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U.S. Patent Application

Title: In Vivo Sensoi‘ with Panoramic Camera
Background

Vanous autonomous devices have been developed that are configured to capture
an 1mage from within in vivo passages and cavities within a body, such as those passages
and cavities within the gastrointestinal (GD) tract. These devices typically comprise a
digital camera housed within a capsule along with light sources for illumination. The
capsule may. be powered by batteries or by inductive power transfer from outside the

body. The capstile may also contain memory for storin g captured ;mages_and/or a radio

‘transinitter for transmitting data to an ex vivo receiver outside the body.

" A common diagnostic procedure involves the patient swallowing the capsule,
whereupon the camera begins capturing images and continues to do so at intervals as the
capsule moves passively through the cavities made up of the inside tissue walls of the GI

tract under the action of peristalsis. The capsule’s value as a diagnostic tool depends on

it capturing images of the entire interior surface of the organ or organs of interest. Unlike

endoscopes whlch are mechamcally manipulated by a physician, the orientation and
movement of the capsule camera are not under an operator’s control and are solely

determined by the physical characteristics of the capsule, such as its size, shape, weight,

. and surface ;oughneés, and the physical characteristics and actions of the bodily cavity.

- Both the physical characteristics of the capsule and the desi gn and operation of the

imaging system within it must be optimized to minimize the risk that some regmns of the

target lumen are not 1maged as the capsule passes through the cavity.

Two general irfxage-cépture scenarios may be envisioned, dependin g on the size of
the organ imaged. In relaftive]y constricted passages, such as the esophagus and the small
intestine, a capsule which is oblong and of length less than the diameter passage, will
naturally align itself longitudinally W1th1n the passage. Typlcally, the camera is situated

under a transparent dome at one (or both) ends of the capsule. The camera faces down the
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passage so that the center of the image comprises a dark hole. The field of imeregt is the

intestinal wall at the periphery of the image

" The capsule 100 is encased in a housing 101 so that it can travel in vivo inside an
orgah 102, such as an esophagus or a small intestine, within an interior cavity 104. The
capsule may be in contact with the inner surfaces.106,108 of the organ, and the camera
lens opening110 can capture images within its field of view 112. The capsule may .
include an output port 114 for outputting image data, a poWer suppiy 116 for powering
components of the camefa, a memory 118 for storing images, image comprqssion 120
circuitry for compressing images to be stored in'memory, an image processor 122 for
processing image dglth, and LEDs 126 for illuminating the surfaces 106,108. so that

images ‘can be captured from the light that is scattered off of the surfaces.

dtis desirable for each imagé to have proportionally more of its area to be

intestinal wall and propomonally less the receding hole in the middle. Thus, a large FOV

is desirable. A typlcal FOYV is 140°. Unfortunately, a simple wide-angle lens will exhibit

mcreased distortion and reduced resolution and numerical aperture at large field angles.

‘High-performance w1de—angle and “fish-eye” lenses are typically large relatwe to the

aperture and focal length and consist of many lens elements. A capsule camera is
constrained to be compact and low-cost, and these types of configurations are not cost

effective. Further, these conventional devices waste illumination at the frontal area of

- these lenses, and thus the power use to provide such illumination is also wasted. Since

power consumption is always a concer_h, such wasted illumination is a problem. Still
further, since the intestinal wall within the filed of view extends away from the capsule,,
it is both foreshortened and also requires considerable depth of field to image clearly in

its ehti_réty. Depth of field comes at the expense of exposure sensitivity.

The second scenario occurs when the capsule is in a cavity, such as the colon,
whose diameter is larger than any dimension of the capsule. In this scenario the capsule
orientation is much less predictable, unless some mechanism stab1hzes it. Assuming that
the organ is empty of food, feccs and fluids, the primary forces acting on the capsule are

gravity, surface tension ,anctlon, and the force of the cavity wall pressing against the

'cap'sule. The ca\"ity'applies pressure to the capsule, both as a passive reaction to other
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forces such as gravity pushing the capsule against it and as the periodic active pressure of
peristalsis. These forces determine the dynamics of the capsule’s movement and its
orientation during periods of stasis. The magnitude and direction of each of these forces
is influenced by the physical characteristics of the capsule and the eavity. For example,
the greater‘the mass of the capsule, the greater the force of gravity will be, and the
smoother the capsule, the less the force of friction. Undulations in the wall of the colon
will tend to tip the cap’sﬁle such that the lon gitudinal axis of the capsuie is not parallel to

the longitudinal axis of the colon.

‘Also, whether in a lalrge or small cavity, it is well known that there'are ~
sacculations that are difficult to see from a capsule that only sees. in a forward leoking
orientation. For example, ridges exist on the walls of the small and large intestine'and
also other organs. These ridges extend somewhat perpendicular to the walls of the organ

and are difficult to see behind. A side or reverse angle is required in order to view the

tissue surface properly. Conventional devices are not able to see such surfaces, since

their FOV ie substantially forwérd looking. Itis important for a physician to see all areas
of these organs as polyps or other irregularities need to be thoroughly observed for an
accurate dlagnosw Since conventional capsules are unable to see the hldden areas
around the ridges, irregularities may be missed, and critical dxagnoses of serious medical
conditions may be flawed. Thus, there exists a need for more accurate viewing of these
often missed areas with a capsule, ' '

Figure 2 shows a relatively straightforward example where the passage 134, such
as a human colon is relatxvely horizontal, with the exception of the ndge 136, and the
capsule sits on its bottom surface 132 with the optical axjs of the camera paral]el to the
colon longitudinal axls. .The ridge illustrates a problematic viewing area as discussed

above, where the front surface 138 is visible and observable by the capsule 100 as it

approaches the ridgé. The backside of the eapsule 140, however, is not visible by the
“capsule lens, as the limited FOV 110 does not pick up that surface. Specifically, the

range 110 of the FOV misses part of the surface, and moreovet misses the irregularity

illustrated as polyp 142.
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- Three object points within the field of view 110 are labeled A, B, and C. The
object distance is quite different for fhese three points, where the range of the view 112 is
broader on one side of the capsule than the other, so that a large depth of field is reduired
to.produce adequate focus for all three simultaneously. Also, if the LED (light emitting
diode) illuminators provide uniform flux across the angular FOV, then i)oint A will be
more brightly illuminated than point B and point B more than point C. Thus, an optimal
ekpesure for point B results in over exposure at point A and under exposure at point C.
For each image, only a relatively small percentage. of the FOV will have proper focus and

exposure, making the system inefficient. Power is expended on every portion of the

. image by the flash and by the imager, which might be an array of CMOS or CCD pixels.

Moreover, without image compression, further system resources will be expended to
store or transmit pottions of images with low information content. In order to maximize -
the likelihood that all surfaces within the colon are adequately imaged, a significant

redundarncy, that is, multiple overlapping images, is required.

One approach to alleviating these problems is t0 reduce the instentaneous FOV
but make the FOV changeable. Patent application 2005/0146644 discloses an in-vivo
sensor with a rotating field of view. The illumination source may also rotate with the field

of view so that regions outside the instantaneous FOV are not wastefully illuminated.

_ This does not completely obviate the problem of wasteful illuin'ination and furtherr'nore

creates other power demands when rotating. Also, this mnovatmn by itself does not solve

the depth of field and exposure ‘control problems discussed above.

“Thus there exists a need in the art for a more improved system and method for in-
vivo viewing of organs with a capsule, where better viewing angles can provide better
observations of tissue surfaces. As will be seen below, the mventmn provides such a
system and a method that overcomes the problems of the prior art and they do so in an

elegant manner.

Brief Description of the Drawings

Figure 1 illustrates the field of view of a capsule camera in the small intestine.

Figure 2 illustrates the field of viéw of a capsule camera in the large intestine.
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Figs. 3a-b illustrates the panoramic annular lens (PAL) in an endoscopic capsule.

Figure 4 illustrates a capsule with the optical axis of the lens oriented along the

longltudmal ax1s of a cylinder.

Figure 5 111ustrates a geometry fora panorarmc camera where the LED:s lie below and to

the outside of the flrst reflector
Figure 6 illustrates th'e.ray paths on entering a capsule.

Figyre 7 illustrates a'nother embodiment of panoramic capsule camera and LED

1llummators where the reglon between the LED, the housmg, and the outside of the first

: reﬂector is filled with an mdex-matchmg potting material.

Figu'fe'S further illuS'trates'the ra'.y paths for the embodimeht of Figure 7.

" Sumimsry

We* present a capsule camera that utilizes a panoraric camera. Panorarmc cameras
provide 2a FOV that exceeds 180° but with an obscuration at the center of the FOV. For
example the FOV might be a full 360° of latitude with angles of longltude ranging from
16D° to 200°. Panoramic annu]ar lenses are first described in US 4, 566 763, and

reﬁnements are described in US 5,473 474. The panoramic FOV reduces the possibility

that the camera w111 faul to image some portion of the organ as it passes through it, even if
its orientation is. vanable "We also disclose the use of a balloon or balloons attached to -
the capsule that posmon the capsule near the center of a cavity, such as the colon whose
dlameter is larger than that of the capsule, and maintain a longltudmal capsule
onentatlon The walls of the colon within the panoramic FOV are then nearly equldlstant

from the camera, reducmg the required depth of field and simplifying exposure.

Detai'le’.d: description of the invention

The invention is dlrected to a panoramic in vivo camera system. In one

embodiment, the system is confi gured ina capsule and a panoramic camera is encased .

within the capsule’ and configured to capture a panoraImc v1ew of tissue surface around or
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otherwise about the capsule. An optical system is configured to illuminate an area of
interest outside the capsule to the camera system. More generally, the invention provides
a remote image captui‘ing system-that includes a housing that acts as a delivery system

such as a capsule for example. This housing encloses the remote image capturing system -

for function and protection. A camera is enclosed within the housing and is configured to

cdpture a panoramic image of an environment immediately surfounding the housing, such
as within a subject’s esophagus, large or small intestine, or other organ. A light source is
also.included to provide an illumination source for the camera. At least one power source
can be e}ectronicélly coupled with the light source and the processing system to provide

power to each.

‘The optical syst_iem may include a transparent window for exposing an image onto
the panoraihid camera. The panoramic camera can be configured with a longitudinal -
field of view and a latitudinal field of view, where that the camera is configured to .

captire a panoramic image of an organ.

In one embodiment, the invention is directed to an in vivo image capturing
system, where the sysfém includes a camera havirig an entrancé pﬁpil, the camera
configured to capture a panoramic image of an environment surrounding the camera,
wherein the panoramic image is captured on a single image plane. The system furtﬁer
includes a light sdurc§ for providiﬂg an illumination source for the camera and a closed
housing for enclosing the camera and the light source. The system may further comprise

a péWer source for providing power to the light source and the camera, and the power

source may be a battery located within the capsule. The power source may be an

"inductive power source located outside the capsule and configured to induce power into

the capsulé to power the camera and illumination source. The closed housing may

include a tfansparent window for passing light into the panoramic camera, wherein the

‘panoramic camera is configured with a longitudinal field of view defined by a range of

view angles relati.ve toa l'c'mgitpdinal axis of the capsule and a latitudinal field of view
defined by a panoramic range'of azimuth angles about the longitudinal axis such that the
camera can ;:apf:m'e a panoramic image covering substantially a 360 deg latitudinal FOV
and a longituﬁinal FOV ranging from some angle greater than Odeg to another angle

greater th'an' 90deg.
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The camera may have a longitudinal axis such. that the angular FOV
includes a plane substantially in its entlrety, wherein the plane i is perpendicular to the axis
and intersects the pupll The system may include an optrcal system that has a panoramic
annular lens configured to focus an image onto the single i image plane. The capsule may
be conﬁgured with a body of oblong shape and having a longitudinal axis along the
length of the body, the system further includin g an optical system having a panoramic
annular lens that enables images to'be captured by the panoramic camera radially abont
the longitudinal axis and oito the single image plane. The camera.may be oriented
within the capsule to capture 1rnages radially about the longitudinal axis and has a FOV
that is substantlally perpendlcular with respect to the capsule fo enable vrewmg of a tlssue

surface oriented parallel to the principle direction of travel of the capsule and to enable

: captunn g an image of the tissue surface onto the single i 1mage plane. The capsule may

have a housing that is oblong in shape, and wherein the camera is oriented w1th1n the
housing to capture images radially about the 10ng1tud1na1 axrs and along the axis of the
body, the system further including an optical system having a panoramic annular lens and '
a window located substanually surroundmg area of the oblong body for recervmg light
rays frorn an ob_]ect into the panorarmc annular lens. The long1tud1nal axis may be a

concentnc axis of symmetry for the panoraxmc annular lens.

The panoramic annular lens may have a concentric axis of symmetry and includes
two refractive surfaces and two reflective surfaces confrgured to allow incoming light to -
pass through a f1rst refractlve surface into a transparent medrum Altemat:vely, the
panoramic annular lens may have a concentric axis of symmetry and includes two
refractive surfaces and tWO reflective surfaces configured to allow incoming light to pass
through a first refractive surface into a transparent- medium, to be reflected by a first
reflective surface then reﬂected by a second reflective surface, and then to exit the.
medium through a second refractrve surface. The panoramic annular lens may be
conflgured to produce an image w1th a cylindrical field of view from a point-of-view on
the concentric axis. The reflective and refractive surfaces may be comco1d surfaces of
revolution, and wherein the conic constant of the first reflector is in the range of -0.6 to.
+2. The reflective and_ refractrve surfaces may also be conicoid surfaces of revolutxon,

wherein the conic constant of the first reflective surface is in the range of -0.6 to +2,

-
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where the comc constant of the second reflective surface is chosen to be less than that of
the first. The reﬂectxve and refractive surfaces may be one of conicoid surfaces of

revolution, spheroidal surfaces, or aspheroidal surfaces:

The system may include further a data processor, configured to generate a
continuous image made up of multiple captured images. The data processor may be
located outside the capsule. The.data.processor may be configured to generate a
continuous image made up of multiple contiguous captured ima_ges. The system may
further include a memory configured to store captured images, where the memory is an
electronic memory, or other type of memory The memory may be located within the
capsule The memory may be located within the capsule, wherem the processor is
conﬁgured to compress image data and to store the compressed image data i in the

electronic memory.

The memory may be located outside the capsule, wherein image data is stored in
the memory for subsequent processing, and the system may further comprise a remote
processor confi gured to compress image data and to store the compressed image data in
the memory. ' . . ‘

The system may further include a transmission module configured to transmit
images captured by the panoramic camera to a remote receiver configured to receive
captured im'eges. The transmission module may be configured to transmit images
captured by the panoramic carnera to a remote receiver having data storage configured to

store captured images for processing by an image processor.

. In operation, the system may perform a method of in-vivo imaging, by providing
a device for panoramic in-vivo imaging of the gastrointestinal tract onto a single image
plane. “The method further includes emitting electromagnetic radiation from the capsule; '

and receiving reﬂections of the electromagnetic radiation from tissue surfaces for use in

“forming a panorarmc image of the tissues from a fleld of view that includes substantxally

all directions perpendlcular to the pnnc1p1e dlrectlon of travel through the gastromtestlnal
tract.
The method may further include uploading the compressed image data to a host

computer for processing, and it may first perform compression on images detected by an
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image sensor to produce compressed image data. The process may further include
performing conipression on images detected by an image sensor in the capsule to produce
compressed 1mage data, storing the compressed image data in a memory in the capsule,
then uploadmg the compressed image data to a host computer. The step of uploadmg the
images to a host computer may further comprise retrieving the capsule housrng and
uploading the images by connecting the capsule to the host computer. Uploading the -
images to a host computer may further comprise uploading the images by transrrxittin'g the

images from the capsule to the host computer.

- In a wireless s}istem the method may further include uploading the.compressed

image data to a host computer with a wireless signal. -And the method may also perfoﬁh

' compressmn on’ 1mages détected by an image sensor to produce compressed image data

and then upload the compressed image data to a host computer via a wireless

communication s1gnal The method may perform the process by performing compress1on

on’ 1mages detected by an 1mage sensor in the capsule to produce compressed image data

stormg the compressed image data in.a memory in the capsule; and then uploadmg the
compressed image data to a host computer via a wireless communication signal. More
specifically, the method for in-vivo 1mag1ng with a camera encased within a capsule may

include providing a capsule 'housing having a portion at least partially transparent to

electromagnetic radiation in a given wavelength range, ingesting said capsule by a

patient, emitting electromagnetic radiation in said wavelength range from said capsule,’
detecting images from reflections of said electromagnetic radiation with an image sensor
using a panoramic camera, performing compression on images detected by an image
sensor in said capsule before storing said images in a transistor memory in said capsule,-
retrieving said capsule from said patient, and then uploadipg said images to a host .

computer.

In yet an'other.embo.dil_nent, the invention provides' a capsule configured to house
a camera for in-vivo imaging, where the capsule includes a panoramic camera and an
illunxirlating light source The capstlle may be a closed capsole'having a first set of inner
and outer transparent—wmdow—surface regxons derna;tcated by the mtersectxons of
mcommg image rays within the camera FOV with the interior and exterior surfaces of the

wmdow and a second set of inner and outer transparent-wmdow-surface regions’
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" demarcated by the intersections of illuminating light rays, passing from within the

capsule to the exterior, with the interior and exterior surfaces of the window; wherein the

- inner surface regions from each set and the outer surface regions from each set are

sufficiently non-overlapping such that wherever incoming image rays and outgoiﬁg
illuminéting rays intersect at a common boint on a window surface the angle between the
outgoing ray and the surface normal exceeds the angle between the incoming ray and the
surface normal such that the reflection of the outgoing fay from the surface is not within
the camera FOV. The inner surface regions from each set may be non overlapping.
Altemativqu, the outer surface regions from each set are non overlapping. The capsule
may furﬂae’x{iﬁéludé‘a'reﬂector configured to reflect illuminating light frbm the
illuminating light source away from the camera and toward a sui)ject surface. The
cathera 'may include a lens configp.red to receive illuminating light reflected from a
subject surface, the capstile having a reflector configured to reﬂect illuminatin‘é light :
from the 111um1nat1ng hght source away from the camera in a manner that prevents stray

light from dxrectly entermg the camera lens without being scattered by a subject surface

Another embodiment of a capsule camera 300 having a panoramic annular lens
(PAL) 302, is shown schematically in Figure 3a. The lens 302 has a concentric axis of
symmefry and comprises two refractive surfaces and two reflective surfaces such that
incoming light passes throuéh the first refractive surface into a transparent medium, is
reflected by the first reflective surface, then by the second reflective surface, and then

exits the medium through the second refractive surface.

The capsule camera 300 includes LED outputs 304 configured to 1llummate
outside the capsule onto a SUbJBCt such as tissue surface being imaged. The LEDs
include LED reflectors 306 configured to reflect any stray LED li ght away from the lens
302. The purpose of the LED light rays is to reflect off of the tissue surface ant into the
lens 302 so that an ifnage can be recorded. The reflectors serve to re'ﬂect‘any light from
the i ght source, the LEDs, away from the lens 302 so that only light rays reflected from

the tissue surface will be imaged. The LEDs are connected to printed circuit boards

"PCBs 305 that are connected to each other via a conductor wire or plate 307, distributing

power to each LED. The lens 302 is configuréd to receive and capture light rays 308 that

are reﬂected off of an outside surface, such as a tissue surface and receives the reﬂectcd
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rays through a first refractor 310. The refracted rays 312 are transmitted to a first

-reflector 314, which transmits reflected rays 316 onto the surface of a second reflectoxj

318. The second refle'ctor then. reflects reflected rays 320 through a second refractor 322,
sending refracted rays 324 through opening 326 and into a relay lens system 327.

The eystem shown is a Cdoke triplet relay lens, and it includes a first lens 328 for
reeeiving'the refract'ed'rnys 324 from the second refractor 322. The first lens focuses the
light rays 330 onto.a second lens 332. Those focused rays 334 are sent to third lens 336,
which focuses rays 338 onto sensor 340. The sensor is mounted on PCB 342, which is

connected to the capsule outer walls 344.

The capsule 300 further includes electncal conductor 346 connectmg the PCB
342 holding the sensor to the conductor plate or wire 307. The electrical conductor 346
is conﬁgured for powenng the LEDs 304 through the conductor plate 307 and PCBs 305
that hold the LEDs 304.. Those skilled i in the art will understand that other configurations
are possible thhout departmg from the spirit and scope of the 1nvent10n wh1ch is defined

by the appended cIaxms

The PAL lens 302 brodnces an image with a cylindrical FOV from a point-of-
view on the concentric axis. The surfaces of the lens 302 may be conicoid surfaces of
revolutiqn, or th_ejz may be other spheroidal or aspheroidal shapes. In a preferred
embodiment, the cdnic constant of the first reflector ie dptitnally in the range of -0.6 to +2
with the conic constant of the second reflector chosen to be less than that of thé first. For

example, the first reflector might be ellipsoidal with the second reflector. hyperboloidal.

~ Arelay image. eys_tem after the PAL lens 302 forms an image on a two- -
dimensional h ght sensor 340 that may be ‘a commonly known sensor such a‘s a CMOS or
CCD array. Figure 3a illustrates a Cooke triplet relay lens 327, There ex1sts other

conflguratlons that are well known in the art and include double-Gauss conﬁguratlons

Referring to Figure 3b, a lens design is shown a lens design 350 with reduced
total track length for the relay imaging system. The lens 350 is configured to receive and

capture light rays 352 that are reflected off of an outside surface, such as a tissue surface,

11
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and receives the reflected rays through a first refractor-354. The refracted rays 356 are

_ transmitted to a first reflector 358, which transmits reflected rays 360 onto the surface of

a second reflector 362. The second reflector then reflects reflected rays 364 through a

second refractor 366, sending ref'racted’ rays. 365 through op‘ening', 326 and into arelay -

‘Iens system 363. The relay lens system is configured with lenses 370,372,374,376 for .

focusing the light rays onto sensor 340. The reduced total track of the imaging system

allows for more compact design and manufacture of a camera inside the imaging capsule,

‘providing for different designs and configurations.’

In éither emboditent illustrated in Figures 3a or 3b, the. capsuie.camera may
instead use other paihoramic lens designs including those that utilize a single reflector in
the shape of a paraboloid, spheroid, cone, or tetrahedron, irx conjunction with relay lenses,
to map a c'ylindrical FOV onto an image plane. Other designs may utilize a single

concave ellipsoidal reflector.

" Referring again to Figure 3a, this figure xllustrates the PAL lens 302 inan .
endoscoprc capsule. The capsule is shown as a cylinder with hemispherical ends. Ina

preferred embodiment, at least a circumferential band of the capsule housmg must be

. transparent to allow illuminating 1ighr. to exit the capsule and to allow image light to enter

the capsule. In a preferred embodiment, the optical axis of the lens is oriented along the

longitudinal axis of a cylinder (Figure 4) or along the major axis of an ellipsoid in an

~ ellipsoid capsule configuration.

Referrihg to Figure 4, the LED 304 is configured to'emit light rays A,B,Con a
subJect surface 130, such as tissue surface The capsule wall 311 would be transparent to .
the i mcommg rays A”,B”,C”, which are each received through the first refractor 310. The
LED light rays A B’ C are reflected off of the lens 302, so that the LED rays do not
distort the i image captured by the sensor 340

Just as discussed above, the lens 302 is confi gured to receive and capture light
rays 308 that are reflected off of an outside surface, such as a tissue surface, and recéives
the reflected rays through a first refractor 310. 'Ifhe refracted rays 312 are transmitted to a

first reflector 314, which transmits reflected rays 316 onto the surface of a second
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reflector 318. The second reflector then reflects reflected rays 320 through a second
refractor 322, sending refracted rays 324 through opening 326 and into a relay lens
system 327. ' a

The capsule might have any oblong shape or a spherical shape, however, and the
optical axis may have any orientation' within the capsule. Any electrical connections
made from the end of the lens above the 2™ reflector to the region below the 1* reflector
will obscure the field of view to some extent. The sensor is necessarily below the lens.
Thus, electromcs placed above the lens and the sensor cannot share a common power
supply and control c1rcu1try without obscunng connectlng wires. Therefore, it is
advantageous to place the lens with the second reflector adjacent to one end of the

capsule. The quasi-spherical shape of the PAL fits .economically within the

| hemispherical end of the capsule, as well. However, if a balloon is attached to the end of

the capsule above the Iens it may be desirable to lower the lens so that the balloon is not .
in the FOV. If batteries are placed above the lens, electncal connections can be made
from above to below the lens with minimal vignetting if the wires are thin or of a

transparent conductive material such as indium oxide.

Referring again to Figure 3a, Light-emitting diode (LED) illumination sources sit

‘ona multllayer printed circuit board (PCB) outside the PAL and below the first refractlve

surface. LEDs are attractive sources due to their low cost efficiency, compactness and
low coherence (which prevents speckle). Other illumination sources such as laser,
incandescent arc, or fluorescent sources are conceivable as well, Color photographs
require a wh1te light source. White LEDs are available that may mclude a blue or violet
LED alon g with phosphorescent materials that are excited by the LED and emit photons
at longer wavelengths A whxte light source may cornpnse a combmatlon of LEDs or
lasers emitting at.different colors, such as red, green, and blue w1th1n the visible
spectrum and that together produce the same spectral response from the sensor (which
has pixels sensitive to partlcular bands of color) as would a contmuous-spectrum white

hght source.

. The PCB that holds the LEDs may also serve as a mount for the LED and a baffle .

and or aperture stop for the relay lens. Alternatively, structures that perform these
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functions, along with the relay-lens barrel may attach to or support the PCB. LED drive
circuits may be situdted on the same PCB or on another PCB Either way, control signals
must be passed to the LEDs Thus, some form of electrical connectmn between the LED- )
PCB and another PCB, for example the PCB that holds the sensor, is requlred This
connector might be a flexible PCB, a series of conductive pins or wires, or some other

form of connector.

A poferitial probleﬁ with a capsule camera is tuat ilIumination. light reflected by
the exterior and interior surfaces of the capsule body may 1mp1nge on the sensor.
Antireflection coatmgs can reduce these reflections, although-adding these coatings to the’
capsule adds cost to the system. The correct geometry, however, ensures that the ‘ )
reflections W1]l not‘overlap with the image on the sensor. US 6,836,377 and. USG,918,872 ‘

disclose two such geometﬁes for non-panoramic capsule cameras. In the first, the capsule

"dome is ellipsoidal with the sensor at its center and the LEDs lying on the focal curve. In

‘the second, the dome is spherical with the sensor at the middle and the LEDs in the same

plane further toward the edge of the sphere.

Flgure 5 illustrates a geometry for a panoramic capsule camera where the LEDs
lie below and to the outside of the first reflector. A reflective prism 502 sits above each
LED 504.with one face of the prism at an angle roughly 45° relative to the longitudinal

axis. This face may be coated with a metal or dielectric reflective coating that reflects

light from the LED to the object or subject surface. In one embodiment, rather than use a

separate pnsm for each LED, a continuous ring of triangular cross section may be formed

into a smgle reﬂector 502. In preferred embodiment, the ring is made of a material

-whose refractive 1ndex 'is nearly the same as that of the capsule housmg506 and an index -

matching adhesive may be used to bond it to the housmg such that reﬂectlons at the
1nterface between the ring and the housing are minimized. The ﬁgure shows rays A, B,
and C passing ‘from the LED 504 to the intestinal wall 508. Scattered light travels along .
paths A’, B’ and C’ and is collected by lens 510 and imaged on the sensor (not shown)
Reﬂectlons 512 w111 occur at the outer surface of the capsule However, these reﬂechons

shown as dotted lmes reflect back into the pnsm (or rmg) and cannot be collected by the

lens.

14



10

15

20

25

30

WO 2007/126429 PCT/US2006/048752

Still referring to Figure 5, two additiona] rays D and E are also shown. RayD is
light from reflector 502 and is refracted at an acute angle and would illuminate the
mtestmal wall within the field of view if the wall were closer. The reflectlon of ray D also
passes back into the_ ring. Ray E clears the top of the rmg. I—Iovyever, its angle of
incidence upon the outer wall of the housing exceeds the critical angle for total internal
reflection. The wall of the capsule serves as a light pipe that contains reflected light
where much of it will scatter off the block posrtloned between the second reflector and

the top of the capsule and away from the lens.

Also shown in Frgure 5 isa ndge 520. As discussed in the background such a
ndge causes problems in viewing when usmg conventional devices, where prior art
capsules can view and observe front side 522 as the capsule approaches the ridge, but
misses the backs1de 524 because of a limited FOV. Polyp 526 or the area behmd the N
polyp would normally be unobservable by a conventional device. In contrast the .
invention provides a more useful and accurate means for observm g ‘the backsrde 524 and
polyp 526, where the camiera is able to view these surfaces, such as by ray C as
illustrated. Ray C is then reflected as Ray C’ that returns to the camera through the
capsule s.h:ell and into lens 510. Thus, the invention provides a \}ery useful and effective
means to better observe these remote surfaces that were formerly not visible by prior art

capsule cameras.

InFigure 6, ray A enters the capsule at point P at the largest field engle that the
camera’s aperture will capture. Within me‘b'ody of the housing the ray makes an angle o,
with respect to the surface normal. If no rays can pass from the LED to point P at an,
angle less than or equal to a5, then no reﬂected LED light from the housing outer wall
will enter the camera aperture As long as the distance g between the apex of the prism
and the intersection of a line segment between point P, at an -angle - with the surface
normal, and the inner wall of the housing, then this condition is satlsﬁed regardless of

the exact posrtlon ‘of the LED below the pnsm

Flgure 7 1llustrates a similar embodlment of panoramrc capsule camera 702 and
LED illuminators 704. In thls case, the region between the LED, the housing, and the

outside of the first reflector is filled with an index-matching potting material 706. This
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region serves essentially the same illuminator function as the prism or ring 602 in the

Figure 6. However, this approach eliminates the gap g of Figure 6. Ray A enters the

" capsule at point P at the largest field angle that is captured b y the carriera}’s aperture. The

ray makes an angle ¢t with the housing surface normal. The surface normal is at an
angle B wiih respect to the horizontal. Ray.A makes an angle o, with respect to the
surface normal withiﬁ the housing wall where nsina,’=sing; and n is the housing index
of refraction. A ray emitted by the LED .and reflects from the far end of the 1* reflector,
pasées into the housing and infersects the outer wall at point P.. If this ray makes an angle
of -a, with the surface normal, then its reflection from the wall will be within the camera
FOV. Tb ensure that no such rays exist, the LED must be placed a distance a of greatér
away from the intersection of a line tangent to the first reflector at 1ts outermost edge and

the plane of the LED emlttmg surface. One can show that
a= h[cot(y) ~cot(2y — o, — ,B)]

where & is the distance frofn,the LED plane to the ray-reflector intercept and ¥ is the

 angle the tangént line makes with the LED plane.

Referring to Figure 8, a panoramic capsule camera 800 is illustrated for imaging the
small intestine or other organ having a cavity 802 that has a diameter 804 that is of

comparable or smaller diametef to that of the capsule diameter 806. If comparable in

~ diameter, then the capsule would fit close to the walls of the caV1ty Thus, the cavity wall

{touches or is close to the outer wall of the capsule. If the diameter of the. cavxty is smaller

that that of the capsule, the capsule would cause the inside surface of the cavity to expand
around and .agamst the capsule as it passes-through the cavity. In the embodiment

illustrétgd, the inputllﬁupil is the area 808 where light rays 810 are produced from the

.LED source 812 at output 814 and are reflected from the inner wall 816 of the cavity to

enter back into the capéule as reflected rays 818, In this embodiment, the pupil 808 of

the panoramic camera 808 is positioned at or near the center. of curvature of the |

~ hemispherical or s1m11arly shaped transparent capsule end dome 820 The LED output

814 is posmoned such that light rays 810 emitted from the LED output 814 do not enter
back into the camera in a manner that would reflect the LED rays 810 onto the first
reflectors 822,824, then onto the surfaces 826;828 of second reflectors rcspectiv'ely and
onto a sensor (not shown in Figure 8). Thus, any LED light reflected from either the

inner or outer surfaces of the capsule are not collected by the camera input pupil and are
16
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not transmitted to the sensor. to distort or otherwise affect the quality of the captured
image. Optionally, index-rnatching potting adhesive 830 may be placed between the
camera lenses reflective surfaces 828,826 and the capsule housing 820. Or the lenses
themselves may fit snuggly -against the capsule housing with little or no gap between
them. Still refernng to Figure 8, the embodiment shows hght LED rays 810 scattered by
and reﬂected from the surface of the intestinal wall from varlous rllurmnatmg rays

passing through the mput pupﬂ 808

The ihyeﬁtion' r.rray be implemented, for example, by having the rmage processing

functions conﬁgured as a software apphcatton (as an operating system element) a

dedrcated processor or a dedlcated processor with dedicated code There may be a small

dedlcated processor located w1th1n the capsule to perform hrmted functions in
conJunctlon with a sensor to capture and transmit images. In one embodiment, the -
processor may be a simple logic circuit, dedicated microprocessor, integrated circuit, or
other such processor conﬁgured to simply transmit i image si ignals toa remote location,
such as a proximally located receiver configured to receive the i image signals embodying
image data. From there the image data can be stored, processed forwarded uploaded to

another processor .or otherw1se used.

The i 1mage data may be first compressed within the capsule where a smaller
amoint of data can be transmitted to a remote location. This would reduce the power
needed to transmit the information. The invention is directed to capturmg a panoramic
1mage by.the capsule Thus the amount of information transrmtted may be substantial,
and compressmn of such data may be desired to reduce the amount transmitted.
Transmission requlres a good deal of power, and power conservation is very important.
Thus reducmg the amourit of transmltted date by compression pnor to transmission may
be desired. Many compressxon techniques are well known to those skilled in the art, and

the 1nventron is not limited to any partlcular method or techmque

.. The software executes a sequence of machine-readable instructions ‘which can
also be referred to as code These instructions may ICSlde in various types of signal-

bearmg media. In this respect one aspect of the present invention concerns a program
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product, comprising'a signal-bearing medium or signal-bearing media tangibly
embodym g a program of machine-readable instructions executable by a dlgltal processing
apparatus to perform methods of processing and other functions related to the invention

described above.

Th1s si gnal-beann g medlum may comprise, for example memory located in the

capsule memory in a host computer or in a server, depending on'the particular .

~ configuration. The memory may be non-volatile storage a data disc, or even memory on

a-dedicated server or vendor server for downloading to a processor for installation.
Alternatively, the 1nstruct10ns may be embodied in a 51gna1-beanng medium such as the
optical data storage disc. Alternatively, the mstrucuons may be stored on any of a variety
of machine-readable data storage mediuims or media; which may include, for example, a

"hard drive", a RAID array, a RAMAC a magnetic data storage diskette (such as a

floppy disk), magnetlc tape, dtgltal optical tape, RAM, ROM, EPROM, EEPROM, flash

memory, magneto-optical storage, paper.punch cards, or any other suitable signal-bearing
media including transmission medta such as d1g1tal and/or analog communications links,

wh1ch may be electrical, optical, and/or wireless. As an example, the machine-readable

.mstructmns may compnse software object code;, compiled. from a language such as

"C'H'"

-Additionally, tlle program code may, for example, be compressed, encrypted, or

both, and may include exécutable files, script files and wizards for installation as in Zip

~ files and cab files. As used herein the term machine-readable mstructmns or code residing ‘

in or on signal-bearing medla include all of the above means of dehvery

While the foregomg dtsclosure shows a number of 1llustrat1ve embodlments of the

' 1nvent10n it will be apparent to.those skilled in the art that various changes and

modifications can be made herein without departing from the scope of the invention as
defined by the appended ¢laims. Furthermore although elements of the invention may be

described or claimed in the singular, the plura] is contemplated unless limitation to the

" singular is exp11c1tly stated. -
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- 'We Claim:

1. - Anin vivo image capturing system compnsmg . ‘

a camera having an entrance pupil, the camera configured to capture a panoramic
image of an environmient surrounding the camera, wherein the panoramic image is
captured on a single image plane; and

a light source for providing an illumination source for the camera; and

a closed housing for enclosiﬁg the camera and the light source.

2.. ‘An in vivo iniage capturing system accpfding to Claim i, further

comprising a power source for providing power to the light sotirce and the camera.

3. " Anin vivo image captliring system according to Claim 2, wherein the

power source is a battery located within the capsule.
" 4. . Anin vivo image capturing system according to Claim 2, wherein the
power source is an inductive power source located outside the capsule and configured to

induce power into the capsule to power the camera and illumination source.

.S An in vivo image capturing system according to Claim 1, wherem the

. closed housmg includes a transparent window for passmg light into the panoramic

camera, and wherem the panoramic camera is configured with a lon gltudmal field of

" view defined by a range of view angles relative to a longitudinal axis of the capsule and a

latitudinal field of view defined by a panoramic range of azimuth angles about the
lonigitudinal axis such that the camera can capture a panoramic image covering

substantially a 360 deg latitudinal FOV and a ]ongltudmal FOV rangmg from some angle

. greater than Odeg to another angle greater than 90deg.

6. An in vivo image capturing system according to Claim 1, wherein the’
camera has a longitudinal axis such that the angular FOV inehides a plane substantially in

its entirety, wherein the plane is perpendicular to the axis and intersects the pupil.
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7. An in vivo image capturing system according to Claim 1, further
comprising an opuaal system that includes a panoraxmc annu]ar lens configured to focus

an image onto the smgle 1mage plane

8. An in vivo image capturing system according to Claim 1, wherein the

- capsule is configured with a body of oblong shape and having a longitudinal axis along

the length of the body, the system further including an optical system havmg a panoramic
annular lens that enables i images to be captured by the panoramic camera radially about

the longitudirial axis and onto the single image plane.

-9 An in vivo image capturing system according to Claim 1, wherein the
camera is oriented within the capsule to capture images radi aily about the longitudinal

axis and has a FOV that is substantially perpendicular with respecf to the capsule to

- enable viewing of a tissue siirface oriented parallel to the principle direction of travel of

the capsule and to enable capturing an image of the tissue surface onto the single image

" plane.

10. ° Anin vivo image capturing system according to Claim 1, wherein the
capsule has a housirig that is oblong in shape, and wherein the camera is oriented within

the housing to capture images radxally about the longitudinal axis and along the axis.of °

" the body, the system further including an optical system having a panoramic annular lens

and a window located substantxa]ly surrounding area of the oblong body for receiving

light rays from an objec;'t into the panoramic annular lens..

11,. _ Anin vxvo 1mage capturlng system according to Claim 10, wherein the
longitudinal axis is a concentnc axis of symmetry for the panoramic annular lens.

12. An’in vivo image captunng system according to Claim 7, wherein the
panoramic annu]ar lens has a concentric axis of symmetry and includes two refractive

surfaces and two reﬂectlve surfaces configured to allow i 1ncommg light to pass through a

 first refractive surface into a transparent medium
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13. ' Anin vivo image capturing system according to Claim 7 wherein the
panoramic annular lens has a concentric axis of symmetry and includes two'refractive
surfaces and two reflective surfaces configured to allow incoming light to pass through a
first refractlve surface into a transparent medium, to be reflected by a first reflective
surface, then reﬂected by a second reflective surface and then to ex1t the medlum

through a second refractive surface. :

T 14, An in vivo'ithage captunng system accordmg t6 Claim 7 wherein the

. panorarmc annular lens is configured to produce an image with a cyhndncal field of view

from a po1nt—of—v1ew on the concentnc axis.

: 15§ _ An in vivo 1rnage capturing system according to Claim 12 wherem the
reﬂectlve and refractive surfaces are conicoid surfaces of revolution, and wherein the

conic constant of the first reflector is in the range of -0.6 to +2.

16. An in vivo image capturing system accordmg to Clalrn 12, wherein the
reﬂectwe and refractive surfaces are comcmd surfaces of revolutlon and wherein the

conic constant of the first reflective surface is in the range of -0.6 to +2, where the conic

constant of the second reflective surface is chosen to be less than that of the first,

17. Anin vivq image capturing system aceorrlin g to Claim 12,-wherein the

reflective and refractive surfaces are one of conicoid surfaces of revolution, spheroidal

- surfaces, or aspheroidal surfaces.

' 18. } An in VlVO 1magc capturing system according to Clalm 1, further
comprising a data processor conflgured to generate a continuous 1mage made up-of

-

multiple captured images.

19..  Anin vivo image capturing system accordmg to Claim 19, wherein the

data processor is located outside the capsule.
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20. An in vivo image capturing system according to Claim 1, further
comprising a data processor conflgured to generate a continuous image made up of

multiple contiguous captured images.

21. An in vivo image capturing system according to Claim 1, further

compnsmg a memory configured to store captured images.

22. Anin vivo 1mage capturing system accordmg to Claun 21, wherein the

memory 1s located within the capsule

23, An in vivo image capturing system according to Claim 21, wherein the
memory is located w1th1n the capsule, and wherein the processor is conﬁgured to

compress 1mage "data and to store the compressed image data in the electronic memory.

24. An in vivo image capturing system according to Claim 21, wherein the
memory is located out31de the capsule wherein i image data is stored in the memory for

subsequent processing

25.  Anin vivo image capturing system according to Claim 21, wherein the
memory islocated outside the capsule, the system further comprising a remote processor

conﬁgured to compress image data and to store the compressed i 1mage data'in the

© Iemory..

26. An in vivo imége capturing system according to Claim 1, further
comprising a transmrssron module configured to transmit i 1mages captured by the

panoramic caimera to a rernote receiver conﬁgured to receive captured i images.

2_7. Anin vxvo 1mage capturing system according to Claim 1, further
compnsmg a transmission module configured to transmit i images captured by the.

panoramic camera to a remote receiver havmg data storage confi gured to store captured

: 1mages for processing by an image processor

28. A method for in-vivo imaging, comprising:
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providing a device for panoramic in-vivo 1magmg of the gastrointestinal -
tract onto a smgle image plane;

ermttmg electrornagnetxc radiation from the capsule and

receiving reflections of the electromagnetic radiation from tissue surfaces

for tise in forming a panoramlc image of the tissues from a field of view that includes

‘ substantlally all dlrectlons perpendlcular to the principle direction of travel through the

. gastromtestmal tract.

29, A nig:thod_ according to Claim 28, further comﬁrising; )

. C upibading the .cornprésse'd image data to a host ‘c'ompuie; for processing.

- 30. A methcjci according to Claim 28, further comprising

performing compression on images detected by an image sensor to

produce compressed image data; and

uploading thé compressed image data to a host computer.

31. A method accofdiné to Claim 28, further comprising . .
| performing cornpression on images detected By an image sensor in the
capsule to produce compressed image data ' ' .
“storing the compressed image data in a memory in the capsule; and

uploading the compressed image data to a host computer.

' 32. A method according to Claim 28,  wherein uploading the i images to a host
computer further compnscs retnevmg the capsule housmg and uploading the i images by

connectmg the capsule to the host computer

33.7 A fn;i:hod according to Claim 28, wherein uploading the images to a host
computer further comprises uploading the images by transmitting the images from the

capsule to the host computer.

34, A method according to Claim 28, further comprising
" uploading the compressed image data to a host corhpufer with a wireless

signal.
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35. A method according to Claim 28, further comprising
perforrmng compression on 1mages detected by an 1mz¥ge sensor to
'produce compressed 1mage data, and
-uploading the compressed 1mage data toa host computer via a wireless

commimication signal.

"36." A method according to Claim 28, further comprising
perforrning' compression on images detected by an image sensor in the
capsule to produce compressed image data; ' ‘ .
stonng the compressed image data in a mernory in the capsule and
uploadmg the compressed image data to a host computer via a wireless

commumcauon s1gna1

37. A.method for in-vivo imaging with a camera encased within a capsule,
comprisirrg: ' . S
providing a capsule housing having a pOI'thD at least partially transparent
to electromagnetic. radiation in a given wavelength range;
ingesting said capsule by a patient; )
emitting electrorrlagnetic radiation in said wavelength range from said
capsule; ' ' . S . ’
o 'detecting images from reflections of said electromagnetic radiation witlr A B
an 1mage Sensor using a panoramic camera, .
. performing compress1on on 1mages detected by an image sensor m said
capsule before storing said i 1mages in a transistor memory in sa1d capsule, '
' ‘ retr1ev1ng said capsule from said patient; and '

uploadmg said images to a host .com,puter.

38. A capsule confi gured to house a camera for i in- vivo 1mag1ng, comprising:
a panoraxmc camera, ’

an 1llurmnat1ng l1ght source; o

a closed capsule hav‘in g a first set of inner and outer trahsparent—window-surface '

regions demarcated by the intersections of incoming image rays within the camera FOV
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- with the interior and exterior surfaces of the window and a second set of inner and outer

transparent-window-surface regions demarcated by the intersections of illuminating light
rays, passing from within the capsule to the exterior, with the interior and exterior

surfaces of the window; wherein the inner surface regions from éach set and the outer

: surface regicns from each set are sufficiently non-overlapping such that wherever

incoming image rays and outgomg 1llummat1ng rays intersect at a common point ona
window surface the angle between the outgoing ray and the surface normal exceeds the
angle bétween the incoming ray and the surface normal such that the reflection of the

outgoin g ray from the.surface is not within the camera FOV.

39. The capsﬁle ‘accordin.g to claim 38 where the inner surface regions from -

each set are non overlapping.

40. The capsule accordmg to claim- 39 where the outer surface reglons from

each set are non overlapping.

41. The czipsu]e according to Claim 38, further comprising:
~ a reflector confi gured to reflect 1llummatmg light from the 1llurmnat1ng light

source away from the camera and toward a subject surface.

42.  The capsule according to Claim 38, wherein the camera mcludes alens

configured to receive 111ummat1ng light reflected from a sub_]ect surface the capsulc

. further cornpnsmg

.a reﬂector conﬁgured to reflect illuminating light from the 111urmnat1ng hght
source away from the camera in a manner that prevents stray llght from directly entering

the camera lens without being scattered by a subject surface.
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