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o ABSTRACT

Methods and apparatus for contemporaneous measurements of

;electromagnetic radiation with multiple measuring devices, for producing a high

0 diagnostic sensitivity image while achieving high diagnostic specificity with

spectroscopy, for producing illumination for florescence/NIR reflectance imagining

and while light reflectance imaging, all with the same sensors are disclosed. The

OC method involve selectively adjusting a gain of an imaging device in at least one

V) wavelength band relative to a gain in at least one other band to produce an

N optimized image of an object, and may also involve producing a first reflectance

o 10 signal in a first NIR wavelength band, and producing a second reflectance signal in

N a second NIR band such that an absorption coefficient ratio of oxyhemoglobin to

deoxyhemoglobin in the second wavelength band differs from that in the first

wavelength band, to permit the first and second reflectance signals to be used to

produce a tissue oxygenation image.



oMETHODS AND APPARATUS FOR FLUORESCENCE AND REFLECTANCE

IMAGING AND SPECTROSCOPY AND FOR CONTEMPORANEOUS

;MEASUREMENTS OF ELECTROMAGNETIC RADIATION WITH MULTIPLE

00 MEASURING DEVICES

FIELD OF THE INVENTION

IThe present invention relates to electromagnetic radiation measuring

devices, and more particularly to methods and apparatus for facilitating

ocontemporaneous measurements of electromagnetic radiation with multiple
measuring devices, for producing illuminating radiation for fluorescence and

reflectance imaging, for performing both fluorescence and reflectance imaging

using the same detectors in an imaging device, for producing a high diagnostic

sensitivity image while achieving high diagnostic specificity with spectroscopy, for

detecting tissue oxygenation, and for producing a fluorescence image of tissue.

BACKGROUND OF THE INVENTION

Many applications involve taking more than one type of measurement of

electromagnetic radiation. For example, some medical imaging applications involve

insertion of an endoscope into a cavity or incision in a subject such as a human

patient. A flexible endoscope, for example, may include an optics channel through

which a first optical fiber bundle conveys illumination light for illuminating internal

tissues of the patient, and through which a second, coherent optical fiber bundle

conveys light reflected or fluorescently emitted by the internal tissues back up

through the endoscope to a measuring device such as a charge-coupled device

(CCD) camera. A resulting image of the internal tissues produced by the camera

may then be displayed on a monitor for visual inspection by a surgeon or physician,

who may be able to identify suspected abnormal or diseased tissue from the

displayed image.

Once suspected abnormal tissues have been identified by such visual

inspection, it is then desirable to perform additional analysis on the tissue to confirm



0
owith greater specificity or accuracy whether it is in fact diseased. For this purpose,

spectroscopy is sometimes performed. One existing spectroscopic analysis

;method involves the insertion of an optical fiber probe through a biopsy channel of

OO the endoscope, which is normally used for insertion through the endoscope of
S 5 medical tools such as those used for tissue sampling or therapeutic interventions,

N for example. The presence of this optical fiber probe in the biopsy channel may

make it difficult or impossible to insert other tools into the biopsy channel, rendering

_the biopsy channel unsuitable for its intended purpose. In addition, this procedure

N may pose inconvenience for the surgeon or physician, who may have to remove

S 10 medical tools from the biopsy channel in order to insert the optical fiber probe, then
0
C remove the probe in order to reinsert the tools when the spectral measurement is

completed. Moreover, when the optical fiber probe is inserted through the biopsy

channel, the probe typically comes into physical contact with the tissue in order to

perform a measurement. Such contact tends to press blood away from the tissue

to varying degrees, depending on the amount of pressure applied, which may result

in different observed spectra, thereby introducing a source of measurement error.

One existing endoscopic system employs a beam splitter for directing a

percentage of radiation received from the tissue for receipt by a spectroscopy

device, while allowing the remainder of such radiation to pass through the beam

splitter for receipt by a camera. However, it will be appreciated that beam splitters

of this nature reduce the intensity of light received across the entire area of the

camera. Generally, only a relatively low amount of light from the analyzed tissues

enters the endoscope, due to the small circumference of the endoscope, the limited

ability to increase the intensity of the illuminating light without causing thermal

damage or photobleaching in the tissue, and due to the relatively low intensity of

light fluorescently emitted or reflected by the tissue. Accordingly, the CCD camera

is already "light hungry". The use of such beam splitters aggravates this problem,

resulting in an even darker CCD image, which may necessitate the use of

expensive signal amplification devices.

Alternatively, in another existing endoscopic system, a mirror is employed for

a somewhat different purpose. The mirror is inserted into the optical path of the

light beam from the endoscope so as to reflect the entire beam to a first camera for

white light reflectance imaging, and is removed from the optical path so as to allow



0
othe entire beam to be received at a second camera for fluorescence imaging.

N However, this method does not allow for simultaneous measurements by the first

;and second cameras, which increases the chance that the endoscope or the

OO subject might move between alternate images. This difficulty may not be serious
S 5 for use in switching between white light reflectance and fluorescence images,

N however, this method would not be desirable for combined imaging and

spectroscopy measurements, as it fails to ensure that the spectroscopy

measurement is of the same tissue region that appeared to be of interest in the

N camera image, which may lead to unreliable spectroscopy results.

S 10 Accordingly, there is a need for a more convenient way of performing
0
N contemporaneous measurements with multiple measuring devices, such as an

imaging device and a spectroscopy device for example, without significantly

compromising endoscopic imaging quality or reliability of the spectroscopy results.

Additionally, existing endoscopic systems have failed to utilize the full

potential of combined imaging and spectroscopy. In particular, for systems

involving multi-spectral-channel imaging devices, such as white light reflectance

RGB color CCD cameras and dual channel fluorescence imaging cameras for

example, the ability to increase the diagnostic sensitivity of such devices by

adjusting the gain relationships between different imaging channels is constrained

by conventional wisdom, which indicates that any increase in the diagnostic

sensitivity of the imaging device by gain relationship adjustment results in a

corresponding decrease in specificity of diagnosis. In other words, increasing the

diagnostic sensitivity of a dual channel fluorescence imaging device, for example,

will produce more "false positive" diagnoses, as a result of tissues that appear from

the image alone to be diseased or malignant when in fact they are benign or even

normal. The desire to avoid such erroneous diagnoses therefore places limitations

on the ability to adjust the diagnostic sensitivity of the imaging device.

Thus, there is a need for a way to produce images of higher diagnostic

sensitivity without unduly reducing the specificity or accuracy of diagnoses.

In addition, an endoscopic imaging system preferably involves both white

light reflectance color imaging to produce a normal view in which the appearance of

an internal organ is familiar to the surgeon or physician, and fluorescence imaging

for better diagnostic accuracy. For white light reflectance imaging, an image of the



o tissue of interest is taken while the tissue is being irradiated with white light. For

fluorescence imaging, the tissue is irradiated with excitation light, typically short

;wavelength light, which may range from blue to ultraviolet depending on the

O application. In order to avoid the necessity of injecting the tissue with drugs

containing fluorescent substances, the trend has been toward autofluorescence

imaging. When tissues are irradiated with short wavelength excitation radiation, the

tissues tend to emit fluorescence light which typically ranges from 450 to 750 nm

Iand peaks at green wavelengths from 510 to 530 nm, for example. It has been

Nl found that abnormal tissues such as diseased or cancerous tissues tend to emit

S 10 significantly lower intensities of such autofluorescence light at green wavelengths

N than normal tissues. Abnormal or suspicious tissues therefore tend to appear

darker in a corresponding fluorescence image of the tissues at green wavelengths.

Thus, different illumination spectra are required for reflectance and fluorescence

imaging, namely, a white light or other illumination spectrum for reflectance imaging

and at least a short-wavelength excitation spectrum for fluorescence imaging.

Most existing systems for reflectance and fluorescence imaging are either

inconvenient to switch between reflectance and fluorescence imaging, or fail to

adequately correct the fluorescence image to compensate for geometric factors, or

both.

More particularly, to switch between white light reflectance and fluorescence

imaging, many systems require a user of the system, such as a surgeon or

physician, to manually disconnect a first light source and first RGB CCD camera

used for white light reflectance imaging from the endoscope, and to connect a

second separate light source and second fluorescence camera to the endoscope

for fluorescence imaging. Such manual disconnection and connection of light

sources and cameras are time-consuming and inconvenient to the user, and

increase the duration and discomfort to the patient being examined.

With respect to correction of the fluorescence image to compensate for

geometric factors, it has been found that using only a single short-wavelength

illumination waveband is disadvantageous for fluorescence imaging. Although

tissue abnormality or disease may cause a given point in the fluorescence image to

appear dark, alternatively, normal tissue may also appear dark if it is simply further

away from the tip of the endoscope than other points in the tissue, or alternatively



onormal tissue may appear dark due to partial obstruction or other geometrical

N factors, such as curved tissue surfaces, folds, polyps, or the angle of the

;endoscope relative to the tissue surface, for example. Thus, it is not possible to

0 determine from a green fluorescence image alone whether or not a particular point
in the tissue appears dark because it is abnormal, or whether it appears dark

merely because of its distance or geometrical positioning relative to the endoscope

tip.

_Some systems have attempted to address the latter difficulty by additionally

N measuring autofluorescence at red wavelengths, as autofluorescence intensities of

S 10 normal and abnormal tissues are more similar at red and longer wavelengths than

N they are at green wavelengths. The resulting red autofluorescence image may be

used to correct the green autofluorescence image for the geometry of the tissue.

For example, if the red autofluorescence image is displayed as a red image on a

display screen, and the green autofluorescence image is superposed over the red

image, then if a given point in the tissue is normal tissue but appears dark in the

green image due to geometric factors, then that point will also appear dark in the

red image, and will therefore appear dark in the superposition of the two images.

However, if a given point in the tissue appears dark in the green image because it

is abnormal or diseased, then that point will probably appear bright in the red

image, and will therefore appear as a red spot in the superposed image.

Unfortunately, however, red autofluorescence occurs at much lower intensities than

green autofluorescence, and accordingly, the red image suffers from a low signal-

to-noise ratio. In addition, although red autofluorescence emission intensities are

similar for normal and abnormal tissues, there is still some difference between the

two. Thus, this method tends to suffer from significant measurement error.

One existing system, recently designed in part by some of the inventors of

the present invention, has partly addressed both of the above difficulties. An arc

lamp directs input radiation onto a cold mirror, which reflects near ultraviolet and

visible light to an optical system, while transmitting over 90% of infrared (lR)

radiation away from the optical system to prevent heat damage of the optical

system due to continuous IR irradiation. The radiation from the cold mirror passes

through a long wave pass (LP) filter which transmits visible light through the optical

system while attenuating ultraviolet wavelengths. The visible light from the LP filter



o is then directed through one of a plurality of different filters on a rotary filter wheel.

One of the filters generates uniform white light for normal reflectance imaging of the

;tissue. Another of the filters is a notch-band filter for fluorescence imaging. This

OO way, one light source provides illumination for both white light reflectance imaging
and fluorescence imaging, eliminating the need to switch the endoscope between

N two light sources.

The notch-band filter transmits blue wavelengths shorter than 450 nm, and

also transmits red wavelengths longer than 590 nm, which also include some IR

N wavelengths due to the imperfection of the cold mirror. The notch-band filter

S 10 attenuates green wavelengths between 450 nm and 590 nm, in order to prevent
0
C reflection by the tissue of such wavelengths which would interfere with the ability to

measure autofluorescence emission by the tissue at these wavelengths. The blue

wavelengths excite the tissue resulting in autofluorescence emission by the tissue

at the green wavelengths, which may then be measured to produce a green

autofluorescence image. The red wavelengths are used to illuminate the tissue to

produce a separate red reflectance image of the tissue, simultaneously with the

production of the green autofluorescence image. The red reflectance image has

much greater intensity than a red autofluorescence image, and therefore has an

improved signal-to-noise ratio, thus reducing errors. The red and green images are

then superposed on a display, to provide an improved correction for geometric

factors.

However, the single optical system light source employed in the above

method tends to be inflexible in at least some respects. For example, because both

the blue light used for excitation and the red light used for correction must pass

through a single notch-band filter, the selection of wavelengths to be used for

excitation and correction is limited by manufacturing constraints on such filters. For

example, it may be desirable to use NIR radiation rather than red radiation to

provide the reflectance image for correction purposes, as diseased and normal

tissues exhibit even more similar reflectance intensities at some NIR wavelength

bands than at red wavelengths. However, it may not be feasible to design a single

filter with a wider notch-band, to attenuate wavelengths from 450 to 750 nm, for

example. Simply eliminating the cold mirror and transmitting all infrared

wavelengths through the optical system would be undesirable, as it may cause heat



0
odamage to other filters on the rotary filter wheel such as the reflectance imaging

filter for example, and may also cause such damage to lenses and other

;components in the optical system.

00 Thus, in addition to the deficiencies in existing endoscopic imaging and
spectroscopy systems referred to above, there is also a need for an improved

illumination source suitable for both reflectance and fluorescence imaging.

Similarly, existing cameras for reflectance and fluorescence imaging are

often large and heavy due to the significant number of moving parts they contain in

N order to switch between reflectance and fluorescence imaging. Such cameras are

S 10 therefore difficult for a physician or surgeon to wield. Thus, there is also a need for
0
N an improved, more light-weight and compact camera capable of performing both

reflectance imaging and fluorescence imaging without unduly increasing the size

and weight of the camera.

Finally, it is known that cancerous tissues exhibit hypoxia, which is caused

by increased oxygen consumption due to rapid growth of cancerous cells.

However, other unrelated chromophores tend to overwhelm and obscure the effects

of hypoxia at visible imaging wavelengths, with the result that conventional

endoscopic imaging systems have typically been unable to detect tissue

oxygenation status. Accordingly, there is a need for a way to take advantage of

this property of cancerous tissues to improve diagnostic accuracy in endoscopic

imaging systems.

SUMMARY OF THE INVENTION

The present invention addresses the above needs by providing in

accordance with a first aspect of the invention, a method and apparatus for

facilitating contemporaneous measurements of electromagnetic radiation with

multiple measuring devices. The method involves causing first and second

adjacent groups of rays of an electromagnetic radiation beam to be directed for

receipt by first and second measuring devices respectively. The apparatus

includes a beam-directing device locatable to cause the first and second adjacent

groups of rays to be directed in this manner.

Thus, a first group of rays may be directed for receipt by a spectrometer, for

example, while the second, adjacent group of rays may be directed to an imaging



device such as a camera. In such a case, none of the second group of rays would

Nbe directed to the spectrometer, and accordingly, the second group of rays may

;arrive essentially undiminished at the camera, resulting in a brighter image than

OO would be possible using a semi-transparent beam splitter, for example. In many
S 5 applications, this may eliminate the need for expensive signal amplification devices,

N such as image intensifiers, which introduce noise, and which also increase the cost

and weight of the imaging device. In addition, the image produced by such an

_imaging device in response to the second group of rays will have a black spot

C corresponding to the original paths of the first group of rays which have been

S 10 directed to the other measuring device, e.g. the spectrometer. Thus, by observing
0
N the location of the black spot in the image produced in response to the second

group of rays, an observer such as a surgeon or physician for example, will

immediately know the precise point that is being sampled by the spectrometer and

will therefore know whether the spectrometer is measuring a point in the desired

area of interest, such as a suspicious looking area in the image produced in

response to the second group of rays. In addition, this method may be effectively

used to allow for both the first and second measuring devices, such as a camera

and a spectrometer for example, to simultaneously produce measurements from a

single electromagnetic radiation beam, without the need to produce a second

separate beam, using a semitransparent beam splitter or an optical fiber passing

through the biopsy channel of an endoscope, for example. Also, more accurate

spectra may be obtained without a fiber probe touching the tissue.

Preferably, causing the adjacent groups of rays to be directed in the above

manner involves directing the first group of rays for receipt by the first measuring

device. The beam-directing device may be locatable to achieve this.

More particularly, directing the first group of rays preferably involves locating

a reflective surface in the electromagnetic radiation beam to reflect the first group of

rays from the beam, while permitting the second group of rays to bypass the

reflective surface. The beam-directing device may include a reflective surface

locatable in the beam for this purpose.

The method may further involve receiving the electromagnetic radiation

beam from an imaging channel of an endoscope. For example, the

electromagnetic radiation beam may be received at an input port of a housing. In



o such an embodiment, causing the first and second adjacent group of rays to be
N directed to the first and second measuring devices may involve directing the first

;Zgroup of rays'toward a spectrometer port of the housing, and directing the second

OO group of rays toward an imaging device. Directing the first group of rays may

involve reflecting the first group of rays within the housing, and may additionally or

Calternatively involve focusing the first group of rays onto the spectrometer port. The

second group of rays may be received at a charge- coupled device (CCD) within

the housing.

N Similarly, the apparatus may include a housing in which the beam-directing

S 10 device is locatable. The housing may have an input port configured to receive the
0
C electromagnetic radiation beam from the imaging channel of the endoscope and to

direct the beam to the beam-directing device.

In addition to the input port, the housing may have a first measurement port,

such as the spectrometer port for example, for providing the first group of rays to

the first measuring device, in which case the beam-directing device may be

locatable in the housing to receive the electromagnetic radiation beam from the

input port and to direct the first group of rays to the first measurement port.

The apparatus may include a lens locatable within the housing to focus the

first group of rays onto the first measurement port.

The method may further involve receiving the first and second adjacent

groups of rays at the measuring devices. For example, the first group of rays may

be received at a spectroscopy device and the second group of rays may be

received at an imaging device. In this regard, the apparatus may include at least

one of the first and second measuring devices, such as an imaging device for

example, or a spectroscopy device, for example.

The method may also involve directing respective wavelength ranges of

incident radiation in the second group of rays onto respective corresponding

detector areas in one of the measuring devices. For example, this may involve

directing four wavelength ranges of the incident radiation onto four respective

corresponding detector areas in the one of the measuring devices. In this regard,

the apparatus may further include a radiation direction system configured to direct

the respective wavelength ranges of incident radiation in the second group of rays

onto the respective corresponding detector areas of the imaging device.
9



o In accordance with another aspect of the invention, there is provided a

Cmethod and apparatus for producing a high diagnostic sensitivity image while

;achieving high diagnostic specificity with spectroscopy. The method involves

OO selectively adjusting a gain of an imaging device in at least one wavelength range

relative to a gain of the imaging device in at least one other wavelength range to

Cproduce an optimized image of an object, and measuring a spectrum of radiation

from a point in an area of the object appearing in the improved image. The

apparatus includes at least two detectors for receiving radiation in respective

N wavelength ranges, at least one of the detectors having a selectively adjustable

S 10 gain adjustable to produce an optimized image of an object in response to input
0
N radiation. The apparatus further includes a housing containing the detectors and

having a first measurement port for providing at least some of the input radiation to

a spectrometer to facilitate measurement of a spectrum of the input radiation from a

point in an area of the object appearing in the optimized image. The apparatus

may also include a processor circuit configured to selectively adjust the gain in one

of the detectors relative to the gain of at least one other of the detectors to produce

the optimized image of the object.

Thus, the gains of the imaging device may be selectively adjusted to

produce an optimized image. In this regard, the gains of the imaging device may

be adjusted to different relative levels than those used in existing systems, if

desired. The resulting higher diagnostic sensitivity may be achieved without loss of

specificity of diagnosis, due to the use of spectroscopy to reduce the occurrence of

false positive diagnoses.

Selectively adjusting gain may involve adjusting at least one of a red

wavelength range gain and a green wavelength range gain to produce a desired

red-to-green signal ratio for fluorescence imaging of the object. The processor

circuit may be configured to perform such selective adjustment. For example, using

the combined fluorescence and red reflectance method described earlier herein to

normalize the fluorescence image, the red-to-green signal ratio may be increased

to higher levels than previously used, to provide greater red intensity of suspicious

tissue areas in the superposition of the green fluorescence and red reflectance

images, while using spectroscopy to reduce the occurrence of false positive



0
odiagnoses which would otherwise have resulted from increasing this red-to-green

Nsignal ratio.

;Similarly, selectively adjusting gain may involve adjusting at least one of red,

OO green and blue wavelength range gains to produce a desired color balance for
S 5 white light reflectance imaging of the object. The processor circuit may be

N configured to selectively adjust such gains.

Preferably, selectively adjusting gain involves setting the gains in the at least

one wavelength range and in the at least one other wavelength range to a first set

N of gain levels to enhance display of abnormal areas of the object in a fluorescence

S 10 image of the object, and further involves setting the gains to a second set of gain
0
C levei[ to enhance the display of the abnormal areas of the object in a reflectance

image of the object. The processor circuit may be configured to set such gain

levels.

Preferably, the detectors include four detectors for receiving radiation in four

respective wavelength ranges, such as a first near infrared range, a second near

infrared range, a green range and a blue range for example. The apparatus may

further include a radiation direction system within the housing, configured to direct

the four respective wavelength ranges of incident radiation received from the object

onto the four respective corresponding detectors.

For example, the radiation direction system may include a first partially

reflecting device, a second partially reflecting device, a third partially reflecting

device and a reflector. The first partially reflecting device is locatable to reflect the

first wavelength range of the incident radiation to the first detector and to transmit

other wavelengths. The second partially reflecting device is locatable to reflect the

second wavelength range of radiation transmitted by the first partially reflecting

device to the second detector and to transmit other wavelengths. The third partially

reflecting device is locatable to reflect the third wavelength range of radiation

reflected by the second partially reflecting device to the third detector and to

transmit other wavelengths. The reflector is locatable to reflect radiation

transmitted by the third partially reflecting device to the fourth detector.

The apparatus preferably includes respective bandpass filters having

respective negligible out-of-band transmission characteristics. Such a bandpass

filter is preferably being interposed between the second partially reflecting device

11



oand the second detector, between the third partially reflecting device and the third
Ndetector, and between the reflector and the fourth detector.

;It has been found that a combination of detectors and a radiation direction

OO system as described above is advantageous for allowing combined fluorescence
S 5 and reflectance imaging with a single imaging device, and does not necessarily

N require any moving parts in the imaging device itself, thereby reducing the weight

and cost of the imaging device.

T Alternatively, the radiation direction system may include a prism system

C configured to direct the respective wavelength ranges of the incident radiation onto

S 10 the respective corresponding detectors.
0
N In accordance with a further aspect of the invention, there is provided a

method and apparatus for producing illuminating radiation for fluorescence and

reflectance imaging. The method involves selectively producing first and second

spectral distributions of electromagnetic radiation for fluorescence/NIR reflectance

imaging and white light reflectance imaging respectively. The first spectral

distribution includes an excitation component received from a first optical

subsystem of an optical system and a near infrared (NIR) component received from

a second optical subsystem of an optical system. The second spectral distribution

includes a white light illumination component received from the first optical

subsystem. The apparatus includes the optical system including the first and

second optical subsystems, operable to selectively produce the first and second

spectral distributions.

Thus, greater flexibility may be achieved by the use of first and second

optical subsystems. For example, if desired, a longer wavelength normalization

component such as a selected band of NIR radiation may be employed, to provide

enhanced correction for geometric factors in a fluorescence image due to the

greater similarity of the reflectance spectra in the selected NIR wavelength range of

normal and abnormal tissues. In such an exemplary system, because the NIR

component is received from the second optical subsystem, there is no need for the

NIR component to travel through the first optical subsystem, thereby preventing

unnecessary heating damage to components of the first optical subsystem.

In addition, because the first and second optical subsystems are provided in

a single optical system, fluorescence and reflectance imaging may be achieved
12



0
o without the need to manually disconnect one light source and connect another to

the endoscope.

;Selectively producing the first and second spectral distributions preferably

00 involves receiving the white light illumination component and the excitation

component at the first optical subsystem, and receiving the NIR component at the

second optical subsystem. Selectively producing may then further involve

transmitting the excitation component from the first optical subsystem and the NIR

_component from the second optical subsystem in a first operational mode for

cfluorescence/NIR reflectance imaging, and transmitting the white light illumination

component from the first optical subsystem while blocking the NIR component in a

Csecond operational mode for white light reflectance imaging.

Similarly, with respect to the apparatus, the first optical subsystem is

preferably operable to receive the white light illumination component and the

excitation component, to transmit the excitation component in a first operational

mode for fluorescence imaging, and to transmit the white light illumination

component in a second operational mode for white light reflectance imaging.

Likewise, the second optical subsystem is preferably operable to receive the NIR

component, to transmit the NIR component in the first operational mode and to

block the NIR component in the second operational mode.

Selectively producing may further involve directing radiation transmitted by

the first and second optical subsystems along a common optical path.

In this regard, the optical system may include a combiner locatable to direct

the radiation transmitted by the first and second optical subsystems along the

common optical path. For example, the combiner may include a dichroic reflecting

device locatable to transmit radiation transmitted by the first optical subsystem

along the path and to reflect radiation transmitted by the second optical subsystem

along the path. The optical system preferably includes a lens locatable in the path

to focus the radiation transmitted by the first and second optical subsystems onto

an exit port. The apparatus may include an optical fiber bundle, an open end of

which acts as the exit port. For example, this may include an illumination optical

fiber bundle of an endoscope.

The method preferably further involves receiving input radiation including the

excitation, NIR and white light illumination components, providing the excitation and

13



o white light illumination components to the first optical subsystem, and providing the
l NIR component to the second optical subsystem.

;Similarly, the apparatus preferably includes at least one electromagnetic

0radiation source for providing the white light illumination component and the

excitation component to the first optical subsystem and for providing the NIR

component to the second optical subsystem.

The electromagnetic radiation source may include a beam splitter operable

'to receive input electromagnetic radiation, to reflect the white light illumination

Cl component and the excitation component for receipt by the first optical subsystem

S 10 and to transmit the NIR component for receipt by the second optical subsystem. If
0
Cl so, then the optical system preferably includes a redirecting device, such as an

optical fiber bundle or a liquid light guide for example, locatable to receive the NIR

component from the beam splitter and to redirect the NIR component to the second

optical subsystem.

The electromagnetic radiation source may also include a lamp operable to

provide the input electromagnetic radiation to the beam splitter.

Producing the first spectral distribution may involve producing, as the

excitation component, radiation having blue and shorter wavelengths, and may also

involve producing, as the NIR component, radiation including wavelengths between

about 750 nm and at least about 900 nm.

Producing the second spectral distribution may involve producing, as the

white light illumination component, visible light. For example, this may include

wavelengths from 400 nm to 700 nm. The optical system is preferably operable to

produce such components.

More particularly, producing the first spectral distribution preferably involves

producing, as the excitation component, a short wavelength component sufficiently

short to cause fluorescence in an object, and producing, as the NIR component, a

long wavelength component longer than fluorescence emission wavelengths of the

object. Advantageously, this may permit a complete full wavelength range

fluorescence spectrum to be measured by the spectroscopy device without

interference from the reflected NIR component radiation. Producing such

components preferably further involves producing the first spectral distribution to

have an intensity at the fluorescence emission wavelengths sufficiently below an
14



o intensity of fluorescence radiation emitted by the object in response to the short

N wavelength component to permit detection of the fluorescence radiation. For

;example, where the object is tissue, the first spectral distribution may be produced

0to have negligible intensity at green wavelengths and at red and NIR wavelengths

shorter than 750 nm, to avoid any appreciable reflectance by the object at the

fluorescence emission wavelengths, which would introduce measurement error.

The optical system is preferably operable to produce the first spectral distribution in

this manner.

Cl In one embodiment of the invention, for example, producing the first spectral

S 10 distribution involves producing radiation consisting essentially of the short and long
0
Cl wavelength components, the short wavelength component consisting essentially of

radiation having wavelengths between about 4 x10 2 nm and about 4x10 2 nm, and

the long wavelength component consisting essentially of radiation having

wavelengths between about 7Y2x10 2 nm and at least about 9x10 2 nm. The optical

system may be operable to produce this distribution.

The optical system preferably includes a filter system.

The first optical subsystem may include a filtering device operable to

transmit the excitation component while attenuating other wavelengths in the first

operational mode and operable to transmit the white light illumination component in

the second operational mode. For example, such a filtering device may include a

blue bandpass (BP) filter for transmitting the excitation component in the first

operational mode, and a color balance filter interchangeable with the blue BP filter,

for transmitting the white light illumination component in the second operational

mode.

Similarly, the second optical subsystem may include a filtering device

operable to transmit the NIR component while attenuating other wavelengths in the

first operational mode and operable to block the NIR component in the second

operational mode. For example, such a filtering device may include at least one of

a longpass (LP) filter and a bandpass (BP) filter for transmitting the NIR component

in the first operational mode, and a light stopper interchangeable with the at least

one filter, for blocking the NIR component in the second operational mode.



0
oIf desired, the apparatus may include an electromagnetic radiation source

N locatable to produce input electromagnetic radiation for receipt by the optical

;system.

OO An imaging system may be provided including an apparatus for producing
N 5 illuminating radiation as described above and further including a radiation direction

N system configured to direct respective wavelength ranges of incident radiation

received from an object illuminated by the apparatus device onto respective

corresponding detector areas of an imaging device.

CSimilarly, in accordance with another aspect of the invention, there is provided

an imaging system for performing both fluorescence imaging and reflectance

N imaging using the same detectors in the imaging device. The imaging system

includes an apparatus for producing illuminating radiation as described above, and

further includes a plurality of detectors for receiving radiation from an object

illuminated by the apparatus, and a radiation direction system. The radiation

direction system is configured to direct respective wavelength ranges of the

radiation onto the plurality of detectors respectively, to define for each of the

detectors a spectral response range with which the radiation from the object is

convoluted. Advantageously, embodiments of such a system may be produced

which allow for convenient automated switching between fluorescence and

reflectance imaging modes, without the need to manually disconnect and reconnect

different illuminating radiation sources or imaging devices. Similarly, the radiation

direction system may permit the manufacture of light-weight and inexpensive

cameras or other imaging devices suitable for both fluorescence and reflectance

imaging, that do not require moving parts to switch between fluorescence and

reflectance imaging modes.

The radiation direction system is preferably configured to direct a first of the

wavelength ranges less than 5x102 nm to a first of the detectors, to direct a second

of the wavelength ranges between 5x10 2 nm and 6x10 2 nm to a second of the

detectors, to direct a third of the wavelength ranges between 6x10 2 nm and 8x10 2

nm to a third of the detectors, and to direct a fourth of the wavelength ranges

between 8x10 2 nm and 9x1 02 nmrn to a fourth of the detectors.

The 'plurality of detectors preferably includes four detectors for receiving

radiation in four respective wavelength ranges.
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0
oPreferably, at least one of the detectors has a selectively adjustable gain

adjustable to produce an improved image of an object in response to input

;radiation.

OO In accordance with another aspect of the invention, there is provided a
method and apparatus for detecting tissue oxygenation. The method involves

Nproducing a first signal in response to radiation reflected by tissue in a first near

infrared wavelength band, and producing a second signal in response to radiation

_reflected by the tissue in a second near infrared wavelength band selected such

cthat a ratio of an absorption coefficient of oxyhemoglobin to an absorption

coefficient of deoxyhemoglobin in the second wavelength band is different than the

Cratio in the first wavelength band. The first and second signals are operable for use

in producing an oxygenation image of the tissue. The apparatus includes first and

second detectors operable to produce the first and second signals respectively.

In this regard, it is noted that cancerous tissues exhibit hypoxia caused by

increased oxygen consumption due to rapid growth of cancerous cells, and

therefore contain more deoxyhemoglobin than oxyhemoglobin. Therefore, because

the signals are produced in response to two wavelength bands in which the ratios

of the absorption coefficient of oxyhemoglobin to that of deoxyhemoglobin are

different, cancerous tissues will tend to reflect with a different intensity relative to

normal tissue in one of the wavelength bands than in the other wavelength band.

This allows the signals to be combined, if desired, to produce an oxygenation

image of the tissue in which cancerous regions are highlighted, to increase

diagnostic accuracy. Indeed, either of these signals taken alone could be used to

produce an oxygenation image, however, it would be undesirable to do so as the

combination of the two signals serves to correct or normalize for geometric factors,

as discussed above.

In addition, it is noted that the heme proteins, i.e. oxyhemoglobin and

deoxyhemoglobin, tend to dominate the reflectance spectra at near infrared

wavelengths. Therefore, producing signals in response to radiation reflected by the

tissue in two different near infrared wavelength bands serves to minimize

measurement errors that would result if either or both of the signals were produced

in response to other wavelengths such as visible wavelengths, at which other tissue

chromophores dominate or contribute significantly to the reflectance spectra.
17



0
o Producing the first and second signals preferably involves directing the

Nradiation reflected by the tissue in the first and second near infrared wavelength

;bands to a first detector and a second detector respectively. This may involve

O directing to the first detector, as the radiation reflected by the tissue in the first near

infrared wavelength band, radiation in a near infrared wavelength band in which the

absorption coefficient of deoxyhemoglobin is greater than the absorption coefficient

of oxyhemoglobin. Similarly, this may involve directing to the second detector, as

_the radiation reflected by the tissue in the second near infrared wavelength band,

cradiation in a near infrared wavelength band in which the absorption coefficient of

oxyhemoglobin is greater than the absorption coefficient of deoxyhemoglobin. The

Capparatus may include a radiation direction system configured to direct the

radiation in the above manners.

Such embodiments may permit even greater diagnostic accuracy. For

example, in a near infrared wavelength band in which the absorption coefficient of

deoxyhemoglobin is greater than that of hemoglobin, such as 750 800 nm for

example, cancerous tissues, which contain more deoxyhemoglobin due to hypoxia,

appear darker than normal tissues. Conversely, in a near infrared wavelength band

in which the absorption coefficient of oxyhemoglobin is greater than that of

deoxyhemoglobin, such as 800 900 nm for example, cancerous tissues appear

brighter than normal tissue as they contain relatively less oxyhemoglobin than

normal tissues. Thus, signals representing the reflectances of tissues in two such

wavelengths may be combined to produce an oxygenation image providing even

greater contrast between cancerous and normal tissues.

The method preferably further involves producing the oxygenation image of

the tissue in response to the first and second signals. This may involve causing the

first signals to be provided to a first color channel input of a multicolor display

device, and causing the second signals to be provided to a second color channel

input of the display device. The apparatus may include a processor circuit

configured to produce the oxygenation image, and the processor circuit may also

be configured to cause the signals to be provided to the respective color channel

inputs.

For example, the first signals, such as those produced in response to

reflectance by the tissue in a first near infrared wavelength band in which the

18



0
oabsorption coefficient of deoxyhemoglobin is greater than that of oxyhemoglobin,

may be provided to the green channel input of a color monitor, to produce a green

;image in which normal tissues appear bright green while cancerous tissues appear

OO dark. Simultaneously, the second signals, such as those produced in response to
reflectance in a second wavelength band in which the absorption coefficient of

N oxyhemoglobin is greater than that of hemoglobin, may be provided to the red

channel input of the color monitor, to produce a red image in which cancerous

tissues appear bright red while normal tissues appear dark. Thus, in the

N superposition of these two images on the monitor, normal tissues appear bright

S 10 green, while cancerous tissues appear bright red. Points in the tissue that are not
0
N cancerous but appear dark due to geometrical factors will appear dark in both the

green and red colors.

Alternatively, or in addition, producing the oxygenation image may involve,

for each point in the tissue, causing a corresponding pixel of a multi-pixel display

device to be illuminated with a brightness proportional to a ratio of a strength of the

first signal corresponding to the point to a strength of the second signal

corresponding to the point. The processor circuit may be configured to achieve

this.

Similarly, producing the oxygenation image may involve producing third

signals such that for each point in the tissue, a strength of the third signal

corresponding to the point is proportional to a ratio of a strength of the first signal

corresponding to the point to a strength of the second signal corresponding to the

point, and causing the third signals to be provided to a third color channel input of

the display device. The processor circuit may be configured to produce the third

signals and to cause them to be provided to the third color channel input.

The apparatus preferably includes third and fourth detectors operable to

produce respective signals in response to electromagnetic radiation in respective

third and fourth wavelength bands.

In such a case, the radiation direction system is preferably configured to

direct the radiation in the third and fourth wavelength bands onto the third and

fourth detectors. For example, such a radiation direction system may include first,

second and third partially reflecting devices and a reflector, configured in a similar



0
manner to the radiation direction system described above in connection with the

previous aspect of the invention.

;In accordance with another aspect of the invention, there is provided a

0 method, apparatus, computer readable medium and signal for producing a
S 5 fluorescence image of tissue. The method involves producing ratio signals such

that for each point in the tissue, a strength of the ratio signal corresponding to the

point is proportional to a ratio of an intensity of reflectance of the point in a first near

'infrared (NIR) wavelength band to an intensity of fluorescence of the point. The

C method further involves causing the ratio signals to be provided to an input of a

S 10 display device to produce the fluorescence image of the tissue. The apparatus
0
N includes a processor circuit configured to carry out the method. The computer

readable medium provides codes for directing a processor circuit to produce the

fluorescence image, and similarly, the signal is embodied in a carrier wave and

includes code segments for directing a processor circuit to implement the method.

Causing the ratio signals to be provided to the input may involve causing the

ratio signals to be provided to a first color channel input of a multicolor display

device. The method may further involve causing fluorescence signals produced in

response to the fluorescence to be provided to a second color channel input of the

display device, and similarly, may involve causing NIR reflectance signals produced

in response to the reflectance in the first NIR wavelength band to be provided to a

third color channel input of the display device. For example, the ratio signals, the

fluorescence signals and the NIR reflectance signals may be provided to a blue

channel input, a green channel input and a red channel input respectively of the

display device.

In accordance with another aspect of the invention, there is provided a

method, apparatus, computer readable medium and signals for producing a

fluorescence image of tissue. The method involves causing fluorescence signals

produced in response to fluorescence of the tissue to be provided to a first color

channel input of a multicolor display device, causing first near infrared (NIR)

reflectance signals produced in response to reflectance of the tissue in a first NIR

wavelength band to be provided to a second color channel input of the display

device, and causing second NIR reflectance signals produced in response to

reflectance of the tissue in a second NIR wavelength band to be provided to a third



color channel input of the display device. The apparatus includes a processor

circuit configured to carry out the method. The computer readable medium

;provides codes for directing a processor circuit to produce the fluorescence image,

0 and similarly, the signal is embodied in a carrier wave and includes code segments

for directing a processor circuit to implement the method.

Causing the signals to be provided to the inputs may involve causing the

fluorescence, first NIR reflectance and second NIR reflectance signals to be

'provided to a green channel input, a red channel input and a blue channel input

Cl respectively of the display device.

S 10 In accordance with another aspect of the invention, there is provided a
0
Cl method and apparatus for performing both fluorescence imaging and reflectance

imaging using the same detectors in an imaging device or camera. The method

involves sharing detectors in a multi-spectral-channel imaging device for both

fluorescence imaging and reflectance imaging, generating a desired detection

spectral profile for each imaging channel by convoluting the illumination controlled,

tissue remittance spectrum with the spectral response of each individual imaging

channel, and coordinating detector gain adjustment and illumination mode

switching through computer control.

Other aspects and features of the present invention will become apparent to

those ordinarily skilled in the art upon review of the following description of specific

embodiments of the invention in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

In drawings which illustrate embodiments of the invention,

Figure 1 is a schematic representation of an apparatus for facilitating

contemporaneous measurements of electromagnetic radiation with multiple

measuring devices, according to a first embodiment of the invention;

Figure 2 is a block diagram of system including an apparatus for

facilitating contemporaneous measurements of electromagnetic radiation with multiple

measuring devices, according to a second embodiment of the invention;

Figure 3 is a view of a beam-directing device of the apparatus shown in

Figure 2;



o Figure 4 is a schematic representation of an imaging device of the system
shown in Figure 2, having a radiation direction system;

;Figure 5 is a graphical representation of absorption spectra of three major

00 tissue chromophores (oxyhemoglobin, deoxyhemoglobin, and water) in the near

infrared (NIR) wavelength range;

l Figure 6 is a graphical representation of spectral responses of four

imaging channels of the imaging device shown in Figure 4;

SFigure 7 is a schematic representation of an imaging device of the system

Cl shown in Figure 2, having a radiation direction system according to a third

S 10 embodiment of the invention;
0
C Figure 8 is a schematic representation of a spectrometer of the system

shown in Figure 2;

Figure 9 is a schematic representation of an apparatus shown in Figure 2

for producing illuminating radiation for fluorescence and reflectance imaging,

according to a fourth embodiment of the invention;

Figure 10 is a graphical representation of a first spectral distribution for

fluorescence/NIR reflectance imaging, produced by the apparatus shown in Figure 9;

Figure 11 is a graphical representation of a second spectral distribution for

white light reflectance imaging, produced by the apparatus shown in Figure 9;

Figure 12 is a flowchart of a measurement routine executed by a processor

circuit of the system shown in Figure 2;

Figure 13 is a graphical representation of radiation reflected and

fluorescently emitted by an object when illuminated with the first spectral distribution

shown in Figure 

Figure 14 is a graphical representation of detection spectral profiles for the

imaging channels shown in Figure 6 when the imaging device shown in Figure 4

receives the radiation shown in Figure 13 (fluorescence/NIR reflectance imaging

mode);

Figure 15 is a graphical representation of fluorescence spectral

distributions produced by normal and by abnormal tissue, and of NIR reflectance

spectral distributions produced by normal tissue and by abnormal tissue, when

illuminated with the first spectral distribution shown in Figure 



o Figure 16 is a graphical representation of radiation reflected by an object

when illuminated with the second spectral distribution shown in Figure 11;

Figure 17 is a graphical representation of the detection spectral profiles for

0the imaging channels shown in Figure 6 when the imaging device shown in Figure 4
receives the radiation shown in Figure 16 (white light reflectance imaging mode);

Figure 18 is a schematic representation of an apparatus for producing

illuminating radiation for fluorescence and reflectance imaging, according to a fifth

embodiment of the invention; and

N Figure 19 is a schematic representation of an apparatus for producing

S 10 illuminating radiation for fluorescence and reflectance imaging, according to a sixth
0
Ci embodiment of the invention.

DETAILED DESCRIPTION

Referring to Figure 1, an apparatus for facilitating contemporaneous

measurements of electromagnetic radiation with multiple measuring devices,

according to a first embodiment of the invention is shown generally at 20. The

apparatus 20 includes a beam-directing device 22 locatable to cause first and

second adjacent groups 24 and 26 of rays of an electromagnetic radiation beam 28

to be directed for receipt by first and second measuring devices 30 and 32

respectively.

System

Referring to Figure 2, an electromagnetic radiation measuring system is

shown generally at 40. The system 40 includes an apparatus 42 for facilitating

contemporaneous measurements of electromagnetic radiation with multiple

measuring devices, according to a second embodiment of the invention. The

system 40 includes first and second measuring devices 44 and 46, which in this

embodiment include a spectrometer 48 and an imaging device, which in this

embodiment is a charge-coupled device (CCD) camera 50, respectively. The

apparatus 42 includes a beam-directing device 52 locatable to cause first and

second adjacent groups 54 and 56 of rays of an electromagnetic radiation beam 58



to be directed for receipt by the first and second measuring devices 44 and 46
Nrespectively.

;The system 40 further includes a processor circuit 41, which in this

0 embodiment is housed within a general-purpose computer 43 which includes a
monitor 45. The processor circuit 41 is in communication with the spectrometer 48,

and is programmed or configured to display, on the monitor 45, a graphical

representation of spectra measured by the spectrometer.

T The processor circuit 41 is also in communication with an RGB color frame

N grabber 47 and with camera controlling electronics 49 for controlling the CCD

S 10 camera 50. Generally, the camera controlling electronics serve to control four
0
N individual CCD detector areas within the CCD camera 50, described in greater

detail below, by synchronizing their signals and adjusting their gains. The camera

controlling electronics 49 also transmit signals from the individual CCDs to the RGB

color frame grabber 47, which digitizes such signals and transmits data

representing digital color images to the processor circuit 41. The processor circuit

is additionally in communication with a color monitor 51 used for displaying color

images measured by the CCD camera.

The processor circuit 41 is also in communication with an apparatus for

producing illuminating radiation for fluorescence and reflectance imaging, which in

this embodiment is an electromagnetic radiation provider 53. The electromagnetic

radiation provider 53 provides illumination electromagnetic radiation, via an optical

fiber bundle 55 to a viewing device 57, which in this embodiment includes an

endoscope 59. The optical fiber bundle 55 extends through the endoscope 59, to

direct the illumination radiation onto an object 63 to be viewed by the system 40. In

this embodiment, the object 63 includes human or animal tissues and organs.

More generally, however, throughout this specification, including the claims, the

word "object" is used in an optical sense to mean anything viewed, imaged or

measured by the system 

The processor circuit 41 is in further communication with a motion

mechanism 61 operable to move the beam-directing device 52 into and out of the

path of the beam 58 as desired. The motion mechanism may include a solenoid or

a motor, for example. Alternatively, the beam-directing device 52 may be

permanently fixed in the path of the beam 58.
24



oCamera Module

Referring to Figures 2 and 3, in this embodiment, the beam-directing device
52 is locatable to direct the first group 54 of rays for receipt by the first measuring

00
Ndevice 44. To achieve this, the beam-directing device 52 includes a reflective

surface 60 locatable in the beam 58 to reflect the first group 54 of rays from the

beam 58 while permitting the second group 56 of rays to bypass the reflective

surface 

In this embodiment, the apparatus 42 further includes a housing 62 in which

the beam-directing device 52 is locatable. The housing has an input port 64

configured to receive the electromagnetic radiation beam 58 from an imaging

channel 66 of the endoscope 59, and to direct the beam 58 to the beam-directing

device 52. The imaging channel 66 includes a coherent optical fiber bundle 67

attached at one end to the input port 64 through an eyepiece 68 of the endoscope

59. An opposite end of the coherent optical fiber bundle 67 extends through the

endoscope 59 to a tip 69 thereof, in proximity to the object 63. Alternatively,

however, the imaging channel may include a rigid optical path in the endoscope 59.

In this embodiment, the housing 62 also has a first measurement port 70 for

providing the first group 54 of rays to the first measuring device 44, or more

particularly, to the spectrometer 48. The beam-directing device 52 is thus locatable

in the housing to receive the beam 58 from the input port 64 and to direct the first

group 54 of rays to the first measurement port 

The apparatus 42 in the present embodiment also includes a lens 71

locatable within the housing 62 to focus the first group 54 of rays onto the first

measurement port 

In this embodiment the CCD camera 50 and the motion mechanism 61 are

also housed within the housing 62.

Beam-directing Device

Referring to Figures 2 and 3, the beam-directing device is shown in greater

detail at 52 in Figure 3 and includes a removable mirror 72. The removable mirror

72 includes a transparent glass plate 74. In this embodiment, the reflective surface

includes a reflective coating on a central region 76 of the glass plate 74. More



0
oparticularly, in this embodiment, the reflective coating reflects nearly 100% of visible

and near infrared wavelengths of electromagnetic radiation incident thereon. Apart

;from the central region 76 having the reflective surface 60 thereon, the remainder

00 of the glass plate 74 is coated with an anti-reflection coating to increase its

transmittance of electromagnetic radiation to nearly 100%.

In this embodiment, the reflective surface 60 is elliptical in shape so that the

reflected beam 54 has a circular cross-section when the removable mirror 72 is

_positioned at a 45 degree inclination to the incident electromagnetic radiation beam

N 58.

S 10 Alternatively, other types of beam-directing devices may be substituted. For
0
C example, the reflective surface 60 need not be at the center of the removable mirror

72. More generally, other types of reflective surfaces or other types of beam-

directing devices, may be substituted to cause the first and second adjacent groups

54 and 56 of rays to be directed for receipt by the first and second measuring

devices 44 and 46 respectively.

CCD Camera

Referring to Figures 2 and 4, the imaging device, or more particularly the

CCD camera, is shown generally at 50 in Figure 4. In this embodiment, the CCD

camera 50 includes a radiation direction system shown generally at 80 configured

to direct respective wavelength ranges of incident radiation in the second group 56

of rays onto respective corresponding detector areas 81 of the CCD camera 

More particularly, the radiation direction system 80 is configured to direct four

wavelength ranges of the incident radiation onto four respective corresponding

detector areas 82, 83, 84 and 85 in the CCD camera 50. The detector areas 82,

83, 84 and 85 in the present embodiment include individual first, second, third and

fourth detectors 86, 87, 88 and 89 respectively, which in this embodiment are

individual charge-coupled devices. Alternatively, however, other types of detector

areas, such as different regions of a single CCD for example, may be substituted.

Referring to Figure 4, in this embodiment, the radiation direction system 

includes a first partially reflecting device 90, a second partially reflecting device 92,

a third partially reflecting device 94 and a reflector 95. The first partially reflecting

device 90 is locatable so as to reflect a first wavelength range of the incident
26



o radiation to the first detector area 82 and to transmit other wavelengths. More

Nparticularly, the first partially reflecting device 90 includes a dichroic mirror which

;reflects electromagnetic radiation having wavelengths less than or equal to 500 nm,

0 i.e. blue and shorter wavelength radiation, to the first detector area 82, and which

transmits wavelengths longer than 500 nm toward the second partially reflecting

device 92.

The second partially reflecting device 92 is locatable to reflect a second

'wavelength range of radiation transmitted by the first partially reflecting device 90 to

N the second detector area 83 and to transmit other wavelengths. More particularly,

S 10 in this embodiment the second partially reflecting device 92 includes a dichroic

C mirror that reflects electromagnetic radiation having wavelengths less than or equal

to 600 nm and transmits radiation having wavelengths longer than 600 nm.

The third partially reflecting device 94 is locatable to reflect a third

wavelength range of radiation transmitted by the second partially reflecting device

92 to the third detector area 84 and to transmit other wavelengths. More

particularly, in this embodiment the third partially reflecting device 94 includes a

dichroic mirror that reflects electromagnetic radiation having wavelengths less than

or equal to 800 nm and transmits radiation having wavelengths longer than 800 nm.

The reflector 95 is locatable to reflect radiation transmitted by the third

partially reflecting device 94 to the fourth detector area 

Thus, referring to Figures 4 and 6, the effect of the first, second and third

partially reflecting devices 90, 92 and 94 and the reflector 95 is to direct "blue"

electromagnetic radiation having wavelengths shorter than 500 nm to the first

detector area 82, to direct "green" radiation having wavelengths between 500 and

600 nm to the second detector area 83, to direct "red" and near infrared (NIR)

radiation having wavelengths between 600 nm and 800 nm to the third detector

area 84, and to direct NIR radiation having wavelengths longer than 800 nm to the

fourth detector area 85. This leads to four imaging channels, blue green 

red/NIR and NIR (R1) having spectral responses as shown in Figure 6. Thus,

when the object 63 is illuminated by the electromagnetic radiation provider 53,

radiation from the object is received at the detectors, and more particularly, the

radiation direction system 80 is thus configured to direct respective wavelengths of

the radiation from the object onto the plurality of detectors, to define for each of the



detectors a spectral response range shown in Figure 6, with which the radiation
Nfrom the object is convoluted. This optical configuration of the camera facilitates

;performance of both fluorescence imaging and reflectance imaging with the same

OO detectors, when used together with the electromagnetic radiation provider 53
S 5 shown in Figure 9.

N Referring back to Figure 4, in this embodiment, the CCD camera 50 further

includes a plurality of lenses and filters. For example, first, second, third and fourth

'4 lenses 96, 98, 100 and 101 are configured to focus radiation received from the

C radiation direction system 80 onto the first, second, third and fourth detector areas

o 10 82, 83, 84 and 85 respectively.
0
N Referring back to Figure 4, in this embodiment the radiation direction system

further includes a bandpass (BP) filter 104 having negligible out-of-band

transmission characteristics, interposed between the second partially reflecting

device 92 and the second detector area 83. More particularly, the BP filter 104 is a

green bandpass filter which transmits radiation between 500 and 600 nm, and

which transmits less than one part in 105 of radiation outside this wavelength range.

The BP filter 104 facilitates accurate fluorescence imaging by preventing

measurement errors that would otherwise be introduced by reflected excitation light

and NIR light, without detracting from the performance of the CCD camera 50 for

white light reflectance imaging.

Similarly, in this embodiment the radiation direction system includes a BP

filter 106 having negligible out-of-band transmission characteristics, interposed

between the third partially reflecting device 94 and the third detector area 84. More

particularly, the BP filter is a red-NIR bandpass filter which transmits radiation

between 600 nm and 800 nm, and which transmits less than one part in 105 outside

this wavelength range. The BP filter 106 facilitates accurate red/NIR image

acquisition in the 600 to 800 nm wavelength band by preventing measurement

errors that would otherwise be introduced by reflected excitation light or other light

outside this band, without detracting from the performance of the CCD camera 

for white light reflectance imaging.

Similarly, in this embodiment the radiation direction system includes a BP

filter 108 having negligible out-of-band transmission characteristics, interposed

between the reflector 95 and the fourth detector area 85. More particularly, the BP
28



0
filter 108 is a NIR bandpass filter which transmits radiation between 800 nm and

900 nm, and which transmits less than one part in 105 outside this wavelength

;range. This facilitates accurate NIR image acquisition in the 800 to 900 nm

00 wavelength band by preventing measurement errors that would otherwise be

introduced by reflected excitation light or other light outside this wavelength band.

The BP filters 104, 106 and 108 provide for enhanced color separation

beyond that provided by the first, second and third partially reflecting devices

_themselves. Such enhanced color separation is particularly advantageous in the

i present embodiment, where the CCD camera 50 is to be used for both reflectance

and fluorescence imaging. In contrast, a conventional RGB color CCD camera

used for white light reflectance imaging, for example, typically has out-of-band

transmission characteristics as high as 10%, which would significantly increase

measurement errors in a fluorescence image produced with the second detector

area 83 and red/NIR reflectance images produced with the third and fourth detector

areas 84 and 85. Thus, the negligible out-of-band transmission characteristics of

the filters 104, 106 and 108 allow the CCD camera 50 to be used for both white

light reflectance imaging and for fluorescence/NIR reflectance imaging, without the

serious measurement errors that would result if a conventional RGB camera were

used for this purpose. Alternatively, other combinations of lenses or filters may be

substituted or such lenses and filters may be omitted, potentially resulting in lower

image quality and increased measurement error.

In this embodiment, the CCD camera 50 as described above is designed to

facilitate three imaging modalities: 1) conventional white light reflectance imaging;

2) fluorescence imaging; and 3) NIR reflectance imaging.

The third imaging modality, referred to herein as NIR reflectance imaging, is

a new imaging modality designed to assess the blood flow and oxygenation status

of tissues under viewing for further diagnostic accuracy improvement.

Referring to Figure 5, the absorption spectra of major tissue chromophores

(oxyhemoglobin (HbO2 deoxyhemoglobin and water (H20)) in the N1R

wavelength range are shown generally at 110. A water absorption spectrum 111 is

relatively flat between 700 nm and 900 nm, rises sharply after 920 nm and peaks at

980 nm. An oxyhemoglobin absorption spectrum 112 increases slowly with

wavelengths starting from 700 nm and reaches a maximum at about 900 nm. A
29



0
odeoxyhemoglobin absorption spectrum 114 has a peak at 760 nm and then

N decreases until 900 nm. The absorption coefficients of oxyhemoglobin and

;deoxyhemoglobin are equal (an isobestic point) at 800 nm.

OO To visualize the differences of oxygenation status between cancerous tissue
S 5 and normal tissue, in this embodiment, the tissue is illuminated with near infrared

N radiation, as discussed in greater detail below in the context of the electromagnetic

radiation provider 53. Two distinct NIR wavelength bands are selected for NIR

'4 reflectance imaging of the tissue: a first NIR wavelength band 116 from 750 nm to

C 800 nm, where deoxyhemoglobin absorption is higher than that of oxyhemoglobin,

S 10 and a second NIR wavelength band 118 from 800 nm to 900 nm, where

Soxyhemoglobin absorption is higher than that of deoxyhemoglobin. Water

absorption is almost constant across the first and second NIR wavelength bands

116 and 118. Cancerous tissue contains more deoxyhemoglobin than

oxyhemoglobin as compared to normal tissue due to hypoxia, therefore, in an

image of the tissue in the first NIR wavelength band 116, cancerous tissue appears

darker than normal tissue. In contrast, in an image of the tissue in the second NIR

wavelength band 118, cancerous tissue appears brighter than normal tissue.

The present embodiment of the invention allows such images of the tissue to

be produced. More particularly, due to the configuration of the CCD camera 50, the

radiation direction system 80 and the BP filters 106 and 108, the CCD camera 

acts as an apparatus for detecting tissue oxygenation status, the apparatus

including a first detector the third detector 88) operable to produce a first signal

in response to radiation reflected by tissue in the first NIR wavelength band 116,

and a second detector the fourth detector 89) operable to produce a second

signal in response to radiation reflected by the tissue in the second near infrared

wavelength band 118, which is selected such that a ratio of an absorption

coefficient of oxyhemoglobin to an absorption coefficient of deoxyhemoglobin in the

second wavelength band is different than the ratio in the first wavelength band, the

first and second signals being operable for use in producing an oxygenation image

of the tissue

These signals may then be combined, by using the signals produced by the

third detector 88 to produce a green image of the tissue, and using the signals

produced by the fourth detector 89 to produce a red image superimposed on the



green image, for example. Such a combination distinguishes cancerous tissue
from normal tissue quite clearly, as the normal tissues will tend to appear bright

;green while the cancerous tissues tend to appear bright red.

0 Alternatively, other ways of combining the reflectance information of the
S 5 tissue in the first and second NIR wavelength bands may be substituted. In

addition, although the above-noted selection of the first and second NIR

wavelength bands serves to produce an optimal distinction between cancerous and

normal tissues, alternatively, any other two suitable near infrared wavelength bands

N may be substituted, provided the ratio of the absorption coefficient of

o 10 oxyhemoglobin to deoxyhemoglobin in one band is different from that in the other.
0
N Preferably, the absorption coefficient of water should be roughly equal in the two

NIR wavelength bands, in order to avoid significant measurement errors resulting

from absorption of chromophores other than oxyhemoglobin and deoxyhemoglobin.

Although it would be possible to observe reflectance of the tissue in only one

near infrared wavelength band rather than two, this would not be desirable, as the

second near infrared wavelength band in the present embodiment allows for

normalization or correction for geometrical factors.

For example, there are at least two alternative reasons why a given point in

the tissue may appear dark in the first NIR wavelength band. On the one hand, the

tissue may be diseased or abnormal at that point and may therefore exhibit

hypoxia. On the other hand, however, the tissue may be normal, but may simply be

further away from the tip of the endoscope than other points in the tissue, or

alternatively light from that point in the tissue may be reduced by partial obstruction

or other geometrical factors, such as curved tissue surfaces, folds, polyps, or the

angle of the endoscope relative to the tissue surface, for example. It is not possible

to determine the cause of such a dark region from the reflectance intensity of the

region in a single wavelength band.

However, although abnormal or diseased tissue has a lower reflectance than

normal tissue in the first NIR wavelength band 116, such diseased tissue will have

a higher reflectance than normal tissue in the second NIR wavelength band 118.

Thus, in order to produce a normalized oxygenation image to correct for

geometrical factors, in the present embodiment, the tissue is simultaneously

observed by the third and fourth detectors 88 and 89 in the first and second NIR
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o wavelength bands 116 and 118 respectively. In the previous example, where the
signals produced by the third detector 88 are used to produce a green image and
the signals produced by the fourth detector 89 are used to produce a red image,

OO any normal tissue that appears dark in the green image only because of
S 5 geometrical factors will also appear dark in the red image, as geometrical factors

N are typically wavelength-independent. However, tissue that appears dark in the

green image because it is cancerous will appear bright in the red image due to the

hypoxia of the cancerous tissue and the lower absorption coefficient of

N deoxyhemoglobin in the second NIR wavelength band.

S 10 In addition to the utility of the third and fourth detectors in the NIR reflectance

C imaging modality described above, these detectors also allow for improvements in

the fluorescence imaging modality. More particularly, a fluorescence image may be

normalized or corrected for geometrical factors using NIR reflectance images,

which are better-suited for this purpose than the visible red light reflectance images

previously used by the present inventors to normalize fluorescence images, due to

the greater similarity of reflectances of normal and diseased tissues at N1R

wavelengths as compared to visible wavelengths.

The conceptual basis for normalization of the fluorescence image is similar

to that described above in connection with the NIR reflectance modality. Abnormal

or diseased tissue fluoresces with significantly lower intensity than normal tissue

and therefore, diseased tissue appears dark in a fluorescence image. Normal

tissue may also appear dark in a fluorescence image due to geometrical factors.

However, diseased tissue will reflect NIR radiation at intensities somewhat similar

to those of normal tissue, as the differences between the NIR reflectance intensities

of normal and abnormal tissues are much smaller than the differences between the

fluorescence emission intensities of normal and abnormal tissues. Thus, in order to

normalize the fluorescence image to correct for geometrical factors, in the present

embodiment, the tissue is simultaneously illuminated with blue light to induce

fluorescence in the tissue, and with near infrared radiation longer than 750 nm to

produce an NIR reflectance image of the tissue. The production of such

illuminating radiation is discussed in further detail below in the context of the

electromagnetic radiation provider 53.



0
oReferring back to Figure 4, the configuration of the CCD camera 50, the

radiation direction system 80 and the filters 104, 106 and 108 allow radiation

;fluorescently emitted by the tissue to be received at the second detector 87, while

OO NIR radiation reflected by the tissue between 750 and 800 nm is received at the

third detector 88, and NIR radiation reflected by the tissue between 800 and 900

nm is received at the fourth detector 89. The signals produced by the fourth

0' detector 89 may then be used to generate a visible red image of the tissue on a

display screen. The signals produced by the second detector 87 may be used to

Ssimultaneously generate a green fluorescence image superimposed over the red

S 10 reflectance image. Thus, if a given point is dark in the fluorescence image simply
0
C because it is farther away from the endoscope tip or due to other geometrical

factors, then that point also appears dark in the NIR reflectance image, and

therefore appears dark in the superposition of the two green and red images.

However, if a given point in the tissue appears dark in the fluorescence image

because it is abnormal or diseased, then that point is likely to appear bright in the

NIR reflectance image, and therefore appears as a red spot in the superposed

image.

Alternatively, the signals produced by the third detector 88 may be used to

normalize the fluorescence image, although the signals produced by the fourth

detector 89 are preferred as the intensity changing trends from normal tissue to

cancerous tissue for the fluorescence and NIR reflectance images are in the

opposite direction if the signals produced by the fourth detector are used: as tissue

changes from normal to diseased tissue, its fluorescence decreases, while its

reflectance in the second NIR wavelength band 118 increases. Therefore, for

normalization purposes, the signals produced by the fourth detector 89 provide

better contrast between cancerous tissue and normal tissue than the signals

produced by the third detector 88 in response to reflectance by the tissue in the first

NIR wavelength band, in which the transition from normal to diseased tissue is in

the same direction (decreasing in intensity) as fluorescence.

Referring to Figure 7, in an alternative embodiment of the invention, the

radiation direction system 80 may include a prism system 119 configured to direct

the respective wavelength ranges of the incident radiation, i.e. the second group 56

of rays, onto the respective corresponding detector areas. As in the embodiment
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o shown in Figure 4, BP filters 104, 106 and 108 are preferably placed in front of
Ncorresponding detectors 87, 88 and 89 for optimal fluorescence and NIR

reflectance detection.

00
cDiagqnostic Sensitivity Adiustment

Referring back to Figures 2 and 4, an apparatus for producing a high

diagnostic sensitivity image while achieving high diagnostic specificity with

'spectroscopy is shown generally at 120 in Figure 2. In this embodiment the

apparatus 120 includes the CCD camera 50. The apparatus 120 includes at least

two detectors for receiving radiation in respective wavelength ranges. More

particularly, the apparatus includes the first, second, third and fourth detectors 86,

87, 88 and 89 for receiving radiation in four respective wavelength ranges, namely,

blue green red/NIR and NIR (R1) respectively, as described above.

At least one of the detectors has a selectively adjustable gain adjustable to

produce an optimized image of the object 63 in response to input radiation. More

particularly, in this embodiment each of the individual detectors 86, 87, 88 and 89

has an adjustable gain, adjustable to produce an optimized image of tissue

observed by the endoscope 59 in response to the electromagnetic radiation beam

58 received from the endoscope.

In this embodiment, the apparatus 120 further includes the housing 62

containing the detectors 86, 87, 88 and 89 and having the first measurement port

for providing at least some of the input radiation to the spectrometer 48 to

facilitate measurement of a spectrum of the input radiation from a point in an area

of the object 63, i.e. the tissue, appearing in the optimized image.

In the present embodiment, the processor circuit 41 shown in Figure 2 is

programmed or configured to control the camera controlling electronics 49 to

selectively adjust the diagnostic sensitivity, which in this embodiment is achieved by

adjusting the gain, in at least one of the detectors 86, 87, 88 and 89 relative to the

gain of at least one other of the detectors 86, 87, 88 and 89 to produce the

improved image of the object.

More particularly, in this embodiment the processor circuit 41 is configured to

selectively adjust at least one of a near infrared (NIR) wavelength range gain and a

green wavelength range gain to produce a desired NIR-to-green gain ratio, and
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o therefore, a desired NIR-to-green signal ratio for fluorescence imaging of the object

N 63 at a desired diagnostic sensitivity.

;Such selective diagnostic sensitivity adjustment is particularly advantageous

0where the tissue is illuminated with an excitation and a N1R component, as

described in greater detail below, in connection with the electromagnetic radiation

provider 53. In existing systems, the green gain is set relatively high for

fluorescence imaging, as the intensity of radiation fluorescently emitted by the

'tissue is typically low. If the red-to-green gain ratio, and therefore, the red-to-green

Cl signal ratio is too low, then potentially diseased areas might- appear dark rather

S 10 than red in the superposed image, resulting in undesirable "false negative"
0
Cl diagnoses. Conversely, in existing systems it has been viewed as desirable to

prevent the red-to-green gain ratio, and therefore, the red-to-green signal ratio,

from being too high, to prevent normal tissues from appearing red rather than

green, which would result in too many "false positive" diagnoses. However, the

present embodiment of the invention effectively removes this limitation, by providing

some of the electromagnetic radiation beam 58 to the spectrometer 48 via the first

measurement port 70, in order to use simultaneous fluorescence spectroscopy to

achieve higher diagnostic specificity. Therefore, a broader range of relative gain

relationships of the second, third and fourth detectors 87, 88 and 89 is available in

the present embodiment of the invention than would have been previously possible.

Thus, in this embodiment, in which the signal from the fourth detector 89 is

used to normalize the fluorescence image, the processor circuit 41 is configured to

selectively adjust the gains of the second or green detector 87 and the fourth

detector 89 to pre-defined levels in order to produce an optimized fluorescence

image of the tissue. It will be appreciated that these pre-defined levels will depend

to varying extents on the particular characteristics of the detectors 86, 87, 88 and

89, of the electromagnetic radiation provider 53 and of the endoscope 59, and

therefore will vary from system to system. These pre-defined levels are determined

empirically in each such system by performing a statistically significant number of

imaging and spectroscopy tests with varying gain ratios and confirming the results

of each test with biopsy test results, in order to arrive at the optimized diagnostic

sensitivity levels for the particular system. Alternatively, if desired, pre-defined gain

levels for a "typical" system may be stored by the manufacturer of the apparatus



120 in a computer-readable storage medium readable by the processor circuit 41,

thereby removing the need to perform such empirical tests, although such "typical"

;pre-defined levels will not necessarily take into account the unique characteristics

0of the particular system.

S 5 Similarly, in this embodiment the processor circuit 41 is also configured to

selectively adjust red, green and blue wavelength range gains to produce a desired

C color balance for white light reflectance imaging of the object. Once again, such

'gains may be set to pre-defined levels, which may be obtained by empirical testing

'N of the particular system or which may alternatively be stored on a computer-

o 10 readable storage medium based on previous testing of a typical system.

N In this embodiment the apparatus 120 is used for fluorescence imaging,

white light reflectance imaging and NIR reflectance imaging. Therefore, in this

embodiment the processor circuit 41 is configured to set the gains in the at least

one of the detectors and in the at least one other of the detectors to a first set of

gain levels to enhance display of abnormal areas of the object in a fluorescence

image of the object, and is configured to set the gains to a second set of gain levels

to enhance display of the abnormal areas of the object in a white light reflectance

image of the object. In the present embodiment, fluorescence imaging and NIR

reflectance imaging may be performed simultaneously, and therefore the gain

levels for fluorescence imaging may also be used for NIR reflectance imaging.

Alternatively, however, the processor circuit may be configured to set the gains to a

third set of gain levels to enhance display of the abnormal areas of the object in a

NIR reflectance image of the object.

Spectrometer

Referring to Figures 2 and 8, the spectrometer is shown generally at 48 in

Figure 8. As described above in connection with Figures 2 and 3, the first group 54

of rays of the electromagnetic radiation beam 58 is directed by the reflective

surface 60 and lens 71 to the first measurement port 70. In this embodiment, a first

open end 121 of an optical fiber bundle 122 is connected to the first measurement

port 70 for providing the first group 54 of rays to the spectrometer 48. In the

present embodiment the optical fibers at the first open end 121 of the optical fiber

bundle 122 are arranged in a circular configuration, to correspond to the shape of
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0
o the reflective surface 60 as imaged onto the first measurement port 70 by the lens

71. However, at a second open end 123 of the optical fiber bundle 122 which is

;connected to the spectrometer 48, the individual optical fibers are rearranged into a

OO linear configuration.
S 5 In this embodiment, the linear second open end 123 of the optical fiber

N bundle enters the spectrometer 48 and projects light received from the first

measurement port 70 onto first and second lenses 124 and 125, which image the

'linear second open end 123 onto an entrance slit 126 of a spectrograph 127. In

C addition, a filter 128 is removably interposed between the two lenses 124 and 125.

S 10 In this embodiment the filter 128 is a longpass (LP) filter passing electromagnetic

Sradiation longer than 475 nm and having negligible transmission characteristics at

shorter wavelengths. More particularly, in this embodiment the filter 128 is a

GG475 Schott glass filter, although alternatively, other suitable filters may be

substituted.

The filter 128 is interposed between the two lenses during fluorescence/NIR

reflectance imaging of the object 63 with the endoscope 59, to block reflections of

the short-wavelength excitation radiation used to induce fluorescence in the object.

For white light reflectance imaging of the object, the filter 128 is removed from its

position between the two lenses. To achieve this, the filter 128 includes a solenoid

switch and a control device in communication with the processor circuit 41 of the

computer 43, which is programmed to control the solenoid switch to insert the filter

128 between the lenses 124 and 125 for fluorescence/NIR reflectance

spectroscopy and to remove it for visible reflectance spectroscopy. Alternatively,

other means of moving the filter 128 may be substituted, or alternatively the filter

128 may be omitted if only visible reflectance spectroscopy is desired, or

permanently fixed if only fluorescence/NIR reflectance spectroscopy is desired.

The spectrograph 127 is in communication with a CCD array detector 129 for

producing an image representing intensity at each wavelength received by the

spectrometer 48. The CCD array detector 129 captures a spectrum image from the

spectrograph 127, and vertically bins the image to provide a high signal to noise

ratio spectrum. The CCD array detector 129 is in communication with the

processor circuit 41 of the computer 43, which is programmed to display the

spectrum in real time on the monitor 



0
oElectromagnetic Radiation Provider

Referring to Figures 2, 9, 10 and 11, an apparatus for producing illuminating

nradiation for fluorescence and reflectance imaging is shown generally at 130 in
00O
c Figure 9. In this embodiment the apparatus 130 includes the electromagnetic

radiation provider 53 shown in Figure 2. The electromagnetic radiation provider 53

Nincludes an optical system shown generally at 132 in Figure 9, which includes first

and second optical subsystems 134 and 136, operable to selectively produce first

cand second spectral distributions such as those shown generally at 138 in Figure
and at 140 in Figure 11 for example, for fluorescence/NIR reflectance imaging

and white light reflectance imaging respectively. The first spectral distribution 138

shown in Figure 10 includes an excitation component 142 received from the first

optical subsystem 134, and a NIR component 144 received from the second optical

subsystem 136. The second spectral distribution 140 shown in Figure 11 includes

a white light illumination component 146 received from the first optical subsystem

134.

Although an excitation component alone would suffice for basic fluorescence

imaging, it has been found that using only a single short-wavelength excitation

waveband is disadvantageous, as it fails to account for the geometry of the tissue

being imaged. Thus, in the present embodiment, to correct for geometrical factors

as discussed above in the context of the CCD camera 50, for fluorescence imaging,

the tissue is simultaneously irradiated with the excitation component 142 and the

NIR component 144 shown in Figure 10. More particularly, in this embodiment the

NIR component 144 includes radiation in a NIR reflectance waveband between 750

nm and 900 nm. This additional reflectance waveband may be used to illuminate

the tissue to produce two NIR reflectance images (in the first and second NIR

wavelength bands 116 and 118, between 750 nm and 800 nm and between 800

nm and 900 nm respectively) of the tissue, simultaneously with producing the

fluorescence image of the tissue. One of the NIR reflectance images may then be

used to correct or normalize the fluorescence image for the geometry of the tissue.

The two NIR images may also be used to display a NIR reflectance image

representing tissue oxygenation status, for further improvement in diagnostic

accuracy, as discussed in greater detail above.
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The present embodiment of the invention provides greater flexibility than

previously existing systems, by virtue of the first and second optical subsystems.

;For example, in the present embodiment the use of the NIR component 144 to

0 normalize a fluorescence image provides enhanced correction for geometric factors

compared to systems employing visible red normalization components, due to the

greater similarity of the reflectance spectra in NIR wavelength ranges of normal and

abnormal tissues than at shorter visible red wavelengths. Also, the use of NIR

T radiation longer than 750 nm as the NIR component 144 allows for a full

wavelength range fluorescence spectrum ranging from 450 nm to 750 nm to be

S 10 measured. Additionally, in the present embodiment, because the NIR component
0
N 144 is received from the second optical subsystem 136, the NIR component 144

does not travel through the first optical subsystem 134, thereby preventing

unnecessary heating damage to components of the first optical subsystem.

Alternatively, the use of first and second optical subsystems allows for greater

flexibility in selecting other wavelength ranges for the excitation and normalization

components, which, in contrast with previously existing systems, do not have to be

provided using a single optical filter.

In addition, because the first and second optical subsystems 134 and 136

are provided in a single optical system 132, fluorescence and reflectance imaging

may be achieved without the need to manually disconnect one light source and

connect another to the endoscope 59.

Referring to Figure 9, 10 and 11, in this embodiment, the first optical

subsystem 134 is operable to receive the white light illumination component 146

and the excitation component 142. The first optical subsystem 134 is operable to

transmit the excitation component 142 in a first operational mode for fluorescence

imaging, and to transmit the white light illumination component 146 in a second

operational mode for white light reflectance imaging.

Similarly, the second optical subsystem 136 is operable to receive the NIR

component 144. The second optical subsystem 136 is operable to transmit the NIR

component in the first operational mode and to block the NIR component in the

second operational mode.

Generally, in the present embodiment the optical system 132 includes a filter

system. More particularly, in this embodiment the first optical subsystem 134
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includes a filtering device 150 operable to transmit the excitation component 142

while attenuating other wavelengths in the first operational mode. The filtering

;device 150 is operable to transmit the white light illumination component 146 in the

0 second operational rhode. More particularly, in this embodiment the filtering device
N 5 150 includes two interchangeable filters, namely, a blue bandpass (BP) filter 152

for transmitting the excitation component 142 in the first operational mode, and a

color balance filter 154 interchangeable with the blue BP filter, for transmitting the

twhite light illumination component in the second operational mode.

N More particularly, in the first operational mode, the blue BP filter 152 is

o 10 placed in the path of the radiation received by the first optical subsystem. In this

N embodiment, the blue BP filter 152 passes electromagnetic radiation wavelengths

between 400 nm and 450 nm, to provide the excitation component 142. The blue

BP filter 152 has negligible out-of-band transmission characteristics, transmitting

less than one part in 105 of electromagnetic radiation outside the 400 to 450 nm

wavelength band. This blue transmission band has been found to be suitable for

exciting fluorescence emission in tissues, and unlike ultraviolet radiation for

example, does not cause appreciable damage to the irradiated tissues.

Alternatively, however, other transmission wavebands and out-of-band

transmission characteristics may be selected if desired. Thus, in the first

operational mode, the filter 152 ensures that the first optical subsystem 134

transmits only the excitation component 142 of the radiation received by the first

optical subsystem.

In the second operational mode, the color balance filter 154 is placed in the

path of the radiation received by the first optical subsystem 134. In this

embodiment, the color balance filter is designed to transmit, as the white light

illumination component 146, a flat spectral distribution of visible light ranging from

400 nm to 700 nm, to provide the second spectral distribution 140 for illuminating

the tissue for white light reflectance imaging. The color balance filter 154 has

negligible out-of-band transmission characteristics. It will be appreciated that in

order to ensure this flat spectral output, the color balance filter 154 is designed to

compensate for the particular spectrum of the radiation received by the first optical

subsystem 134, which in turn depends on the particular source 148 that is

employed. Alternatively, other types of color balance filters may be substituted to



provide the second spectral distribution for illumination of the tissue for white light
Nreflectance imaging. Or, as a further alternative, the color balance filter may be

;omitted entirely if the spectral distribution of the input radiation received by the first

0 optical subsystem is already suitable for white light reflectance imaging of the

tissue.

CReferring to Figure 9, in this embodiment, the second optical subsystem 136

includes a filtering device shown generally at 162 operable to transmit the NIR

'component 144 while attenuating other wavelengths in the first operational mode.

N The filtering device 162 is operable to block the NIR component in the second

S 10 operational mode.
0
N More particularly, in this embodiment the filtering device 162 includes two

interchangeable filters, namely, a NIR Iongpass (LP) filter 164 for transmitting the

NIR component 144 in the first operational mode, and a light stopper 166

interchangeable with the LP filter, for blocking the NIR component in the second

operational mode.

In the first operational mode, the NIR LP filter 164 is placed in the path of

input radiation received by the second optical subsystem 136. The NIR LP filter

transmits wavelengths longer than 750 nm, and has negligible transmission

characteristics at shorter wavelengths. Alternatively, other types of filter, such as a

NIR BP filter for example, may be substituted in the first operational mode if

desired.

In the second operational mode, the light stopper 166 is placed in the path of

the input radiation received by the second optical subsystem 136. The light stopper

effectively blocks all wavelengths received by the second optical subsystem 136.

Alternatively, other types of light stoppers or filters may be substituted for this

purpose.

Referring to Figures 2 and 9, in order to switch between the first and second

operational modes referred to above, the processor circuit 41 is in communication

with first and second switching devices shown generally at 156 and 168

respectively in Figure 9. The processor circuit 41 is programmed to control the first

switching device 156 to interchange the blue bandpass filter 152 and the color

balance filter 154 in the path of the input radiation received by the first optical

subsystem 134. Similarly, the processor circuit is programmed to control the
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second switching device 168 to interchange the NIR LP filter 164 and the light

stopper 166 in the path of the input radiation received by the second optical

;subsystem 136. The first and second switching devices may include solenoid

0switches 158 and 170 respectively, and control devices 160 and 172 for actuating
the solenoid switches 158 and 170 respectively. Alternatively, other types of

switching devices may be substituted.

Still referring to Figures 2 and 9, in this embodiment the optical system 132

'further includes a combiner shown generally at 173, locatable to direct radiation

Cl transmitted by the first and second optical subsystems 134 and 136 along a

o 10 common optical path 175.

Cl More particularly, in this embodiment the combiner 173 includes a dichroic

reflecting device 174 locatable to transmit radiation transmitted by the first optical

subsystem 134 along the path and to reflect radiation transmitted by the second

optical subsystem 136 along the path. In the present embodiment, the dichroic

reflecting device transmits electromagnetic radiation shorter than 750 nm, but

reflects radiation longer than 750 nm. The dichroic reflecting device thus transmits

visible wavelengths received from the first optical subsystem 134 along the path

175, and reflects NIR wavelengths received from the second optical subsystem 136

along the path.

The optical system 132 also includes a lens 176 Iocatable in the optical path

175, to focus the radiation transmitted by the first and second optical subsystems

134 and 136 onto an exit port 178. More particularly, in this embodiment the exit

port 178 includes an open end of the optical fiber bundle 55 shown in Figure 2, in

order to transmit radiation passed by the first optical subsystem 134 and the

second optical subsystem 136 through the endoscope 59 to the object 63.

Referring to Figure 9, the apparatus 130 further includes at least one

electromagnetic radiation source, shown generally at 148, for providing the white

light illumination component 146 and the excitation component 142 to the first

optical subsystem 134, and for providing the NIR component 144 to the second

optical subsystem 136.

More particularly, in this embodiment the electromagnetic radiation source

148 includes a lamp 180, which in this embodiment is a 100 W mercury arc lamp,

model 6281 from Oriel Instruments, Stratford, CT, USA, having an arc size of
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o approximately 0.25 mm. Alternatively, a xenon arc lamp, a metal halide lamp or

any other suitable lamp or other radiation source may be substituted, although it is

;preferable that a single source be able to provide all necessary illumination for both

0 reflectance and fluorescence imaging. If an arc lamp is used, then preferably it has

a small arc size, such as the 0.25 mm arc size of the lamp 180 in the present

embodiment, as such a small arc size facilitates ultimate focusing of the light onto a

small fiber bundle. Alternatively, the lamp may be omitted entirely, and the

T apparatus 130 may simply provide an optical system for spectral modification of

N existing light sources, although it is preferable that the color balance filter 154, if

S 10 provided, be designed to correspond to the particular type of lamp used. As a
0
N further alternative, the at least one electromagnetic radiation source may include

two or more electromagnetic radiation sources.

In this embodiment the electromagnetic radiation source 148 further includes

an elliptical reflector 182. The lamp 180 is positioned at a focal point of the elliptical

reflector 182.

Referring to Figures 9, 10 and 11, the electromagnetic radiation source 148

further includes a beam splitter 184 operable to receive input electromagnetic

radiation, to reflect the white light illumination component 146 and the excitation

component 142 for receipt by the first optical subsystem 134 and to transmit the

NIR component 144 for receipt by the second optical subsystem 136. Thus, in this

embodiment the lamp 180 is operable to provide the input electromagnetic radiation

to the beam splitter 184. Either the lamp 180, or the beam splitter 184, or both,

may be viewed as examples of an electromagnetic radiation source locatable to

produce the input electromagnetic radiation for receipt by the optical system 132.

More particularly, the beam splitter 184 receives the input electromagnetic

radiation from the lamp 180 and the elliptical reflector 182. In this embodiment the

beam splitter includes a cold mirror, which reflects visible light but transmits near

infrared radiation. The beam splitter 184 is positioned to reflect visible light, which

includes both the white light illumination component 146 shown in Figure 11 and

the excitation component 142 shown in Figure 10, for receipt by the first optical

subsystem 134.

The beam splitter 184 transmits near infrared and longer wavelengths of the

input radiation, which include the NIR component 144 shown in Figure 10, for
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0
o receipt by the second optical subsystem 136. More particularly, in this embodiment

Nthe optical system 132 includes a redirecting device 188 locatable to receive the

;NIR component 144 from the beam splitter 184, and to redirect the NIR component

OO to the second optical subsystem 136. In this embodiment the redirecting device

188 includes an optical fiber bundle. Alternatively the redirecting device 188 may

include a liquid light guide such as that shown in broken outline at 189, or any other

suitable redirecting device.

The optical system 132 may further include various additional optical

Celements, if desired. For example, in this embodiment the first optical subsystem

S 10 134 includes a lens 190, or more particularly a piano-convex lens, for collimating
0
Sthe input radiation received from the beam splitter 184 through the filtering device

150 toward the dichroic reflecting device 174 and lens 176. Similarly, the second

optical subsystem 136 includes a lens 192 for collimating the input radiation

received from the redirecting device 188 through the filtering device 162 toward the

dichroic reflecting device 174.

Thus, referring to Figures 9, 10 and 11, in this embodiment the optical

system 132 is operable to produce, as the excitation component 142, radiation

having blue and shorter wavelengths. The optical system is therefore operable to

produce, as the excitation component, a short wavelength component sufficiently

short to cause fluorescence in the object 63, which in this embodiment is tissue.

Likewise, the optical system is operable to produce, as the NIR component 144, a

long wavelength component longer than fluorescent emission wavelengths of the

object. In this embodiment the fluorescent emission wavelengths typically include

wavelengths from 450 nm to 750 nm, and thus, in the present embodiment the NIR

component is produced at wavelengths of 750 nm and longer.

As shown in Figure 10, the optical system 132 is operable to produce the

first spectral distribution 138 to have an intensity at the fluorescent emission

wavelengths sufficiently below an intensity of fluorescent radiation emitted by the

object, i.e. tissue, in response to the short wavelength component, to permit

detection of the fluorescent radiation. More particularly, in this embodiment the first

spectral distribution has negligible intensity at fluorescent emission wavelengths,

and more particularly, has negligible intensity between 450 and 750 nm. This

facilitates full wavelength range fluorescence spectral measurement of the tissue,
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as the negligible illumination intensity at fluorescent emission wavelengths results

in negligible measurement errors caused by reflectances at these wavelengths.

;Thus, as shown in Figure 10, in this embodiment the first spectral distribution

OO consists essentially of the short and long wavelength components, the short
wavelength component consisting essentially of radiation having wavelengths

between about 4%x10 2 nm and about 4x10 2 nm, and the long wavelength

component consisting essentially of radiation having wavelengths between about

7 x10 2 nm and at least about 9x10 2 nm. Therefore, in this embodiment, the

N negligible intensity of the first spectral distribution 138 at the green and red

S 10 fluorescent emission wavelengths prevents reflections by the tissue at these
0
N wavelengths which would introduce measurement errors into measurements of the

intensity of fluorescence of the tissue.

Similarly, referring to Figures 9 and 11, the optical system 132 is operable to

produce, as the white light illumination component 146, visible light.

Operation

Referring to Figures 2 and 12, a measurement routine executed by the

processor circuit 41 is shown generally at 200 in Figure 12. In this embodiment, the

measurement routine 200 is stored on a computer-readable storage medium 202

shown in Figure 2 accessible by the processor circuit 41, such as a hard disk drive

or a compact disc, for example. Alternatively, any other suitable media, or any

alternative methods or structures for generating a signal embodied in a carrier wave

comprising code segments for directing a processor circuit to perform equivalent

functions to those described herein may be substituted.

In this embodiment, the measurement routine 200 includes various blocks of

instructions codes which configure the processor circuit 41 to communicate with the

first and second measuring devices 44 and 46 and the electromagnetic radiation

provider 53 shown in Figure 2, to control such devices to perform fluorescence and

reflectance imaging and spectroscopy. The measurement routine 200 is executed

upon receiving user input at the computer 43 shown in Figure 2, at a user input

device 204, which in this embodiment is a keyboard. Alternatively, other user input

devices may be substituted.



0
o Generally, the measurement routine 200 configures or programs the

processor circuit 41 to control the beam-directing device 52 to cause the first and

;second adjacent groups 54 and 56 of rays of the electromagnetic radiation beam

OO 58 to be directed for receipt by the first and second measuring devices 44 and 46
respectively. The measurement routine also configures the processor circuit to

control the electromagnetic radiation provider 53 to selectively produce the first and

second spectral distributions 138 and 140 of electromagnetic radiation for

fluorescence/NIR reflectance imaging and white light reflectance imaging

Srespectively, the first spectral distribution including the excitation component 142

S 10 received from the first optical subsystem 134 of the optical system 132 and the NIR
0
C component 144 received from the second optical subsystem 136 of the optical

system, and the second spectral distribution including the white light illumination

component 146 received from the first optical subsystem. In addition, the

measurement routine configures the processor circuit to selectively adjust a gain of

the imaging device, which in this embodiment is the CCD camera 50, in at least one

wavelength range relative to the gain of the imaging device in at least one other

wavelength range to produce an improved image of the object 63, and to measure

a spectrum of radiation from a point in an area of the object appearing in the

optimized image. The measurement routine further configures the processor circuit

to control the electromagnetic radiation provider 53 and the CCD camera 50 to

produce a first signal in response to radiation reflected by tissue in a first near

infrared wavelength band, and to produce a second signal in response to radiation

reflected by the tissue in a second near infrared wavelength band selected such

that a ratio of an absorption coefficient of oxyhemoglobin to an absorption

coefficient of deoxyhemoglobin in the second wavelength band is different than the

ratio in the first wavelength band, the first and second signals being operable for

use in producing an oxygenation image of the tissue.

The measurement routine 200 begins with a first block of codes shown at

210 in Figure 12, which directs the processor circuit 41 to determine whether user

input indicating a selection of a combined fluorescence/NIR reflectance imaging

and spectroscopy mode has been received at the user input device 204.

If such user input has been received, block 211 directs the processor circuit

41 to determine whether the user input received at block 210 is indicative of a
46



0
o selection of simultaneous normalized fluorescence imaging and spectroscopy, or

alternatively, a selection of simultaneous NIR reflectance imaging and

;spectroscopy. In this embodiment, the physical measurements for both

OO fluorescence and NIR reflectance imaging are performed simultaneously in a single

fluorescence/NIR reflectance imaging modality, although in the present

embodiment the monitor 51 shown in Figure 2 will display only one type of image

(fluorescence or NIR reflectance) at any given time.

i If at block 211 the user input indicates a selection of simultaneous

normalized fluorescence imaging and spectroscopy, block 212 directs the

processor circuit 41 to control the electromagnetic radiation provider 53, the CCD
0

ccamera 50, the beam-directing device 52, and the spectrometer 48, as follows.

Referring to Figures 9, 10 and 12, block 212 first directs the processor circuit

41 to select and produce the first spectral distribution 138 for fluorescence/NIR

reflectance imaging, the first spectral distribution 138 including the excitation

component 142 received from the first optical subsystem 134 and the NIR

component 144 received from the second optical subsystem 136. In this regard,

block 212 directs the processor circuit to cause the first and second optical

subsystems 134 and 136 shown in Figure 9 to function in the first operational

mode. More particularly, block 212 directs the processor circuit to activate the lamp

180, and to signal the control devices 160 and 172 to place the solenoid switches

158 and 170 respectively in retracted positions, such that the blue BP filter 152 is

placed in the path of radiation passing through the first optical subsystem 134 and

the NIR LP filter 164 is placed in the path of radiation passing through the second

optical subsystem 136.

Thus, the beam splitter 184 receives input radiation including the excitation,

NIR and white light illumination components, from the lamp 180. The beam splitter

184 provides visible light, and therefore provides the excitation and white light

illumination components 142 and 146, to the first optical subsystem 134. The

beam splitter provides near infrared radiation, and therefore provides the NIR

component 144, to the second optical subsystem 136. The white light illumination

and excitation components 146 and 142 are received from the beam splitter at the

first optical subsystem 134, which transmits the excitation component 142, which in

this embodiment is blue light between 400 and 450 nm, to the combiner 173. The



NIR component 144 is received from the beam splitter, via the redirecting device

188, at the second optical subsystem 136, which transmits the NIR component 144,

;which in this embodiment is NIR radiation longer than 750 nm, to the combiner 173.

OO The combiner 173, which in this embodiment is the dichroic reflecting device

174, directs the radiation transmitted by the first and second optical subsystems

along the common optical path 175. More particularly, the dichroic reflecting device

174 transmits the excitation component 142 received from the first optical

subsystem 134, and reflects the NIR component 144 received from the second

N optical subsystem 136, along the common optical path 175, through the lens 176,

S 10 to the exit port 178. Thus, in the first operational mode, the optical system 132
0
N transmits the excitation component 142 from the first optical subsystem 134 and the

NIR component 144 from the second optical subsystem 136.

Referring back to Figures 2 and 10, the excitation component 142 and the

NIR component 144 of the first spectral distribution 138 are then conveyed from the

exit port 178 to the endoscope 59 and ultimately to the tissue being imaged, via the

optical fiber bundle 

Referring to Figure 13, in response to the excitation component 142, the

tissue begins to fluoresce, thereby emitting a fluorescence component 214 at

fluorescent wavelengths generally longer than those of the excitation component

142. Such fluorescent emissions are typically between 450 and 750 nm and tend

to peak in the green wavelength range, at approximately 510 to 530 nm. Diseased

or abnormal tissues exhibit considerably lower fluorescence emission intensity at

these wavelengths than normal tissues. The tissue also reflects at least some of

the excitation component energy that it does not absorb and fluorescently re-emit,

thereby producing a reflected blue component such as that shown at 216.

In response to the NIR component 144, the tissue reflects a significant

proportion of such near infrared radiation, thereby producing a reflected NIR

component such as that shown at 218. Normal and diseased tissues produce such

NIR reflectance with intensities that are much more similar to each other than the

intensities of fluorescence of normal and diseased tissues, although there are

measurable differences between the NIR reflectances of normal and diseased

tissues, as discussed in greater detail below.



oThus, in response to irradiation with the excitation and NIR components, the
l tissue emits the fluorescence component 214 and reflects the reflected blue and

;NIR components 216 and 218. These three components are received by the

0 endoscope 59, conveyed to the housing 62 via the coherent optical fiber bundle of

the imaging channel 66 of the endoscope, and are received at the input port 64 of

the housing to form the electromagnetic radiation beam 58.

Referring to figures 2 and 12, block 212 then directs the processor circuit 41

to cause the first and second adjacent groups 54 and 56 of rays of the

Cl electromagnetic radiation beam 58 to be directed for receipt by the first and second

S 10 measuring devices 44 and 46 respectively. More particularly, block 212 directs the

Cl processor circuit to direct the first group of rays for receipt by the first measuring

device, by controlling the motion mechanism 61 to locate the reflective surface 

of the beam-directing device 52 in the optical path of the electromagnetic beam 58

received from imaging channel 66 of the endoscope 59. The reflective surface 

reflects the first group 54 of rays from the beam 58 to the first measurement port 

for receipt by the spectrometer 48, while permitting the second group 56 of rays to

bypass the reflective surface for receipt by the CCD camera 50. More particularly,

the first group 54 of rays is reflected or directed within the housing to the lens 71

which focuses the first group of rays onto the first measurement port 70, which thus

acts as a spectrometer port of the housing. The second group of rays is directed

toward and received at the imaging device, i.e. the CCD camera. The first and

second adjacent groups 54 and 56 of rays are thus received at the first and second

measuring devices, namely, a spectroscopy device and an imaging device

respectively.

Referring to Figures 2, 4 and 12, the radiation direction system 80 shown in

Figure 4 then directs respective wavelength ranges of incident radiation in the

second group 56 of rays onto respective corresponding detector areas 81 in the

CCD camera 50, as described above in connection with Figures 4 and 6.

Block 212 directs the processor circuit 41 to selectively adjust a gain of an

imaging device in at least one wavelength range relative to a gain of the imaging

device in at least one other wavelength range to produce an improved image of an

object. To achieve this, in the present embodiment block 212 directs the processor

circuit to signal the camera controlling electronics 49 shown in Figure 2, to
49



o selectively adjust the gain settings of the individual detectors 87, 88 and 89 of the

CCD camera 50 (although in this embodiment, the detector 86 is not used in this

;modality and therefore its gain setting need not be adjusted). More particularly, in

0 this embodiment the processor circuit is directed to control the camera controlling
electronics 49 to adjust the NIR wavelength range signal of the CCD camera 50 by

adjusting the gain of the third and fourth detectors 88 and 89, and to adjust the

green wavelength range signal by adjusting the gain of the second detector 87, to

'4 produce a desired NIR-to-green signal ratio for fluorescence imaging of the tissue

C being viewed by the endoscope 59. These NIR and green gain levels are set to a

S 10 first set of gain levels, to enhance display of abnormal areas of the tissue in the
0
C fluorescence image, as described in greater detail above in connection with the

gain adjustment capability of the CCD camera. More particularly, in this

embodiment the green gain level of the second detector 87 is set to a very high

value to compensate for the low intensity of fluorescence of the tissue, while the

NIR gain levels of the third and fourth detectors 88 and 89 are set to moderate

values in view of the moderate intensity of NIR reflectance by the tissue. Although

in the present embodiment only the signal from the fourth detector 89 is used to

normalize the fluorescence image, alternatively, the signal from the third detector

88 may be used for this purpose, or as a further alternative, the signals from both

the third and fourth detectors 88 and 89 may be used, as described in greater detail

below. In addition, the signals produced by the third and fourth detectors 88 and 89

may be used to produce a tissue oxygenation image of the tissue, as discussed

below.

Thus, referring to Figures 2, 4, 13, and 14, as the second group 56 of rays,

comprising the green fluorescence component 214, the reflected blue component

216 and the reflected NIR component 218, is received at the CCD camera 50, the

reflected blue component 216 is received entirely at the first detector 86 due to the

effect of the first partially reflecting device 90. The second detector 87 receives a

portion of the green fluorescence component having wavelengths between 500 and

600 nm, due to the operation of the first and second partially reflecting devices 

and 92 and the BP filter 104. The third detector 88 receives a portion of the

reflected NIR component 218 that lies in the first NIR wavelength band 116 (750 to

800 nm), due to the operation of the first, second and third partially reflecting



V)0
odevices 90, 92 and 94 and the BP filter 106. The third detector 88 also receives a

Nportion of the fluorescence component having wavelengths between 600 nm and

;750 nm, although this component has a much smaller intensity than the first NIR

00 wavelength band 116 portion of the reflected NIR component 218 received by the
third detector. The fourth detector 89 receives a portion of the reflected NIR

Ccomponent 218 that lies in the second NIR wavelength band 118 (800 nm to 900

nm), due to the operation of the first, second and third partially reflecting devices

92 and 94, the reflector 95 and the BP filter 108.

C Figure 14 illustrates the detection spectral profile for each imaging channel

S 10 G, R, R1), resulting from the convolution of the spectral response of each
0
C individual imaging channel (as shown in Figure 6) and the spectrum of the remitted

radiation from the tissue in the fluorescence/NIR reflectance imaging mode (as

shown in Figure 13). However, the signal of the first detector 86 is discarded in this

imaging modality. The second, third and fourth detectors 87, 88 and 89 produce

signals in response to the 500 to 600 nm portion of the fluorescence component

214, the first NIR wavelength band 116 portion of the reflected NIR component 218

and the second NIR wavelength band 118 portion of the reflected NIR component

218 respectively, such signals being produced in proportion to the gain settings set

by the processorcircuit at block 212.

Referring to Figures 2 and 12, these signals produced by the second, third

and fourth detectors 87, 88 and 89 are received at the camera controlling

electronics 49 shown in Figure 2.

Block 212 then directs the processor circuit 41 to control the camera

controlling electronics 49 to cause the signals produced by the second and fourth

detectors to be received at a green channel input 215 and a red channel input 217

respectively of a display device, which in this embodiment is the RGB color frame

grabber 47. The NIR image signals received at the red channel input 217 are more

accurate for fluorescence image normalization purposes than visible red light

images, as the respective reflectances of normal and abnormal tissues at NIR

wavelengths are even more similar than at visible red wavelengths. Block 212

directs the processor circuit to control the camera controlling electronics and the

RGB color frame grabber to produce data signals representing improved, digitized

fluorescence images, in response to the signals produced by the second and fourth
51



0
odetectors 87 and 89. The RGB color frame grabber 47 communicates the data

Nsignals produced in response to the signals received at the green channel input

;215 to the color monitor 51 to produce a green fluorescence image of the tissue on

OO the monitor, and similarly communicates the data signals produced in response to
S 5 the signals received at the red channel input 217 to the color monitor to produce a

N red image of the tissue on the monitor, simultaneously with the display of the green

fluorescence image. Thus, the resulting superposition on the monitor 51 of these

_green and red images is a normalized fluorescence image 234 of the tissue.

CThus, as explained in greater detail above, if normal tissue appears dark in

the green fluorescence image due to geometric factors, then such tissue will also

N appear dark in the red channel NIR image and will thus appear dark in the

normalized fluorescence image 234, which is a superposition of these two images.

However, if tissue appears dark in the green fluorescence image because of

abnormality or disease, such tissue is likely to appear brighter in the red channel

NIR image, and therefore appears red in the normalized fluorescence image 234.

Referring to Figures 8, 12 and 13, block 212 then directs the processor

circuit 41 to measure a spectrum of radiation from a point in an area of the object

appearing in the improved image, i.e. the normalized fluorescence image 234.

More particularly, block 212 directs the processor circuit to signal the control device

and solenoid switch of the filter 128 of the spectrometer 48 shown in Figure 8, to

cause the filter 128 to extend into the path of radiation received at the entrance slit

126 of the spectrograph 127 from the first measurement port 70 via the optical fiber

bundle 122. The filter 128 thus blocks the reflected blue component 216 from the

first group 54 of rays, with the result that only the fluorescence component 214 and

the reflected NIR component 218 are received by the spectrograph 127.

Referring to Figures 8, 12, 13 and 15, block 212 then directs the processor

circuit 41 to receive signals from the spectrometer 48 representing the spectral

distribution of the fluorescence component 214 and the reflected NIR component

218, and to control the monitor 45 to display a fluorescence/NIR reflectance

spectral distribution image 220 thereon. For example, for illustrative purposes,

Figure 15 shows a superposition of two separate spectral distribution images 222

and 224 corresponding to two different points in the tissue measured at two

different respective times. The first spectral distribution image 222, shown as a
52



0
osolid line, corresponds to normal tissue, and has a fluorescence component 226

and a reflected NIR component 228. The second spectral distribution image 224,

;shown as a broken line, corresponds to abnormal tissue, and has a fluorescence

o00 component 230 of significantly lower intensity than the fluorescence component

226 corresponding to normal tissue. The second spectral distribution image 224

also has a reflected NIR component 232 whose intensity is similar to that of the

0' reflected NIR component 228 corresponding to normal tissue. However, although

_the differences between the NIR reflected components 228 and 232 are much

smaller than the differences between the fluorescence components 226 and 230,

there are measurable differences between the two NIR reflected components of the

cspectra reflecting the tissue oxygenation status changes between normal and

abnormal tissues. Below 800 nm, the normal tissue NIR reflectance is higher than

that of the abnormal tissue, while above 800 nm the reverse is true.

Thus, referring back to Figure 2, an operator (not shown) of the endoscope

59 is able to simultaneously view the normalized fluorescence image 234 on the

monitor 51, and the fluorescence/NIR reflectance spectral distribution image 220 on

the monitor 45. It will be appreciated that the reflective surface 60 of the beam-

directing device 52, by directing the first group 54 of rays for receipt by the

spectrometer 48, causes a black spot 236 to appear in the normalized fluorescence

image 234, at a location corresponding to the first group 54 of rays. The spectrum

is thus measured from a point in the tissue, corresponding to the black spot 236, in

an area 237 of the tissue appearing in the improved image, i.e. the normalized

fluorescence image 234.

Thus, by observing the location of the black spot 236 in the fluorescence

image 234, the operator of the endoscope 59 immediately knows that the

fluorescence/NIR reflectance spectral distribution image 220 on the monitor 45 is a

spectrum of radiation emitted by the tissue at the point of the black spot 236 in the

area 237 appearing in the normalized fluorescence image 234. The operator may

therefore use the black spot 236 analogously to a target sight, to ensure that the

fluorescence/NIR reflectance spectral distribution image 220 does in fact represent

a spectrum of the desired point in the tissue area 237. In this manner, the operator

of the endoscope may manipulate the endoscope so that the black spot 236

appears in an area 237 in the normalized fluorescence image 234 that is red and



o therefore suspicious, thereby allowing the operator to view a fluorescence/NIR

reflectance spectral distribution image 220 corresponding to the suspicious red

;area, to confirm whether it is in fact diseased, and even to diagnose the particular

00 disease. The operator is thus able to view a higher diagnostic sensitivity

fluorescence image than previously possible, having a higher red-to-green signal

ratio for example, while relying on the greater diagnostic specificity of spectroscopy

to avoid or reduce false positive diagnoses which might otherwise result from such

'higher red-to-green signal ratio. If desired, the operator may further improve on this

diagnostic specificity by executing a spectral analysis algorithm (not shown), which

may be stored in the storage medium 202 for execution by the processor circuit 41.

Block 212 further directs the processor circuit 41 to continue to produce

successive fluorescence/NIR reflectance spectral distribution images 220 and

normalized fluorescence images 234 in real time in response to the electromagnetic

radiation beam 58 received from the endoscope 59, until user input representing a

new selection is received.

If, on the other hand, at block 211 it was determined that the user input

indicated a selection of simultaneous NIR reflectance imaging and spectroscopy,

block 213 configures the processor circuit 41 to produce an oxygenation image of

the tissue in response to first and second signals produced by the third and fourth

detectors 88 and 89, while simultaneously causing a reflectance spectrum of the

tissue to be displayed on the monitor 45. To achieve this, block 213 first directs the

processor circuit to ensure that the system 40 is configured for the

fluorescence/NIR reflectance imaging modality with spectroscopy, in accordance

with block 212. In this regard, if the system 40 had previously been carrying out

simultaneous normalized fluorescence imaging and spectroscopy, no further re-

configuration of the system is required for this initial step of block 213; otherwise,

however, block 213 directs the processor circuit to control the electromagnetic

radiation provider 53 to select and produce the first spectral distribution 138, to

selectively adjust the gains of the detectors 87, 88 and 89, and to control the beam-

directing device 52, the filter 128 of the spectrometer 48 and the monitor 45 to

display the fluorescence/NIR reflectance spectral distribution image 220 thereon, all

as described above in connection with block 212.



o Referring to Figures 2, 4, 5, 12 and 13, in response to the NIR component

144 of the first spectral distribution 138, which in this embodiment includes radiation

;wavelengths between 750 nm and 900 nm, the tissue reflects such wavelengths to

0 produce the reflected NIR component 218. As described above in connection with

block 212, the reflected NIR component is conveyed to the radiation direction

C system 80 shown in Figure 4, by the endoscope 59 shown in Figure 2. As

described above, the radiation direction system 80 (or more particularly, the first,

_second and third partially reflecting devices 90, 92 and 94 and the BP filter 106) is

Cl configured to direct, to the third detector 88, the radiation reflected by the tissue in

S 10 the first NIR wavelength band 116 (750 800 nm), in which the absorption
0
Cl coefficient of deoxyhemoglobin is greater than that of oxyhemoglobin. Similarly, the

radiation system 80 (in particular, the first, second and third partially reflecting

devices 90, 92 and 94, the reflector 95 and the BP filter 108) is configured to direct,

to the fourth detector 89, the radiation reflected by the tissue in the second NIR

wavelength band 118 (800 900 nm), in which the absorption coefficient of

oxyhemoglobin is greater than the absorption coefficient of deoxyhemoglobin.

The third detector 88 produces a first signal in response to the radiation

reflected by the tissue in the first NIR wavelength band 116. Similarly, the fourth

detector 89 produces a second signal in response to the radiation reflected by the

tissue in the second NIR wavelength band 118. these first and second signals are

received at the camera controlling electronics 49 shown in Figure 2. In the present

embodiment, the gain levels of the third and fourth detectors are left unchanged

from those used for normalized fluorescence imaging. Alternatively, if desired,

block 213 may be modified to direct the processor circuit to control the camera

controlling electronics to set the gain levels of the third and fourth detectors to a

second set of gain levels, to further enhance display of abnormal areas of the

tissue in the resulting NIR reflectance image of the object.

Block 213 then directs the processor circuit to produce the oxygenation

image of the tissue in response to these first and second signals produced by the

third and fourth detectors 88 and 89 respectively. To achieve this, in this

embodiment block 213 directs the processor circuit to control the camera controlling

electronics to cause the first signals to be provided to a first color channel input of a

multicolor display device, and to cause the second signals to be provided to a



second color channel input of the display device. More particularly, the processor0

circuit is directed to control the camera controlling electronics to cause the signals

;produced by the third detector 88 to be provided to the green channel input 215 of

0 the RGB color frame grabber 47, and to cause the signals produced by the fourth
S 5 detector 89 to be provided to the red channel input 217 of the RGB color frame

N grabber 47. Block 213 directs the processor circuit to control the camera controlling

electronics and the RGB color frame grabber to produce data signals representing

timproved, digitized NIR reflectance images, in response to the signals produced by

N the third and fourth detectors 88 and 89. The RGB color frame grabber 47

S 10 communicates these data signals to the color monitor 51 to simultaneously

N produce, on the monitor, a green image of the tissue representing reflectance

intensity of the tissue in the first NIR wavelength band 116 and a red image of the

tissue representing reflectance intensity of the tissue in the second NIR wavelength

band 118. Thus, the resulting superposition on the monitor 51 of these green and

red images is a normalized NIR reflectance image 235 of the tissue.

Due to the greater oxyhemoglobin content of normal tissues relative to

diseased tissues and the corresponding greater deoxyhemoglobin content of

diseased tissues, normal tissues will tend to appear brighter than diseased tissues

in the green image, while diseased tissues will tend to appear brighter than normal

tissues in the red image. Tissues which are partly obstructed from view due to

geometrical factors will appear dark in both the green and red images. Thus, in the

normalized NIR reflectance image 235, diseased tissues will tend to be displayed

as red areas in a background of green normal tissue.

As with the normalized fluorescence image 234, the black spot 236 also

appears at the center of the normalized NIR reflectance image 235, due to the re-

direction by the beam-directing device 52 of the first group of rays 54 of the

electromagnetic radiation beam 58, for receipt by the spectrometer 48. Thus, as

with simultaneous normalized fluorescence imaging and spectroscopy, the operator

of the endoscope may manipulate the endoscope so that the black spot 236

appears in an area in the normalized NIR reflectance image 235 that is red and

therefore suspicious, thereby allowing the operator to view a NIR reflectance

spectral distribution image 220 corresponding to the suspicious red area on the



monitor 51, to confirm whether the suspicious area is diseased, and optionally, to

diagnose the particular disease.

;Block 213 further directs the processor circuit 41 to continue to produce

OO successive NIR reflectance spectral distribution images 220 and normalized NIR

reflectance images 235 in real time in response to the electromagnetic radiation

beam 58 received from the endoscope 59, until user input representing a new

0' selection is received.

Referring to Figures 2 and 12, if no user input representing selection of

C combined fluorescence imaging/NIR reflectance imaging and spectroscopy was

S 10 detected at block 210, block 238 directs the processor circuit 41 to determine
0
C whether user input indicating a selection of a combined white light reflectance

imaging and spectroscopy mode has been received at the user input device 204.

If such user input has been received, block 240 directs the processor circuit

41 to control the electromagnetic radiation provider 53, the CCD camera 50, the

beam-directing device 52, and the spectrometer 48, as follows.

Referring to Figures 9, 11 and 12, block 240 first directs the processor circuit

41 to select and produce the second spectral distribution 140 for white light

reflectance imaging, the second spectral distribution 140 including white light

illumination component 146 received from the first optical subsystem 134. In this

regard, block 240 directs the processor circuit to cause the first and second optical

subsystems 134 and 136 shown in Figure 9 to function in the second operational

mode. More particularly, block 240 directs the processor circuit to activate the lamp

180, and to signal the control devices 160 and 172 to place the solenoid switches

158 and 170 respectively in extended positions, such that the color balance filter

154 is placed in the path of radiation passing through the first optical subsystem

134 and the light stopper 166 is placed in the path of radiation passing through the

second optical subsystem 136.

Thus, the beam splitter 184 receives input radiation including the excitation,

NIR and white light illumination components, from the lamp 180. The beam splitter

184 provides visible light, and therefore provides the excitation and white light

illumination components 142 and 146, to the first optical subsystem 134. The

beam splitter provides near infrared radiation, and therefore provides the NIR

component 144, to the second optical subsystem 136. The white light illumination

57



0
oand excitation components 146 and 142 are received from the beam splitter at the

N first optical subsystem 134, which transmits the white light illumination component

;146 shown in Figure 11, which in this embodiment is a flat spectral distribution of

OO visible light ranging from 400 nm to 700 nm, to the combiner 173. The NJR

component 144 is received from the beam splitter, via the redirecting device 188, at

the second optical subsystem 136, which blocks all such received near infrared

radiation. Therefore, in the second operational mode, the combiner 173 does not

_receive any radiation from the second optical subsystem 136.

CThe combiner 173, or more precisely the dichroic reflecting device 174,
S 10 transmits the white light illumination component 146 received from the first optical

0
C subsystem 134 along the common optical path 175, through the lens 176, to the

exit port 178. Thus, in the second operational mode, the optical system 132

transmits the white light illumination component 146 from the first optical subsystem

134 while blocking the NIR component 144.

Referring back to Figures 2 and 11, the white light illumination component

146 of the second spectral distribution 140 is then conveyed from the exit port 178

to the endoscope 59 and ultimately to the tissue being imaged, via the optical fiber

bundle 

Referring to Figures 2, 11, and 16, in response to illumination of the tissue

with the white light illumination component 146, the tissue reflects a white light

reflectance imaging component shown at 243 in Figure 16, whose intensity at the

wavelengths of the white light illumination component 146 varies in proportion to

the natural reflectance characteristics, i.e. the color, of the tissue. This white light

reflectance imaging component is received by the endoscope 59 and conveyed to

the input port 64 of the housing 62 via the coherent optical fiber bundle of the

imaging channel 66 of the endoscope, to form the electromagnetic radiation beam

58.

Referring to Figures 2 and 12, block 240 then directs the processor circuit 41

to cause the first and second adjacent groups 54 and 56 of rays to be directed for

receipt by the first and second measuring devices 44 and 46 respectively. To

achieve this, block 240 directs the processor circuit to control the motion

mechanism 61 to place the beam-directing device 52 in the optical path of the

electromagnetic beam 58 received from the endoscope 59, so that the first group



o 54 of rays is reflected by the reflective surface 60 to the first measurement port 
N for receipt by the spectrometer 48, and the second group 56 of rays bypasses the

;reflective surface for receipt by the CCD camera 

0 Referring back to Figures 2, 4 and 12, block 240 directs the processor circuit

41 to selectively adjust a gain of the imaging device, which in this embodiment is

the CCD camera 50, in at least one wavelength range relative to a gain of the

imaging device in at least one other wavelength range to produce an improved

'image of an object. More particularly, block 240 directs the processor circuit to

Cl signal the camera controlling electronics 49 shown in Figure 2, to selectively adjust

S 10 the gain settings of the individual detectors 86, 87 and 88 of the CCD camera 
0
N in this embodiment the processor circuit is directed to adjust the red, green and

blue wavelength range gain levels of the CCD camera 50 by adjusting the gains of

the first, second and third detectors 86, 87 and 88, to produce a desired color

balance for white light reflectance imaging of the tissue being viewed by the

endoscope 59. These red, green and blue gain levels are set to a third set of gain

levels, to enhance display of abnormal areas of the tissue in the resulting white light

reflectance image, as described in greater detail above in connection with the gain

adjustment capability of the CCD camera. Typically, this set of gain levels

comprises moderate gain values for all three detectors because the reflected

radiation has moderate intensity in each of the blue, green and red wavelength

ranges. The fourth detector 89 does not produce any signals, as the tissue is not

being illuminated with, and is therefore not reflecting, any radiation in the

wavelength range between 800 nm and 900 nm.

Thus, referring to Figures 2, 4, 11, 16, and 17, as the second group 56 of

rays, comprising the white light reflectance imaging component 243 produced by

the tissue in response to illumination with the white light illumination component

146, is received at the CCD camera 50, the first detector 86 receives a blue portion

245 of the white light reflectance imaging component 243 having wavelengths

between 400 and 500 nm, due to the operation of the first partially reflecting device

90. The second detector 87 receives a green portion 247 of the white light

reflectance imaging component 243 having wavelengths between 500 and 600 nm,

due to the operation of the first and second partially reflecting devices 90 and 92

and the BP filter 104. The third detector 88 receives a red portion 249 of the white
59



o light reflectance imaging component 243 having wavelengths between 600 and 700

nm, due to the operation of the first, second and third partially reflecting devices 

;92 and 94 and the BP filter 106. The detectors 86, 87 and 88 produce signals in

OO response to the blue (245), green (247) and red (249) portions respectively, such
signals being produced in proportion to the gain settings set by the processor circuit

at block 240. Figure 17 illustrates the detection spectral profile for each imaging

channel G, resulting from the convolution of the spectral response of each

T individual imaging channel (as shown in Figure 6) and the spectrum of the remitted

C radiation from the tissue in white light reflectance imaging mode.

S 10 Referring to Figures 2 and 12, these signals produced by the first, second
0
C and third detectors 86, 87 and 88 are received at the camera controlling electronics

49 shown in Figure 2.

Block 240 directs the processor circuit 41 to control the camera controlling

electronics 49 to communicate these signals produced by the first, second and third

detectors 86, 87 and 88 to a blue channel input 219, the green channel input 215

and the red channel input 217 respectively of the RGB color frame grabber 47.

Block 240 directs the processor circuit to control the camera controlling electronics

and the RGB color frame grabber to produce data signals representing an

improved, digitized white light reflectance image 246 of the tissue, in response to

the signals produced by the first, second and third detectors 86, 87 and 88. The

RGB color frame grabber 47 communicates these data signals to the color monitor

51 to display the white light reflectance image 246 thereon.

Referring to Figures 8 and 12, block 240 then directs the processor circuit 41

to measure a spectrum of radiation from a point in an area of the object appearing

in the improved image, i.e. the white light reflectance image 246. More particularly,

block 240 directs the processor circuit to signal the control device and solenoid

switch of the filter 128 of the spectrometer 48 shown in Figure 8, to cause the filter

128 to retract out of the path of radiation received at the entrance slit 126 of the

spectrograph 127 from the first measurement port 70 via the optical fiber bundle

122. The first group 54 of rays of the electromagnetic radiation beam, which in this

mode is the white light reflectance imaging component 243, is thus received by the

spectrograph 127 in an unfiltered state.



oReferring to Figures 2, 8 and 12 block 240 then directs the processor circuit
N 41 to receive signals from the spectrometer 48 representing the spectral distribution

;of the white light reflectance imaging component 243, and to control the monitor 

00 to display a white light reflectance spectral distribution image 241 thereon in

response to the signals received from the spectrometer.

Thus, referring back to Figure 2, an operator (not shown) of the endoscope

59 is able to simultaneously view the white light reflectance image 246 on the

monitor 51, and the white light reflectance spectral distribution image 241 on the

C monitor 45. As described above in connection with block 212, the operator may

S 10 use the black spot 236 appearing at the center of the white light reflectance image
0
C 246 in the monitor 51 to indicate the precise point, in the area 237 of the tissue, that

is being measured by the spectrometer 48 to produce the visible reflectance

spectral distribution image 241 on the monitor 

Block 240 further directs the processor circuit to continue to produce white

light reflectance spectral distribution images 241 and white light reflectance images

246 in real time in response to the beam 58 received from the endoscope 59, until

user input representing a new selection is received.

Referring to Figures 2 and 12, if no user input representing selection of

combined white light reflectance imaging and spectroscopy was detected at block

238, block 250 directs the processor circuit 41 to determine whether user input

indicating a selection of a fluorescence/NIR reflectance imaging mode without

spectroscopy has been received at the user input device 204.

If such user input has been received, block 251 directs the processor circuit

41 to determine whether the user input received at block 250 is indicative of a

selection of normalized fluorescence imaging, or NIR reflectance imaging. In this

embodiment, as discussed above in connection with blocks 210 to 213, the

physical measurements for both fluorescence and NiR reflectance imaging are

performed simultaneously in a single fluorescence/NIR reflectance imaging

modality.

Referring to Figures 2, 4 and 12, if at block 251 the user input indicates a

selection of normalized fluorescence imaging without spectroscopy, block 252

directs the processor circuit 41 to control the electromagnetic radiation provider 53

to function in the first operational mode, as described above in connection with
61



tn
o block 212. Block 252 further directs the processor circuit to signal the camera

Ncontrolling electronics 49 to adjust the gain levels of the detectors of the CCD

;camera 50 to improve the resulting normalized fluorescence image to enhance

OO display of abnormal areas of the tissue, also as described above in connection with
S 5 block 212. However, in this embodiment block 252 directs the processor circuit to

control the motion mechanism 61 to remove the beam-directing device 52 from the

optical path of the electromagnetic radiation beam 58 received from the endoscope

'59, so that both the first and second adjacent groups 54 and 56 of rays are

N received at the CCD camera 50. Block 252 then directs the processor circuit to

S 10 control the camera controlling electronics 49 and the RGB color frame grabber 47

N to produce the normalized fluorescence image 234 of the object, as discussed

above in connection with block 212. Due to the removal of the beam-directing

device 52 from the optical path of the electromagnetic beam 58, the black spot 236

does not appear in the normalized fluorescence image 234 in this mode. Block 252

directs the processor circuit to continue monitoring such signals to produce

successive normalized fluorescence images 234 in real time, until user input

representing a new selection is received.

If, on the other hand, at block 251, the user input indicates a selection of NIR

reflectance imaging without spectroscopy, block 253 directs the processor circuit 41

to control the motion mechanism 61 to remove the beam-directing device 52 from

the optical path of the electromagnetic radiation beam 58 received from the

endoscope 59, so that both the first and second adjacent groups 54 and 56 of rays

are received at the CCD camera 50. Otherwise, block 253 directs the processor

circuit to control the camera controlling electronics 49, the RGB color frame grabber

47, and the electromagnetic radiation provider 53 to produce the NIR reflectance

image 235 of the object, as discussed above in connection with block 213. Again,

due to the removal of the beam-directing device 52 from the optical path of the

electromagnetic beam 58, the black spot 236 does not appear in the NIR

reflectance image 235 in this mode. Block 253 directs the processor circuit to

continue monitoring such signals to produce successive NIR reflectance images

235 in real time, until user input representing a new selection is received.

If no user input representing selection of fluorescence/NIR reflectance

imaging without spectroscopy was detected at block 250, block 254 directs the
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processor circuit 41 to determine whether user input indicating a selection of a
Nwhite light reflectance imaging mode without spectroscopy has been received at

;the user input device 204.

OO Referring to Figures 2, 4 and 12, if such user input is detected at block 254,

block 256 directs the processor circuit 41 to control the electromagnetic radiation

Cprovider 53 to function in the second operational mode, as described above in

connection with block 240. Block 256 further directs the processor circuit to signal

the camera controlling electronics 49 to adjust the gain levels of the detectors of the

N CCD camera 50 to improve the resulting white light reflectance image to enhance

S 10 display of abnormal areas of the tissue, also as described above in connection with
0
N block 240. Block 256 then directs the processor circuit to signal the motion

mechanism 61 to remove the beam-directing device 52 from the optical path of the

electromagnetic radiation beam 58, as described above in connection with block

252. Block 256 then directs the processor circuit to receive data signals from RGB

color frame grabber 47 representing a digital image in response to signals received

at the blue, green and red channels of the RGB color frame grabber from the first,

second and third detectors 86, 87 and 88 of the CCD camera respectively. Block

256 directs the processor circuit to produce and display the digital image, which is

the white light reflectance image 246 of the tissue, on the monitor 51, as described

above in connection with block 240. Due to the removal of the beam-directing

device 52 from the optical path of the electromagnetic beam 58, the black spot 236

does not appear in the white light reflectance image 246 in this mode. Block 256

directs the processor circuit to continue monitoring such signals to produce

successive white light reflectance images 246 in real time, until user input

representing a new selection is received.

If no user input representing selection of white light reflectance imaging

without spectroscopy was detected at block 254, block 258 directs the processor

circuit 41 to determine whether user input indicating the imaging process is to be

ended has been received at the user input device 204. If so, the measurement

routine 200 is ended. If not, the processor circuit is directed back to block 210 to

continue monitoring for user input indicating a new selection.

Alternatives



Referring back to Figure 2, although the beam-directing device 52 has been

;described as being movable, by virtue of the motion mechanism 61, alternatively,

OO the beam-directing device 52 may be permanently fixed within the housing 62. As
N 5 a further alternative, the beam-directing device 52 is not essential to at least some

aspects or embodiments of the present invention, and in any such embodiments

the beam-directing device may be omitted if desired. In either case, the CCD

camera 50 may be constructed without any moving parts if desired, which tends to

N reduce the weight of the camera. Or, if desired, rather than providing a motion

o 10 mechanism 61, the beam-directing device may be manually moved into and out of
0
N the optical path of the electromagnetic radiation beam 58 by a user of the first

measuring device 44.

With respect to spectroscopy measurements, in addition to merely displaying

the fluorescence and reflectance spectra on the monitor 45, additionally the

processor circuit 41 may be programmed with algorithms to analyze the spectra

and to suggest or diagnose particular disease types in response to the spectra.

Such algorithms are preferably based on spectral studies of a statistically large

number of patients.

Referring to Figures 9, 18 and 19, the apparatus 130 shown in Figure 9 is

merely one example of an apparatus for producing illuminating radiation for

fluorescence and reflectance imaging. Alternatively, other types of apparatus 130,

or other types of optical systems 132, may be substituted.

For example, in one alternative embodiment, a modified redirecting device

188 includes a liquid light guide rather than an optical fiber bundle.

Referring to Figure 18, in a further alternative embodiment, a modified

redirecting device 300 includes a lens 302 and a first reflector 304, and a modified

second optical subsystem 301 includes the filtering device 162 as described above

in connection with Figure 9, and a second reflector 306. Input radiation received

from the beam splitter 184 is collimated by lens 302 and is directed onto the first

reflector 304, from which it is reflected through the filtering device 162 to the

second reflector 306, which reflects any such radiation to the dichroic reflecting

device 174.



Similarly, referring to Figures 9, 18 and 19, an alternative apparatus for

producing illuminating radiation for fluorescence and reflectance imaging is shown

;generally at 310 in Figure 19. The apparatus 310 includes an alternative first

00 optical subsystem 312 which is similar to the first optical subsystem 134 shown in
S 5 Figure 9 but which omits the lens 190. The apparatus further includes a modified

Nl redirecting device which is similar to that shown at 300 in Figure 18 but which omits

the lens 302. The apparatus 310 also includes the modified second optical

subsystem 301 shown in Figure 18. The elliptical reflector 182 of the

C electromagnetic radiation source 148 is replaced with a parabolic reflector 316, at

the focal point of which the lamp 180 is positioned. The electromagnetic radiation

C source 148 thus directs parallel rays of electromagnetic radiation to the beam

splitter 184, which provides input radiation to the first and second optical

subsystems as described above.

As a further example, referring back to Figure 9, the beam splitter 184 may

alternatively include a hot mirror rather than a cold mirror. The hot mirror reflects

near infrared radiation but transmits visible light. In such a case, the functions of

the first and second optical subsystems may be interchanged. Thus, in such an

embodiment, the beam splitter 184 reflects the NIR component for receipt by the

first optical subsystem. The redirecting device 188 redirects the excitation and

white light illumination components for receipt by the second optical subsystem.

The filtering device 150 of the first optical subsystem is substituted for the filtering

device 162 of the second optical subsystem, and vice versa. These and other such

variations will be apparent to one of ordinary skill in the art upon reviewing this

specification and are not considered to depart from the scope of the present

invention as construed in accordance with the accompanying claims.

In addition, referring back to Figures 2, 4, 5 and 12, alternative ways of

normalizing a fluorescence image to compensate for geometrical factors may be

substituted. For example, block 212 may be modified to cause the fluorescence

signals produced by the second detector 87 in response to fluorescence of the

tissue at wavelengths between 500 and 600 nm to be provided to a first color

channel input of a multicolor display device, or more particularly, the green channel

input 215 of the RGB color frame grabber 47. Similarly, block 212 may be modified

to cause first NIR reflectance signals produced by the third detector 88 in response



0
oto NIR reflectance of the tissue in the first NIR wavelength range 116 (750 to 800

nm) to be provided to the red channel input 217 of the RGB color frame grabber,

;and to cause second NIR reflectance signals produced by the fourth detector 89 in

OO response to NIR reflectance of the tissue in the second NIR wavelength range 118

(800 to 900 nm) to be provided to the blue channel input 219 of the RGB color

frame grabber. The resulting three-channel normalized fluorescence image is

brighter than the two-channel image described in connection with block 212. In

_such a three-channel normalized fluorescence image, normal tissue tends to

cappear as a green background, while the abnormal or diseased tissue appears as a

bright magenta color. Alternatively, the signals of the third and fourth detectors
0
C may be interchanged among the blue and red channel inputs.

As a further alternative, block 212 may be modified to direct the processor

circuit 41 to numerically normalize the green fluorescence image. More particularly,

referring back to Figure 12, in an alternative embodiment of the invention block 212

is modified to direct the processor circuit to produce ratio signals such that for each

point in the tissue, a strength of the ratio signal corresponding to the point is

proportional to a ratio of an intensity of reflectance of the point in a first near

infrared (NIR) wavelength band to an intensity of fluorescence of the point.

Modified block 212 further directs the processor circuit to cause the ratio signals to

be provided to an input of a display device to produce the fluorescence image of

the tissue. For example, this may be achieved by producing a normalized

monochromatic image in which the brightness of each individual pixel in the image

corresponding to each respective point in the tissue is proportional to the ratio of

the signal of the fourth detector 89 (or alternatively the third detector 88) produced

in response to the NIR component 218 reflected by that point, to the signal of the

fluorescence component 214 emitted by that point. It will be appreciated that this

ratio will be higher for diseased or abnormal tissues than for normal tissues and

therefore, diseased tissues will appear as bright spots on a dark background

representing normal tissue.

Or, referring back to Figure 12, in a further alternative embodiment of the

invention, block 212 is modified to direct the processor circuit to cause the ratio

signals to be provided to a first color channel input of a multicolor display device,

which in this embodiment is the blue channel input 219 of the RGB color frame
66



o grabber 47 to produce a blue image of the tissue, while simultaneously,
fluorescence signals produced by the second detector 87 in response to

;fluorescence of the tissue are provided to the green channel input 215 to produce a

0 green image of the tissue, and the NIR reflectance signals produced by the fourth

detector 89 (or alternatively the third detector 88) are provided to the red channel

input 217 to produce a red image of the tissue on the monitor 51. In the resulting

normalized fluorescence image, normal tissue tends to appear as a brighter cyanic-

'green background, while the abnormal or diseased tissue appears as a bright

Cl magenta color.

S 10 Similarly, referring to Figures 2, 4, 5 and 12, other ways of producing a
0
Cl normalized NIR reflectance image of the tissue, indicative of its oxygenation status,

may be substituted. For example, a modified block 213 directs the processor circuit

to numerically normalize the NIR reflectance image 235 by, for each point in the

tissue, causing a corresponding pixel of a multi-pixel display device to be

illuminated with a brightness proportional to a ratio of a strength of a first signal

corresponding to the point to a strength of a second signal corresponding to the

point. More particularly, a digital image may be produced in which the brightness of

each individual pixel in the image corresponding to each respective point in the

tissue is proportional to the ratio of the strength of the signal produced by the fourth

detector 89 in response to the NIR reflectance of the tissue in the second NIR

wavelength band 118, to the strength of the signal produced by the third detector

88 in response to the NIR reflectance of the tissue in the first NIR wavelength band

116. It will be appreciated that this ratio will be higher for diseased or abnormal

tissues than for normal tissues, and thus, in the resulting digital image, diseased

tissues will appear as bright areas against a dark background of normal tissues.

As a further example, an alternative modified block 213 directs the processor

circuit to produce the oxygenation image by producing third signals or ratio signals

in the above manner, and causing the third signals to be provided to a third color

channel input of the display device. More particularly, the further-modified block

213 directs the processor circuit to cause a signal as described above, produced in

response to the ratio of NIR reflectance in the second NIR wavelength band 118 to

that in the first NIR wavelength band 116, to be provided to the blue channel input

219 to produce a blue image of the tissue, while simultaneously, the signal
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S produced by the third detector 88 may be used to produce a green image of the

tissue and the signal produced by the fourth detector 89 may be used to produce a

red image of the tissue on the monitor 51. In the resulting normalized NIR

0 reflectance image, normal tissue tends to appear as a brighter cyanic-green

background, while the abnormal or diseased tissue appears as a bright magenta

color.

Also, referring back to Figures 2 and 12, although blocks 212 and 213 have

been described as alternately displaying the normalized fluorescence image 234

c and the normalized NIR reflectance image 235 respectively on the monitor 51,

S 10 alternatively, these images may be simultaneously displayed, as the physical

C measurements required to produce the images 234 and 235 are performed

simultaneously in the main embodiment described above. Therefore, in an

alternative embodiment, an additional monitor (not shown) is provided, along with

an additional RGB color frame grabber (not shown). A modified block 212 is

executed to cause the normalized fluorescence image 234 to be displayed on the

monitor 51 as described above in connection with block 212, and to simultaneously

control the camera controlling electronics 49 and the additional RGB color frame

grabber to cause the normalized NIR reflectance image 235 to be displayed on the

additional monitor, as described above in connection with block 213. Thus, the

operator of the endoscope 59 may simultaneously observe the fluorescence/NIR

reflectance spectral distribution image 220 on the monitor 45, the normalized

fluorescence image 234 on the monitor 51, and the normalized NIR reflectance

image 235 on the additional monitor, for improved diagnostic capability.

More generally, while specific embodiments of the invention have been

described and illustrated throughout this specification, such embodiments should

be considered illustrative of the invention only and not as limiting the scope of the

invention as construed in accordance with the accompanying claims.



What is claimed is:

1. A method of producing illuminating radiation for fluorescence and reflectance
imaging, the method comprising selectively producing first and second

00
spectral distributions of electromagnetic radiation for fluorescence/near

infrared (NIR) reflectance imaging and white light reflectance imaging

respectively, said first spectral distribution comprising an excitation

component received from a first optical subsystem of an optical system and

a NIR component received from a second optical subsystem of said optical

1system, said second spectral distribution comprising a white light illumination

component received from said first optical subsystem.

2. The method of claim 1 wherein selectively producing comprises:

a) receiving said white light illumination component and said excitation

component at said first optical subsystem;

b) receiving said NIR component at said second optical subsystem;

c) transmitting said excitation component from said first optical

subsystem and said NIR component from said second optical system

in a first operational mode for fluorescence/NIR reflectance imaging;

and

d) transmitting said white light illumination component from said first

optical subsystem while blocking said NIR component in a second

operational mode for white light reflectance imaging.

3. The method of claim 2, wherein selectively producing further comprises

directing radiation transmitted by said first and second optical subsystems

along a common optical path.

4. The method of claim 1 further comprising:

a) receiving input radiation comprising said excitation, NIR and white

light illumination components;

b) providing said excitation and white light illumination components to

said first optical subsystem; and

c) providing said NIR component to said second optical subsystem.



o 5. The method of claim 1 wherein producing said first spectral distribution

Ncomprises producing, as said excitation component, radiation having blue

;and shorter wavelengths.

0 6. The method of claim 1, wherein producing said first spectral distribution
S 5 comprises producing, as said NIR component, radiation including

Cwavelengths between about 750 nm and at least about 900 nm.

7. The method of claim 1, wherein producing said second spectral distribution

'comprises producing, as said white light illumination component, visible light.

S8. The method of claim 1 wherein producing said first spectral distribution

S 10 comprises:

Sa) producing, as said excitation component, a short wavelength

component sufficiently short to cause fluorescence in an object; and

b) producing, as said NIR component, a long wavelength component

longer than fluorescent emission wavelengths of the object.

9. The method of claim 8 wherein said producing said first spectral distribution

comprises producing said first spectral distribution to have an intensity at

said fluorescent emission wavelengths sufficiently below an intensity of

fluorescent radiation emitted by said object in response to said short

wavelength component to permit detection of said fluorescent radiation.

10. The method of claim 8 wherein producing said first spectral distribution

comprises producing radiation consisting essentially of said short and long

wavelength components, said short wavelength component consisting

essentially of radiation having wavelengths between about 4 x10 2 nm and

about 4x10 2 nm, and said long wavelength component consisting essentially

of radiation having wavelengths between about 7 x10 2 nm and at least

about 9x10 2 nm.

11. A method of producing a fluorescence image of tissue, the method

comprising:

a) producing ratio signals such that for each point in said tissue, a

strength of said ratio signal corresponding to said point is proportional

to a ratio of an intensity of reflectance of said point in a first near

infrared (NIR) wavelength band to an intensity of fluorescence of said

point; and



o b) causing said ratio signals to be provided to an input of a display
N device to produce said fluorescence image of said tissue.

12. The method of claim 11 wherein causing said ratio signals to be provided to

OO said input comprises causing said ratio signals to be provided to a first color
channel input of a multicolor display device.

N 13. The method of claim 12 further comprising causing fluorescence signals

produced in response to said fluorescence to be provided to a second color

_channel input of said display device.

N 14. The method of claim 13 further comprising causing NIR reflectance signals

S 10 produced in response to said reflectance in said first NIR wavelength band to
0
C be provided to a third color channel input of said display device.

The method of claim 14 wherein causing said signals to be provided to said

inputs comprises causing said ratio signals, said fluorescence signals and

said NIR reflectance signals to be provided to a blue channel input, a green

channel input and a red channel input respectively of said display device.

16. A method of producing a fluorescence image of tissue, the method

comprising:

a) causing fluorescence signals produced in response to fluorescence of

said tissue to be provided to a first color channel input of a multicolor

display device;

b) causing first near infrared (NIR) reflectance signals produced in

response to reflectance of said tissue in a first NIR wavelength band

to be provided to a second color channel input of said display device;

and

c) causing second NIR reflectance signals produced in response to

reflectance of said tissue in a second NIR wavelength band to be

provided to a third color channel input of said display device.

17. The method of claim 16 wherein causing said signals to be provided to said

inputs comprises causing said fluorescence, first NIR reflectance and

second NIR reflectance signals to be provided to a green channel input, a

red channel input and a blue channel input respectively of said display

device.
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