embodiment, the processing unit may be implemented using a separate component within

the device, e.g., a controller or a processor, or may be implemented as an integral part of the

imager, transmitter, or another component, or may not be needed. The processor may include a

processing unit, processor or controller. The processing unit may include, for example, a CPU, a

DSP, a microprocessor, a controller, a chip, a microchip, a controller, circuitry, an IC, an ASIC,

or any other suitable multi-purpose or specific processor, controller, circuitry or circuit.

[0015] In some embodiments, the imager may acquire in vivo images continuously, substantially

continuously, upon demand or upon a triggering event; or in a non-discrete manner, for example,

not necessarily upon-demand, or not necessarily upon a triggering event or an external activation

or external excitement; or in a periodic manner, an intermittent manner, or an otherwise non-

continuous manner. In some embodiments, the transmitter may transmit image data

continuously, upon demand or upon a triggering event, or substantially continuously, for

example, not necessarily upon-demand, or not necessarily upon a triggering event or an external

activation or external excitement; or in a periodic manner, an intermittent manner or an

otherwise non-continuous manner. In some embodiments, illumination source(s) may illuminate

continuously, or substantially continuously, for example, not necessarily upon-demand or not



necessarily upon a triggering event or an externa activation or externa u u in a

periodic manner.

[0016] An optional optical system, including, for example, one or more optical elements, such as

one or more lenses or composite lens assemblies, one or more suitable optical filters, or any other

suitable optical elements, may optionally be included in the device and may aid in focusing

reflected light onto the imager, focusing illuminated light, and/or performing other light

processing operations.

[0017] In some embodiments, the device may include one or more illumination sources, for

example one or more Light Emitting Diodes (LEDs), "white LEDs", or other suitable light

sources. In some embodiments, the device may include one or more illumination sources wherein

the illumination sources are in a color transmission range that is narrower than "white LEDs" and

may be monochromatic in certain embodiments. In certain embodiments, the color of the

illumination source is selected based on the pathology sought to be detected.

[0018] A data processor may analyze the data received via external transceiver/recorder from

device, and may be in communication with storage unit, e.g., transferring frame data to and from

storage unit. Data processor may provide the analyzed data to monitor, where a user (e.g., a

physician) may view or otherwise use the data. Monitor may include, for example, one or more

screens, monitors, or suitable display units. T3 ically, the device may transmit image

information in discrete portions. Each portion may typically correspond to an image or a frame;

other suitable transmission methods may be used. In some embodiments, the image analysis

and/or comparison may be performed in substantially real time. In another embodiment, the

invention provides a graphical user interface, as displa)'ed on monitor. This interface allows the

user to enable more distinct viewing of the selected images at will.

[0019] Embodiments of the invention may provide various other benefits and/or advantages.

Other features and advantages of the present invention will become apparent from the following

detailed description examples and figures. It should be understood, however, that the detailed

description and the specific examples while indicating preferred embodiments of the invention

are given by way of illustration only, since various changes and modifications within the spirit

and scope of the invention will become apparent to those skilled in the art from this detailed

description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The subject matter regarded as the invention is particularly pointed out and distinctly

claimed in the concluding portion of the specification. The principles, organization, and method
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objects, features, and advantages thereof, may be best understood by reference to the drawings

and the following description, it being understood that these drawings are given for illustrative

purposes only and are not meant to be limiting, wherein:

[0021] Fig. 1 is a schematic illustration of an in vivo system according to an embodiment of the

present invention;

[0022] Fig. 2 is a schematic depiction of synthetic magnetic quadrupoles using identical and

oppositely polarized simple magnetic dipole coils according to an embodiment of the present

invention;

[0023] Fig. 3 is a schematic illustration of an extended magentic source approach according to

an embodiment of the present invention;

[0024] Fig. 4 is a schematic illustration of the synthetic trajectory of the device in an in vivo

lumen according to an embodiment of the present invention;

[0025] Figs. 5-8 are schematic depictions of reconstructed trajectories using various frame rates

and various number of iterations per point according to an embodiment of the present invention;

[0026] Fig. 9 is a graphic depiction of a sj'nthetic trajectory algorithm error convergence

according to an embodiment of the present invention;

[0027] Fig. 10 is a graphic depiction of a magnetic field readings taken at low frame rate

according to an embodiment of the present invention;

[0028] Figs. 11-14 are schematic depictions of reconstructed trajectories with various levels of

noise according to an embodiment of the present invention;

[0029] Fig. 15 is a graphic depiction of reconstruction trajectory quality under noisy data

according to an embodiment of the present invention;

[0030] Fig. 16 is a schematic depiction of reconstructed trajectory using the robust algorithm,

according to embodiments of the present invention; and

[0031] Fig. 17 is a schematic depiction of the reconstructed trajectory of Fig. 16 but with a scan

resolution of 0.5° according to embodiments of the present invention.

[0032] It will be appreciated that for simplicity and clarity of illustration, elements shown in the

figures have not necessarily been drawn to scale. For example, the dimensions of some of the

elements may be exaggerated relative to other elements for clarity. Further, where considered

appropriate, reference numerals may be repeated among the figures to indicate corresponding or

analogous elements.



[0033] In the following detailed description, numerous specific details are set forth in order to

provide a thorough understanding of the invention. However, it will be understood by those

skilled in the art that the present invention may be practiced without these specific details. In

other instances, well-known methods, procedures, and components have not been described in

detail so as not to obscure the present invention.

[0034] Some embodiments of the present invention may be directed to an in vivo device that may

be inserted into a body lumen, e.g., the gastro-intestinal (GI) tract, for example, from outside the

body. Some embodiments are directed to a typically one-time use or partially single-use detection

and/or analysis device. Some embodiments are directed to a typically swallowable in vivo device

that may passively or actively progress through a body lumen, e.g., the gastro-intestinal (GI) tract,

pushed along, for example, by natural peristalsis. Some embodiments are directed to in vivo

sensing devices that may be passed through other body lumens, for example, through blood

vessels, the reproductive tract, or the like. The in vivo device may be, for example, a sensing

device, an imaging device, a diagnostic device, a detection device, an analysis device, a

therapeutic device, or a combination thereof. In some embodiments, the in vivo device may

include an image sensor or an imager and/or other suitable components. Some embodiments of

the present invention may be directed to other devices, not necessarily having to do with in vivo

imaging.

[0035] Devices, systems and methods according to some embodiments of the present invention,

including for example in vivo sensing devices, receiving systems and/or display systems, may be

similar to embodiments described in United States Patent Number 5,604,531 to Iddan et al.,

entitled "In vivo Video Camera System", and/or in United States Patent Number 7,009,634 to

Iddan et al., entitled ' Device for In vivo Imaging", all of which are hereby incorporated by

reference in their entirety.

[0036] Devices and systems as described herein may have other configurations and/or sets of

components. For example, an external transceiver/recorder unit, a processor and a monitor, e.g.,

in a workstation, such as those described in the above publications, may be suitable for use with

some embodiments of the present invention. Devices and systems as described herein may have

other configurations and/or other sets of components. Some in vivo devices may be capsule

shaped, or may have other shapes, for example, a peanut shape or tubular, spherical, conical, or

other suitable shapes.

[0037] Some embodiments of the present invention may include, for example, a typically

swallowable in vivo device. In other embodiments, an in vivo device need not be swallowable
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used in various body lumens, for example, the GI tract, blood vessels, the urinary tract, the

reproductive tract, or the like.

[0038] Embodiments of the in vivo device are typically autonomous and are typically self-

contained. For example, the in vivo device may be or may include a capsule or other unit where

all the components are substantially contained within a container, housing or shell, and where the

in vivo device does not require any wires or cables to, for example, receive power or transmit

information. The in vivo device may communicate with an external receiving and display system

to provide display of data, control, or other functions. For example, power may be provided by

an internal battery or an internal power source, or using a wired or wireless power-receiving

system. Other embodiments may have other configurations and capabilities. For example,

components may be distributed over multiple sites or units; and control information or other

information may be received from an external source.

[0039] Devices, systems and methods in accordance with some embodiments of the invention

may be used, for example, in conjunction with a device which may be inserted into a human body

or swallowed by a person. However, embodiments of the invention are not limited in this regard,

and may be used, for example, in conjunction with a device which may be inserted into, or

swallowed by, a non-human body or an animal body. Other embodiments of the invention need

not be used with in vivo imaging devices, and may be used for determining the position of a

sensing probe or other object within a cavity, a tract, or some other location where it is difficult to

determine the probe's position.

[0040] Fig. 1, to which reference is now made, schematically illustrates an in vivo imaging

system 100 in accordance with some embodiments of the present invention. Imaging system 100

may comprise a swallowable capsule device 140, transceiver/recorder 112 that may be connected

to transmitting/receiving (Tx/Rx) antenna 113 and to workstation 117, and electromagnetic

radiator source coils 111 that may be connected to workstation 117. One or more components of

the system may be used in conjunction with, or may be opεratively associated with, the devices

and/or components described herein, or with other in vivo devices in accordance with

embodiments of the invention.

[0041] Device 140 may comprise an imager 146, one or more illumination sources 142, a power

source 145, and a transceiver (Tx/Rx) 141. In some embodiments, an optical system 150 may be

implemented to enable enhanced imaging. In some embodiments, processor 147 may be utilized

for the overall control of the processes and methods occurring within device 140.
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comprise a set of one or more coils, and which may be used for one or more functionalities,

which may be independent of each other, as will be explained in detail below, such as an

electromagnetic sensor used for localization of the imaging device 140; as a part of a DC-DC

voltage step-up coirverter 149 used for providing light sources 142 with power from power source

145 for illuminating the GI tract; and as an antenna for transceiver 141 used for transmitting

images, receiving control instructions, etc. hi some embodiments, device 140 may comprise an

analog-to-digital (AfD) converter 144 that may be used to read the current from the

electromagnetic sensor 143 for localization purposes. In some embodiments, a logical switch

(such as an analog switch) 148 may be used as a means of switching between coil 143 and the

functional blocks such as DC-DC converter 149, transceiver module 141, and A/D converter 144

in order to achieve its multiple purposes. However, other means of switching between various

functional blocks of capsule device 140 may be used in other embodiments. Moreover, these

functional blocks may not necessarily be implemented as separate modules, but may be integrated

into other modules or functional blocks of device 140.

[0043] In some embodiments, device 140 may be implemented using a swallowable capsule, but

other sorts of devices or suitable implementations may be used. A transceiver/recorder 112 may

be located outside the body of a patient, including, or operatively associated with, for example,

one or more antennas 113, or an antenna array. Additionally, electromagnetic positioning source

coils 111, which are described in detail below, may be located outside the body of a patient.

According to embodiments of the present invention, workstation 117 may be connected to, or in

operative communication with receiver/recorder 112, antenna 113, and with electromagnetic

positioning source coils 111. Workstation 117 may comprise storage unit 119, which may be or

include, for example, one or more of a memory, a database, etc. or other storage systems; a

processor 114, a monitor 118, an electromagnetic source locator 116, and a digital-to-analog

(D/A) converter 115, which may be used to deliver the appropriate amount of current to

electromagnetic source coils 111 for localization purposes. Workstation 117 may be embodied as

a standalone unit or may be comprised in another unit (not shown).

[0044] Transceiver 141 may operate using wireless transmission, such as radio waves; but in

some embodiments, such as those where device 140 is or is included within an endoscope,

transceiver 141 may transmit/receive data via, for example, wire, optical fiber, and/or other

suitable methods. Other known wireless methods of transmission may be used. Transceiver 141
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an integrated transceiver or transmitter-receiver.

[0045] Device 140 typically may be or may include an autonomous swallowable capsule, but

device 140 may have other shapes and need not be swallowable or autonomous. Embodiments of

device 140 are typically autonomous, and are typically self-contained. For example, device 140

may be a capsule or other unit where all the components are substantially contained within a

container or shell, and where device 140 does not require any wires or cables to, for example,

receive power or transmit/receive information. In some embodiments, device 140 may be

autonomous and non-remote-controllable; in another embodiment, device 140 may be partially or

entirely remote-controllable.

[0046] In some embodiments, device 140 may communicate with an external receiving and

display system, e.g., workstation 117 or monitor 118, to provide display of data, control, or other

functions. For example, power may be provided to device 140 using an internal battery, an

internal power source, or a wireless system able to receive power. Other embodiments may have

other configurations and capabilities. For example, components may be distributed over multiple

sites or units, and control information or other information may be received from an external

source.

[0047] In some embodiments, device 140 may include an in vivo video camera, for example,

imager 146, which may capture and transmit images of, for example, the GI tract while device

140 passes through the GI lumen. Other lumens and/or body cavities may be imaged and/or

sensed by device 140. In some embodiments, imager 146 may include, for example, a Charge

Coupled Device (CCD) camera or imager, a Complementary Metal Oxide Semiconductor

(CMOS) camera or imager, a digital camera, a stills camera, a video camera, or other suitable

imagers, cameras, or image acquisition components.

[0048] In some embodiments, imager 146 in device 140 may be operationally connected to

transceiver 141. Transceiver 141 may transmit images to, for example, external transceiver or

transceiver/recorder 112 (e.g., through one or more antennas 143 and 113 respectively), which

may send the data to processor 114 and/or to storage unit 119 of workstation 117. Transmitter

141 may also include control capability, although control capability may be included in a separate

component, e.g., processor 147. Transceiver 141 may include any suitable transmitter able to

transmit image data, other sensed data, and/or other data (e.g., control data) to a receiving device.

Transceiver 141 may also be capable of receiving signals/commands, for example from an

external transceiver. For example, in some embodiments, transceiver 141 may include an ultra
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Package (CSP).

[0049] In some embodiments, transceiver 141 may transmit/receive via antenna 143. Transceiver

141 and/or another unit in device 140, e.g., a controller or processor 147, may include control

capability, for example, one or more control modules, processing module, circuitry and/or

functionality for controlling device 140, for controlling the operational mode or settings of device

140, and/or for performing control operations or processing operations within device 140.

According to some embodiments, transceiver 141 may include a receiver which may receive

signals (e.g., from outside the patient's body), for example, through sensor coil 143 (acting as an

antenna) or through a different antenna or receiving element. According to some embodiments,

signals or data may be received by a separate receiving device in device 140.

[0050] hi some embodiments, power source 145 may include one or more batteries or power

cells. For example, power source 145 may include silver oxide batteries, lithium batteries, other

suitable electrochemical cells having a high energy density, or the like. Other suitable power

sources may be used. For example, power source 145 may receive power or energy from an

external power source (e.g., an electromagnetic field generator), which may be used to transmit

power or energy to in vivo device 140.

[0051] In some embodiments, power source 145 may be internal to device 140, and/or may not

require coupling to an external power source, e.g., to receive power. Power source 145 may

provide power to one or more components of device 140 continuously, substantially

continuously, or in a non-discrete manner or timing, or in a periodic manner, an intermittent

manner, or an otherwise non-continuous manner. In some embodiments, power source 145 may

provide power to one or more components of device 140, for example, not necessarily upon-

demand, or not necessarily upon a triggering event, or an external activation, or external

excitation. Power source 145, while not shown as connected to any other module or unit within

capsule device 140 in Fig. 1, should be understood as delivering power to any and all such

modules or units that may require power for their operation.

[0052] Optionally, in some embodiments, transceiver 141 may include a processing unit, a

processor, or a controller, for example, to process signals and/or data generated by imager 146. In

another embodiment, the processing unit may be implemented using a separate component within

device 140, e.g., controller or processor 147, or may be implemented as an integral part of imager

146, transceiver 141, or another component, or may not be needed. The processing unit may

include, for example a Central Processing Unit (CPU), a Digital Signal Processor (DSP), a
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an Application-Specific Integrated Circuit (ASIC), or any other suitable multi-purpose or specific

processor, controller, circuitry or circuit. In some embodiments, for example, the processing unit

or controller may be embedded in or integrated with transceiver 141, and may be implemented,

for example, using an ASIC.

[0053] In some embodiments, imager 146 may acquire in vivo images continuously, substantially

continuously, or in a non-discrete manner, for example, not necessarily upon demand, or not

necessarily upon a triggering event or an external activation or external excitement; or in a

periodic manner, an intermittent manner, or an otherwise non-continuous manner.

[0054] In some embodiments, transmitter 141 may transmit image data continuously, or

substantially continuously, for example, not necessarily upon-demand, or not necessarily upon a

triggering event or an external activation or external excitement; or in a periodic manner, an

intermittent manner, or an otherwise non-continuous manner.

[0055] In some embodiments, device 140 may include one or more illumination sources 142, for

example one or more Light Emitting Diodes (LEDs), "white LEDs", or other suitable light

sources. Illumination sources 142 may, for example, illuminate a body lumen or cavity being

imaged and/or sensed. An optional optical system 150, including, for example, one or more

optical elements, such as one or more lenses or composite lens assemblies, one or more suitable

optical filters, or any other suitable optical elements, may optionally be included in device 140

and may aid in focusing reflected light onto imager 146, focusing illuminated light, and/or

performing other light processing operations.

[0056] In some embodiments, device 140 may include one or more illumination sources 142

wherein the illumination sources are in a color transmission range that is narrower than "white

LEDs" and may, for example, be red, yellow, blue, green, purple, orange, infra-red, or ultra-violet

in certain embodiments. Other wavelengths may be used. In some embodiments, the color of the

illumination source is selected based on the pathology sought to be detected. In certain

embodiments, narrowing the wavelength emitted by the illumination source 142 may assist in

obtaining a better contrast. Accordingly and in another embodiment, device 140 comprises an

illumination source 142 wherein the illumination source is one or more light emitting diodes,

emitting light at a wavelength of between about 430 and 530 ran (Blue LED) with a peak at

about 480nm, or in another embodiment a green LED emitting light at a wavelength of between

about 480 and 580 nm, with a peak at about 530 nni, or in another embodiment a red LED

emitting light at a wavelength of between about 580 and 680 nm, with a peak at about 630 nm.



[0057] In some embodiments, illumination source(s) 142 may illuminaie contmuousiy, or

substantially continuously, for example, not necessarily upon demand, or not necessarily upon a

triggering event or an external activation or external excitement. In some embodiments, for

example, illumination source(s) 142 may illuminate a pre-defined number of times per second

(e.g., two or four times), substantial^ continuously, e.g., for a time period of two hours, four

hours, eight hours, or the like; or in a periodic manner, an intermittent manner, or an otherwise

non-continuous manner.

[0058] In some embodiments, the components of device 140 may be enclosed within a housing or

shell, e.g., capsule-shaped, oval, or having other suitable shapes. The housing or shell may be

substantially transparent or semi-transparent, and/or may include one or more portions, windows

or domes that may be substantially transparent or semi-transparent. For example, one or more

illumination source(s) 142 within device 140 may illuminate a body lumen through a transparent

or semi-transparent portion, window or dome; and light reflected from the body lumen may enter

the device 140, for example, through the same transparent or semi-transparent portion, window or

dome, or, optionally, through another transparent or semi-transparent portion, window or dome,

and may be received by optical system 150 and/or imager 146. In some embodiments, for

example, optical system 150 and/or imager 146 may receive light, reflected from a body lumen,

through the same window or dome through which illumination source(s) 142 illuminate the body

lumen.

[0059] According to some embodiments of the present invention, a single coil assembly 143 may

be utilized for three separate and independent functionalities:

(i) an electromagnetic sensor used for localization of device 140;

(ii) a part of a DC-DC voltage step-up converter 149, which may be used, for

example, for providing LED light sources 142 with power delivered from

power source 145 for illuminating the GI tract; and

(iii) an antenna which may be a part of transceiver 141 used for transmitting

images, receiving control instructions, etc.

[0060] According to an embodiment of the invention, a time division multiplexing scheme may

be utilized for using coil assembly 143 to achieve its multiple purposes. For example, a part of

the coil's duty cycle may be dedicated to the task of localizing the electromagnetic sensor coil

143, while another part may be spent stepping up the voltage in DC-DC converter 149 while

supplying energy from power source 145 to light sources 142 for the illumination of the GI tract,

while a third part may be used for transmission of images by transceiver 141, and yet another part
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of the duty cycle may be used for receiving instructions by traiisceivei 1 irom

transceiver/recorder 112 and workstation 117.

[0061] According to an embodiment of the invention, electromagnetic positioning source coils

111 may be connected to electromagnetic positioning locator 116, which may be included as part

of workstation 117. In some embodiments of the invention, source coils 111 may be connected

to one or more digital-to-analog (D/A) converters 115, which may be used to deliver the

appropriate amounts of current to the source coils for positioning purposes. In some

embodiments of the invention, D/A converters 115 may be integrated with electromagnetic

locator 116, whereas in other embodiments they may comprise separate modules or units.

[0062] Data processor 114 may include a processing unit, processor or controller. The processing

unit may include, for example, a CPU, a DSP, a microprocessor, a controller, a chip, a microchip,

a controller circuitry, an IC, an ASIC, or any other suitable multi-purpose or specific processor,

controller, circuitry or circuit.

[0063] Data processor 114 may anafyze the data received via external transceiver/recorder 112

from device 140, and may be in communication with storage unit 119, e.g., transferring frame

data to and from storage unit 119. Data processor 114 may provide the analyzed data to monitor

118, where a user (e.g., a physician) may view or otherwise use the data. In some embodiments,

data processor 114 may be configured for real-time processing and/or for post-processing to be

performed and/or viewed at a later time. In the case that control capability (e.g., delay, timing,

etc) is external to device 140, a suitable external device (such as, for example, data processor 114

or external transceiver/recorder 112 having a transmitter or transceiver) may transmit one or more

control signals to device 140.

[0064] Monitor 118 may include, for example, one or more screens, monitors, or suitable display

units. Monitor 118, for example, may display one or more images or a stream of images captured

and/or transmitted by device 140, e.g., images of the GI tract or of other imaged body lumen or

cavity. Additionally or alternatively, monitor 118 may display, for example, control data,

location or position data (e.g., data describing or indicating the location or the relative location of

device 140), orientation data, and various other suitable data. In some embodiments, for

example, both an image and its position (e.g., relative to the body lumen being imaged, relative to

an external reference frame, or otherwise relative to any other reference system) or location may

be presented using monitor 118 and/or may be stored using storage unit 119. Other systems and

methods of storing and/or displaying collected image data and/or other data ma}' be used.
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may typically correspond to an image or a frame; other suitable transmission methods may be

used. For example, in some embodiments, device 140 may capture and/or acquire an image once

every half second, and may transmit the image data to external transceiver/recorder 112. Other

constant and/or variable capture rates and/or transmission rates may be used.

[0066] In some embodiments, the image analysis and/or comparison may be performed in

substantially real time, for example, while device 140 is in vivo, while imager 146 acquires

images, while transceiver 141 transmits image data, while transceiver/recorder 112 receives

image data, and/or while workstation 117 displays in vivo images.

[0067] In another embodiment, the invention provides a graphical user interface, as displayed on

monitor 118, that provides the user with the option of viewing a selected image captured by the in

vivo imaging device in either regular view or in the color expanded or "enhanced" color view,

e.g., in the full spectrum of visible colors. This interface allows the user to enable more distinct

viewing of the selected images at will.

[0068] While every effort has been made to show the interconnections between the various

functional blocks comprising the capsule device module 140, not all such connections have been

shown in Fig. 1 so as not to obscure the drawing and its purpose. For example, the connections

between power source 145 and all the other functional blocks that may use such power have not

been shown, but may be implied. Also, no connections have been shown between optical system

150 and the rest of the system, as optical system 150 may not have electrical connections with the

rest of the system, or may have electronically activated focusing features, etc., which are beyond

the scope of the present invention. It should also be understood that while various functional

blocks have been connected in capsule device 140 in Fig. 1 by solid lines, it should not be

construed to represent the only possible implementation of the present invention, but should be

viewed merely as an example for illustrative purposes, which was used to explain one possible

embodiment of the invention. Likewise, it should be understood that various functional blocks in

workstation 117 may not all be grouped together into one console, but may be incorporated into

other devices or modules. Lastly, both capsule device 140 and workstation 117 may contain

more or fewer functional blocks than shown in Fig. 1, and both may differ from the ones shown.

Dipole fields

[0069] In a localization system, such as imaging system 100, comprised only of dipoles,

m mm . where m is the magnetic dipole moment with magnitude m and direction in . located
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current, a is the loop area, and n is a unit vector normal to the loop area, with a direction

determined by applying the right-hand rule to the current direction. For convenience, the dipole

moment will be expressed in Cartesian coordinates

( 1) m =Xm . + ymy +zm.

The magnetic field associated with m, written in spherical coordinates, is given by

where r, , and φ are the angular coordinates of the coil's location, and where Td is the dipole

response matrix

sin θ cos φ 2sin θ sin φ 2cos φ s

(2a) ( ,φ)

It is seen from the above that the radiation pattern of a single dipole source is relatively simple.

This is best observed for a dipole oriented along the z direction. In that case, Hr behaves as cos

θ and He as sinθ, and both are φ -independent. Due to the circular symmetry, the Hφ field

component vanishes.

[0070] When a single coil, such as sensor coil 143, having an orientation « = (nr, n nψ) is

located at r = (r,θ,φ) , with as yet unknown vectors h and r, the coil can measure the magnetic

field component normal to its surface, / = H h . The measurement/is related to the dipoles by

1
(3) / = Aπr3 Tdm

[0071] The matrix equation above provides three independent equations. They relate three

measurements /i,j 2, 3 to three linearly independent excitations m\, /M2, 3 respectively, with/i

due to ni \ = (1,0,0), f due to m2 = (0,1,0), etc. If the orientation vector h is known, then these

equations may be used to determine the three unknown components of sensor coil 143 location r

= (r,θ, φ) . However, if it is unknown, then the three equations may not be sufficient to

determine r as at least six independent equations are required.

Quadrupole fields

[0072] A magnetic quadrupole, such as properly arranged coils in electromagnetic radiator

source coils 111, for example, can be synthesized by positioning two magnetic dipoles (loops or
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and controlling their polarity by the phase of their currents. Let mq =mqmq be the single dipole

moment, and let d =dd be the vector connecting the negatively polarized single dipole (-mq) and

the positively polarized one (+mq). The quadrupole plane is defined as the plane containing the

two dipoles and hence containing also the two vectors mq and d. The system is presented

schematically in Fig. 2. The observation point of Fig. 2 may represent sensor coil 143 in system

100 of Fig. 1. Throughout the description below it is assumed that the physical dimensions of

each dipole and the length of d are much smaller than the distance at which the quadrupole is

observed.

[0073] Magnetic quadrupoles may be s ϊ tesized using identical and oppositely polarized simple

magnetic dipoles (coils). We define the Quadrupole plane as the plane containing the two dipoles.

For all the subfigures here, the quadrupole plane is the paper plane. The single dipole moment is

mq and the dipoles separation is d. The large arrows show the true electric current direction in the

coils (a) General construction (b) The optimal case is when mq and d are mutually orthogonal.

(c) A quadrupole obtained by interchanging the directions of d and m. Although constructed

differently (different orientation of the coils!) the field of this quadrupole is identical to the field

of the quadrupole shown in (b).

[0074] The field pattern and the associated degrees of freedom of the quadrupole may be first

studied by obtaining the magnetic potential Φ (r) associated with the quadrupolε. The

magnetic filed may be obtained via H = - VΦ . Let r/ and r be the distances from the negative

and positive magnetic dipoles to the observation point (see Figure 2). Then

where r,
1,2 = >h 1,2

is a unit vector pointing in the direction of r, , . However,

(5) r
X2

=r + d / 2,=> r12 = J r2 + d + r d y]r2 +r d

In the above, r is the length of the vector r. In Equation (5) terms of the order of (d/r)2 or smaller

were neglected. Substituting Equation (5) into Equation (4) using the Taylor series expansion

(1 - x)~3/2 1+ 3x/2 and keeping the terms up to the order of d/r, Equation (4) reduces to

m d 3m d , \ t * \



r rr . Equation (6) discloses the quadrupole structures relevant to some embodiments of the

present invention. If m d ≠ 0 , an additional isotropic term is present. This term, having an

isotropic structure (that is depending only on / ) , cannot contribute location information.

Therefore, in order to minimize unnecessary magnetic field components that do not contribute to

solving of the localization problem, it is possible, according to embodiments of the present

invention, to employ only quadrupoles for which the teπn s m and d are mutually perpendicular,

so that mq d =0 and the "structure-less" field is eliminated. These quadrupoles are shown in

Figures 2 (b) and (c). The potential expressed in Equation (6) is invariant under the interchange

of m and d. For the case of orthogonal mq and d this transformation represents a rotation by

90° around an axis perpendicular to the quadrupole plane that contains the two dipoles.

Therefore, according to embodiments of the present invention, the quadrupoles presented in Figs.

2(b) and (c) possess identical fields.

[0075] According to embodiments of the present invention and based on the above analysis,

there are five quadrupole configurations that may generate linearly independent fields, including

geometries in which mq and d are parallel, but there are only three linearly independent

quadrupoles that can contribute efficiently to solving the localization problem. Their (mg , d)

vector pairs are given by (z,x), (y,x ), (z,y ) . These pairs also directly identify the

corresponding quadrupole planes.

[0076] The quadrupole magnetic fields may be obtained by substituting the specific choice for

mq , d) in the potential and operating with - V . According to embodiments of the present

invention, the quadrupole moment may be defined as O
n
, =mqd where mq and d are parallel to u

and v axes, respectively. Then

(7) H =
%πr4 Q

where T q is the quadrupole response matrix

3sin 2 6»-sin(2^) 3sin(20)-cos(* 3sin(20) -sin

(7a) T (θ φ) = -sin(20) -sin(2(0 -2cos(20) -cos(zS - 2cos(2^) -sin

-2sin# -cos(2^) 2cos#-sin^ - 2cos<9 -cos

IS



that:

(i) The quadrupole field decreases as r , which is one power of r faster than the dipole

field.; and

(H) The quadrupole field pattern is more complex than the dipole field. For example, for the

Ox excitation, i.e. dipoles oriented along z , the Hr pattern is of the form sin(2#)-cos^, as

compared to the single z -oriented dipole case, where Hr depends on cos# only. This

added complexity actually provides the additional information needed to solve the

localization problem.

Localization using synthetic source of quadrupoles and dipoles

[0077] According to embodiments of the present invention, an extended source configuration

may be used, as depicted in Fig. 3, which is a schematization of the extended source approach,

where (a) shows a pair of coils that can synthesize a monopole if the coils currents / ,, / possess

the same phase, or a quadrupole if they are in opposite phasese; (b) shows the extended source

consisting of at least three pairs of coils shown in (a), mounted so as to provide the required

orthogonal multipoles mx ,my ,m (in phase excitations) and 0 ,,Ox. ,O} (anti-phase excitations)

- note that this configuration is slightly non-symmetric with respect to the origin of the cartesian

coordinate system; and (c) shows a symmetric construction.

[0078] A set of three quadrupoles Ox Qx , O}-, each comprising a pair of simple coils, may be

mounted on the source coordinate system. Each single pair may be excited as a quadrupole if the

corresponding coils are fed by currents with opposite directions or as a twice stronger dipole if

the currents are in-phase, as depicted in Fig. 3(a). The extended source configuration is

illustrated in Fig. 3(b) depicting a non-symmetric version and Fig. 3(c) depicting a symmetric

version, which reflects the configuration of source coils 111 of Fig.l according to embodiments

of the present invention. Thus, the set of three Equations in (3) may be obtained by this new

extended source if each coil pair is excited as monopole (in-phase currents). At a further stage,

the coil pairs may be excited as quadrupoles by supplying them with currents with opposite

phases, following exactly the same steps discussed in the Dipole fields section (supra). Sensor

coil 143 measurement g related to the quadrupole excitation may be expressed as
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three linearly independent excitations Qu Q2, Q respectively, with g due to Q\ = ( 1,0,0), g2 due

to Q = (0,1,0), etc. This set of three Equations, together with the set in Equation (3), provide six

independent equations, from which the six unknown parameters of sensor coil 143 position r and

orientation h can be obtained.

[0079] Solving the equations according to embodiments of the present invention, it is assumed

that the initial location and orientation of sensor coil 143 are known and given by r o= (r θQ φQ)

and n o= (nr O,nβo,nφ0) , respectively. The corresponding field readings associated with the

linearly independent dipole excitations m, and quadrupole excitations O, are given by λand g o,

respectively (i = 1, 2, 3), which satisfy the following set of six Equations, resulting from

equations (3) and (8):

The matrices Td and Tq depend only on the direction and orientation ( 3 and φ ) of dipole and

quadrupole source coils 111 with respect to sensor coil 143 location.

[0080] According to embodiments of the present invention, when sensor coil 143 has changed

its location and orientation from a first, known location and orientation r 0, 0 to an unknown

second location and orientation r = (/',,6*,,$) , ή = nr nθ;
, nφ;i

) , the corresponding field

readings have changed as well, and are given by/ / ,, and g / for the same dipole and quadrupole

excitations of equation (9). They are related by

(10) 11 T 1T
( ) , Λ ) i = l , 2,3.

[0081] According to embodiments of the present invention, equation (10) may be solved for the

new location and orientation vectors r ,, , given the corresponding field readings f g}l. Since

the equations are highly nonlinear, a perturbation solution approach may be taken according to

embodiments of the present invention. In support of this approach, the variations in the field

readings due to the movement of sensor coil 143 may be defined as the following:

[0082] Assuming that r,, , are very close to r 0, « 0 , the variations in the orientation and the

location related quantities may be defined as

(12) r = rϋ + δr n0+ n Td ] = Υd 0 + δT , T
/

T 0 + δTq (4)
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= , an t e same app es or , . pprox m , , e r

results in the following:

(12a) δτd dθτdφ ,φ) \θo Φo δθ +dφτdφ ,Φ) \θo, o sφ

(i2b) CT, τ,« , i δθ +dφτ φ φ) δφ

where

(12c) δθ ≡ - θ0, δφ ≡ φ - φ0.

Likewise,

(12d) r;" r-n{\-nr-' δr).

[0083] By substituting these definitions into Equation (10) , keeping the terms up to the first

order only, and using Equation (9), the linearized set of Equations for the six unknowns

δr (δr,δθ δφ), δh= (δh r,δii θ,δh φ) is thus obtained as

(13a)

-\2 πr0
2f 0 .δr +[« 0d T,(0) m,] δΘ+[n d≠τ (0) m t] δφ +δiiTd ) 4 r0

3 / ,

(13b)

- j πr g
O

δr ÷[n odβTη(O) O,] δθ +[ 0dφΥq(0) O,] δφ +δkTq(Q)Q = πr δg,

where i = 1,2,3 . The notation fl T (0) ≡ daTp (θ φ) \θ φ was used for a ~ θ φ and p = d,q .

Since the matrices T ,T are known analytically, their derivatives may be obtained in a

straightforward manner.

Improving the first order solution by iterations

[0084] The first order approximation obtained by solving Equations (13a)-(13b) may be

improved by applying an iterative approach. r o, h o may be viewed as a crude initial guess for

the desired solution r,, n , of Equation (10). Once δ r ,δn are obtained, they may be used as an

improvement for the initial guess, and the process may continue iteratively until a desired result is

achieved. This process may be outlined as the following:

1. Get the location and the orientation r 0, 0 , and the corresponding field readings

f 0 ,, g 0 ./ = 1, 2,3 with r o, Ao used as first guess for the unknown r ,, n , ;

2. Get field readings ,. , , at the unknown r ,, n , ;

3. Set iteration counter j —1;
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5. Solve Equations (13a)-(13b) for Sr, δή as per comment (/) below;

6 . Obtain estimations for r
]

« via: r +δr ii o+δn ;

7. Re-normalize n \ '' ; set ft \' h-> ' / P n \' P as per comment (//) below;

8. Check stop criteria as per comment (Hi) below; if not reached, continue:

10. Compute field readings f
Ol

,go , for the new r 0, « 0 using Equation (9);

11. _/ h-» + 1, go to step #4.

[0085] It should be noted that:

(i) Sometimes the 6x6 matrix equation in step #5 above is ill-conditioned. Therefore, in

applications, according to some embodiments, one should invoke least-square solution

techniques (e.g., Penrose inverse).

(U) Formally, the normalization in step #7 may not be needed. However, n is defined as a

unit vector whose length should be 1. Numerical errors may cause its length to deviate

slightly from 1, thus introducing an effective "gain" into equations (9)-(10), which

sometimes causes the solution to diverge quickly. Normalization may solve this

problem.

(Ui) The iterative process is stopped at step #8 above if the corresponding δr,δn are

sufficiently small, or if the iteration index j reaches a pre-set limit.

(iv) The only "true" data, read from the outside world, are the quantities r 0, n 0 , f o,,g
Ol

,

and f u ,g in the input steps # 1 and #2. The field readings computed in step #10 are

"synthetic"; they are obtained by assuming that the sources of the magnetic fields are

indeed described correctly by Equation (9).

Reconstructing a trajectory

[0086] In most applications according to embodiments of the present invention the goal is to

determine a trajectory made by sensor coil 143, when the only given data is the initial location r 0 ,

the corresponding field readings / 0,,g0 , , / = 1, 2, 3, and a set of field readings f k ,,g k , , i = I 2, 3,

k = 1, . . . M taken at M unknown points r k with orientations h k along the unknown trajectory.

The trajectory reconstruction may be achieved by applying the following algorithm:
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Equation (9) and solve it for the initial location 0= n . Note that these Equations are

linear with respect to « and may therefore be solved easily. In fact, the system in

Equation (9) provides two sets of three Equations each, for the 3 unknowns of /ϊ 0

(one set uses the /readings and the second uses the g readings). It is therefore an

over-determined system. Choose to solve either set, or solve both sets for

stabilization;

2. Set trajectory point counter: do k \,...,M

3. Set

(a) Oo> «o) = ( *-i» «*-i)

Cb) C/o,,, go,, ) = (/*-,,, >S*-i,, 1,2,3,

Cc) ( , ,,,) (/*.,,£*,,), = 1,2,3 ;

4. Use the algorithm in Improving the first order solution by iterations section

(supra) to obtain an estimation for (/ ,, n,) ;

5. Set ( , » ) = ( „ «,)

6. k k +1, go to step #3

[0087] The algorithm properties of accuracy and convergence rates, both under "ideal" data (i.e.

field measurements with no noise), and noisy data are outlined below. In actual implementations

according to some embodiments of the present invention, dipole and quadrupole excitations are

performed with the following parameters: in a simulation according to embodiments of the

invention, all source coils 111 had a radius of 1.5 mm, number of turns N = 30 , and current

/ = 10 Amp. The simulated distance between the coils was d = 8 mm (see Figs. 2, 3).

According to other embodiments of the invention, smaller current may be fed to electromagnetic

radiator source coils 111, as long as sufficient signal-to-noise ratio at sensor 143 is maintained.

Alternatively, higher current may be fed through source coils 111, if the physical coil parameters

are properly selected. Clearly, any specific set of values that leads to the same dipole and

quadrupole moments would lead to exactly the same fields.

Reconstruction from field readings without noise

[0088] In order to test the algorithm according to embodiments of the invention, a sensor coil 143

trajectory shown in Fig. 4 was synthesized. Location of sensor coil 143 is shown by the thick

spiral line. Its orientation is shown by the thinner arrows, which are normal to the plane of the
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around one of its "secondary" axis. The trajectory starting point is at the bottom of the spiral, at

the Cartesian coordinates of ( o,_yo, zo) = (55,50,-10) cm. The initial spiral radius is 5 cm, and it

gradually increases at a rate of 6.28 cm per turn. At the trajectory endpoint (after 6 turns) the

local curvature is 42.68 cm. The z coordinate of the trajectory increases continuously at a rate of

5 cm per turn. The trajectory endpoint coordinate is (xe,y e, ze) = (92.68,50,20) cm.

[0089] According to embodiments of the present invention and using Equations (3) and (8),

the field readings data/ g were computed along this trajectory. Then they were used in the

algorithm described herein in order to reconstruct the trajectory. In the first reconstruction

experiment, data were taken every 4 ° along the spiral, which corresponds to frame rates of 1

frame per 0.35 cm at the bottom, and 1 frame per 3 cm at the spiral top. The total number of

frames was 540 . Fig. 5 shows the reconstructed trajectory using 1 frame per 4° ( 1 frame per

0.35 cm at the bottom, and 1 frame per 3 cm at the top). The number of iterations was fixed to

max
; see stop criteria in Improving the first order solution by iterations section (supra).

The reconstruction quality in this example is reasonable and the algorithm exhibits a "self-

healing" property: in several locations along the trajectory the reconstruction deviates from the

original trajectory, but it converges back within the next few points. This behavior has been

observed quite consistently, according to some embodiments, when more than 2 iterations were

used. This behavior has been observed quite consistently, but only when more than 2 iterations

were used. This is further demonstrated in the next test examples (infra).

[0090] In the next tests according to embodiments of the invention, the same synthetic trajectory

of Fig. 4 was used, but with field readings taken every 6° along the spiral. The corresponding

frame rates were 1 frame per 0.525 cm at the bottom, and 1 frame per 4.5 cm at the spiral top.

The total number of frames was 360 .

[0091] Figs. 6, 7, and 8 show the reconstructed trajectory using this data, with 2, 3, and 7

iterations per point. Fig. 6 shows the reconstructed trajectory using 1 frame per 6 ° ( 1 frame per

0.525 cm at the bottom, and 1 frame per 4.5 cm at the top), and 2 iterations per point. Fig. 7

shows the reconstructed trajectory using frame rate as in Fig. 6, and 3 iterations per point. Fig. 8

shows the reconstructed trajectory using frame rate as in Fig. 6, and 7 iterations per point. A

gradual improvement may be seen as the number of iterations increases. The numerical

experiments show that the reconstruction quality saturates"' at 5-7 iterations. Beyond the 7-th

iteration the reconstruction quality is practically invariant.
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defined:

where r k and r l'ec) are the original and reconstructed trajectories, respectively (Jc = I.. ..,M ) .

[0093] Fig. 9 shows the results for both frame rates vs. the number of iterations. It may be seen,

practically, that, according to some embodiments, there is no need to go beyond the 5-th iteration

for both frame rates. Other numbers of iterations are possible. It may be seen, practically, that

there is no need to go beyond the 5-th iteration for both frame rates. As expected, higher frame

rates give better reconstruction quality. However, when saturation is achieved (beyond the 5-th

iteration), both frame rates yield average deviations well below 1 cm. The algorithm convergence

was tested with the global error measures in Equation (14) , and for the two frame rates discussed

in the text.

Reconstruction from noisy data

[0094] According to embodiments of the invention, the field readings f l , g , may practically be

obtained from the voltage developed across sensor coil 143 ports. This relation is given by

Vk , = - j ωµ aNfk , and Vk l = ~j ωµaNg k for the dipole and quadrupole excitations, respectively,

where ω is the field frequency, a is the loop area, and N is the number of loops in sensor coil

143. An additive noise model is assumed in the measured voltages, which translates directly to

additive noise in the corresponding field readings. By setting ∆H = V
nmse

I (-j ωµaN) . the noise

at the level of the field reading may be modeled via

(15) fk \ f L + H, , gk , gk , + H k l

where AH , is a random variable with normal distribution, average 0 and standard deviation

σH .

[0095] Throughout the present example, the lower frame rate of the Reconstruction from

field readings with noise section {supra) was used: a frame every 0.525 cm at the spiral bottom,

and ever}' 4.5 cm at the spiral top. Fig. 10 shows the corresponding field readings for the low

frame rate when substantially no noise is presented ( σH = 0). Subsequently, the noise according

to Equation (15) was added, with σH increasing from l χl θ 8 to 7χl O 8 in steps of IxIO 8 . The

reconstruction quality gradually deteriorated with Figs. 11-14 showing typical results. Fig. 11



s ows t e recons ruc e ra ectory w t σH = x ; g. s ows t e reconstructe tra ectory

with σH = 4 χl(T8 ; Fig. 13 shows the reconstructed trajectory with σH = 6χ l(Ts ; and Fig. 14

shows the reconstructed trajectory with σH = 7 x 1(T8 .

[0096] Finally, the reconstruction quality using the error measures in Equation (14) vs. the noise

level was checked quantitatively. The results are shown in Fig. 15, which is a chart of

reconstruction quality under noisy data, tested with the global error measures of Equation (14),

and for low frame rate. It may be seen that the location error due to these noise levels did not

exceed 5 cm.

Robust solution procedure for the system of equations

[0097] The solution procedure described above uses an iterative approach that may require a

reasonable first guess of the sensor location, for every new point in the sensor trajectory. Hence,

for point #1, one may need an external input for this first guess of the sensor location. For point

#n; n > 1, it may be assumed that the location of point #n - 1is close by and may be known, and

this data may be used as a first guess. In some applications this assumption may be too optimistic,

and one may need a robust algorithm that treats each point as a new problem and does not assume

any prior knowledge about a reasonable first guess.

[0098] A robust localization algorithm can be developed directly from equations (3) and (8). At a

given point

(16) f r Λ nT m g , = J T =

wherein / counts the three possible independent dipole (and quadrupole) excitations. According to

some embodiments, an efficient choice for the three dipole excitations may be the column vectors

, = M(I 5OO) 1, /72, = M(O I O)', m = M(O OI)1. These may be expressed collectively as the

excitation matrix Ml where I is the 3 x 3 identity matrix. Similar choice can be done for the three

quadrupole excitations (for example, with Q replacing M). The equations in (16) can now be

written as,

(Ha) / - -.
and

where / g are 3-elements row vectors representing the responses (field readings by the coil

sensor) to the three canonical excitations defined above.



[0099] It may e ver ie t at τd ) = 2 , φ . Hence the inverse Td may a ways exist,

and may be computed for every θ , φ . Applying a right-side multiplication of Td on Eq. (17a)

may obtain

(18) jJ Tdd =—
4 π-

-

wherein h is a unit vector (which denotes the coil orientation in space). Therefore the norm of

both sides of the equation above may give M 1(Am- ) . It follows that

[00 100] According to one embodiment, the right hand sides of these expressions may depend

only on &, φ . The expressions for h and r above can be substituted into the right hand side of Eq.

(17b). The result is

[00101] This equation may be a basis of the robust localization algorithm. In some

embodiments, g on the left may be a known vector (measurements of the quadrupole fields).

Likewise, the quantities O, M and the vector / on the right side may be known. The matrices

Td ,77' , Tq on the right depend only on the angles 3 φ (the direction to the coil location). Their

specific dependencies on these angles may be known [see equations (2a) and (2.7a)]. Hence, the

only unknowns in Eq. (20) above are φ ; the equation has to be solved for these two unknowns.

Therefore, we suggest the following algorithm:

2. scan the two dimensional space θ , φ over a rectangular grid with a prescribed

resolution A Θ, φ . Compute the two dimensional array g ( , φ, ) , with

θ ,φ ) ( θ φ)



[00102] Due to the robust scan process of this algorithm, it does not need an initial "reasonable"

guess. This may require having to scan a two dimensional space θ φ . Such a scan over the

domain 0 < < < 180° , 0 < < 180°at a resolution of Aθ = Aφ - l ° may be of reasonable

complexity to be performed with, for example, a desktop PC.

As a preliminary demonstration of the above algorithm performance, it may be used to

reconstruct the trajectory in Fig. 4, for example at a low frame rate (a frame every 6° on the spiral

- details of this synthetic trajectory in are disclosed in Reconstruction from field readings

without noise section hereinabove). The θ,φ scan was performed at a resolution of

Aθ = Aφ = \ ° . The reconstructed trajectory using the robust algorithm above, with 1° resolution

of the θ,φ scan is shown in Fig. 16. The reconstruction accuracy is within the range of 5cm.

Figure 17 shows the same reconstruction, but with a scan resolution of 0.5°, which may provide

improved accuracy.

[00103] In some embodiments, the reconstruction may be improved by invoking one (or all) of

the following approaches:

(i) decrease the scan step

(ii) use the robust algorithm as a mean for obtaining a good first guess, and then invoke

the Newton procedure developed hereinabove.

[00104] The processes presented herein are not inherently related to any particular computer or

other apparatus. Various general purpose systems may be used with programs in accordance with

the teachings herein, or it may prove convenient to construct a more specialized apparatus to

perform the desired method. The desired structure for a variety of these systems appears from the

description herein. In addition, embodiments of the present invention are not described with

reference to any particular programming language. It will be appreciated that a variety of

programming languages may be used to implement the teachings of the invention as described

herein.

[00105] Unless specifically stated otherwise, as apparent from the discussions herein, it is

appreciated that throughout the specification discussions utilizing terms such as "estimating,"

"processing," "computing," "calculating," "determining," or the like, typically refer to the action

and/or processes of a computer or computing system, or similar electronic computing device (e.g.,

a "computer on a chip" or ASIC), that manipulate and/or transform data represented as physical,

such as electronic, quantities within the computing system's registers and/or memories into other



m iy i ,

registers or other such information storage, transmission or display devices.

[00106] It will be appreciated by persons skilled in the art that the present invention is not

limited to what has been particularly shown and described hereinabove. While certain features of

the invention have been illustrated and described herein, many modifications, substitutions,

changes, and equivalents will now occur to those of ordinary skill in the ait. It is, therefore, to be

understood that the appended claims are intended to cover all such modifications and changes as

fall within the true spirit of the invention.

[00107] Having described preferred embodiments of the invention with reference to the

accompanying drawings, it is to be understood that the invention is not limited to the precise

embodiments shown and described hereinabove. Rather, various changes and modifications may

be effected therein by those skilled in the art without departing from the scope or spirit of the

invention, and the scope of the present invention is defined only by the claims, which follow.



CLAIMS

[00108] What is claimed is:

1. A system comprising:

an encapsulated in vivo imaging device, comprising a single

electromagnetic sensor coil for determining localization of said in vivo imaging

device in a vicinity of an electromagnetic field, said localization computed based on

determining an electrical signal across said electromagnetic source coil, said signal

being induced by said electromagnetic field;

a set of quadrupole electromagnetic radiator source coils to radiate said

electromagnetic field, said electromagnetic field being sensed by said

electromagnetic sensor coil, and said set of electromagnetic radiator source coils

being located outside of said capsule;

wherein said set of quadrupole electromagnetic radiator source coils

comprises three mutually orthogonal pairs of parallel coils, and wherein a distance

between said parallel coils within said pair is substantially smaller than a distance

between said electromagnetic radiator source coils and said electromagnetic sensor

coil.

2. A method comprising:

radiating an electromagnetic field by passing a current through a set of

quadrupole electromagnetic radiator source coils, said set comprised of three

mutually orthogonal pairs of parallel coils;

sensing said radiated electromagnetic field by a single electromagnetic coil

sensor located inside an encapsulated in vivo imaging device; and

inferring a location of said in vivo imaging device with respect to said set

of electromagnetic radiator source coils based on an electrical signal excited across

said electromagnetic coil sensor by said electromagnetic field.

3 . The system of claim 1, further comprising an analog-to-digital converter, wherein said

converter is used for detecting an electrical signal generated by said radiated

electromagnetic field across said electromagnetic sensor coil within said in vivo

imaging device for purposes of localization of said device.



4. The system of claim 1, further comprising a DC-DC converter, wherein said converter

is used for delivering power to components within said in vivo device.

5. The system of claim 4, wherein said electromagnetic sensor coil is used as a part of

said DC-DC converter to fulfill power needs within said in vivo imaging device.

6. The system of claim 1, further comprising a transceiver, wherein said transceiver is

used for transmitting information from and receiving information by said in vivo

imaging device.

7. The system of claim 6, wherein said electromagnetic sensor coil is used as an antenna

by said transceiver for transmitting information from and receiving information by

said in vivo imaging device.

8. The system of claim 1, further comprising a means of switching between said coil and

said analog-to-digital converter, said DC-DC converter, and said transceiver within

said in vivo imaging device.

9. The system of claim 1, further comprising a power source, wherein said source is

used for delivering power to components within said in vivo device.

10. The system of claim 1, further comprising a means of processing information

delivered to said means from components within said in vivo device.

11. The system of claim 1, further comprising a processor and interface circuitry means to

control components within said in vivo device.

12. The system of claim 1, further comprising a means of illumination to illuminate a

body lumen being imaged by said in vivo device.

13. The system of claim 1, further comprising an imager.



4. ine system o c a m , urt er compr s ng a means o tia i an

receiving data from said in vivo imaging device, said means comprising a

transceiver/recorder located outside said body lumen or cavity being imaged.

15. The system of claim 1, further comprising a magnetic locator located outside said

body lumen being imaged.

16. The system of claim 1, further comprising a digital-to-analog converter located

outside said body lumen being imaged, said converter used to deliver current to said

magnetic source for determining localization of said in vivo imaging device.

17. The method of claim 2, wherein said electromagnetic sensor coil is used for DC-DC

conversion in order to supply power to various systems requiring said power within

said in vivo device.

18. The method of claim 2, wherein said electromagnetic sensor coil is used as an antenna

for transmitting information from and receiving information by said in vivo device.

19. The method of claim 2, further comprising a means of switching to enable said

electromagnetic sensor coil to be used for reading an electrical signal across said coil,

for DC-DC conversion, or for transmitting and receiving information.

20. The method of claim 19, further comprising a time division multiplexing scheme to

enable said electromagnetic sensor coil to perform said three functions.
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