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COMPACT FLUORESCENT ENDOSCOPY VIDEO SYSTEM

CROSS-REFEREWNCE TO RELATELD APPLICATION
This spplicaion is a continuation-in-part of U.5. Patent Application
No. 09/615,863, filed Tuly 14, 2000, the benefit of the filing date of which is being

claimed vnder 35 WLE.C. § 120
FIELT OF THE INVENTION

The present invention relates to medical imaging systems in general and, in

particular, t fluoresconce endoscopy video systoms.
RACKGROUND OF THE INVENTION

Fluerescence endoscupy utilizes differences in the finorescence response of
narmal tissue and tssue suspicious [or early cancer as a too! in the detection and
localization of such cancer. The fuorescing compounds or fluerophores that are
excited during fuorescence endoscopy may be cxogenously upplied photoactive
drugs that accunmlale preferentially in suspicious tissues, or they may be the
endopenous flucrophores that are present in all fissue. I the latter case, the
fluoreseence from the Hssue is typleally referred to as autofluorescence or native
flugrescenes.  Tissue antofluorescence is typicatly due to fluorephores with
absorption bands in the UV and blue portions of the visibie spectrum and emissien
bands i e green 1o red portions of the visible spectrum, In tissue suspicious for
early cancer, the green portion of the autofluorescence spectrum is significantly
suppressed. Fluorcscence endoscopy that is based on tissue autoflunrescence utifizes
this speetral difference to distingish normal from suspicious tissue.

JP 2004-504090 A 2004.2.12
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Since the concenteation end/or quamium efficiency of e endegenous
fluovophores in tissuc is relatively low, the fluorescence emiticd by these
flunrophores is not typically visible to the naked eye. Fluorescence endoscopy ig
consequently performed by employing low light image sensors to acguire images of
the fluerescing tissue through the endoscope.  The images acquired by these sensors
are most often encoded as video sipnals and displayed on a color video monitor.
Representative  fluorescence  endoscapy  video  systems  that image tissug
autoflucrescence are disclosed in 1.8, Patents Mo, 5,507 287, issued to Paloic et al;
No. 5,500,660, issved to MacAulay ef al; WNo. 5,827,190, issuad to Paleic ef al; and
Ho. 5,647,368, issued 1o Zeng efal. Bach of these patents is assigned to Xillix
Technologies Corp. of Richmond, British Columbia, Canade, the ussignee of the
present application. While the sysiems disclosed in the sbove-referenced patents are
significant edvances in the field of early cancer detection, improvements can be
made.

These aforementioned systems are typically used in comjunction with an
endascope 1o which a camera containing low light sensors is attached or utilize &
video cndoscepe with the camera located at the insertion end of the endoscope. In
particular, it is desitable (o reduce the size, cost, aad weight of the camera deseribed
for thess systems. Since fluorescence endoscopy is commnonly performed as an
adjunet to conventional while light endoscopy, it is also desirable for the systemn to be
capable of acquiring both coler and fluorescence images with the same camera and
light source. 1t is also desirable to optimize such a flnorescence endoscopy video
system 1o detest vartous types of cancer in ditferent organs and to provide features so
that it is casily calibrated for use with different lypes of endoscopes. It s alse
desirable that such a system be compatible for use with exogenously applied
photoactive drugs. Finally, there is 2 need for a syslem in which the contrast between.
normal and suspicious tissue may be enhanced in the displayed {Juorescence images.

SUMMARY OF THE INVENTION

A Nuorcscence ondoscopy video system in aceordance with the present
invention inclndes:

an endoscopic Hght source that is capable of operating in multiple todes to
produce either white light, fluorescence excitatiou light, or fluorescence excitation
light with a referenve reflectance tight;

JP 2004-504090 A 2004.2.12
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an endoscope including a light guide for transmitting light to the tissue under
observation and either an imuging guide or compact camera for recciving light from
the tissue under observation;

a compact camera that receives ight from. the image guide of an endoscope or
direetly from the tissue by virtue of being located in the insertion portion. of the
endoscope and is capable of eperating i multiple imaging modes te acquire calor of
multichannel Hucrescence and reflectance imagss. Images obtzined are optically
divided and projceted onto one or move image sensors by a fixed beam splitter in the
camera. One of the bearas fron: the beam splitter is directed to an image sensor that
acguires color imsges. The remeaining beam is (or beams are) vsed alone or in
canjunction wiih the first beam fo acquire flunrescenec andior reflectance images;

an image processor and systomn controller digitize, process, and cneade the
imuyre sipnals as a color video signal;

a contrast enhancement function may be present in the processorfeontroller.
This function applies & non-unity gain factor o the processed refersnce image
signal based oun the relative intensity of the flmorescence/reflectance (or
fluorcseencetlunrescence) image signals;

a eolor video monilor displays the processed video images; and

a color calibration mechanism allows the response of the systein to be
calibrated for optical characteristics of different endoscopes andfor other imapge
signat] path variables.

BRIEF IXESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advantages of this invention
will become mare readily apprecisted a3 the same become betier uoderstood by
reference 1o the following detailed description, when taken in conjunction with the
accompanying drawings, wherein:

FIGURES |A-1B are block diagrams of fluoreseence endoscopy video
systems according to embodiments of the present invention;

FIGURE 2 is # block diagram of a multimode Light souree in accordance with
another aspect of the present invention;

FIGURES 3A-3C Ulustrate a preferred embodiment of the camera that can
acquire color, fluorescence/refleciance, andfor flucrescenceffluarcscence  images
according to the present inveniion with optional placement for collimation and

imaging optics;

FIGURES 4A-4E illustrate a number of camera beam splitter configurations;
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FIGURE 5 illustrates a second embodiment of a camera according to the
present invention;

FIGURE6 illustrates @ third embodiment of a cameru sccording to the
present invention;

FIGURES 7A-7D illustrate a number of spectral splitter and filter assembly
cenfigurations;

FIGURE 8 illustrates a fourth embodiment of & camcva according to the
present invention;

FIGLRE 9 illustrates examples of spectral splitter and filtering assembly that
can fransmit images to the same image plane;

FIGURE 19 illustrates a fifth cmbodiment of a camera according to the
present igventicn;

EIGURES 11A-11D are graphs illustrating presently preferred wansmission
characieristics of filters and dichroic splitters for fluorescence/rellectance imaging
using green fluorescence light and red reflectance light;

FIGURES 12A-12D are graphs iflustrating presently prefemed tranemission
characteristies for filters and dichroic splitters for Hluorescence/reflectance imaging
using green fiuorescence light and blue reflectance light;

FIGURES 13A-13D) are graphs illustrating presently preferred transmission
characteristics of {ilters and dichroic splitters for flucrescence/reflectance imaging
using red fluotescsnce light and blue reflectance light,

FIGURES 14A-14D are graphs ilustrating presently preferred transmission
churacteristics of {ilters and dichroic splitters for fluorcscence/reflectance imaging
using red duorescence light and blue reflectance lght;

FIGURES [5A-15D are graphs ilusteating presently preferred transmission
characteristics of filters and dichroie splitters for fluorescencedreflectance imaging
using red flunrescence light and near-infrared reflectmee Hght;

TIGURES 16A-16D are graphs illustrating presently prefirred transmission
characteristics of filters and dichroic splitters for fluorescence/veflectance imaging
using preen fluorescence lght and near-infrared refleclance light;

FIGURES 17A-17D are graphs showing presently prefermed transmission
eharacteristias of filters and dichroic splitters for use with fluoreseence/fluorsseence
irnaging;

FIGURE 18 is a graph illustrafing presently preferred transmission
characteristics of a blue Dblocking filter for {luorescencefrefiectance or
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fhuorescence/fluorescence imaging wsing a color image sensor with intepraled
selective filters.

FIGURLE 19 is a block diagram of a systen to perform color calibration of the
fluareseence endoscopy video system azccording te unother espect ef the present
invention; und

FIGFURES 20-22 are 'graphs shawing conirast enhancement fests and
functions that can he used to highlight potentially cancerous tissue in accordance
with another aspect of the present invention.

DETAILED DEICRIPTION
OF TUE PREFERRED EMBODIMIR T

FIGURE LA is 2 block diagram of a fluorescence endoscopy video system 50
in aceordanee with = presently preterred embadiment of the presont invention. The
system includes a muitimade light source 52 that generates o white light for obtaining
colur imapges. In a second mode of aperstion, the light source 52 produces an
excitalion light for inducing tissue autofluorescence. In a third mode of operation,
the light source 52 produces an excilation light for inducing tissue autofiucrescence
and @ mference reflectance fight. The use of excitation light and excitation plus
setleetance light for fluorescence/fluoreseence and fluorescencefreflectmees imaging
medes will be deseribed in further deiail below. Light from the light source 32 is
supplicd to an illumination guide 54 of an endescope 60, which then jlluminates a
tissue sample 58 that 15 te be imaged.

TIGURE 2 shows the companents of the light source 52 in greates detail. The
light source 52 includes an are lamp 70 that is surounded by a refloetor 72, In the
preferred embodiment of the inventior, the arc lamp 70 is a high pressure mevoury
are lamp {such as the Osram YIP R [20P24).  Alternatively, other arc lamps or
hroadband light sources may be used, but a high pressure mercury lamp is currently
preferred for its combination of bigh bive light output, reasonably flat wiite light
spectrum, and small arc size.

The light from the arc Jamp 70 is coupled to a light guide 54 of an
endoscope 60 through appropriate aptics 74, 76, and 78 for light collection, spectral
filtering and focusing respectively. The light frant the arc lamp is spectrally filtered
by one of a number of apucal filiets 764, 768, 76C .. that operaie o pass Or reject
desired wavelengths of light in accordance with the aperating mode of the system.
Far color imaging, optical filter T6A eliminates any spectral peaks and modifics the
color temperature of the light produced by the arc Jamp70. The transmission
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cherasteristics of the light source filters 768, 76C. .. for fluorescence/teflectance and
finorescencel fluorescence hmaging mades, respectively, are discussed in conjunction
with the characteristics of the camera filters 118, 1134, 119B... below,

Air intensity control 80 that adjusts the amount of light tansmitted along the
light path is positioned at an appropriate location between the are lamp 70 and the
endoscope light guide 54 and controls the amount of lght coupled to the light
puide 54 Tn addition, a shotter mechanism 82 may be pasitioned in the same eptical
path in order to block any of the light from the lamp from reaching the light guide. A
controller 8 aperates an actuator that moves the filters 76A, 768, or 76C into and
out of the light path. The controller 86 also controls the position of the intensity
control 80 and the operation of the shutter mechanism 82.

As shown in FIGURE 14, the system also inchudes a multimede camera 100,
The Light that is tollevted From the tissue by the endoscope 08 is wansmitled through
an image guide 36 and is projecied into the mullimode camera 100, Because
fluoreseence endoscopy is generally used as an adjunct o white light endoscopy,
each of the varions cmbodiments of the camera described below may be used both

for color and fluorescence/refl andfor fluor flucrescence lmaging.

FIGURE 1B is a blotk diagram of an alienative tluorescence endoscopy
video system 50, which differs from that shown in FIGURE 1A, in that the
multimede camera 180 is located at ibe insertion end of the endoscope and the
cndoscope does not contain image guide 56. With these differences, the resulting
endoscope 6t can be characierized as 2 flucrescence video endoscape, similar to
video endoscepes cumrently on the market (such as the Olympus CF-240L) in
utility, but with the additiopal ability to be utilized for both color and
fAluorescence/reflectance andfor fluorescence/finorescence imaging.

Oither than the location of the multimode camera 100 ar the insertion end of
the endoscope and the lack of an endoscope image gnide 56, the system of
FIGURE 1B is identical to that shewn in FIGURE 1A, The various embodiments of
the camera described below lend themselves to implementation in a fluorcscence
video endoscope due to their compacimess.

Tn this alternative sysiem, the multimode camera 100 directly collects the
Tight umitted by the fissue. Dy locaring the camera at the insertion end of the
endoscope, the inherent advantages of a video endoscops can be abtained: namely,
the light available to form. an image and the image resolution are tmproved compared
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to the cage when the image is transmitied outside the body through an endoscope
imaging guide.

T the first embodiment, shown in FIGURE 34, a camera 100A. receives hpbt
from the image guide 56 of an endoscope 60 and directs the light towards » color
image sensor 102 and a low light image sensor 104, In prior art camera designs, light
is typically directed to either of the two image sensors 102 or 104 with a movable
mirror that is seloctively inserted into the opiical path. Such a mimor most be
carefully constructed 5o that it moves within tight tolerances. This adds greatly to the
complexity and cost of the camera. The need to maintain these tight tolerances
throughout the lifetine of the system also decreases the camera's reljability,

The camera [O0A, according to fic proferred emboediment of the present
tnvention, replaces the moving mirror with a fixed optical beam spliticr 106 that
spiits the incoming light info two beams. The Hght beam is split such that a smaller
proportion of {he light reeeived from the endoscops 60 fs dizected twwards the eolor
image sensor 102 aud a larger proportion of the incoming light is directed towards
the low light image sensor 104, In this embodiment, the beam splitter may be a
standard commercially available single plate 88, single cube 89, or single pellicle
design 90, us shown in FIGURES 4A-4C. It should be noted that, if the optical path
between the endoscope 0 and jmage sensors contains an uneven number of
reflections {z.g., such as from 4 single component bear spiitier), the image projected
onto the sensor will be left-to-right imverted. The oricntation of such images wil
nead to be comected by loape processing.

In some instances, it is deswable that the light split by the splitter 106 be
projected in the same image plane. Therclors, the optical beam splitter 106 may be
& contbination of simple companents or & custom prism design as shown o
FIGURES 4N-4E. The cube assembly shown in FIGURE 4D {5 an example of
standard, comnmercially available glass components {beam splitter cube 89, right
angle prism9i, and simple glass block 92} that have been combined info an
agacmbly. Because the path of the Iight that passes through the right angle prism 91
is longer than that which passes through the beam splitter cube 89, for cases in which
noncollimated light is being split by the yplitter 106, the glass block 52 is positioned
behind the risht angle prism 91 to compensate for the differcnt path lengths such that
bath beams are focused in the same jmage plane.

The custor prism shown in FIGURE 4 is coroprised of three prisms. A first
partiatly-mirrored surface 95 on a first prism directs a portion of the incoming Jight
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toward o fully reflective surfoce 96 on the first prism. Light reflected off the
surface 96 passes through a sccond prism 99. Light passing through the partially-
mircored surface 95 is reflected off fully zcflective surfaces 97 and 98 of a third
prism. The optical path length of the beam that is reflected by the pastially mizxorsd
surface 95 is the same as the eptical peth of the light that passes through the partially-
mirrored surface 95,

The custom prism. shown in FIGURE 4E has the advantage that it is more
compect than the cube assembly and that it provides a continuous surfuce from which
the mage sensor(s) may be located. In both of these versions of the heam splitter,
the two paths for the split image contain an even number of reflections and are
optically equivalent in length. In the case of an optical imaging configuration as
described in FIGURE 3C below, this allows both images to be projected into the
same image plane {e.2., such s would be sequired it both images were imaged with a
single image sensor).

In FIGURE3A, light collimating optics 110 arc positioned beiween the
endoscope 60 and bearn splitier 106, and imaging optics 112 and 114 are positioned
immediately preceding the color image scusor 102 and the low  light
image sensor 104, rospectively. In an allemative optical configuration shown in
FIGURE 3B. the coilimating optics 110 have heen eliminated. Such a configuration
is preferable to that in FIGURE 3A, if the light beam from the cndoscope 60 is
already collimated,

The presently preforred configuration of the camera 1064 is shown W
FIGURE 3C. In this embodiment, the collimating optics 110 have been eliminated
and replaced with a single set of imaging opties 113 located between the
endascope 60 and beam splitier 196, The advantage of this configuration is that zll
imaging is performed and controlled by the same imaging optios [13. Such a
configuration requires ail heam paths to have the same optical path length, however,
and this restriction must be considered in the design of the beam splitter 106 and 2
pair of spectral filters 118 and 119 that are located in the path 1o the image
sengsors 102 and 104, Glass block 121 is inserted into the optical path when speciral
filter 119 is removed. In addition, the fact that thess optical elements are located in a
converging beam path must be considered In specifying these elements and in the
design of the imaging optics 113. All of the options for the collimating and maging
optics deseribed above, and their attendant benefits and drawbacks, also apply to the
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subsequent descriptions of camera embodiments represented in FIGURES 5, 6, 8,
and 19

As shown in FIGURES 3A-3C, a spectral filter 118 is located in the
aptical path between the beam splitter 106 and the low light jmage sensor 104.
Alternatively, the speciral filter 118 may be incorporated as an element of the beam
splitter 106.

A second speciral filter 119 15 posifionsd so that it can be moved into and out
of the optical path between the beam splitter 106 and the color image sensor 102.
For the case in which beam splitting is occurring tn a noncollimated beam palh, when
filter 119 15 moved out of position, a glass block 121 with the same optical path
length as filter 179 is moved into position berween the beam splitter 106 and the
color image sensor 102 to maintain a constant optical path length. Alternatively, this
insertable spectral filter 119 and glass Glock 121 (if required) may be incorporated
elsewhere in the optical path between the endoscope60 aund the color image
sensor 102, Moving a filter into and out of en optical path can be done with a simple
mechanism as there are no stringent mechanical and optical requirements like those
for maving & mirror.

The low light limage sensor 104 preferably comprises 2 monochrome charge
coupled device (CCDY, monochrome charge coupled dovice with charge carrier
roultiplication (such as the Texas lustruments TC253 or the Marconi Technologies
CCDE5), intensitied charge coupled device (ICCN), charge injection device (CIDY),
charge modulation device {CMD?), complementary meta) oxide semicenductor image
sengor (CMOR)Y or clectron beam charge coupled deviee (EBCCD) type of sensor.
The color mage sensor 102 15 prefecably a color CCDY, a coler CCD with charge
carrier multiplication, a tree-CCD color image sensor assembly with charge carrier
maliiplication, a thtse-CCD color image sensor assembly, a color CMOS image
sensor, or a three-CMOS color image sensor assembly.

As shown in FFURE 1A, the system also iucludes a processor/controller 64
and a video menitor 66. The processor/econtroller 64 receives the transdiced inmage
signals from the camera 100 and digitizes and processes these signals, The
processing of these signals may include the applicetion of certain contrast
enhancement algorithms deseribed below. The processed sipnals ave then enceded in

a video format and displayed on a celor video menitor 66.
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Baged on operator input, the processorfcontroller 64 also provides control
functions for the fluorescence endoseopy video system. These conhol funciions
inciude providing control signals that

» control the camera gain in all imaging modes;

«  coordinate the imaging modes of the camera and light source;

o provide a light [evel control signal for the [ight source, and

s provide control signals for any image data management systents that may

be used to record and archive imaye data.

The reason that two separate images in different wavebands are acquited in
the fluorescence/reflestance and fluoresesnco/fluorescence modes of [fluorescence
endoscopy video systems described herein will now be cxplained. Tt is known that
the intensity of the sutofluorcacence in certain wavebands changes as tissues become
increasingly aboormal (ie, as thoy progress to frank cancer). When acquiring
images within such a waveband of awoflucrescence, however, it is not sasy tw
distinguish between thuse changes in the signal strength that are duc to pathelopy and
thoss that are due to imaging geometry and shadows, A second {luorescence image
or & reflected light image, acquired in a wavcband in which the image signal is not
significantly affected by tissue pathelogy, may be utitized as a reference signal with
which the signal strength of the first flnorcseence image can be “normalized.”

‘This nermalization may be performed by assigning each of the two image
signals a different display color, e.z., by supplying the imape signals to different
color inputs of a color video monitor. When displayed on a color video mamtor, the
two images are effectively combined to form a single image, the combined color of
which represents the refative strengths of the signals from the twe images. Since the
color of the combined imags is indepen.dént of the absolutes strength of the separate
image signals, the color will not change ag a result of changes in the distance or angle
of the endoseope 60 1o the tissue sample 38 or other imaging geometry factors, If,
howaever, there Is a change b the shape of the autofluprescence speetum of the
observed tissuc that gives rise to a change in the relative strength of the two image
sipnals, such a change will be represenied as o change in the color of the displayed
imaye.

The mixture of colors with which normal tissue and tissue suspicious for
early cancer are displayed depends on the gain applied to each of the two sepamate
image signals. There is an optimal gain ratio for which tissue suspicious for early
cancer in a fluorcscence image will appear as & distinetly different eclor than nommal
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tissue. This gain ratio is said to provide the operator with the best combination of
sensitivity (ability 1o detect suspeot tissue) and specificity (ability to discriminate
vorectly). If the gain applied to the reference image signal is too high compared o
the paia applied to the fluorescence image sigual, the number of tissue arcas that
appears suspicious but whose pathology turns owt io be normal, increases.
Conversely, if the relative gain applied to the reference image signal is ioo low,
sensitivity decreases and suspect Ussue will appear like pormal iissue. For optinal
system performance, therefore, the ratio of the gains applied to the image signals
must be maintained at all times,

Ji vive spectroscopy bas been used to determine which differences jn tissue
autafluorescence and reflzctance spectra have & pathological basis. The properiies of
these spectra determine the particular wavebands of awloflusrsscence and reflocted
light required for the fluprescenceireflectance imaging mode, or the particular two
wavebands of autoffuorescence requived for [lucrescence/fluorescence imaging
mode, Since the properties of the spectra depend an the tissue type, the wavclengths
of the important autofluorescence band(s) may depend on the lissue being imaged
and the location within those tissues. The specifications of the optical filters
deseribed below are a conseguense of these spectral charmcteristics, and are chaosen to
be optimal for the tissues to be imaged.

The operation of the preforred embodiment of the fluotescence endoscopy
video system will now be deseribed. The camera 108 shown in FIGURE 1 is capable
of color, fluorsseence/reflectance, and fluorescence/fluorescence imaging modes. In
the color tmaging mode, the processor/eantroller 64 provides » control signal to fhe
maultimeds Light souree 52 that it should be in white Tight mode.  The Tight source 52
selects and positions the appropriate optical filter 704 into the ontical path between
the are lamp 70 and the endoscope light guids 54 This filter 76A removes any
spectral peaks and adjusts the color temperature of the light produced by the arc
lamp 70. The filtered light from the light source 52 is projected inte the endoscope
light puide 34 end is vansmited to the tip of the endoscops 60 to jlluminate the
tisaue 38.

The processor/conuoller 64 also ensures that the camera is in fhe corect
imaging mode 0 avoid damage to the sengitive low light image sensor 104. [n the
case where the tow light image sensor 104 1s an ICCD, for example, the voltage
across the photocathode is set to zero. The light reflected by the tissue 38 is collected
by the endoscope lmage puide 56 and is projecied through the camera beam
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splitter 106 ante the color image ssusar 102, Spectral filter 119 is removed from. the
aptical path during this inaging mode and replaced by glass block 121 (if required).
The color image is transduced by the color image sensor 102 and the resuliing image
signal is transmitted to the processor/eantrolier 4.

Based on the hrighiness of the color image, the processor/controller 64
provides a control signal to the multimede light source 52 to adjust the intensity
control 80 and thexeby adjust the level of light output by the sndosoope 60, The
processor/controller 64 may also send a control signal to the camera 100 fa adjust the
gain of the color image sensor 102, After being processed, the coler image is
displaycd on the video monitor 66. All of the imaging operations occut in real-time,
that is to say they occur af analog video display rates (30 frames-per-sccond for
NTSC format, and 23 frames-per-second for PAL format).

When  switching 1o the fluorescence/reflectance imaging mode, the
processor/contraller 54 provides a eontrol signal to the multimode light source 32 to
indicate that it should be in fluorescence/refllectance mode. The light source 52
selects and positions the appropriate opticol filter 76B inta the optical path beiween
the arc lamp 70 and the endoscope light guide 54. This filler 768 transmits those
wavelengths of light that wil! induce the tissuz 58 under examination to Huoresce. 1
also transmits reference reflectance light in either the preen. or red portions of the
visible spectrum or. allernatively, the blue excitation light tan be utilized for the
reference.  All other wavelenglhs of light are blocked a5 described below. The
filtered light 2 then projected into the endoscope light guide 54 and is transmitted to
the tip af the endoscope 60 1o lluminate the tissue 58.

The processor/eontrollor 64 also ensures that the camera 100 is in the correct
imaging mode hy providing power to the low light image scnsor104, The
fluorescence emitted and roference light reflecied by the tissue 58, along with the
reflected excitation light, are collecied by the endoscope image guide 56 and are
projected through the camera beam spiitter 106 onto the low light image sensor 104
and the eolor image sensor 102, Spectral filter 118 limits the Tight transmitted to the
Tow light image sensor 104 to cither green or red autofluorescence light only and
blocks tire light in the excitation and reference wavebands trapsmitted by light source
filter 768, Spcctral filter 119 is inserted into the optical path of the color image
sensor 102 during this imeging mode and ransmits only the reflected reference
waveband light, The reflectance liglt transmission speeifications of filter 119 and
light source filter 76B are chosen such that the intensity of the reflected light at fhe
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color image sensor 102 results in a transduced imape signal with good sipnal-to-noise
characteristics and withont significant saturation, while at the same time allowing for
excitation of sufficient autofluorescence for imaging. (Noie that if speciral filter 119
was located between the beam splitter 106 and the epdoscope 60, it would also have
to transmit the autofluorescence light detected by the low light image sensor 164.)
‘The auiefluorescence image is then transduced by the low light image sensor 104, the
reference image is transduced by the color itmage sensor 102, and the resulting image
signals are tragsmitted to the processot/controller 64.

Based on the brightness of the transduced images, the processor/controller 64
may provide o copto] signal to the multimode light source 52 to adjust the intensity
control 80 and thereby adinst the level of light delivered to the endascope 6. 1he
processorfantroller 64 may also send control signals to the camera 100 {o adjust the
gains of the low light image senser 104 and the color image scnsor 102 I order to
maintain constant image brightness while keeping constant relative gain, as described
in more detail below. After being processed, the images from the two scosors are
combined into a single image, which is displayed on the video mionitor 66. Again, all
of the imaging aperations occur in real-time.

In oxder for the combined image to have optmal clinical meantng, for a given
proportion of fluorescence to reference Tight signals omitted by the tissue and
received by (he system, it is necessary [or a consisteni proportion to also exist
between the processed image sipnals that ave digplaycd om the vidco monitor. This
implies that the (light} signal response of the fluorescence endoscopy Video system is
calfbrated.

Calibration of the signal response muy be implemented in the
processor/controller 64, To calibrate the system, the gain respomse of the
fluprescencs imags sensor and refurence Umage sengor are characterized, and those
response characleristics are utilized to establish a constant gain ratio belwesn the
flugrescence and refercnce image signal puths, Of comse, when calibrating the Tight
response of a flunrescence endascopy video system, the entire signal path must be
considered. For simplicity, in this embodiment thre gains applicd to the image signals
over the remainder of the image signal path (i.e.. excluding the image sensors} are
adjusted and are fixed 50 as not to contribute to the ratin of the overall image signal
sains, As a result, muintaining a constant system imaye signal gain ratio is meduced
to egiablishing a constant gain ratio between the fwo image sensors.
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A mettod for calibrating the gein response of the fluorescence and reference
image sensors will now be described.  The pasticulars of the calibration method
depend on the types of sensors utilized. The calibration method described herein is
for the prefered sensor types: an TCCD for the low light image sensar 104, and a
color CCI for the eolor image sensor 102

The gain of an ICCD sensar (Kjcop) is typically controlled by varying an
analog sain control signal (G).  (Such & gain coptrol signal operates on the
accelerating voliage that contrals the light signal amplification in the intensifier's
roultichannel plate.} In such sensors, the gain cun be vaned over about four orders of
mapitude of light intensity. ‘The gainfeontrol voltage relationship is approximately
cxponential anel can be characterized by Kjeep = £y -ef"TCD(G], where Ko is the
overall gain of the ICCD with the gain control setting at zero, and
Frcop [G)= ap-G+ag R ay - G?ina quasilinear [unction approximated by a
polynomiul whose cocfficients «; are determined by ernpirical measurements of the
response of the ICCD with varying gain.

The gain of a color CCD can be controlled in two ways: 1) by changing the
electronic shutler Gme (typically in discrete steps) which allows variation in
sensitivity over ahout three orders of magnitude in light intensity, and 2) by chanying
an analoy electronic gain contrel which ellows variation in sensitivity over about one
arder of magnitude in light intensity. For a CCD, the analog electronic gain typically
varies exponentially with a control voltage (R). The gair response of a €CD is fhus

Korp = Koy Agnager - 7600), where Kgg is the ovorall CCD gain with the
clectronie shuner &t the standard video ficld rate (e.g., 1/60 second for NISC videa)
and with the control voltage set to zero, A iS the attenuation provided by
the electrenic shutter, and frep (R):b,l :R+b,g 2 +by R 5w quasilinear
funetion approximated by a polynomial whose coefficients by are determined by
empirical meuswoments of the CCD xesponse with varying gain. The gain of the
CCD catt be adjusted to accommodate a wide range in light intensity by varyiog
Agluteers Which provides step-wise varjation over 2 wide range, in combination
with 2, which allews continuous variation over a small range.

To maintain a constant relative light signal response from the nage sersoers,
the fellowing gain ratio is maintained constant:
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This constant gain ratio can be implemented by designating one image sensor as the
“master.” For a given gain setting of the "master® image sensor, the gain setting of
the other image sensor (the "slave™) is determined by solving Fguation 1 to find the
appropriate value of R, Agyuey (o G). Fither image scnsor may be utilized as the
magter. The chioice as to which image sensor is utilized as the master and which the
slave depends on factors such as which image sipnal predominates in the digital
domain of the image processar, the technigue for solving the equation, and on the
time it lakes cach jmage sensor to respond 1o a change i gain.

The gain calibration method required for other types of image sensors utilizes
the same principles, including starting with an equation describing the gain of each
307180F i tepms of controllable parameters, calculating the ratio of the gain equations,
assuming the gain ratio is constant, and solving the galp rativ equation for the
parameters of one senser in terms of the parameters of the other sensor and the
constant, and can be dervived in a similar manner.

In fluorescence/fluorescence mode, the operation of the system is similar to
that of fluorescencefreflectance mode, so only the points of difference will be
described.  Firstly, the light source 52 selects and poeitions the appropriate optical
filter 76C. into the optical path between the wo lamp 70 and the endoscope light
guide 54. This filter 76C transmits substantially those wavelengths of light that will
induce the tissue 58 under examivarion to fhioresee.

The autofluarescence croited by the tissve 58 is collected by the endoscope
image guide 56 and is projected through the camera beam splitter 206 anto (he low
light image sensor 104 and the eolor image sensor 102, Speciral filter 118 limits the
light transmitted 10 the low light image sensor 104 to either green or red
autefluoresccnce light anly and excludes light in the excitution waveband. Spectral
filter 119 is inserted into the opticel path to the color image sensor 102 during this
imaging mode and fransmits only the autofluorescence lght in the wavebapd not
trapsmitied to the low light image sensor 104. (Nate that spectral filter 119 and, if
required, glass block 121, cannot be located between the beam spliiter 106 and the
endoscope 60 for this mode of operation.} The autofluorescence images are then
trapstluced by the low light image sensor 184 and the color image sensor 102 and the
resulting image sipnals are transmitted to the proccssor/contreller 64, Aftor heing
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processed, the images from the two sensors are combined info a shngle
fluorescence/fluorescence jmage, which s displayed on the video monitor 66.
The image sensoy guins are controlled in the same calibrated fashion as for
fluorcscence/tetlectance imaging.

Since the autofluorescence image detected with the color image sensor 102
will be very dim, the images oblained with this type of semsor will likely not be
acquired, processed and displayed in real-time uoless some form of signal
amplification (e.g, pivel binning, CCD with charge carrier multiplication, ete} is
provided. Currently, it 13 also possible to combine a time-averaged image from the
color image sensor 102 with a real-time image from the low light image sensor 104
and then display the resulting combined image.  Alternatively, images from both
sensors could be time-uaveraged and combined before being displayed.

A second embodiment of this invention will now be described. All points of
similarity with the fivst embodiment will be assumed understood and only points that
differ will be described.

In this second embodiment, all aspects of the system are similar to those
of the first emnbodiment except ihe camera 100A.  The camera 1008 for this
emboediment of a fluorescence endoscopy video system is as shewn in FIGURE 5. Tt
differs fiom the cumera in the first embodiment in that all intaging modes utilize
single, high sensitreity color image sensor 102A, preferably a CCD with charge
varricr mulfiplication, a three-CCD image sensor assembly with charze carrier
multiplication, a color CCI, a three-CCD color image sensor assembly, a color
CMOS image sensar, or a threc-CMOS color image sensor assembly.

Tn this embodiment, twe images are projected onto the senser 1024
simultancously. The images are separated and processed by the image procsssor 64
and displayed according to the imaging mede of the system. In color imaging mode,
the color image is separated from. the other inages, processed and displayed on the
video monitor 66. For the color imaging mode, filer (19 s moved out of the
light path and glass block }21, if required, is moved imte position. Far
fluoreseence/reflectance  and  fluorescence/flnorescence  imaging  modes, the
fluoreseence and reference images arc first scparated by the inage processor 64,
processed, and then are again superimposed on the video meonitor 66 by applying
each 1mwage to & diflerent monitor color input.

A dircet consequence of using a single high sensitivity color image sensor, as
described in this embodiment, is that the gain of the fluereseence and reference
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images sutomalically frack sach other e the main of the senser is changed. The gain
ratio of the two image signals is determined and maintained by the transmission
characteristics of filters 118 and 119 in the camera, and 76B or 76C in the light
source. The imuge processor 64 may also be utilized to implement small changes in
the gain ratio by changing the brightness of vne image with respect to the other
during processing.

As mentioned previously, the autofluorescence images detected with the color
image sensor 102A will be very dim, and so the images obtained with this type of
sensor will likely nol be acquired, processed, and displayed in real-ime unless some
form of signal wnplification {e.g, pixel binning, color CCD with charge carricr
multiplication, eic.) is pravided. Altematively, the camera may be wsed to image
autofluorescence in a non-real time mode.

This configuration of the camera alse adds an additional restriction to the
design of the opiical subsystem. The effect of this restriction necessitates that either
imaging apiical component [ 12 differs from imaging optical component 114 in such
a way that both images are projected onto the same image plane, or that beam
splittor 106, after splitting the )ight frorn the endoscope 60, utilizes substantially
equel optical path lengths for both beams and, in cenjunction with similar imaging
optical components 112 and 114, projects bath images onte the same image plane.
Such a beam splifier 106 requires a multicomponent or cusiom beam splifter 106 of
the type shown in FIGURES 413-E. The bcam splitters shown in these deawings alse
anticipate the need for an equal optival path tength, as described for the imaging
optice confignration in FIGURE 30,

A third embodiroent of this tovention will now be described.  All points of
sunilarity with the first embodiment will be assumed understood and only points that
differ will be desenbed,

In this third embodiment, all aspects of the system are similar to those of the
first embodiment except the camera 1004, The vamera 100C for this embodiment of
a fluoreseence endescopy video system is as shown in FIGURE 6. [t differs from the
camera 100A in the first embodiment in that the color image sensor 102 is wiilized
only for the color imaging mode. As a conseguence, filter 119 has been rentoved
from the colar image sensor optical path, which also climinates the need for a fiter
moving mechanism. Instead, the light 1bat is not being projected towards the color
image sensor 102 after being split by ithe beam splitter 106 is projected towards 2
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dichroie spliting and ftering assecbly 120, This assembly 120 further splits and
filters the light from the beam splitter 106 into two speciral eomponents.

Rather thsn splitting the incoming light into two beems with the same
spectrum bwt a fractionsl intensity of the incoming light, a dichroic splitter 120
divides the incoming light spectraily, sa that certain wavelengths are reflected while
athers are transmitted. Further filtering may then be applied to this spectrally divided
light beam.

Several possible configurations for such a dichroic splitting and filtering
assembly 120 are shown in FIGURE 7. As shown in the figure, the dichroic splitting
and filtering assembly 120 may comprise 2 cube dichroic 130 <r a plate dichrofc 133,
Spectral filters 118, 119 may be positioned away from the dichroic mimors or, in the
case of the cube, may be formed as a coating on the cube. 1o, addition, with cither
embodiment, 4 reflecting micror 140 may be uved 1o invert the image reflected off the
dichroic mirror. Tn addition. the dichreie splitter may be configured a5 a custom
prism assembty as shown in FIGURF., 9.

Tt should again be noted that if the optical path between the endoscope 60 and
image sensors containg an uneven number of reflections (e.g., such as from a single
component beamn splitter or dichroic), the image projected onto the sensor will be
lefl-fo-right inveried. The arientstion of such images will need to be corrected by
image processing.

After exiting the assembly 120, one of the speetral components is prafected
anto the low light image sensor 104 and the sccond compongnt is projected ano a
separate reference sensor 105, The reference sensot 103 preferably comptises a
menochrome CCD, monochreme CCD with charge canier mwltiplication, ICCD,
CiD, CMD, CMOS or EBCCD-type sensar, but it may also be a color CCD, a
three-CCD  color image seosor assembly, a color CCD with charge carrier
multiplication, & three-color €CD dimage sensor assembly with charge carrior
multiplication, a color CMOS image scnsor, or a three-CMOS colar image senser
assembly. n the casc of a cofor image sensor, depending on (he sepsitivity of the
sensor, autoflucrescence images obtained will likely not be acquired, processed and
displayed in real-time unless some form of siymal amplification (e.yr., pixel binning,
CCD with charge cawier multiplication, et} is provided  Alternatively, for
flunrescencesfluorescence mode operation, the camera may combine a real-time
autofluorescence image (from the low light image sensor 104} with a time-averaged
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image from the referenced sensor 103, or may provide all antofluoresvence images in
non-real time ode.

Calibration of the light signal path for this embodiment is similar o that of
the first embodiment for the prefemed choice of image sensors, in which an ICCD is
the low [ight imape sensor 104 and a CCD is the reference image sensor 105. For the
case in which the reference imagc sensor is also an intensified sensor such as an
ICCD or EBCCD, the equation deseribing the gain ratis for the two sensors is
slightly different.

As mentioned above, the gain/control valtage characteristies of an ICCD (or
EBCCD) image sensor 15 approximately cxponcntial and can be characterized by
Kiorn =Kg -ef’C':D(G), whare Kp 15 the overall gain of the ICCD with the
gain  coptrol  sefting  at zero, G is the Intensifier gain  sipaal, mnd
froen (G): oy G +ay Gl g ¢ isa quasilinear function approximated by a
polynemial whose cocfficicnts ar arc determined by empirical measurements of the
response af the TCCD with varying gain.

With two [CCls, the gain ratic to be maintained constant is

- Faccnfue G o

Kwep,, Ko, e {6 fuoe )

M e = const @
K, . gf HCCTgf {Grar)

vef Ky

As described in previcus embodiments, the gain setting Gy (0F UGygd of ome
image scnsor (the "master”} is determined by an automatic gain confrol. The gain
seting of the other image sensor (the "slave'") is determined by solving Equation 2 to
find the appropriate value of G plor Gg,,,J. As discussod previously, either image
sensor may be utilized as the master.

A fourth embodinient of this invention will now be deseribed. All points of
similarity with the third embodiment will be assumed understood and only points that
differ will be deseribed.

Tn this fourth embodiment, all aspects of the system are similar to those of the
third embodiment cxcept the camera 100C. The camera 100D for this embadiment
of a fluorescence endoscopy video system is as showm in FIGURE 8. Tt differs from
the camera 100C in the third embodiment in that the low light intage sensor 104 is
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ubilized to image both the first fluorescence image as well as the reference
{flunrescence or reflectance {mage.

As with the configutation of the beam splitter 106 in the second embodiment, *

the confipurations of the dichroic splitter and filter assembly 120 and, i necessary, in
combination with imaging optical components [14A and [14B, project both the
primary fluorescence apd the reference image into the same image plane.

Ta project the Iight thet passes through the dichroie mirror and the Hght that
is reflected off the dichroic miney in the same plane, the dichroic assembly 120 may
include a right anple prism 131 and a glass block 132 that compensate for the
differing optical path lengths as shown in FIGURE 9A. Alternatively, as shown in
FIGURE 9B, the dichroic assembly 128 may include a number of prisms having
partially and fully reflective surfaces in the same configured manner as the beam
splitter shown in FIGURE 4E, except that the partially reflecting swface 95 is
replaced with a dichroie mirver surface. In ancther alternative, the imaging optical
companent 114A differs from imaging optical component [14B in such a way that
bath images ate projected onto the same image plane.

When using the camera shown in FIGURE § for fluorescence/refleclance
imaging, the transmission of the filter used for the refcrence reflectance image
(e.g., 1148} and light source filier 76B in FIGURE 2 is chosen in such a way that the
intensity of the reference reflected tmage at sensor [04 is similar to that of the
fluorescence image for all possible excitation light intensities. Alsa in similar
fashion to that dezcribed for the second embodiment, the images transduced by the
low light image sensor 104 sre separated by the iimage pwocessor 64, ate processed,
and then are again supcrimposed on the video monitor 66 by applying vach image to
a different monitor color input. A fluoreseence endoscopy video system vfilizing thus
embodiment is calibrated in a similac meanner to that described in the second
embadiment to maintain constant gain ratio. )

A fifth cmbodiment of this invention will now be described. All points of
similatity with the first embodiment will be assumed understaod and only poinis that
differ will be described.

In this fifih embodiment, all aspects of the system arc similar to those of the
fiest embodiment except the camera 100A. The camess 1008 for this embodiment of
u tluorescence endoscopy video systern is as shown in FIGURE 10. It differs from
the camera 100A in the first embodiment in that all imaging modes utilize a single,
high sensitivity color image sensor 1024, It differs from the camera in the second
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embodiment in that the beam splitter is removed and the npeed for spectral filters 118
and 119 is eliminated. Each of the pixel elements on the high sensitivity color
sensor 102A is covered by an integrated filter, typically red, grecn, or blue. These
filters block the reflected excitation light and allow the fluorescence and reflectance
light to reach the pixel elements. Alfernatively, if it is not pussible to achieve
sufficient blocking of the excitation light by means of filters an the color image
sensar, a scparate blue blocking filter 118" can be provided. The blue blocking
filter 118" is a long pass filter that blocks light at blue and shotter wavelengths and
transmits light at green and lonper wavelenpths. When such a blue blocking
filter 118" is utilized, the intensity of the reflected excitation Iight is reduced o the
point that the inteprated filters on the pixel elements provide sufficient further
filtering Lo define the wavelengths of tluorescence and reflectance light that reach the
high sensitivity color sensor 1024,

In this embodiment, the primary fluorescence and reference images are
superimposed over the same area of the image sensor 1024 but, because of the
mdividual filters placed over each pixel, these images are detected by different sensor
pixels.  Separate primary fluorescence and reference image signals can then be
created by ihe image processor 64 from the single CCD image signal.

I the colar tmaging mode, if it {s utilized for flrorescence imaging, the blue
blocking [ilter 118" is removed from the light path and, if required, glass block 121 is
moved inte positior.  The celor image is processed by image processor 64
and displayed on the video monitor 66, For fluorcscence/reflectance amd
fluorescence/flusrescence imaging modes the tluorescence and reference images atc
processed by image processor 64 and superimposed on the video monitor 66 by
applying each image to a different enlor tuput of the monitor. The way m which this
embodiment is calibrated 10 maintain constant relative gain ie similar w0 thar
described for the second embodiment.

The reference light transmission specifications of both the light source
filter 76B or 76C and the selcctive color filters integrated with the image
sonser 024 are chosen such that the intensity of the reflected Light at the color
impape sensor active elemenfs results in a transduced image signal with good
signal-to-noise characteristics and without significant saturation. Af the same time
these filters must have appropriate light transmissian specifications for excitation and
imaging of the primary fluorescence, The filter transmission charectensiics must
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farther be chosen to provide the desired rafio of relative primary fluorescence o
reference light intensity at the image sensor.

As mentioned greviously, the autelluoreseence images deteoted with the color
Image sensor will be very dim, and so the images obtained with this type of sensor
will likely not be acquired, processed and displayed in real-time unless some form of
signal moplification (e g, pixcl binaing, CC with charge cardier nultinlication, eic. )
is provided. Alernatively, the camera may be used to image autoflucrescence in
nen-real time mods.

As will be appreciated, cach of the cmbodiments of the camera described
above are lipltter in weight than prior art because 1o more than one low light image
sensor 104 is required. Sioce such sensors are often heavy, bulky and expensive, the
size and vost of the camera is significantly reduced. Furthermore, because a fixed
beam splitter 106 is used instead of a movable mitror, the camerss are more rabust
and can be made less expensively.

As indicated above, the fifters in the light seurce and camera should be
optimized for the imaging mode of the camera, the type of tissue to be examined,
andfor the type of pre-cancerous tssue 10 be detected,  Althongh all of the filicrs
described below can be oblained made w order using standard, commercially
available components, the appropriate wavelength range of transmission and degree
of hlocking outside of the desired transmission range for the described fluorescense
endoscopy images medes are important to the proper operation of the system.  The
importance of other issues in the specification of sueh filters such us the fluorescence
properties of the filter materials and the proper use of anli-reflection eoatings are
taken to be understood.

FIGURES 11-14 illustrate the preferred filter characteristics for use in &
Maprescence endascopy viden system operating in fluorescence/reflectance imaging
mode wherein both tissue autofluorescence is being excited and imaged and a
seference reflectance light is being retlected and imaged. There are several
possible configurations of fluorescence endoscopy video systems, operating in the
flugrescencelreflectance imaging mode ineluding green fluorescence with either red
or blue reflectance, and red flucrescence wilh eifher green, blue, or near-infrared
reflestance. The particular configuration utilized depends on the target clinical organ
and application. The filter characteristics will nov be described for each of these
four configurations.
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FIGURES 11A-11D  illustrate the preferred composition of the light
transmitted by filters for a green fluorescence and red reflectance imaging mode.
FIGURE 114 illustrates the composiion of the Hubt transmitted by the light source
filter, such as filter 768, which is used o produce blue excitation light and red
reference light.  Vhis flter tranemits light in the blue wavclength range from
370-460 nm, or auy subsct of wavelengths in this rnge. It also transmits light in the
red wavelength range of 590-750 nm, or any subset of wavelengths in this range.
The light transmitted in the red wavelength range {or subset of that range) is adfusted,
as part of the system design, to be an appropriate fraction of the light transimitted in
the blue wavelength range. This fraction is selected to meet the need o match the
intensity of the reflected seference light projected on the color image sensor fo the
requirements of the seasor, at the same time as maintaining sutficient fluorescence
excitation. OF the light transmiiied by this filter, less than 0.001% is in the green
wavelenpth rango of 480-370mm (or whatever desired subset of this range is
specified as the transmission range of the green fluorsscence filter described below).

FIGURE 11B shows the composition of the light transmitied by a camera
filter, snch as speetral filter 118, for imaging the green fluorescence image. n this
configuration, the filter blecks the biue excitation Light and red reflectance Light while
transmitting areen fluorescence light in the wavelength range of 480-570 num, or any
subset of wavelengihs in this range. When wsed in 2 fluorescence endoscopy video
system with the light source filter 768 described abave and the dichroie mirror
described below, the filter characteristics are such that any light eutside of the
wavelenuth range of 480 --570 pins {or any desired subset of wavelengths in this
range) contiibutes no rare than 0.1% to the light transimitted by the filter.

FIGURE 11C shows the composition of the light mansmitted by a camera
filter, such as spectral filter 119, for imaging the red yeflectance image. In this
configuration, the filter biocks the blue excitation light and green fluorsscence light
while transnritting red refiectance light in the wavelength range of 390-750 nm, or
any desired subset of wavelengibs In this tange. When used in 2 flucrescence
endoscopy video system with the light source filter 768 described sbove and the
dichroie mircor described below, the filter characteristics are such that any Heht
outside of the wavelength range of 590-730 nm {or any desired subset of wavelengths

in this range) contributes no more than 0.1% to the Tight wansmitted by the filter. If
the reference image sensar is a color image sensar, such as & color CCD, then tarther
filtering may be obtained from the calor filters integrated with the sensor. The
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in-band transmission characteristios (itr the wavelength rangs of 590750 nm, or any
desired subset of wavelengths in this ranps) are determined by the need to match the
intensity of the reflected reference light projected onta the color image sensor to the
requirements of the sensor, in combination with the charucteristics of the light sovrce
filter described abave.

FIGURE 11D shows the corupeosition of the light transminted by a dichroic
mitror of the kind that may be employed in the dichroic splitter and fiter
assembly 120. The dichroic mirror preferably has a half-maximum transmission in
the range of 570-590 nm. It may reflect the shorter wavelengths and transmit the
langer wavelengths (long pass) or transmit shorfer wavelengths and reflect longer
wavelengths (short pass)  As described above, the dichroic splitter and filter
assembly may ncorporate the flters shown, i FEGURES 118 and 114,

FIGURES 124-12D  Ullustrate the proferred  composition of the Lght
transmitted by filters for a green fluorescence and blue reflectance imaging mode.
FIGURE 12A illustrates the composilion of the light transmitied by a iight source
filter which is used to produce excitation light, such as (leer 768 described above, In
the cese of a flyorescence/reflectance imaging mede utilizing blue reflectanse, the
wavelengths of the imaged reflectance light are contained within the range of blue
excitation wavelengths. The filter iromsmits light n the wavelength range from
370-460 nm, or apy subsel of wavelengths in this range, bui it is not required to
transinit any light in the red wavelength range. Of the light teansmitted by this filter,
less than 0.001% is in the green wavelength range of 480-570nm (or whatever
desired subset of this range is specilied as the transmission range of the green
fluorescence filter deseribed below),

FIGURE 128 shows the composiifon of the light trangmitied by & camera
filter for imaging the green fluorescence image, suck as spectral filter 118, The
coriposttion of the light transmitted by this fifter has the same characterisiics as the
light deseribed in FIGURE 116,

FIGURE 12C shews the composition of the light transmitted by a camern
filter, suoh as filter 119, for imaging the blue reflectance image. In this
confimmation, the filter blocks the green fluorescence light while transmitting blue
reflectance light in the wavelength ragge of 370-460 nm, or any desired subser of
wavelenuths in this range. Depending on the sensitivity of the bnage sensar nsed to
transduce the blee reflectence inage, the transmission of this filter may need to be
restricted so as (9 prevent 1he large amount of reflected biue light from overwhelming
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the sensor. ‘When used in a flucrescence endoscopy video system with the light
source filter 76B deseribed above and the dichroie mircor deseribed below, the filter
characteristics are such that any light outside of the wavelength range of 370-460 om,
or any desired subset of wavelengths in this range, contributes no mere than 6.1% to
the Jight transmitted by the fifter. If the refsrence image senser is a color image
sensor, such as a color CCD, then further fillering of the reflected blue light may be
obtained from the color filters integrated with the sensor.

FIGURE 12D shows the composition of the light wransminted by & dichroic
mirror of the kind thal may be empluyed in the dichwoic splitter and filler
assembly 1200 The dichroic mitror preferably bas & half maximum transmission in
the range of 460-480 nmw. It may reflect the shovter wavelengths and (ransmit the
longer wavelengtlis (long pass) or transmit shorter wavelengths and reflect longer
wavelengths (short pass).  As described above the dichroie splitter and filter
agsembly may incorporate the filters shown in FICURES 128 and 12C.

FIGURES 13A-130 illustrate the preferred composition of the light
transmilted by filters for a red fluorescence and blue reflectance imaging mode.
FIGLRE 134 llusirates the composition of the light transmitted by 4 [ight source
filter, such us filter 768, which is used to praduce blue excitation light. This filter
transmits [ight in the wavelength range from 370-460 nm, or any subset of
wavelengths in this range. Cf the light transmitted by this filter, less than 0.001% 1s
in the red fluorescence imaging wavelength ranpe of 590-750 mn (or whatever
desired subset of this range is specified as the transmission tange of the red
finareseence filter described below),

FIGURL 1313 shows the composition of the light transmitted by a camera
filter, such as spectral filter 118, for imaging the red fluorcsconce image. In this
configuration, the filter blocks the blue excitation Fight, while transmitting red
fluorescence light in the wavelength range of 590-750nm, or amy subset of
wavelengihs in this tange. ‘When used in 2 flvorescence endoscopy viden system
with the light source Filter 76B described above and the dichroic mimor described
below, the filter characteristics are such that any light cutside of the wavelengtl
range of 590-750 nm, or any desired subset of wavelengths in this range, contributes
no reore thun 0.1% to the light wansmittcd by the filter,

FIGURE 13C shows the composition of the light transmitted by & camera
filler, such as filfer 113, for imaging the blue reflectance image. The compasition of
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the light tranzmitted by this filter has the same characteristics as the light described in
FIGURE 12C.

FIGURE 13D shows the composition of the light fransmitted by a dichroic
mirror of the kind that may be employed jn the dichroic splitter and filter
assembly 120 to split the red fluorescence and blue veflectance. The dichroic miver
preferably has 2 half-maximum transmission in the range of 460-3%) nm. Tt may
reflect the shorter wavelengths and transmit the longer wavelengths {long pass) or
transmit shorter wavelengths and reflect longer wavelengths (short pass). As
deseribed above the dichroic splitter and filter assembly may incorporate the filters
deseribed in FIGURES 13B and 13C.

FIZURES 14A-14D illustrate the preferred composition of the light
tansmitied by fllters for a red fluorescence and green reflestance imaging mode.
FIGURE 14A illustrates the composition of the light transmitted by a light source
filter which is used to produce excitation light, such as filter 76D described above.
This filter ransmits light in the blue wavelength range from 370-460 o1, or any
subset of wavelengths in this range. T also transmits light in the green wavelength
range of 480-370 nm, or any subset of wavelengths in this range. The lipht
transmitted in the green wavelength range (or subset of that range) is adjusted, as part
of the system design, 1o he an appropriate fraction of the light transmitted in the blue
wavclength range. This fraction is selected to meet the need fo match the intensity of
the reflected reference light projected on the coler image sensor to the requirements
of the senscr, at the same time as maintaining sufficient fluarescenue excitation. OF
the light transmritted by this filter, less than 0.001% 15 in the red {luorescence imaging
wavelength rangre of 540-750 nm {or whatever desired subset of this range is
specified as the transmission rangs of the red {luorescence filter described below).

FIGURE 14B shows the compositicn of the light tansmitted by a camera
{ilter, such as specirl filter 118, for imaging the red fluorescence image.  In this
eonfiguration, the filter hlocks the blue excitation light and green reflectance light
while transmitting red fluorescence light iu the wavelength range of 590-750 nm, or
any subset of wavelanghs in this range. When used in s fluorescence endoscapy
video system with the light source filfer 768 described above and the dichroic mirror
deacribed below, the filter characteristics arc such that any light outside of the
wavelength tange of 3%0-750 nm, o any desived subset of wavelengths in (his range.
contilutes no more than 0.1% 1o the light transmitted by the filter.
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FIGURE 14C shows the compesiiion of the light transmitted by a camera
filter, such as filter 119, for imaging the green reflectagee image, In this
configuralion, the filier blocks the blue excitation light and red fluorescenee light
while transmitting green reflsctance light in the wavelength range of 486-570 nm, or
any desired subset of wavelengths in this range. The in-band transmission
charactevistics (i the wavelength range of 480-570 nmx, or any desived subset of
wavslengths in this range) are determined by the need to nateh the intensity of the
reflected reference light projected onto the color image sensor to the requirements of
the sensor, In combination with the characteristics of the lighi sowrce filter described
abuve. When used in a fluorescence endoscopy video system with the light svurce
filter 768 described above and the dichroic misror described below, the filter
characteristics are such that any light outside of'the wavelength range of 480-570 nm.
or any dosired subset of wavelengths in this range, contributes no more than 0.1% to
the Lrght trausmitted by the filter.

FIGURE 14D shows the composition of the ltght transmitted by a dichroic
mirror of the kind that may be employed in the dichroic splitter and filter
assembly 120 to split the red flucrescence and green reflectance. The compesition of
the Hght transmitted by this filter has die smne characteristies as the light described in
FIGURE 110

FIGURES 15A-1513 illusirate the preferred composition of the light
transmitted by filters for a ved [lucrescence and near-infrared reflectance imaging
mode. FIGURE 13A illustrates the composition of the light transmitted by a light
source filrer, which is used to produce excitation light such as filter 765 described
above. This filter transmit light in the blue wavelength range from 370-460 nm, or
any subset of wavelengths In this range. It alse transmits light in ibe ncar-infrared
wavelength range of 700-850 nm, or any subset of wavelengths in this range. The
light trapsmitted in the near-infrared wavelsngth range (or subset of that range) is
adjusted, as part of the system design, to be en appropriate fraction of the Hght
tremsinitied in the biue wavelength range to meet the need te maich the intengity of
the: reflocted reference light projected on the color unage sensor to the requirsments
of the sensor, at the same time as maintaining sufficient fluorescence excitation, Of
the light transmitted by this tilter, less than 0.001% 18 in. ihe red fluotescence imaging
wavelength range of 590-700 nm (o7 whatever dusired subset of this range is
specified as the transmission range of the red thuorescence filter described below).
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FIGURE 158 shows the composition of the light transmitted by a camers
filter, such as spectral filter 118, for imaging the red fluorescence image. In this
configuration, the filter blocks the blue excitation light and vear-infrared reflectance
light while rassmitting red fuorescence light in the wavelength rangs of
590-700 mm, or awny subset of wavelengtha in this range. When used in a2
flugrescenee endoseopy video gystem with the light source filter 7683 described
above und tha dichroie mirror described below, the filter characteristics are such that
any light outside of the wavelength range of’ 590-700 nm, or any desired subsct of
wavelengths in this range, confributes ne more than §.1% ts the light tracsmitted by
the filter.

FIGTIRE. [53C shows the composition of the halt transmitted by e camera
filter, such as fifter 119, for imaging the near-infrared refiectance image. In this
configuratien, the filter blocks the blus excitation light and red fluorcscence light
while transmitting neac-infrared reficotance light in the wavelength ranpe of
F00-850 nm, or any desited subsel of wavelenpihs in this ange. The in-band
transmission chavacteristics (in the wavelength range of 700-850 nm, or any desired
subset of wavclengths in this range} arc determined by the need to mutch the
intensity of the reflecred reference light projected onto the colar image sensor to the
requirements of the sensor, in combination with the characterigiics of the Nght saurce
filter described above. When used i a fluorescence endoscopy video system with
the light sowrce filter T6B described above and the dichroie niror described below,
the filter characteristics are such that any light outside of the wavelength range of
70(-850 mm, or any desired subset of wavelengths in this range, copiributes no mare
than 0.1% to the light transmitted by the filter.

FIGURE 157) shows the composition of the light transmitted by a dichroic
mirror of the kind that may be employed in the dichroic splitter and filter
assembly 120 to split the red fluarcscence and near-infraved reflectance.  The
dichroic mirror preferably has a half-maximum frapsmisston in the range of 690-
7310 nm. Tt may reflect the shorter wavelengths and transmit the Jonger wavelengths
{long pass) or transmit shorter wavelengths and reflect longer wavelengths (short
pass), As deseribed above the dichroic splitter and filter assembly may incorperate
the filters deseribed in FIGURES 158 and 15C.

FIGURES 16A-167 illustrate  the pfeferer composition of the light
trapamitted by filters for & green fluorescence and near-infrared reflectance imaging
mode. FIGURE 164 illustrates the composition of the Jight cansmitted by a lght
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source filter which is used to produce excitation light, such ag filter 768 deseribed
above. This filtey fransmits light in the blue wavelepgth range from 370-460 om, or
naty subset of wavelengths in this range. [t also transmits Hght in the near-infrared
wavclength range of 700-850 nm, or any subset of wavelengths in this range. The
light transmitted in the near-infrared wavelength rapge (or subset of that rapge) is
adjusted, as part of the system design, fo be ae appropriate fraction of the light
transmitted in the blue wavelength range to ineet the need to match the intensity of
the reflected reference light projected on the color image sensor to the requirements
of the scnsor, 4t the same time as maintaining suificient luorcscence cxeitation. Of
the Light transmilted by this filter, Tess than 0.001% is In the preen flusrescence
imaging wavelength range of 488-370 pm (or whatever desired subset of this range is
specified as the transmission range of the red fluorescenee filter described below).

FIGURE 168 shows the cowposition of the light transmitied by & camera
filter, such as specteal filter 118, for imaging the green flucresceice image. In this
cenfiguration, the filter blocks the blue excilation light and nesr-infrared reflectance
light while transmitting green fluorescence light in the wavelength range of
480-570nm, or any subsct of wavelengths in this range. When used in &
fInotescence cndoscopy video system with the light source filter 768 described
above and the dichroic mirror described below, the Olisr churucteristics are such. that
any light outside of the wavelength range of 450-570 pnt, or any desired subset of
wavelengths n this range, contributes ne more Han 0.1% to the Tight ansmitted by
the filter.

FIGURE 16C shows the composition of the light iransmitted by a camera
filter, such as filter 119, for imaging the ncar-infrored reflectance image. Yo this
configuration, the filter blocks the blue excitation light and gxeen fluorescence light
while iransmitting near-infrared reflectance light iz the wavelength range of
700-850 nm, or any desired subset of wavelenpths in this range. The in-band
tranamission, characteristies (in the wavelength range of 700-850 nm or any desired
subset of wavelengths in this rapge) are determined by the need {0 match the
iniensity of the teflected refersnce light projected ento the color image sensor to the
requirements of the sensar, in combination with the characteristics of the light source
filter deseribed ahove. When used in a fluorescence endoscopy video system with
the light source filter 76B deseribed above and the dicheole mimror described below,
the filter characteristics are such that any light outside of the wavelenglh runge of
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700-850 nm, or any desited subset of wavelengths in this range, contributes ne niore
than 1.1% to the light fransmaitted by the filter.

FIGURE 161 shows the composition of the light transmitted by a dichroic
mirror of the kind that oy be employed in the dichreic splitter and filter
assembly 120 w split the green fluorescence and near-infrared reflectance. The
dichroic minoy preferably bas a helf-maximum transmission in the range of
390-560 nm. It may reflect the shorter wavelengths and transmit the longer
wavelengths (long pass) or tramsmit shorter wavelengths and reflect longer
wavelengths {short pass).  As described sbove, the dichroic splitter and filter
asseinbly may incorporats the filters deseribed in FIGURES 168 and 16C.

FIGURES 174-17D illusirate  the preferred composition of the light
tranzmitted by filters for use in a fluareseence endoscopy video system operating in
fuorsscenve/Hluorescence imaging mode whersin the tissue autofluercscence bring
exeited and jmagead {s divided into Two speeteal baunds

FIGURE 17A iHustrates the composition of the light transmitted by a filier,
such as fifter 76C, which is vsed to produce excitation light in the system light
source. This [lter travsmits light in the wavelength range from 370-460 nm, or any
subset of wavelengths in this range. Of the light transmitied by this filter, less
thar 0.001% s in the flvorcscence imaging bend from 480-750 nm {or whatcver
desired subsets of this range arc within the specified trapsmission rmange of the
primary and reference fluorescence ireage Glters described below).

FIGURE 17B shows the comipesition of the light transmiited by a camera
filter, such as flter I18, for imaging the primarv flucrescence image. In this
conflgucation, the flifer blocks excitation light and red fluorescence light while
fransmitting green fuorescence light in the wavelength tange of 48G-370 nm, or any
subset of wavelengths in this range. When used in a fluorescence endoscopy video
system with the [ight source filter 76C described above and the dichroic micror
desciibed below, the filter characteristics are such that any light ontside of the
wavelength range of 480-570 nm, or any desired subset of wavelengths in this range,
contributes no more than 0.1% to the light transmitted by the filter.

FIGURE 17C shows the composition of the light transmitted by a camera
filter for imaging the reference fluorescence image, such as filter 119, T this
conffguration, the [lter blocks excitstion lght and green fugrescence light while
trapsmitting red Auorescence light in the wavelength range of 590-730 pm, or any
subset of wavelengths in this range.  Wherl used in 2 fluorcscence endoscopy video
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systemn with the light source filter 76C described ahove and the dichroic mirror
described below, the fliter characteristics are such that any light outside of the
wavelength range of 590-750 nm, or any desired subset of wavelengths in this range,
confributes no more than 0.1% to the light transmitted by the filter.

FIGURE 17D shows the compuesiion of the light iransmitted by a dichroic
miror of the kind that may be employed in the dichroic splitter and filter
assembly 120, The dichroie mirror preferably has a halt-maximum transmission in
the range of 570-590 nm,  Jt may reflect the shorer wavelengths and transmit the
langer wavelengths (long pass) or lransmit shorter wavelengths and reflect longer
wavelenglhs (short pass),

FIGURE 18 shows the composition of light fransmitted by a filter 118
employed for blocking blue light in a camera such as that described in the fifth
embodiment and shown in FIGURE 10, The filter transmits light in the range
480-750 nm, ot any subset of wavelengths of light in this runge. Of the light
transmitted by this filter, less than 0.001% is in the fluorescence excitation band from
370-460 um (or whatever desired subset of this range is within the specified
transmission range of the light source filters described ahove).

The fluoresecnce endoscopy videe systems deseribed in the ahove
embodinicnts have been optimiced for imaging endogenous tissue fluorcscence.
They are not limitcd to this application, however, and may also he wsed for
photodynamic diagnosis (P} applications. As mentioned above, FDD applications
ulilize photoactive drugs that preferentiafly accumulate in tissues suspicious for early
cancet, Sinee effective versions of such drugs are owrrently in devalopment stages,
this snveation dees not specify the filter characteristics that are optimized for such
drugs. With the appropriate light source and camera filter combinations, however, a
fluorescence endoscopy video system operating in either fluorescence/fuorescence
or fluorescencefreflectance imaging mode as described herein may be used to nage
fhe fluoreseenee from such drags.

Next, an aspeet of & Auorescence endoscopy video systetn containing features
to mairtain a consisfent mmaging performance wiil be deseribed.  As montioned
earlier, the light signul response of a {luorescence endoscopy videe system requires
calibration. A feature to couofum and mainfain thiz calibration is essential for
clinically effective performance.

FIGURE 19 shows a block diagram of the relevant sysiem components
involved in the process of self-calibration. Light from the light source 52 is supplied
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to an illumination guide 54 of an endoscope 60 and Is directed to a
fluorescence/reflectance  target 59 with known  fluorescence and  reflectance
properiies. Depending on the imaging mode, fluorescence and reflectance light fiom
the target 59 is collected and transmitted through an image guide 56 of the endoscope
0 the camera 100. Tho camera 100, operating in the fluorescence/reflectance or
flunrescence/{luorescence mode, spectrally splits and transduces images into separate
electrical signals, which are then digitized in the jimape processorfconteoller 64. The
imuge pracessor/controller 64 quantifies the magnitude of these digitized image
signals in terms of image gray levels. By using spatial and temporal averaging, the
creor in the quantified value of the stpnal response can be reduced to less than 1%.
The wmage processor/contioller 64 then comparcs the knowe properiies of the target
to the quantified sipoal response and adjusts the gain ratio described previously o the
desired constant value. This adjustment compensates for variations in the signal path
between the farget 5V and image processor/controller 64, due to factors such as
varigfions in fransmission propertics of ditferent endoscopes being used with the
system and changes in the signal response of the system with age.  Such
self-calibration ensurcs that the gain ratio is set 1o a value such that tissue suspicious
for carly cancer in a fluarescence irage will appear as a distinetly different color
then pormal tissue, This self-calibration could be camied out before every
endoscopy.

Althongh this method is sinilar 1 existing methods used te adjust the color
response of standard camera systems, such a (echnique has pot been previously
applied to muliispectral fluorescence or fluorescence/reflectance endoscopy. The
method nzes a refercnee target 39 that provides switable known fluorescence and
reflectance respoxnse 1o the light from the light source.

Any suftable object with appropriate Tluorescence and reflectance properties
cain be used s a referénce turget. For example, such a refercnce target 52 can be
made by mixing a fluorescent dye(s) avd light scattering materials inte a liquid. The
liquid used may be a solule (such as methanol) cnclesed in a container with an
optical window, or alternatively may be a liquid which hardens to form 2 selid (such
as an epoxy). The dye(s) used must be appropriately soluble in the Jiquid ubilized.
The fluorescence spectrum and brightaess of ihe target 59 is controlled by the choice
and concentration of the fluorescence dye (or dyes) vontained in the target. The
fluorescent dyve(s) must be chosen such that the light emitted by the hght source 52
excites fluorescence light in the green andfor red wave bands defined by the camera
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filters deseribed above that corcespond to a particular imaging mode. The fluorescent
dye(s) must alse be stable with tine and not yederge signiticent photobleaching,
One such fluorescent dye is Caumarin #540A. The concentration of the fluorescence
dyc in tho target is chesen such that the cmitted fluorescence light produces
mid-range signal amplitudes at or near 2 particular clinically used gain seiting.

The reflectance property of the targef is controlled by the type and
conecentration of scattering matertal added to the target. The type of scattering
material is ohosen for good reflectivity of the reference light in the wavebands
defined by the camera filters described above that cormrespond w a particular
fluorescencer/reflectance imaging mode. The concentration of the scattering material
in the target is chosen such thal the reflecied refersnce light produces mid-ange
signal smplitudes at or near a particular clinically used gain setting.

Onee a reference target having the appropriate fluorescence and refleciance
properties has been mude, these properties are verified and validated using
flusrescence spectrascopy and retlectance spectroscopy.

Next, another uspect of a fluorescence endoscopy video system will be
deseribed in which the perceived color contrast between normal tissue and tissue
suspicious for early cancer is enhunced by means of n confrast enhancement
algorithm  that is applied to the digitized jmage signals o the image
processorfcontroller 64.

1In fluoreseenos endoscopy viden imagpes, the contrast between normal tissue
and tissue suspicious for emrly cancer is typically the xeswt of a reduction in the
fluerescence signal associated with the disease, which is not metched by =
corresponding reduction in the reference sipnal.  Such imape areas are therefore
characterized by a combination of reduced image brightness and aliered color. In
such image areas of relative darkness, the color difference between suspected lesions
and the surrounding normal tissue can be difficult to discemn. To aid physicians in
defecting these subtle color changes, the present inveniion also includes a method of
cnhancing the contrast between normal and tissue suspicious for early cancer. This
method consists of a software algmithm that is applied to the digitized
Nuorescencefreflectance {or fluorescence/flugrescence) image signals by the mage
processonfeontroller 64, and may be utilized 1o all embodiments of a fluorescence
endosuopy videa system described previously.

‘The contrast enhancement method alters the color and intensity of a pixel in

thi displayed fluorescence video image as a fumction of the pixel characteristics and,
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possibly, as a funetion of the nelghboring pixel chatactexistics. The algoritiur:
consists of a pumber of elewents. Fistly, it characterizes the mage on a pixel-by
pixel-basis by determining properties such as the ratio of the inteqsity of the
refersnee image to the intensity of the fluorescence image, The algorithm may also
characterize the imagre by other propertics, such as the spatial texture associated with
the volor in an area containing the pixel of intereat. Tn the sceond step, the algorithn
applies a test to the pixel property values. This test will detenmine whether the pixel
property values fall within a certain specified range. Finally, a function, whose valus
depends ou the results of the test. is applied to change the pixel display properties.
The function changes the properties of those pixels whose charactorized property
values fall withinn a cerfain range. Tbese pixels will have their properties changed in
such & way that, in the displayed video image, they are more casily distinguished
from those pixels that do not have characterized property values thar fall within the
specified range. By choosing a test that scleets pixel property values corresponding
to carly cancer, the contrast berween normal tizsue and tissue suggestive for early
cancer can be enhanced.

The genera! algorithm will now be described in moye detail. The first step is
te quanfify pixel properties. Given that the fluorescence from tissue areas with carly
cancer typically exhibits both reduced brightness and altered color, intensity and
color are the pixel properties that can be used to identify such an arca. In a dual
image sensing system, such as those deseribed in the aforementioned embadiments,
the algorithm may measure the intensity of the fluorcscence image, the intensity of
the reference image (reflectance or fluorescence), or same combination of these.
Since the reference and fluorescence images are acquired in different parts
(wavebands) of the fluorescence spectrum, the color of a pixel can be characterized
by the ratio of the intensity of the reference image to the intensity of the fluorescence
image.

Other pixel propertivs may also be useful in characterizing tissues suspicious
for carly cancer. The spatial texture of the color may be such & properly. One means
of characterizing the color texture is to calculatz the mean and standard deviation of
the ratio of the intensity of the reftrence image to the intensity of the fluorescence
image for pixels in an area of defined size contzining the pixel of imterest. The
standard deviation of this ratio provides a measure of the color texiure, which can be
assaciated with the pixel of interest. Another way to characterize the color texture is
to caloulate ihe two-dimensional Fourier tansform of the color ratia in an area of
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defined size containing the pixel of interest Other pixel or pixel neighborhood
properties that umiquely chagacterize tissue suspicious for early vancer cam be
quarniified ustug similar technigues.

The next step in the algorithm is to apply a test to the values of the pixel
propertzes. Such a test can be single dimensional or multidimensional. For exampie,
such a test may be based solely on the value of one pixel property (e.2., whether or
net the ratio of the reference image intensity to the fiuorescence image mtensity falls
within a given range} or it may be based on a combination of the values of several
pixel properties {e.gr, whether or not the ratic falls with a given range and the
reference jotensity falls within a defioed range, and the color texture falls within 2
given renge).

Following the test, a funetion, which depends on the result of the fest, is
applied to the properties of the pixel. Such a funetiun changes one or more pixcl
properties, based on the outcome of the test. The function wan operate on both the
Nuorescence and reference image components of the displayed video imape or on
only one of them. The function can be lineas or nenlinear.

Thres cmbodiments 6f contrast enhancoment z(gorithms for a tluorescence
endescapy system, of the type described above, will nosw be ilhusirated.

The [irst embodiment of & contrast enhancement algorithm for 2 fluorescense
endoscopy system is best described by means of FIGURE 20. This figure {llustrates
the test aud corresponding Tunction applied to the propertivs of each pixel. The
vertical axis in the figure represonts the function 302, a relative gain, to be applied to
the dipitized image signals. A separate gain is applied to the primary fluorescence
image signal and the reference (reflectance or fluorescence) signal, The horizontal
axis represemts the value of a pixel property 304, It this embodiment the pixet
property 304 is the ratio of the reference reflectance or fluerescencs) Lnage slgnal
(mntensity) to the primary fluorescence Imags stgnal.

In the example shown in FIGURE 20, the pgain applied to the ptimary
fivorescence tmage signal 15 wnity. The gain applied fo {he reference (refleclance or
fluorescence) image signal is increased when the ratio falls within the range defined
by break points 306 and 308, As shown in the figure, the gain function applied to the
referenve [reflectance or fluorescence) unage signal bas a constant value up to a
brealk point 302. This gain then increases linearly to a break pomt 310, continues
linearly to another break point 312, and decreases linearly to break point 308, beyond
which if remains constant. The position of the hreak points on the horizontal axis,
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and the gain function value at all brealk points, can be adjusted by the operator of the
fluorcscence endoscopy video systemn.

It has been deterntined that, if & fluorescence endoscopy videe system is
appropriately calibrated as described above, the fluorescence and reflectance image
signals from tissues suspicious for early cancer will consistently and umiquely
produce ratio values within a speeific range.  The operator muy select gain break
points 300 and 308 o be positioned al the exiremes of thiz range and therehy apply a
gain fo the reference reflectance (or fluorescence) sipnal over the entire range of ratio
values that correspond fo tissue suspicious for carly cancar,

As deseribed above, the processed primary fluorescence image signal and the
processed reference (reflectunee or fluorescence} signal are input to color video
monitor 66 as different color compopents of a single superimposed image. By
selective application of the gain function to the rcforence (reflectance or
fluoreseence} signal as described, its contribution to the color of the superiniposed
ingage is increased and the color contast between image pixcls of normal tissue and
image pixels of tissue suspicious for early vancer is enhanced,

Wote that if the piecewise linsar finction: ustrated in FIGURT 20 is replaced
by any siilac funetion, not nscessarily linear, comparable contrast enhancement can
be obtained.

A second embodiment of the contrast enhancement algorithm will now be
described. Al points of similacity with the first embodiment will be assumed
understoed and only points that differ will be described.

In the second embodimen! of & contrast echaucement algerithm for a
fluorescence endoscopy system, n addilion fo the test and function operaiing on
pixel properties described in the first embodiment, a second additional test and
function is applied. The additional tesl element and function is illustrated by means
of FIGURIZ21L. The vertical axis i the figure represents the function, a relative
gain 322, to be applied to the digitized 1mage Kgnals. A separate gain function is
applied to the prirary fluorescence image signal and the reference. (reflectance ar
fluorcseence) signal.  The horizontal axis represents the value of a pixel
Property 324, which is either the intensity of the primary fluoreseence image signat,
or the infensity of the rcference (reflectance or fluorescence) signul, or a
two-dimensional combinalion of these.

The gain function applied te the flucrescence image signal is unity. The pain
applied w the refrence image signal decreases linearly above breakpoint 326 to
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breakpoint 330, It then decreases linearly beyond break peint 330 to break point 328,
Beyond break point 328 the gain fanction is constant. In this embodiment, the tests
and funetions illustrated by both FIGURES 2¢ and 21 are applied sequentially with
the resull that two or more scts of gain factors arc applied. The net result is a
modification of the mfensity value of the pixel of intersst by two or more
multiplicative factors applied following two or more separate tests.  This
cmbodiment is an cxarple of & rmultiparameter test discussed previously. As in the
fiest erobodiment, the operator may sclect the gain factor break peints shown in
FIGURE 26. The operator may also select the gain facior break points 326, 328,
and 330, along with their associated guin values. Also as described in the first
embodiment, if the piecewise linear functions illustrated in FIGURES 20 and 21 are
weplaced by any similar fupctions, not necessarily linear, comparable contrast
enhancement can he obtaied.

A third embodiment of the contrast enhancement algorithm will now be
described.  All points of similarity with the first embodiment will be assumed
undarstood and only points that differ will be described.

The third embodiment of a contrast enhancement algorithm for a flnorescence
endoscopy system is similar to the first embodiment, cxeept that the lincar eain
function wtilized in the first embodiment s replaced by a nonlinear function.
FIGURE 22 illusirates the test applied to the properties of each pixcl. This figure is
similar to FIGURE 20, except that instead of representiog gain, the vertical axis
represents an infermediate parameicr, 340, The borizontal axis represents the
value of 2 pixel property 304, In this embodiment the pixel property 304 is the ratic
of the reference (reflectance or fluorescence) image signal value to the primary
fluorescence image signal value for a given image pixel. The parameter Q is used to
calculate the gain to be applied at cach pixel via Fquation 3

1
1

o2
Flrnh=| =~ 3

rﬂi'nilx

where F(ri) is the gain, ry is the image signal value, and rugy is the maximum
possible image signal value.
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In this embodiment, the value of ( for the primary fluorescence image signal
is unity for all (reference image signal value to flucreseence image signal) ratio
values. As a resull, the gain caiculated from the equation above and applied to the
primary fluorcsecnee jmage signal is zlso unity

The value of Q for the reference image signal increases when the (reference
image signal value to fluorescence image signaly vatio falls within tbe range defined
by break points 306 and 308, As shown in the figue, the value of @ has a constant
valuc up to a break point 302, before increasing lincarly to a bresk powt 310,
continuing linearly to another break point312, and decreasing lincarly to break
point 308, beyond which it remains constant. The position of the breals points on the
horizontal axis, and the gain factors at alf break points, can be adjusted by the
operator of the fluorescence endoscopy video system.

Using the value of Q, the gain finction is calenlated for each prael of the
reference image signal. If the value of G is greater than one, the value of the
reference image signal to whicl the gain {5 being applied will increase nonlinearly
with increasing values of . The pain applied to the reference image signal is larger
for lower reference imaye signal values. The net result of this test and funetion is
that the resulting contrast enbancement depends on, both the ratio of the reference
image signal value to the primary fluorescence image signal valuc and the reference
image sigreal value.

If the piecewiss linear function illusteated in FIGURE 22 is replaccd by any
similar function, not neccssarity lincar, comparable contrast enhancement can be
obtawed.

While the preferred embodiment of the invention bas been ilustrated and
described, it will be appreciated that variouz changes can be tade therein without
departing from. the scope of the invention. Tt is therelite intended that the scope of
the fnvention be determined from the following claims and equivalents thereto.
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The embodiments of the invention in which an exclusive property or privilege

is claimen are defined as follows:

L A fluorescence endiscopy video system including:
a muliimode light scurce for producing white Yight, fluorescence excitation
light or fluorescence excitation light with a referauce reflectance light;
an endnscops for directing the light from the light source into a patient to
ilinminate a tissue sample and to collect the reflected light or fluorescence light
producad by the tissue;
a camera positioned to receive the light colleeted by the endoscope, Lhe
garmera including:
a color image sensor;,
a low light image sensor; and
2 beam splitter for splitting the light received from the endescope into
ar least two beams and directing those beams onto the low light and coler image
SENSULE;
one or more filters positioned in [ront of the Jow light and color image
sensors for sclectively fransmitting light of desived wavelengths;
ong or more optical imaging components that project images onto
both the color image sensor and the low Lght image sensor;
an image processor/controller for digilizing, provessing and encoding the
image signals received fram the sensor(s) as a video signal; and
a video manitar for displaying the videe signals.

2, The system of Clain 1, wherewut the camera is attached to the portion
of the endoscope: that remains outside of the body.

3. The system of Claim 1, wherein the camera is built into the insertion

potion of the endoscape.

4. The system of Claim 2 or 3, wherein the beamn sphitter directs a greater
percentage of light collected by the endoscope to the low light sensar end a lesser
petcentage to the color Image sensot.

3. The system of Claim 2 or 3, further comprising & filter positioned in
the light path of the light sowrce thal sinultanevusly transmits the fuorescence
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excitation light and an amount of reference reflectance light not in a fuarescence
detection wavelength band, wherein the amount of reference reflectance lUght
transmitted is a fraction of the fluorescence excitation light, such that the intensity of
the reflected roference light projected onte the color image sensor matches the
requirements of the scnsor, at the same time as maimaining suffieient fluorescence
excitation s0 as to match the intensity of Auorescence projected onto the low light
sensor 1o the requirements of the sensor, and wheiein the lght source filter bloeks
Vight from the light source at wavelengths in the fluorescence detection wavelenuth
band from reaching the low light sensor fo the sttent that the light received by the
tow light sensor is substantjally composed of light resulting from tissuc flucrescence
and minimally composed of light originating from the light source,

6, - The system of Claim 3, wherein the filter in front of the color inage
sensor blocks reflected excitation lght and transimits refevence reflectance light to the
extent that the light received by the color image sensor is subsitantially composed of
reference reflectanes light and minimally composed of excitation lght, the utount of
referance reflectance light transmitted by the filter being such that the intensity of the
reference light projected onto the culor image sensor matches the requirements of the
sensor, and the filier in front of the low light isage sensor Dlocks reflected excitation
and reference light, and transmits substantially fuorescence light o the extent that
the light received by the Jow Jight sensar is substantially composed of light resulting
from tissus (Tustescenee and minimally composed of light originating from the light
SourCe.

7. The system of Claim 6, wherein the fluorescence, transmitted by foe
filter in front of the low light image sensor, is preen light,

4. The systetn of Clain 6, wherein the fluorescence, transmitied by fhe
iilter in front of the low light imupe sensor, is red light.

9. The system of Clairn 7, whetein the reference refleciance light
transmitted by the light source filter s red fight

16, The syslem of Claim 8, wherein the reference reflestance light
trumgmitted by the Light soucce (ilter is green light.
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11.  The system of Claim7, wherein the veference reflectance lipht
teansmitizd by the light source filter is near-infrared light.

12.  The system of Claim 8, wherein the reference reflectance lght
transmitted by the light seurce {ifter is near-infrared tight.

13.  The system of Claim 7, wherein the relerence reflectance light
transmitted by the light source filter i blue light.

14.  The system of Claim 8, wherein the refersnce rcilvctance lighi
tratsmitted by fhe light source filter is blue light.

15.  The system of Claim 2 or 3, further comprising 4 filter positioned in
the light paih of the light source that transmits the [Tuoresconce excitation light and
bhocks light at wavelengths in the deteeted fluorescencs bands from reaching both the
lovwr Yight sensor and the <olor image sensor to the extent that the light received by the
sensors is snbstantially composed of light resulting from tissue fluorescenve and
minimally composed of light originating from the Hght source,

16, The system of Claim 15, wherein the filter in front of the low light
image sensor blovks reflected excitation light and transmits fluoresconee light in a
preen wavelength band w the extent that the light received by the low light sensor is
substantially composed of light resulting from Hssue fuorescence and minipully
composed of light originating from the light source, and the filter in ront of the colar
irnage semsor blocks reflected excitation light and trapsmits fluorescence Hght in a
red wavelenpth band to the sxtent that the Jliglht received by the color image sensor 13
substantially composed of light resuliing fom. tissue fluorescence and minimelly
composed of light originating from the light souree.

17.  The systern of Claim 2 or3, wherein the camera also inchides a
reference image scnsor and a dichrofe splitter and filter assembly that divides the
light not projected o the color image sensor into two spectral components and
projects the two spectal components onta the low light image sensor and reference

image sensar.

18 The aystem of Claim 17, wherein the dichroic splitter and filter
assembly splits the light inte green and red bands while blocking out of band light to
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the extent that the light received by the sensors is substantially composed of Lght of
preen or red wavelengths and minimally composed of light of out of band

wavelongths.

19.  The system of Claim 17, wherein the dichroic splitler and filter
sgembly splits the light into blue end red bands while blocking out of band light to
the oxtent that the light received by the sensers 1s substantially composed of Iight of
biue or red wavelengths and minimally composed of lght of owt of bund
wavelengths.

20.  The systom of Claim 17, wherein the dichroic splitter and filter
assembly splits the light into red and neas-infrared bands while blocking out of band
light ta the extent that the light received by the sensors is substantially composed of
light of red or near-infrared wavelengths and minimally compased ol fight of ont of
band wavelengths.

21, The system of Claim 17, wherein the dichmoic splitter and filter
assembly splits the light imo green and near-infrared bands while blocking out of
band light to the extent that the Hght received by the sensors is substantially
cumpesed of light of red or near-infrared wavelengths and minimally cowposed of
light of out of band wavelengths.

23, The system of Claim 2 or 3, further comprising a dichoic splitter and
filter assembly that divides ihe light not projocted o the colot image sensor jito two
speerral components and projects the two spectral components in the same image
plane onto separale imaging arcas of the low light image sensor,

23 The system of Claim 22, wherein the dichrole splitter and Blter
assembly splits the light info ureen und red bands while blocking out of band light to
the extenl that the lght received by the sensors is substantially composad of light of
green or red wavelengths and mimimally composed of light of out of basd
wavelengths.

24.  The system of Claim 22, whereln the dichroic splitter und [lilier
asserbly splits the light into bluc and red bands while blocking out of band light to
the extent that the light received by the sensors is substantially composed of light of
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blue and red wavelengths and minimally composed of Hght of out of band
wavelengths.

25, The systemn of Claim 22, whaorein the dichroie splitter and fitter
assembly splits the light into red and near-infrared bands while blocking ovt of band
light to the extent that the light received by the sensors is substantially composed of
light of red and near-infrared wavelcngths and minimaliy composed of light of out of
band wavelengths,

26.  The system of Claim 22, whereip the dichroiv splitter and filter
assembly splits the (ight info green and near-inftured bands while blocking out of
band light to the extent thar the Hglt received by the sensors is subslantially
composed of light of red and near-infrared wavelengths and migimally composed of
Tight of out of bund wavelengths.

27. A fluorescence endoscopy vidco system including:

a mullirnoede light source for producing white light, flusrescence excitation
light or fluarescenes excitation light and reference reflecteace fight;

an endoscope for directing the light from the light source inte & patient to
illuminate & tssus sample and to collect reflected light and fluorescence light
produced by the tissue;

a camera positioned to receive the light collected by the endoscope, the
camera including:

a high sensitivity color bnage sensor;

a beam splitter for splitiing (he light received from the endoscope into
at least two beams and one or mote optical imaging compencnts that, in combination,
project images in the same jmage plane omto scparate imaging aress of the high
sensitivify color image sensor; and

one or more filters positioned in front of the separate imaging areas of
the lugh sensitivity color image sensot;

an image provessor for digitizing, processing and encoding mage signals
from the separate imaging arens of the high sensitivity eolor image sensor; and
a video monitor for displaying the images.

28.  The system of Claim 27, wherein the camera is attached to the portion
of the endoscape that rewains outside of the body.
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29, The system of Claim 27, wherein the camera is built into the insertion
portion of the endoscape.

30 “Fhe system of Claim 28 or 29, wherein the beam splitter comprises:

a pumber of prisms having at least one pertiaily reflecting surface and a
nurnber of reflecting surfaces arranged lo divide incoming light info at least two
separate boams, each of which has a subslantially identical optical path length.

31.  The system of Claim 28 or 29, further comprising a {ilter positioned im
the light path of the light source that simultaneousfy trensinits the fluorescence
excitaton lght and an awmount of reference reflectanee light not in a fluorescence
detection wavelensth band, wherein the amount of reference reflectance light
transmitted is 4 fraction of the fluorescence excitation light such that the intensity of
the reffected refercnce light projected onto the high sensitivity color image sensor
matehes the requitemenis of the sensor, at the same time as maintainiog sufficient
fluorescence excitation. so as te match the infensity of fluorescence also projected
arto the high sensitivity eolor image sensor o the roguirements of the senser, and
wherein the light source filter blacks light from the light source at wavelengths in the
fluorescence detection. wavelength band from reaching the high sensitivity color
image sensor to the extent that the light received by the high sensitivity color image
sensor is substantially composed of light resuliing from tissue fluorescence and
minimally composed of light originating from the light source.

32, The system of Claim 31, wherein one filter in front of one fmaging
area of the high sensitivity color image sensor blocks reflected excitation [ight and
reference light, and fransmits substantially fluorescence light to the extent that the
light received by the high sensitivily color image sensor is substantially composed of
light resulting from tissue fluorescence and minimally composed of light originating
from the light source, the amount of reference reflectance light transmitied by the
filter being such that the intensity of the reference light projested onte the color
jmage sensor matches the requirements of the sensor. and a second filter In front of
second imaping area of the high sensifivity color image sensor blocks reflected
excitation light and transmits teforence reflectance light to the extent that the [ight
received by the second imeging area of the bigh sensitivity color image sensor is
substantially composed of reference reflectance light and minimally composed of
excitation Light, the amount of reference reflectance light transmitted by the second

JP 2004-504090 A 2004.2.12



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

(89)

WO 0L0TSRT POTIUSOLZ219R

filter being such that the intensity of the veflected reference light passing (hrough the
second filter and projected onto the high sensitivity color image sensor matches the
intensity of the {lucrescence light projected onto the first area of the high sensitivity
color itnage sensor and matehes the requirements of the sensor,

33, The system of Claim 32, wherein the fluorcscence, transmitted by at
least one filter in front of the high sensitivity color image seasor, is green light

34, The system of Claim 32, wherein the fluorescence, transmitted by at
least une filter in front of the high sensitivity color image sensox, 1s red light,

35, The system of Clain: 33, wherein the reference reflectance light, not in
the detected Muorescence band, transmitted hy the light source filter is red light.

36, The system of Claim 34, whereis the reference reflectance light, not in
the detectad Auorescence band, ransmitted by the light souree fiker is prezn light.

37 The system of Claim 33, wherein the reference reflectance light, pot in
the deiected fluorescence band, fransmitted by the light souree filter is near-infrared
light.

a8, The system of Claim 34, wherein the reference reflectance light, not in
the detected fluorescence band, transmilted by the light source filter is near-infraved

light.

39, ‘{he sysiem of Claim 33, wherem the reference reflectance light, not in
the detected {Tuorescence band, transmitted by the light source filter is bluc light.

40, The system of Claiin 34, wherein the reference reflectance light, not in
the deteeted fluorescence band, transmitted by the light sourec filter is blue light.

41, The system of Claim 28 or 29, further comprising a filter posibioned in
the light path of the light source that transmits the fluorescence excitation [ight and
bioeks light, not at wavelengths in the detected fluorescence bands, from reachiog the
imaging arcas of the high sensitivity color imaye seusor to the extent that the light
received by the sensor is substmbally composed of light resulting from tissue
{luptescence and minimally coraposed of tight origineting from the light source.
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42, The system of Claim 41, wherein one filter in front of one imaging
area of the Tigh sensitivity color image sensor blodks reflecied excitation light and
transmits fluorescence light in a green wavelength band to the extent thut the light
received in the first area of fhe high sensitivity color image scrsor is substantially
composed of light resulting from tissue [luorescence in a graen wavelength band and
minmally composed of Hght originating from the light sourcs, and & second filter in
front of a second imaging area of the high sensitivity color image sensor blocks
reflected excitation light and transmits fluorescence light in o red wavelength band to
the extent that the light received in the second arca of the high sensitivity color image
sensor is substantially compoased of light resuiting from tissue fluorescence in a red
wavelength band and minimally composed of light otiginating from the light source.

43, A fluprescence endoscopy video system including:

a muftimode light source for preducing white light, fluoreseence exeitation
light or fluorescence excitation light with a reference reflectance light;

an endoscope for directing light from the light scurce into a patient to
illumimetes o tissue sample and ta colleer the reflected light or fluorescence light
produced by the tissue;

a camera positioncd to receive the light collected by the encdossope including:

2 high sensitivity color image sensar having inteprated filters;

& filter selectively positioncd in fiomt of the high seusitivity color
imags sensor for passing light at green and longer wavelenpths and for blocking light
at blue and shorter wavelengths to the extent thut light reaching the sensor is
substantially compesed of light at gresn and longer wavelengths and minimeally
composed of light at blue and shorter wavelengths, and whick allows the bight in red
and green wavelenpth bands to be further fltcred hy the inteyrated filters on the high
sensitivity color image sensor; and

one or more optical imaging compenents that projects images voio the
high sensitivity eolor image sensor,

an image processor that recejves image signals from a high sensitivity color
image sensor and combines image signals from pixels having filters with the same
filter characteristics to form separate images formed by light in each of the two
wavelenglh hands; and

a video mumitor for simultaneously superimposing the separate inages.
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44, The system of Claim 43, wherein the camera is attached to the partion
of the endoscope that remalng owside of the body.

45. The system of Claim 43, whersin the camera s built into the inseriion
portion of the endoscope.

46.  The system of Claim 44 or 43, further comprising a filter positioned in
the Tight path of the light source that simuhancously transmits the fluoressence
cxitation light and an amount of reference reflectance light nat in a fuorescence
detection wavelanyth band, the amount of refetence reflectanes light transmitted by
the filier being a fraction of the Auorescence sxeitation light, such that the intensity
of the refiscted reference light projecied onto the high sensitivity color image sensor
matches the requirements of the sensor, at the saroe time as maintaining sufficient
fluorescence excitation so as to mateh the intensity of fluorescence also projected
onto the high sensitivity color image sensor te the requirements of the sensor, and
wherein the light sourcs filter blocks tght from the light source at wavelengibs in the
luorescentce detaction wavclength hand from reaching the high senshivity ecolor
image sensor to the exfent that the light received by the flucrescence sensor is
subsiantially composed of light resulting from tissue fluorescence and minimally
compesed of Tight originating trom the light source.

47. The systers of Cleim 46, wherein the filter in front of the high
sengitivity eolor image sensor blocks reflected excitwion light, and transmits
fluorescence and reference light to the extent that the light roceived oy the high
sensitivity color image sensor 33 substantially composed of light resulting froru tissue
fluorescence and reflected reforence light and minimally composed of fluorescence

excitation light.

48, The system of Claim 47 wherein the fhworescence, transmitted by the
filter fn fromt of the high sensitivily color image sensot, s green light

49, The system of Claim 47 wherein the flucrescence, transniitted by the
filter in front of the high sensitivity color image sensor, is red light.

30.  The system of Claim 48, wherein the reference reflectance light, not in
the detected fluorescence band, transmilted by the liglt source fitter and the filter in
front of the high sensitivity color sensor is ved light.
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51.  The system of Claim 49, wherein the reference reflectance light, not in
the detected fluoressence band, transmitted by the light source filter and the filter in
front of the high sensitivity color sensor is green light.

52. The system of Claim 48, wherein the reference reflectance light, not in
the detected fluatesesnge band, transmitted by the lipht source filter and the filter in
front of the high sensitivity color sensor is near-infrared light.

53, The system of Claim 49, wherein the reference reflectance light, not in
the detected fluorescence band, transimitted by the fight source fitter and the filter in
frond of the high sensitivity color sensor is near-infrared light.

54, The system of Claim 44 or 45, further comprising 4 filter pusitioned in
the light path of the light source that transmits the fluorescence excitation light and
blocks fight at wavelengths in the fluorescence detection wavelength bands from.
reaching the imaging areas of the high sensitivity color image sensor to the extent
that the light received by the senser Is substantially composed of light resulting frore
tissue fluorsscence and mimimally eomposed of light orgioatiog from the light

SOUILE.

55, A fluorescence endoscopy video system ineluding:

= multimode light souree for producing white light, fluorescence cxcitation
light or fluorescence exeitatian light with a reference reflectance light;

an endoscope for directing the light from the light source tnte 2 patient to
jlluminate a tissue sample and (v colleet the reflected light or fluorescence light
produced by the tissue;

2 comera positioned to receive the Light collected by the codoscope, the
camera ipcluding:

a calor image senser;

alow light image sensor;

a beam splitter for splittiug the light received from the endoscope into
at least two beams and directing those bemms onta the low light and color image
BEILSONS;

one or more filters positioned in front of the low light and color image
sensors for selectively transmitting light of desired wavelengths; and
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one or more optical imaging components that peoject images onto
both the color image scasor and the fow light image sensar;

a processor‘centroller for digitizing fluorescence and reference image signals
received from the low light and color image sensors, the processor/controller
including a memery device that stores a sequence of instructions thal cause the
provessor/oontroller 1o adjust the intensity of the fluorescence or reference imape
signal on a pixel by pixsl basis as a function of an apalysis of the signals roccived
from the low Jight and color image sensors, and then 1o encede the adjusted image
sipnals received from the sensors as a video signal; and

a video monitor for displaying the images.

56, The system of Claim 35, wherein the camera is attached to the porfion
of the endescope that remains outside of the body.

37, The system of Claim 53, wherein the camera is built into the insertion

portion of the endoscape.

58.  The system of Claim 56 or 57, wherein the analysis of the digitized
image sigoals that the processor/controller carries out tilizes a ratio of an Intensity
of the reforence reflectance light and the fluareseence light received from the tissue,

59.  The system of Claim 56 or 57, wherein the apalysis of the digitized
image signals that the processor/contioller canies out utilizes an intensity of pixels
that neighbaor the ane or reore pixels and adjusis the processed image signals bused
an the neighboring pixel intensities.

60. A fluorescence endoscopy video system including:
2 multimode light source for producing white light, fluerescence excitation
Tght or fluorescence exeitation light and references reflectance Jight,
an endoscope for directing the light from the light source into a patient to
flluminate 2 tissue sample wnd to colleet reflected Light and fluorescence light
praduced by the tissue;
a camers positioned 1o receive the light collected by the endoscope, the
camera including:
a high sensitivity color image sensor;
4 bearn gplitter for splitting the Light recaived from the epdossope into
at Jeast two beatms and ons or more imaging optical compon:cnts that, in combination,

JP 2004-504090 A 2004.2.12
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project images in the same image planc ento separate imaging areas of the high
sensitivity calor image sensor; and

one ov more filters positioned in front of the separate imagin areas of
the high sensitivity color imzge sensor;

2 processov/eantroller for digitizing flucrescence and reference image signals
reveived] [rom the separate imaging areas of the high sensitivity color image sensor;
the processorfeonireller includimg 2 memary deviee that stores a sequence of
instructions that causc the processorfcontroller to adjust the imtensity of the
fluprescence or reference image signal on a pixel by pixel basiz as a function of an
analysis of the signals received from the different image areas of the bigh sensitivity
colar image sensor; and then encodes the adjusted image signals reeeived from the
sengors as a video signal: and

a video moniter for displaying the images.

61.  The system of Claim 60, whersin the camera is attached to the portion
of the endoscope that remains outside of the body.

62, The system of Claim 60, whersin the camera s biuilt into the insertion
poition of the endoscope.

63, The system of Claim 61 or 62, wherein the analysis of the digitized
image signals fliat the processor/controfler carries out utilizes a ratio of an intensity
of the reference reflectance light and the flucrescence light received from the tizsue.

64, The system of Claim 81 or 62, wherein the analysis of the digitized
image signals that the processorfcontrofler camies aut utilizes an intensity of pixels
that neighbor the coe or more pixels and adjusts the processed image signals based
on the neighboring pixel intensities.

65 A fluarescense endoscopy video system tncluding:

a multimade light source for producing white light, fluorcscence excitation
Hoht or fluorescence excitation Bght with a refivence reflectance light,

an endoseope for ditscting light from the light source into a patient to
illuminate a tissue sample and to collest the reflected light or fluorescence light
produced by the tissue;

a camara positicned to receive the light collected by the endoscope including:

a high sensitivity color image sensor having integrated filters;

JP 2004-504090 A 2004.2.12
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8 filter selecfively positioned in fromt of the whole of the high
sepsitivity colar image sensor for passing light at green and longer wavelengths and
for blocking Yight ot blue and shorter wavelengihs to the 2xtent that light reaching the
sensor iy substantially composed of laht at green and longer wavelemgths and
minimally cemposed of light at blue snd shorter wavelengths, and which allows the
ligght 5n red and green wavelength bands 1o be further filtered by the integrated filters
on the high sensitivity color itage sensor; and

one or more optical Imaging compenents that projeets images onto the
high sensitivity color image sensor,

a processor/eontroller tet recelves Image signals from a high sensitivity colur
image sensor and combines inage signals from pixels having filters with the same
filtey characteristics to form separate images formed by light in each of the two
wavelength hands; the processor/controlter inpuding a memory device that stores a
sequence of instructions that cawse the pracessor/controller to adjust the intensity of
the fiuorescence or reference image signal on a pixel by pixel basis as a function of
a0, analysis of the sigpals received from pixcls with fikers of different wavelength
hands on the high sensitivity color image sensor; and then encodes the adjusted
image signals received from the sensors as a video signal; and

4 video monitor for simultaneously superimpesing the separaic video images.

66.  The system of Claim 65, wherein the camera is attached to the porlicn
of the endoscope that remains outside of the body.

67 The system of Claim 65, wherein the camera is built into the inserdon
postion of the endoscope.

68.  The system of Claim 66 or 67, wherein the analysis of the dipitized
image signals thai the processar/controller carries out utilizes a ratio of an intensity
of the reference reflectance light and the fluorescence light teecived from the tissue.

69.  The systam of Claim 66 or 67, wherein the snalysis of the digitized
image signals that the processor/controller casries aut utiizes an intensity of pixels
that neighbor the one or more pixels and adjusts the prosessed imege signals based
on the neaghbaring pixel intensities.

70.  The system of Claim 1, 27, 43, 5, &0, or 65, further camprising a
fluorescenceireflectance reference that produces known. levels of flunrescence and

JP 2004-504090 A 2004.2.12
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reflectance light upon illumination with light from the multimode light source,
wherein the image processor is programmed 1o adjust the gain of the one ar mere
image sensors in respouse to the levels of fluorescence and reflectance light
produced.

7i. The system of Claim 70, wherein the fluoresconce/reflectance
reference comyprises o dye and an amount of seatterers in o selid.

72. A reference for a fiuarescence imaging system, comprising:

a farget including a mixtore of one or more dyes and a iight scattering
materal, whercin the one of more dyes are selected to emit fluorescence in two or
more wavelength bands in a manner similar to known diseased tissue when exeited
with an excitation light.

73, The refereuce of Claim 72, wherein the one or more dyes and light
scattering material are dissolved in a liguid which, following activation, hardens to
become a solid.

74, The teference of Claim 73, wherein the onc or more dyss and light
scattering material are dissolved in an epoxy.

JP 2004-504090 A 2004.2.12
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& calibration feavure wherehy the system performance can be maintained when uzed with dillerom endeseopes.
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