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1

METHOD AND APPARATUS FOR OPTICAL DETECTION OF
BIO-CONTAMINANTS WITHIN A LUMEN

[0001]

Field of the Invention

[0002] The present invention relates generally to the cleaning and decontaminating
arts, and more particularly to a method and apparatus for inspection of lumened or
cannulated devices after undergoing a decontamination process. In particular, the present
invention relates to a method and apparatus for optical detection of biological contaminants

within lumens of lumened or cannulated devices such as endoscopes.

Background of the Invention

[0003] Medical washers are conventionally known and are used to clean articles
(e.g., medical devices, such as medical instruments and equipment) that have been exposed
to bio-contaminants. Such washers typically clean the articles to remove bio-contaminants
by directing jets or streams of fluid at the articles from spray heads or nozzles located within
the washer. A typical cleaning operation may include a preliminary rinse cycle, a pre-wash
cycle, a wash cycle, a post-wash rinse cycle, a thermal rinse cycle and a drying cycle.
During the rinse and wash cycles the articles are exposed to one or more chemical cleaning
and rinsing solutions.

[0004] It is not unusual for a cleaning operation to be followed by a visual inspection
conducted by a human to insure that there are no residual bio-contaminants (hereinafter
referred to as “soil”) on the articles. The soil may include organic residues including, but
not limited to, blood, fat, mucous, lipids, carbohydrates, bone, hair, protein, and food
product. Some articles have unique shapes, corners or crevices that make removal of the
bio-contaminants therefrom difficult. Human visual inspection helps ensure that post-wash
articles with soil thereon are not allowed to proceed to further processing (e.g., sterilization)

without first removing any remaining bio-contaminants.
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[0005] As will be appreciated, a human visual inspection is both time-consuming
and costly. Moreover, it is difficult to detect minute amounts of soil by human visual
inspection, and such visual inspection is subject to human error (for example, person-to-
person variations and individual biases). Furthermore, it is observed that human visual
inspection is a binary qualitative process, not quantitative.

[0006] Medical washing is only one example of a field in which there is a need for
decontamination and inspection procedures. Similar decontamination and inspection
procedures arc performed in other, different ficlds of endeavor, including fields in which
industrial processing equipment is exposed to organic residues. Such fields include the
agrifood sector, such as dairy, brewery, and other food processing facilities.

[0007] Some prior art methods for optical detection of soil use a fluorescent dye or
agent to detect the presence of soil on an article. In such systems, the fluorescent agent is
applied to the article, for example, by exposing the article to a solution that includes the
fluorescent agent. The fluorescent agent binds to organic residues (e.g., proteins), and thus
affixes to the soil to label the bio-contaminant. Where there is no soil on the article, the
fluorescent agent does not become affixed thereto, and thus can be washed off. To provide
optical detection of the soil according to certain prior art methods, the article can be exposed
to “black light” (i.e., electromagnetic radiation in the ultraviolet range having wavelengths
around 315-400 nm), which is absorbed by the fluorescent agent. Absorbance of this
ultraviolet (UV) light causes the fluorescent agent to emit visible light (i.e.. to be
fluorescent), thereby identifying the presence of soil to a human inspector. A typical human
eye is responsive to light in the wavelength range of 390-750 nm. A fluorophore such as
fluorescein has an excitation under light having a wavelength of about 488-490 nm, upon
which the fluorescein emits light (i.e., fluoresces) at a wavelength of about 513 nm.

[0008] This prior art method does not allow personnel to carry out their task of
reprocessing of articles in desirable ambient light conditions, and thus makes it difficult for
personnel to disassemble, reassemble, and inspect articles for cleanliness. Recommended
illuminance levels for such work environments can range from 200 lux to 2000 lux, and
more typically range from 1400 lux to 2000 lux.

[0009] It is becoming increasingly common to utilize cannulated or lumened devices
within the surgical operating room. It is understood in the art that a “lumen” is a cavity

within the interior space of a tubular passageway or structure. There are a wide variety of
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lumened instruments in use today. The cost of instruments such as endoscopes is often very
high, and so thorough reprocessing is becoming increasingly desirable.

[0010] One significant challenge is the detection of any residual soil remaining
inside the inner portion of a lumen after manual cleaning of the interior of the lumen by use
of a brush or a swab. Prior art approaches to confirming cleanliness are labor-intensive and
thus very expensive while not very precise. Visual inspection is only qualitative and the
detection and/or integrity of cleanliness validation is dependent on human error.

[0011] The present invention provides a method and apparatus for optical detection
of soil in a lumen of a medical instrument, such as an endoscope.

[0012] The present invention also provides a method and apparatus for optical
inspection of other types of lumened and cannulated structures, such as small pipes and
tubes included in industrial applications such as agrifood (dairy, brewery, and other food

processing facilities).

Summary of the Invention

[0013] According to a first aspect of the present invention, there is provided a soil
detection system for detecting presence of soil on an article, the soil detection system
comprising: (a) a scanning unit including: a light source for producing light to be incident on
the article; a detector for detecting electromagnetic radiation emanating from said article and
generating light data corresponding thereto, said electromagnetic radiation including
ambient light reflected by the article and light emitted by an excited luminescent agent that
is bound to the soil, and a light filter for filtering light of predetermined frequencies; and (b)
a control unit for receiving the light data generated by the detector to determine the presence
of soil on the article.

[0014] According to another aspect of the present invention, there is provided a method for
detecting presence of soil on an article, said method comprising: introducing a luminescent
agent to a detergent during a wash cycle of a washing apparatus, wherein the luminescent
agent is bound to soil present on the article; rinsing the article to remove unbound
luminescent agent; exposing the article to laser light; detecting light emanating from said
article and gencrating light data corresponding thereto, said light emanating from said article
including ambient light reflected by the article and light emitted by exciting the luminescent

agent bound to the soil; filtering the light emanating from said article at predetermined
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frequencies; and determining the presence of soil on the article based upon the filtered light
received by a light detector.

[0015] According to yet another aspect of the present invention, there is provided a
soil detection system for detecting presence of soil inside a cannulated structure such as a
lumen, the soil detection system comprising: (a) a probe for insertion into an interior of the
lumen to detect a fluorescent agent bound to residual soil present on the interior of the
lumen, the fluorescent agent emitting fluorescent light at a fluorescence wavelength
indicative of soil in response to cxcitation light at an cxcitation wavclength; (b) a light
source for producing the excitation light at the excitation wavelength, transmitted through a
distal end of the probe into the interior of the lumen; (c) a light filter for filtering light
emanating from the interior of the lumen, said light emanating from said interior including
the excitation light reflected by the interior at the excitation wavelength and the fluorescent
light at the fluorescence wavelength emitted by exciting the fluorescent agent bound to the
soil with the excitation light, said light filter configured to pass the fluorescent light
indicative of soil; (d) a photodetector for detecting the filtered fluorescent light emanating
from said interior and generating a light signal corresponding thereto; and (e) a processing
unit for receiving the light signal generated by the detector to determine a presence of soil
on the interior based upon features detected at the fluorescence wavelength within the
interior of the lumen.

[0016] According to still another aspect of the present invention, there is provided a
method for detecting presence of soil within a lumen, said method comprising: introducing a
fluorescent agent to a detergent during a wash cycle of a washing apparatus, wherein the
fluorescent agent emits fluorescent light at a fluorescence wavelength, said fluorescent agent
bound to soil present on an interior of the lumen; rinsing the lumen to remove unbound
fluorescent agent; exposing the interior of the lumen to excitation light at an excitation
wavelength; filtering the light emanating from the interior of the lumen, said light emanating
from said interior including the excitation light reflected by the interior at the excitation
wavelength and the fluorescent light at the fluorescence wavelength emitted by exciting the
fluorescent agent bound to the soil with the excitation light, said filtering passes the
fluorescent light indicative of soil; detecting the filtered fluorescent light emanating from the
interior of said lumen; and determining the presence of soil on the interior based upon

features detected at the fluorescence wavelength within the interior of the lumen.
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[0017] An advantage of the present invention is the provision of a method and
apparatus that uses optical excitation and luminescence (such as fluorescence) to detect the
presence of soil on articles that have undergone a washing or rinsing process.

[0018] Still another advantage of the present invention is the provision of a method
and apparatus that allows optical detection of soil on articles in the presence of ambient
light.

[0019] Yet another advantage of the present invention is the provision of a method
and apparatus that uses optical excitation and luminescence (such as fluorescence) to detect
the presence of residual soil within a lumened or cannulated instrument that has undergone a
decontamination process, such as washing or rinsing.

[0020] Another further advantage of the present invention is the provision of a
method and apparatus that allows optical detection of soil within a lumen in the presence of
ambient light.

[0021] These and other advantages will become apparent from the following
description of the present invention, taken together with the accompanying drawings and the

appended claims.

Brief Description of the Drawings

[0022] The present invention may take physical form in certain parts and
arrangement of parts, preferred embodiments of which will be described in detail in the
specification and illustrated in the accompanying drawings which form a part hereof, and
wherein:

[0023] FIG. 1 is a schematic view of a soil detection system according to a first
embodiment of the present invention;

[0024] FIG. 2 is a schematic view of a soil detection system according to a second
embodiment of the present invention;

[0025] FIG. 3 is a detailed illustration of a soil detection system according to the first
embodiment of the present invention;

[0026] FIGS. 4A and 4B illustrate internal components of a scanning unit for the soil
detection system;

[0027] FIG. 5 illustrates a soil detection system according to an alternative

embodiment of the present invention;
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[0028] FIGS. 6A is a graph illustrating the intensity of light emitted by an
incandescent light bulb for a range of wavelengths;

[0029] FIG. 6B is a graph illustrating the intensity of light emitted by a fluorescent
light tube for a range of wavelengths; and

[0030] FIG. 6C is a graph illustrating the intensity of light emitted by a computer
monitor for a range of wavelengths.

[0031] FIG. 7 illustrates a soil detection system for inspecting the interior of lumen

of an endoscope according to an alternative embodiment of the present invention.

[0032] FIG. 7A illustrates a hemispheric lens.
[0033] FIG. 7B illustrates a ball-shaped lens.
[0034] FIG. 8 is a graph illustrating a detected fluorescence intensity threshold

indicative of the presence of soil at specific locations within the interior of a lumen of an
endoscope.

[0035] FIG. 9 depicts a user interface display indicating instances of unacceptable
soil at specific locations within the interior of a lumen of an endoscope.

[0036] FIG. 10 illustrates a soil detection system for inspecting the interior of the

lumen of an endoscope in conjunction with a probe reel for spooling and unspooling a

probe.
Detailed Description of the Invention
[0037] It should be appreciated that the term “medical devices” as used herein,

includes, but is not limited to, such articles as surgical, dental, veterinary and mortuary
instruments and equipment. The articles may be made of various materials, including, but
not limited to, stainless steel.

[0038] Referring now to FIGS. 1 and 3, there is shown a soil detection system 30
according to an embodiment of the present invention, generally comprised of a scanning unit
80 and a control unit 40. Scanning unit 80 includes a detector 90, a light source in the form
of a laser 100 that produces a laser light 102, a light filter 112, and a dichroic beamsplitter
116 that are located within a housing 81. In the illustrated embodiment, scanning unit 80 is
handheld by the user. It should be understood that the light source can alternatively be
located external to scanning unit 80 and an optical fiber used to transmit light from the

external light source to scanning unit 80.
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[0039] In the illustrated embodiment, detector 90 takes the form of a conventional
digital video/still camera that includes a CMOS (complementary metal-oxide
semiconductor) or CCD (charge-coupled device) image sensor 92 and a lens 94. A CCD
image sensor 92 represents pixels by p-doped MOSFET capacitors. These capacitors are
biased above the threshold for inversion when image acquisition begins, allowing the
conversion of incoming photons into electron charges at the semiconductor-oxide interface.
Image sensor 92 is then used to read out these charges. Detector 90 is adapted to detect
clectromagnetic radiation emanating from said articles and generate corresponding
information (i.e., light data) that is delivered to control unit 40. It should be understood that
detector 90 may take the form of any suitable device able to detect electromagnetic radiation
and produce an image, including, but not limited to, a CMOS sensor, a CCD, a photodiode,
and a photodiode array. In the illustrated embodiment, image sensor 92 takes the form of a
color image sensor, such as CCD or CMOS with RGB (Red-Green-Blue) pixel matrix, or a
three-dimensional image sensor where color RGB planes are stacked on the same chip, such
as 3-CCD or 3-CMOS. These image sensors provide access to each color channel
individually for image processing.

[0040] In the illustrated embodiment, laser 100 is preferably a laser diode that
predominantly emits light (“laser light”) at a wavelength of about 488-490 nm (blue). As
will be explained in further detail below, the laser light excites a fluorescent agent (e.g., a
fluorophore such as fluorescein). Two- and three-dimensional images may be obtained
since fluorescence takes place in all directions (i.e., the fluorescence signal is usually
isotropic). Furthermore, the signal-to-noise ratio of the fluorescence signal is very high,
providing a good sensitivity. In the illustrated embodiment, the fluorescent agent is
fluorescein, which has a maximum excitation at light having a wavelength of about 488-490
nm. Once excited, the fluorescein emits light at a wavelength of about 513 nm. Since the
emitted, fluorescent light is of a different frequency than the excitation light, the excitation
light can be filtered out. The intensity of light emitted from a region having the fluorescent
agent is correlated to the intensity of excitation energy and to the concentration of the
fluorescent agent.

[0041] It should be understood that the light source of the present invention for
producing light emitted by scanning unit 80 may take a number of different forms,

including, but not limited to, any kind of device being able to emit a monochromatic or
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broadband electromagnetic field. Examples of such devices include lasers, solid-state lasers,
laser diodes, argon ion lasers, micro wire lasers, diode solid-state lasers, vertical cavity
surface emitting lasers, light emitting diodes (LED), organic light emitting diode (OLED),
polymer light emitting diode (PLED), quantum dot based light sources, white light sources,
halogen lamps, phosphor-coated LEDs, thin-film electroluminescent devices,
phosphorescence OLEDs, inorganic/organic LEDs, LEDs using quantum dot technologies,
LED arrays, flood light systems using LEDs, white LEDs, filament lamps, arc lamps, gas
lamps and fluorescent tubes.

[0042] Dichroic beamsplitter 116 is used to both reflect and filter light, depending
upon the direction the light is traveling toward dichroic beamsplitter 116. In one direction,
dichroic beamsplitter 116 reflects blue light emitted by laser 100 to direct laser light 102
through an opening 81a in housing 81. In a second direction, dichroic beamsplitter 116 cuts
blue light and allows green and red light to pass therethrough for reception by detector 90.
Accordingly, dichroic beamsplitter 116 prevents any excitation light (in this case, blue light
emitted by laser 100) from being received by detector 90. It should be appreciated that a
combination of a reflective member (e.g., a dichroic mirror) and one or more light filters
may be substituted for dichroic beamsplitter 116. In the embodiment illustrated in FIG. 1,
filter 112 is preferably a dual band filter that permits only red and green light to pass
therethrough and be received by detector 90.

[0043] As shown in FIG. 3, housing 81 includes a handle grip 84. A trigger 86 is
provided to activate scanning unit 80, as will be explained below. A cable 82 electrically
connects scanning unit 80 with control unit 40.

[0044] In the illustrated embodiment of the present invention, control unit 40
includes a display unit 42 (e.g., an LCD or LED display unit), a user input interface 44 (e.g.,
buttons, knobs, keypad, and the like) for control and programming of control unit 40, and an
audio output 48 (e.g., a speaker) for emitting audible sounds. A power cord 50 connects
control unit 40 to a power source (e.g., a conventional AC electrical outlet). The power
source may also supply power to scanning unit 80 through control unit 40. Control unit 40
includes a processing unit and data storage to perform image processing on the light data
collected by detector 90 and provides an audible and/or visual soil detection feedback using
audio output 48 and display unit 42. A detailed description of the operation of control unit

40 and scanning unit 80 is provided below.
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[0045] The present invention will now be further described with reference to
detection of soil on articles that have been exposed to a solution containing a fluorescent
agent (e.g., fluorescein, which is biocompatible). For example, a medical washer (washing
apparatus) may be provided to remove bio-contaminants from articles placed in a washing
chamber by directing jets or streams of fluid at the articles from spray heads or nozzles
located within the washer chamber. The washer may be configured to expose the articles to
a solution containing the fluorescent agent during the washer’s standard wash cycle and/or
rinse cycle. The fluorescent agent (non-specifically) binds to organic residues (e.g.,
proteins), and thus affixes to soil on the articles to label the bio-contaminant. Where there is
no soil on the article, the fluorescent agent does not become affixed thereto (i.e., is
unbound), and therefore can be easily rinsed off of the article. In a preferred embodiment,
no extra wash time is required for labeling the bio-contaminant and no extra rinse time is
required to remove all of the unbound fluorescent agent. Accordingly, no changes are
required of existing medical washers with respect to standard wash and rinse cycles (i.e., no
additional “marking” cycle, or pre-wash cycle, etc. is required). In one embodiment of the
present invention, fluorescein is used as the fluorescent agent at a concentration in the range
of about 0.001 mM to 90 mM (for example, around 0.3 mM) with an exposure time in the
range of 30 seconds to 5 minutes to label the bio-contaminant.

[0046] It is contemplated that the washer may include a source of a fluorescent agent
that is introduced into a water inlet line to the washing chamber during a desired stage of the
washing and/or rinsing cycles. A valve controls the flow of the fluorescent agent into the
water inlet line. Preferably, the solution containing the fluorescent agent is introduced into
the washing chamber during a later stage of the washing cycle. Therefore. during a
subsequent rinsing cycle, the fluorescent agent can be removed from unsoiled portions of the
articles. The solution containing the fluorescent agent may be combined with a washing
solution that includes a decontaminating agent or cleaning detergent. The decontaminating
agent or cleaning detergent may initially be in a liquid or dry powder form. The fluorescent
agent may be directly added to the decontamination or cleaning detergent before the
detergent is added to the washing chamber.

[0047] It should be appreciated that while an illustrated embodiment of the present
invention is described herein with reference to “fluorescein” as the fluorescent agent, it is

contemplated that alternative fluorescent agents may be substituted for fluorescein. A
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selected fluorescent agent preferably has the following properties: approval by government
regulatory authorities (e.g., FDA); bio-compatible in such a way that remaining traces of the
fluorescent agent on an article can be safely introduced into the human body without
incurring health problems; binds rapidly to proteins (e.g., within a few seconds); has the
ability to withstand exposure to harsh washing environment conditions (i.e., harsh chemicals
and temperatures exceeding 80 °C); water soluble; and high quantum yield. Alternative
fluorophores include, but are not limited to, rose bengal, acid red, phtalocyanine, and
luminol.

[0048] While the present invention has been described in connection with the use of
a fluorescent agent, it is also contemplated that the present invention may be adapted for use
with alternative chemical agents that provide luminescence, including but not limited to,
chemical agents which provide phosphorescence, chemiluminescence, or bioluminescence.
[0049] Referring now to FIGS. 1 and 3, one or more articles 10 (e.g., a tool or
instrument) which have been exposed to a solution containing fluorescein are placed in a
tray 5. The articles are preferably arranged in a single layer to provide exposure to the light
emitted by the light source, as will be described below.

[0050] An operator of soil detection system 30 grabs handle grip 84 to manually
move scanning unit 80 over the surfaces of an article 10 while activating laser 100 using
trigger switch 86. Activation of trigger switch 86 causes laser 100 to produce a laser light
102 at a wavelength of about 488-490 nm (blue light). The laser light 102 is reflected by
dichroic beamsplitter 116 and travels through opening 81a of housing 81 and is directed
toward article 10.

[0051] Article 10 is exposed to both ambient light and laser light 102 as scanning
unit 80 is moved over the surfaces of article 10. FIGS. 6A-6C show the intensity of ambient
light produced at various wavelengths for ambient lighting sources, such as an incandescent
bulb, a fluorescent tube light, and a computer monitor screen, respectively. As discussed
above, when the fluorescein that binds to soil is exposed to the laser light 102 at a
wavelength of about 488-490 nm, the fluorescein emits light (i.e., fluoresces) at a
wavelength of about 513 nm.

[0052] Reflected ambient light (Lr) and fluorescent light (L) emitted by the excited

fluorescein pass through dichroic beamsplitter 116 and filter 112 before traveling through
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lens 94 of detector 90. Filter 112 allows only red and green light to pass therethrough to
detector 90. The light transmitted through lens 94 is received by image sensor 92.

[0053] As scanning unit 80 is moved across article 10, the user squeezes trigger 86,
thereby activating laser 100 to produce laser light 102 that is emitted from housing 81
through opening 81a. Laser light 102 is incident on article 10 as scanning unit is moved
across article 10. Ambient light is also incident upon article 10, thereby producing ambient
light reflections that will include both red and green light. When the fluorescent agent (i.e.,
fluorescein) present in the soil is excited by laser light 102 the soil fluoresces thercby
emitting light at a wavelength of about 513 nm (green light). Both the reflected ambient
light (Lr) and the fluorescent light (Lg) of the soil pass through filter 112 which filters out
all but red and green light. Therefore, image sensor 92 only receives red and green light.
[0054] Referring now to FIG. 1, there is shown a sample input spectrum 120. As
scanning unit 80 is moved across article 10, image sensor 92 acquires and transmits to
control unit 40 detected light data indicative of input spectrum 120 that includes a green
light waveform 122 and a red light waveform 124. Green light waveform 122 is indicative
of the intensity of green light detected by image sensor 92 and red light waveform 124 is
indicative of the intensity of red light detected by image sensor 92.

[0055] Control unit 40 is programmed to spectrally discriminate between soil
fluorescence (indicating the presence of soil) and specular ambient light reflections, based
upon the measure of saturation of green light intensities relative to red light intensities
(ratio). In the illustrated embodiment, the range of this measure of saturation is enclosed
between zero and one. Accordingly, the system is robust to the variations of ambient light
of the surrounding environment and changes of acquisition parameters. A value of
saturation close to zero is indicative of the presence of specular ambient light reflections,
whereas a large value close to one is indicative of the presence of soil.

[0056] Control unit 40 may be programmed to display the detected light data to a
user on display unit 42. Control unit 40 may also be programmed to provide the user with a
visual and/or audible indicator (e.g., warning/alarm/feedback) via display unit 42 and audio
output 48 in the event that the ratio of green light intensity-to-red light intensity indicates the
presence of soil. It is further contemplated that control unit 40 may present an image of
article 10 and use display unit 42 to display the location of the detected soil (i.e.,

contaminated region) on article 10. The image of article 10 may be acquired during optical
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scanning of article 10 or from a prestored image library comprised of images of a plurality
of commonly used articles 10.

[0057] Referring now to FIG. 2, there is shown a soil detection system 30A
according to an alternative embodiment of the present invention. Soil detection system 30A
is similar to soil detection system 30 in several regards, and thus like components have been
given the same reference numbers. Soil detection system 30A includes scanning unit 80A
having laser 100, detector 90, a power modulator 34, dichroic beamsplitter 116, and a light
filter 112A that allows only grecen light to pass therethrough. Power modulator 34 produces
a pulsed waveform that provides an ON/OFF signal to activate/deactivate laser 100. When
the pulse is an ON signal, laser 100 is activated to produce laser light 102. The pulsed
waveform causes laser 100 to be continuously pulsed ON and OFF at a laser modulation
frequency. As scanning unit 80A is moved across article 10, the user squeezes trigger 86,
thereby activating power modulator 34 to produce the pulsed waveform that provides the
ON/OFF signal to laser 100. When the pulse is an ON signal, laser light 102 is emitted from
housing 81 through opening 81a. It should be appreciated that power modulator 34 may
alternatively take the form of a square wave modulation circuit to modulate the output of
laser 100 (amplitude modulation).

[0058] Laser light 102 is incident on article 10 as scanning unit is moved across
article 10. Ambient light is also incident upon article 10, thereby producing ambient light
reflections that will include green light. When the fluorescent agent (e.g., fluorescein)
present in the soil is excited by laser light 102 the soil fluoresces thereby emitting light at a
wavelength of about 513 nm (green light). Both the reflected ambient light (Lgr) and the
fluorescent light (Lg) of the soil pass through filter 112 which filters out all but green light.
Therefore, image sensor 92 only receives green light. In this embodiment, image sensor 92
may take the form of a color or gray-scale type sensor.

[0059] The modulation frequency for laser 100 is set to be lower than the emission
frequencies of ambient lighting sources. Detector 90 operates in a continuous (video) mode
at a frame rate that is higher that the modulation frequency. Green blinking features on
display unit 42 of control unit 40 at the modulation frequency are indicative of soil. Non-
blinking features or blinking at frequencies other than the modulation frequency arc
identified as ambient light reflections. In one embodiment of the present invention the

modulation frequency is around 10 Hz. The frequency of ambient lighting sources are f =
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20-60kHz (electronic ballast fluorescent tube), f = 120 Hz (incandescent light bulb and
magnetic ballast {luorescent tube), and f =240 Hz (computer monitor).

[0060] As scanning unit 80A is moved across article 10, power modulator 34
produces the pulsed waveform that causes detector 90 and laser 100 to be continuously
pulsed ON and OFF. As indicated above, filter 112A only allows green light to pass
therethrough to detector 90. Image sensor 92 acquires and transmits to control unit 40
detected light data indicative of the intensity of green light detected by image sensor 92.
[0061] FIG. 5 illustrates a soil detection system 30B according to an alternative
embodiment of the present invention. Soil detection system 30B includes a control unit 40A
having an inspection chamber 60 for inspecting articles 10 placed on a tray 5. A plurality of
scanning units 80B are located within chamber 60 for exposing the plurality of surfaces of
an article 10 to laser light 102. Scanning units 80B are similar in most respects to scanning
units 80 and 80A except that they are automatically activated by control unit 40A. The
embodiment shown in FIG. 5 eliminates the need for the user to manually activate a
handheld scanning unit 80, 80A and manually expose all of the surfaces of an article 10 to
laser light 102.

[0062] It is contemplated that tray 5 may also be connected with an apparatus (now
shown) for rotating, shaking, or otherwise moving tray 5 within chamber 60. It is further
contemplated that scanning units 80B may be mounted to moveable arms (not shown) to
provide a range of motion for each scanning unit 80B. Control unit 40 is programmed to
control movement of tray 5 and scanning units 80B.

[0063] Referring now to FIGS. 7-10, there is shown a soil detection system and
accompanying method according to an alternative embodiment of the present invention.
FIG. 7 depicts a lumen inspection apparatus 130 including a probe 132 having an optical
fiber 134. A distal end of the probe 132 is inserted into the interior of a cannulated structure
such as a lumen 136.

[0064] As is understood in the art, an optical fiber 134 is formed of highly
transparent glass, and possesses all the optical properties therewith. Optionally, the optical
fiber 134 can be formed of a suitable polymer material such as poly (methyl methacrylate)
(PMMA). This material can be used in an alternative embodiment of a disposable soil
detection system. Light can be simultaneously transmitted outwardly and inwardly through

the optical fiber 134, as occurs with a common, everyday window. Consequently, the
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present optical fiber 134 enables the simultaneous transmission of emitted excitation laser
light and detected fluorescent light.

[0065] As with the other embodiments discussed in detail hereinabove, the lumen
136 was previously washed, prior to inspection, with a cleaning agent including fluorescein
which binds to any residual soil that adheres to the interior of the lumen 136. The distal end
of the probe 132 is inserted into the interior of the lumen 136 in an insertion direction 138
and at a constant insertion speed. As the probe 132 moves through the interior, emitted
excitation light is transmitted through the optical fiber 134 from a light source 140 (c.g., a
laser source). From the light source 140, the emitted excitation light is directed into the
optical fiber 134 through a coupler 142, which provides an optical connection between the
light source 140 and the optical fiber 134.

[0066] The emitted excitation light is emitted from the distal end of the probe 132 in
an excitation pattern 144 which radiates in all directions within the interior of the lumen
136. The light of this excitation pattern 144 encounters any spots of residual soil 146 that
adhere to any point along the interior of the lumen 136. The light from the excitation pattern
144 energizes the fluorescein that is bound on the soil 146. In response thereto, the
fluorescein emits a fluorescence pattern 148 of fluorescent light at a different fluorescence
wavelength which radiates in all directions.

[0067] At least a portion of the fluorescent light from the fluorescence pattern is
received by the probe 132, and this fluorescence light is then transmitted through the optical
fiber 134. In the preferred embodiment, as in other aforementioned embodiments discussed
hereinabove, the excitation light from the light source 140 is laser light at a wavelength of
about 488-490 nm, while the fluorescence wavelength is about 513 nm.

[0068] The fluorescent light travels back along the optical fiber 134 where it passes
through the coupler 142. The coupler 142 is optically connected to a photodetector 150 and
directs the received light toward the photodetector 150. A light filter 152 is disposed
upstream of the photodetector 150, which passes only received light of the fluorescence
wavelength and filters any excitation light which is also received at the distal end of the
probe 132 from the interior of the lumen 136. The photodetector 150 converts the filtered
fluorescent light into a corresponding electronic signal that can be further processed.

[0069] The probe 132 can include an optical fiber 134 formed of glass or PMMA, as

mentioned hereinabove. The fiber 134 can be a multimode fiber having a large core
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diameter of 100-1000 pm and a high numerical aperture (NA = 0.2-0.5). Such a fiber 134 is
preferably used to capture a maximum amount of fluorescent light. The fiber 134 is
preferably cleaved at a 90 degree angle. The fiber 134 can optionally include a lens affixed
at the tip for a larger exit cone angle of the excitation light pattern 144 shining inside the
lumen 136. Such a lens also increases the capture cone angle of the fluorescence pattern 148
emitted in all directions from the soil 146. Such a lens can be a hemispheric lens 134A
(FIG. 7A), a ball-shaped lens 134B (FIG. 7B), or of any other suitable custom design. The
fiber probe 132 can be used as a disposable, one-time use device in order to avoid the need
for cleaning in between inspections. Such disposability can be suitably implemented by
using low-cost material such as plastic (e.g., PMMA) for the fiber 134 and the lens.

[0070] The photodetector 150 is electronically connected to a processing unit 154
for processing the signal of the fluorescent light received from the optical fiber as it is
moved through the interior of the lumen 136. The processing unit 154 can be the control
unit 40, as explained in detail hereinabove and as illustrated in FIG. 3. In this embodiment,
the lumen inspection apparatus 130 can be electrically connected to the control unit 40
through a cable 82. The cable 82 can be configured to selectively attach the control unit 40
to the lumen inspection apparatus 130 or to the scanning unit 80, discussed in detail
hereinabove. Alternatively, the processing unit 154 can be a standalone unit specifically
dedicated to analyzing the received fluorescent light to determine the presence of soil 146 on
the interior of the lumen 136.

[0071] FIG. 8 shows a graph 160 illustrating detected fluorescence intensity 162
with respect to distance 164 along a longitudinal axis of the lumen 136. As shown, the
distance 164 is measured along the x-axis of the graph 160 and the intensity 162 is measured
along the y-axis of the graph 160. A threshold 166 is indicated by the dotted line. This
threshold 166 corresponds to a specific fluorescence intensity level indicative of the
presence of an unacceptable level of residual soil.

[0072] The processing unit 154 detects instances of fluorescence intensity above the
threshold in the light signal, which are registered as intensity spikes 168. Intensity spikes
168 that exceed the threshold 166 correspond to locations of an unacceptable level of
residual soil within the interior of the lumen 136. These intensity spikes 168 are correlated
with their respective distances along the longitudinal axis of the lumen 136 to determine the

specific locations within the interior of the lumen 136 at which an unacceptable level of soil
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is present. It is to be appreciated that the intensity level indicated by the threshold 166 can
be selectively adjusted to correspond with various cleanliness levels of residual soil, as may
be desirable for various surgical and/or processing applications.

[0073] The results of the lumen inspection determined in the graph of FIG. 8§ are
presented to the operator in a user interface 170, as shown in FIG. 9. This user interface 170
includes a longitudinal display 172 corresponding to the length of the lumen 136. Spots 174
are shown at positions on the display 172 that correspond to the locations of the intensity
spikes 168 within the interior of the lumen 136. The spots 174 can be sized to indicate the
intensity level above the threshold 166 (i.e., a small spot 174 indicates an intensity only just
above the threshold 166, corresponding to a small amount of residual soil, whereas a larger
spot 174 indicates a higher intensity level above the threshold 166, corresponding to a larger
amount of residual soil.)

[0074] The interface 170 can also include one or more alert messages 176 that
indicate the status of the inspection process. As indicated in the figure, the interface 170 can
indicate a specific number of spots 174 that indicate an unacceptable level of residual soil
requiring reprocessing of the lumen 136. The interface 170 can alternatively indicate a
collective size of all detected soil spots 174 having an aggregate area indicating an overall
unacceptable soil level. The interface 170 can be incorporated into the control unit 40 or it
can be a scparate unit, detachably connected to the control unit 40 or used with a separate
standalone unit specifically dedicated for the inspection of lumens 136.

[0075] FIG. 10 illustrates the soil detection system 130 used in conjunction with a
probe reel 180 for spooling and unspooling the probe 132. The probe reel 180 can be
similar to a standard-type take up reel used for various types of cable. In a “feed” mode, the
probe reel 180 advances the distal end of the probe 132 into the interior of the lumen 136,
whereupon the excitation pattern 144 is emitted and the inspection procedure is performed.
In a “retract” mode, the probe reel 180 spools back the probe 132 at the completion of the
inspection procedure.

[0076] The probe reel 180 can be motorized to enable power-driven feeding and
retraction. In this embodiment, the feeding of the probe 132 can be specifically metered by
the control unit 40, enabling the distal end of the probe 132 to be accurately controlled and
positioned within the interior of the lumen 136. Alternatively, the probe reel 180 can be

manually operated, using a handle or other device, as is common with similar structures
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such as fishing reels or garden hose assemblies. The probe reel 180 can include an input
interface 182 for interfacing with the coupler 142 to enable optical connectivity to the light
source 140 and the photodetector 150.

[0077] A proposed method is also disclosed that includes the steps of optically
marking the soil on the interior surface of a lumen during a washing process, and thereafter,
quantifying any soil remaining on the interior surface of the lumen after completion of the
washing process.

[0078] In accordance with the proposed method, a fluorescent agent is introduced
into a detergent or other cleaning agent during a wash cycle of a washing apparatus, wherein
the fluorescent agent is bound to soil present within the interior of the lumen. Thereafter, the
interior of the lumen is rinsed to remove unbound fluorescent agent. Next, the interior of the
lumen is exposed to excitation light (i.e., laser light) by moving the distal end of the probe
through the lumen in a longitudinal direction through the interior of the lumen. The
fluorescent agent bound to residual soil is excited by the laser light, and thereby generates
fluorescent light that is transmitted to the processing unit via the optical fiber.

[0079] The processing unit can provide a visual display of the detected intensity of
the fluorescent light. The presence of soil is indicated by the detection of the fluorescent
light, and the amount of residual soil is determined by the intensity level of the fluorescent
light. Specific locations of residual soil are indicated on the visual display by intensity
spikes. These intensity spikes are shown on the visual display at specific positions
corresponding to the location of the residual soil within the interior of the lumen, along its
longitudinal axis. The user can spool and unspool the probe using a structure similar to a
standard-type take up reel used for various types of cable. In a “feed” mode, the distal end
of the probe is advanced by the user into the interior of the lumen, whereupon the inspection
procedure is performed. In a “retract” mode, the user spools back the probe at the
completion of the inspection procedure.

[0080] The spooling and unspooling of the probe can be motorized to enable power-
driven feeding and retraction by the user. This enables the feeding of the probe by the user
to be specifically metered, enabling the distal end of the probe to be accurately controlled
and positioned within the interior of the lumen. Alternatively, the probe can be manually

fed and retracted by the user.
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[0081] The foregoing description discloses specific embodiments of the present
invention. It should be appreciated that these embodiment are described for purposes of
illustration only, and that numerous alterations and modifications may be practiced by those
skilled in the art without departing from the spirit and scope of the invention. For example,
it is contemplated that the scanning unit of the present invention could communicate with
the control unit via wireless communications. It is also contemplated that the method and
apparatus of the present invention may also be used in combination with automated and
human visual inspections using “white light” imaging. Further, as discussed above, it is
further contemplated that the present invention may be adapted to include a fiber optic
accessory for point inspection of cannulated instruments. It is intended that all such
modifications and alterations be included insofar as they come within the scope of the

invention as claimed or the equivalents thereof.



CLAIMS

1. A soil detection system for detecting presence of soil in a cannulated structure, the soil
detection system comprising:

a probe for insertion into an interior of the cannulated structure to detect a fluorescent agent
bound to residual soil present on the interior of the cannulated structure, the fluorescent agent emitting
fluorescent light at a fluorescence wavelength indicative of soil in response to excitation light at an
excitation wavelength;

a light source for producing the excitation light at the excitation wavelength, transmitted
through a distal end of the probe into the interior of the cannulated structure;

a light filter for filtering light emanating from the interior of the cannulated structure, said light
emanating from said interior including the excitation light reflected by the interior at the excitation
wavelength and the fluorescent light at the fluorescence wavelength emitted by exciting the fluorescent
agent bound to the soil with the excitation light, said light filter configured to pass the fluorescent light
indicative of soil;

a photodetector for detecting the filtered fluorescent light emanating from said interior and
generating a light signal corresponding thereto; and

a processing unit for receiving the light signal generated by the detector to determine a presence
of soil on the interior based upon features detected at the fluorescence wavelength within the interior
of the cannulated structure,

wherein the processing unit detects instances of fluorescence intensity above a threshold in the
light signal, which correspond to locations of an unacceptable level of residual soil within the interior
of the cannulated structure,

wherein the instances of fluorescence intensity above the threshold are correlated with their
respective distances along a longitudinal axis of the cannulated structure to determine specific
locations within the interior of the cannulated structure at which an unacceptable level of soil is
present, and

wherein the soil detection system further comprises a longitudinal display corresponding to a
length of the cannulated structure, for displaying locations within the cannulated structure where spots

of residual soil are detected.

19

Date Regue/Date Received 2021-08-12



2. The soil detection system according to claim 1, wherein the cannulated structure comprises a

Iumen of a medical instrument.

3. The soil detection system according to claim 2, wherein the medical instrument is an
endoscope.
4, The soil detection system according to claim 2, wherein the cannulated structure comprises

pipes or tubes included in industrial equipment requiring inspection for organic residues.

5. The soil detection system according to claim 1, wherein the probe comprises an optical fiber
that enables simultaneous transmission of the emitted excitation light and the detected filtered

fluorescent light.

6. The soil detection system according to claim 5, wherein the optical fiber comprises a lens at a
tip of the optical fiber.
7. The soil detection system according to claim 6, wherein the lens at the tip of the optical fiber

is a hemispheric lens or a ball lens.

8. The soil detection system according to claim 1, wherein the fluorescent agent is fluorescein.

9. The soil detection system according to claim 1, further comprising a coupler for optically

connecting the light source and the photodetector to the probe.

10.  The soil detection system according to claim 1, wherein the excitation light from the light
source is at a wavelength of about 488-490 nm, wherein the fluorescent light is at wavelength of about
513 nm.

11. The soil detection system according to claim 1, further comprising a user interface for

displaying an output of the processing unit indicative of the presence of soil within the interior of the

cannulated structure based upon features detected at the fluorescence wavelength.
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12. The soil detection system according to claim 1, wherein an intensity level indicated by the

threshold can be selectively adjusted to correspond with a predetermined cleanliness level.

13. The soil detection system according to claim 1, wherein the longitudinal display includes at

least one alert message for indicating a status of a cannulated structure inspection process.

14.  The soil detection system according to claim 1, further comprising a probe reel for spooling

and unspooling the probe.

15. The soil detection system according to claim 1, wherein the probe further comprises an image

sensor for providing a view of the interior of the cannulated structure.
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Abstract
A method for optical detection of residual soil in lumens of lumened
or cannulated devices such as surgical endoscopes, after undergoing a
decontamination process (e.g., a washing or rinsing operation). A soil
detection system provides an indication of the presence of residual soil
within a lumen by detecting luminescent radiation emanating from the soil

on the interior of the lumen in response to excitation light.
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