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Image-processing Device, Fluorescence Observation Device and Method for Emulating a First

Type of Fluorescence Observation Device on a Second Type of Fluorescence Observation Device

The invention relates to an image-processing device, to a fluorescence observation device com-
prising such an image-processing device and to a method for emulating a first type of fluores-

5 cence observation device on a second, different type of fluorescence observation device. The flu-
orescence observation device may in particular be a microscope or endoscope, in particular a flu-
orescence microscope or a fluorescence endoscope and more specifically a surgical fluorescence

microscope or a surgical fluorescence endoscope.

Fluorescence observation devices such as fluorescence microscopes and endoscopes greatly facili-

10  tate surgery and pathology. One or more fluorophores are injected into the object observed by
the fluorescence observation device (here, the patient’s body). Upon excitation by light in a cer-
tain spectral range, i.e. the absorption spectrum of the fluorophore, the fluorophore emits fluo-
rescence in a fluorescence spectrum. The one or more fluorophores are designed to gather in cer-
tain types of tissue. For example, there are fluorophores which gather in a tumor, while other

15 fluorophores gather in the bloodstream. Thus, by looking at the fluorescence spectrum, a surgeon
is capable of distinguishing quickly between different types of tissue. The surgeon is thus in a bet-
ter position to determine the extent of a fluorescent tumor or fluorescent vascular plexus tissue.
The use of fluorescence observation devices thus greatly increases the patient’s safety by pre-

venting unnecessary tissue damage and improving removal of tumors in their entirety.

20 However, in order to safely use fluorescence observation devices in surgery, years of training and
experience are needed. When new fluorescence technologies are developed, it is often difficult
for the surgeon trained in the use of another fluorescence technology to safely handle the infor-
mation provided by the new technology. The acceptance of new technology by surgeons may be
impaired due to liability issues arising from a fear of being insufficiently acquainted with the new

25  technology. Further, there is a need to provide training for a new or different fluorescence tech-

nology by building on the capabilities of other fluorescence technologies.

To solve this problem, the invention provides an image-processing device for emulating a first

type of fluorescence observation device on a second, different type of fluorescence observation
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device, the image-processing device comprising an image processor and being configured to re-
trieve at least one digital fluorescence image, the at least one digital fluorescence image repre-
senting an object recorded by an image recording system of the second type of fluorescence ob-
servation device in a fluorescence spectrum of a fluorophore, the image-processing device com-
prising a type-emulation module, the type-emulation module being representative of an image-
recording system of the first type of a fluorescence observation device, the image processor being
configured to apply the type-emulation module to the at least one digital fluorescence image and
to compute a digital emulated fluorescence output image from the application of the type-emula-
tion module to the at least one digital fluorescence image, the image processing device being fur-

ther configured to output the digital emulated output image.

Moreover, the invention is concerned with a fluorescence observation device, in particular fluo-
rescence microscope or endoscope, the fluorescence observation device comprising: an image-
recording system, the image-recording system being configured to record at |least one digital fluo-
rescence image in the fluorescence spectrum of a fluorophore, and an image processing device
comprising an image processor and configured to receive the at least one digital fluorescence im-
age from the image-recording system, the image-processing device comprising a type-emulation
module, the type-emulation module being representative of a different image-recording system
of a different type of fluorescence observation device,

the image processor being configured to apply the type-emulation module to the at least one digi-
tal fluorescence image and to compute at least one digital emulated fluorescence output image
from the application of the type-emulation module to the at least one digital fluorescence image,
at least one display device, the at least one display device being configured to display the at least

one digital emulated fluorescence output image.

Finally, the invention relates to a method for emulating a first type of fluorescence observation
device on a second type of fluorescence display device, the method comprising the following
steps: retrieving at least one digital fluorescence image representing an object in a fluorescence
spectrum of a fluorophore and recorded by the second type of fluorescence observation device
using an image-recording system computing a digital emulated output image from the at least
one digital fluorescence image, and outputting the digital emulated output image for at least one
of displaying or further processing, wherein the step of computing the at least one digital emu-

lated output image comprises the step of: applying a type-emulation module to the at least one
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digital fluorescence image, the type-emulation module being representative of the image-record-

ing system of the first type of a fluorescence observation device.

The type-emulation module allows the second type of fluorescence observation device to com-
pute a digital emulated output image which corresponds to the images produced by the first type
of fluorescence observation device although the first type uses a different image-recording sys-
tem. The surgeon is therefore in a position to display the results in a format that he or she is used
to, even if the second type of fluorescence observation device uses a different technology, in par-

ticular different hardware, to e.g. record digital fluorescence images.

The type-emulation module may be implemented as a hardware device, such as an ASIC, a CPU,
an FPGA, a GPU and/or a vector processor; as a software device, e.g. a digital type-emulation
module which is configured to operate on digital image data on the form of one or more subrou-

tines; or as a combination of both a hardware and software device.

In the following, additional features, which further improve the invention, are described. The indi-
vidual features can be combined independently of one another and each of the individual fea-
tures is advantageous on its own. The individual features can be applied indiscriminately to the
image-processing device, the fluorescence observation device and the method according to the

invention.

For example, the image-processing device may be further configured to retrieve at least one digi-
tal white-light color image recorded by the second type of fluorescence observation device and
representing the object illuminated by white light and to compute the digital emulated output im-
age from a combination of the at least one digital fluorescence image to which the type-emula-
tion module has been applied and the at least one digital white-light color image. In this embodi-
ment, the combination of the digital white-light color image and the digital fluorescence image
allows to put the fluorescing features of the object into context with non-fluorescing features

which otherwise would be invisible in the digital fluorescence image.

Further, the image processor may be configured to apply the type-emulating module to the at
least one digital white-light color image and to compute the digital emulated output image from a
combination of the at least one digital fluorescence image to which the type-emulation module

has been applied and the at least one digital white-light color image to which the type-emulation
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module has been applied. This allows to also emulate differences in the image recording system
that affect the digital white-light images recorded by the two different types of fluorescent obser-

vation devices.

The image-recording system of the first type, which is emulated by the type-emulation module,
may comprise an optical filter system which filters at least one of: fluorescence excitation light
used in the first type for triggering fluorescence of the fluorophore; background illumination light
used to illuminate the background of the image to make non-fluorescing areas visible; and light
entering a camera system. Further, the image-recording system may comprise different types of
camera. For example, the image-recording system of the first type may use only a single color
camera to capture both background illumination and fluorescence simultaneously in a single digi-
tal color image, particularly in RGB format. The image-recording system of the first type may also

employ a different fluorophore to generate fluorescence than the second type.

The image-recording system of the second type may comprise some or all elements of the image-
recording system of the first type, the elements being different between the two types with re-
spect to their effect on the light spectrum. For example, one or more of the light sources of the
first type may have a different spectrum than that of the corresponding one or more light sources
of the second type. The optical filter system of the first type may have different spectral charac-

teristics, such as a different transmission spectrum, than that of the second type.

Further, it is advantageous if the surgeon can switch between the at least one digital emulated
output image resulting from the application of the type-emulation module and a digital output
image resulting from not applying the type-emulation module. Instead of applying the type-emu-
lation module, the different image-capture and/or processing technology of the second type of
fluorescence observation device may be applied. For this, the image-processing device or, equiva-
lently, the fluorescence observation device, or the microscope or endoscope, may be configured
to be selectively operated in at least two different operation modes, wherein in one of the differ-
ent operation modes, application of the type-emulation module is disabled and, in another of the
different operation modes, application of the type-emulation is enabled to emulate a different
type of fluorescence observation device, in particular a different image-recording system. Alterna-

tively or cumulatively, the image processing device, the fluorescence observation device, or the
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microscope or endoscope my be configured to be switched between at least two different opera-
tion modes, wherein, in each of the two different operation modes, a different type-emulation

module is enabled and operates on the digital fluorescence image.

In another advantageous embodiment, the fluorophore used in the image-recording system to be
emulated and, optionally, also used in the second type, is a fluorophore of which both the absorp-
tion spectrum and fluorescence spectrum are at least partly located in the visible-light range. In
particular, the background illumination spectrum may correspond at least in part to the fluores-
cence absorption spectrum of the fluorophore. Thus, the background illumination spectrum may
be used to trigger fluorescence of the fluorophore and as background illumination of non-fluores-
cent areas of the object. The background illumination color may have the same color as the ab-
sorption spectrum of the fluorophore, in particular when using a standard observer such as the
standard CIE 1931 2° observer or any other standard observer as characterized by a color-match-

ing function.

In a particular embodiment, the fluorophore is 5-ALA pplX. 5-ALA pplX absorbs blue light and thus,
the absorption spectrum is blue and in the visible spectrum. The fluorescence spectrum is pink-

red and also in the visible spectrum.

In the case of 5-ALA pplX, where the absorption spectrum has a blue color and fluorescence is
triggered by illuminating the object with blue light, respectively, the blue background illumination
of the first type of fluorescence observation device may be emulated by selecting one or more
blue color channels of the at least one digital white-light color image to represent the background
illumination in the at least one digital emulated output image. Selecting the blue color band, or
adjusting the overall color of the digital white-light color image by applying a blue digital illumina-
tion filter, closely emulates the background of the fluorescence as recorded in the first type of flu-

orescence observation device.

If the second type of fluorescence observation device uses a multispectral or hyperspectral cam-
era, the digital white-light color image may have more than three color channels. In one instance,
both the digital white-light color image and the at least one digital fluorescence image may be dif-

ferent color channels of a single digital multispectral or hyperspectral image. In such a case, the
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procedures are the same as for an RGB image, except that the number of color channels is differ-
ent. The digital white-light color image and the digital fluorescence image are simply subsets of a

single digital multispectral or hyperspectral image.

According to another embodiment, the second type of fluorescence observation device records
the at least one digital white-light color image using a white-light illumination source directing il-
lumination light onto the object. The white-light illumination source may be part of the second
type of fluorescence observation device. Between the illumination source and the object, an illu-
mination filter may be arranged to block one of fluorescence wavelengths in the fluorescence
spectrum of the fluorophore and/or excitation wavelengths in the absorption spectrum of the
fluorophore. The stop-band for the fluorescence wavelengths and the absorption wavelengths

may be narrow-band so that the illumination is still white light.

The second type of fluorescence observation device may comprise a fluorescence excitation light
source, which may be separate from or included in the white-light illumination source. The excita-
tion light reaching the object from the excitation light source is preferably narrow-band. A fluores-
cence excitation filter may be arranged between the excitation light source and the object to

block wavelengths other than the excitation wavelengths used for triggering fluorescence.

The second type of fluorescence observation device may further have a white-light recording filter
arranged between a camera system for recording the digital white-light color image and the ob-
ject. The white-light recording filter blocks or at least attenuates at least one of the excitation
wavelengths and the fluorescence wavelengths. The at least one digital white-light color image
preferably does not record the light used for triggering fluorescence of the fluorophore and/or

emitted by the fluorescing fluorophore.

In another embodiment, the second type of fluorescence observation device may have an optical
fluorescence recording filter between the object and the camera system used for recording the at
least one digital fluorescence image. The fluorescence recording filter may be used in parallel to
the white-light recording filter if separate cameras are used for recording the at least one digital
fluorescence image and the at least one digital white-light color image. The fluorescence record-

ing filter may have a pass band which allows only the fluorescence wavelengths to pass and blocks
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all other wavelengths. Thus, the at least one digital fluorescence image of the second type con-
tains only fluorescent light, in particular if illumination containing fluorescence wavelengths has
been blocked before reaching the object. Such a set-up allows the image of the object in white
light to be decoupled from the fluorescence of the object, and these images to be processed sepa-

rately from one another.

The information recorded by the second type of fluorescence observation device differs from the
information obtained by the first type of fluorescence observation device due to the different
structure of the image-recording system and the different illumination spectra used, even if the
same fluorophore is employed. The type-emulation module of the second type includes infor-
mation which allows mapping of the information recorded by the second type of fluorescence ob-

servation device to the information recorded by the first type of fluorescence observation device.

To enable the image-processing device to be switched between different operational modes, the
image-processing device may comprise a library of different type-emulation modules, each type-
emulation module being representative of a different type of fluorescence observation device or a
different type of image-recording system. For example, different type-emulation modules may be
used to emulate the first type of fluorescence observation device which is used with different
types of fluorophores. Different type-emulation modules may also be used to emulate the effect
of different light sources or illumination spectra that are used in different types of fluorescence

observation devices.

According to one advantageous embodiment, the type-emulation module may contain a digital

background-emulation filter, which is representative of at least one of: an illumination spectrum
of a light source of the first type of fluorescence fluorescence observation device; an optical illu-
mination filter located between the light source and an observation area of the first type of fluo-
rescence observation device; and an optical recording filter located between a camera system of
the first type of fluorescence observation device. The digital background-emulation filter allows

the non-fluorescing background to be rendered in the digital emulated output image as it would

have been rendered by the first type of fluorescence observation device.
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The digital background-emulation filter is preferably applied exclusively to the at least one digital
white-light color image. The image processor may be configured to filter the at least one digital

white-light color image using the background illumination filter.

The digital background emulation filter represents a fluorescence excitation spectrum of a first
type of fluorescence observation device. This is particularly useful for emulating the first type of
fluorescence observation device on the second type of fluorescence observation device if the flu-
orescence excitation spectrum generated by a light source of the first type is used to trigger fluo-
rescence and to illuminate the background at the same time. After filtering, the at least one digi-
tal white-light color image depicts the object as it was illuminated by the fluorescence excitation

spectrum in the first type of fluorescence observation device.

The first type of fluorescence observation device may comprise an optical recording filter be-
tween the observed object and a camera. The recording filter preferably has at least one pass
band in the fluorescence spectrum of the fluorophore and one or more attenuation bands. The
pass band allows fluorescence of the fluorophore to reach the camera. The one or more attenua-
tion bands allow the background illumination to reach the camera at a decreased intensity com-
pared to the at least one pass band. The one or more attenuation bands attenuate wavelengths
outside the fluorescence spectrum to an intensity or brightness equal to the intensity of the fluo-
rescence in the fluorescence spectrum. Thus, for an observer, such as the camera recording
through the optical recording filter, the background illumination and the fluorescence have the
same intensity, or, ideally —if a luminosity function is integrated when designing the filter ar-
rangement — the same brightness. The digital background emulation filter may, in one embodi-
ment, represent the filter characteristic of the optical recording filter of the first type of fluores-
cence observation device. Alternatively or cumulatively, a digital recording filter may be provided
as part of the type-emulation module or the digital background-emulation filter. The digital re-

cording filter represents the transfer function of the optical recording filter.

The second type of fluorescence observation device records, in one embodiment, at least one dig-
ital white-light color image of the object and at least one digital fluorescence image. The digital
fluorescence image is preferably a digital monochrome image, but may also be a digital color im-
age, i.e. may comprise a plurality of digital monochrome images, each representing a different

color channel.
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In particular, the second type of fluorescence observation device preferably does not have back-
ground illumination in the fluorescence excitation spectrum. Instead, the second type of fluores-
cence observation device may provide a white-light image rendering the object in its natural col-
ors. According to one aspect, the image-processing device emulates the background illumination
in the excitation spectrum of the first type by applying the type-emulation module, in particular

the digital background emulation filter, to the at least one digital white-light color image.

If the absorption spectrum of the fluorophore or the background illumination spectrum of the
first type of fluorescence observation device has a color which corresponds to one color channel
of a color space of the digital white-light color image, then this color of the color channel may be
selected to represent the background illumination of the first type. For example, if the digital
white-light color image is recorded by an RGB camera, and is thus in the RGB color space, and the
fluorescence absorption spectrum — or the fluorescence excitation spectrum used for triggering
fluorescence in the first type of fluorescence observation device — of the fluorophore has a green
color, then the green color channel of the RGB digital white-light color image may be used to rep-
resent the object as recorded in the background illumination of the first type. This is particularly
advantageous if the white-light color image comprises different color channels which can be pro-
cessed independently of one another. Selecting or extracting a single color channel results in a
faster processing speed than applying a digital filter such as the digital illumination filter to more
than one color channel. In this case, the type-emulation module, in particular the background
emulation filter, may contain a digital mask to eliminate those color channels of the at least one
digital white-light color image that are not present or do not contribute beyond a predetermined
threshold to the background illumination of the first type. If one or a subset of the available color
channels of the at least one digital white-light color image is used as the color band to which the
background illumination color is assigned, the digital background illumination filter may be used

to adjust the intensity or brightness of this one or more color channel.

The image processor may be configured to apply the digital background illumination filter to the
at least one digital white-light color image and/or to select one or more predefined color channels
of the at least one digital white-light color image for inclusion in the at least one digital emulated

output image.
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The type-emulation module may contain a library of different digital background-emulation filters
that are representative of different types of fluorescence observation device, image-recording

systems and/or, particularly, optical components thereof.

The digital background-emulation filter may, in another embodiment, contain at least one of: at
least one or more digital light-source filters representative of the spectrum of the light source of a
first type of fluorescence observation device; one or more digital illumination filters representa-
tive of an optical filter located between the light source and an observation area of the first type
of fluorescence observation device; and one or more digital recording filters representative of an
optical recording filter located between a camera system and the observation area of the first

type of fluorescence observation device.

The digital background-emulation filter may be computed by combining, e.g. multiplying in the
spectral domain, at least two of the list containing at least one digital light-source filter, at least
one digital illumination filter and at least one digital recording filter. The modular design of the
digital background-emulation filter allows different types or setups of fluorescence observation
devices to be easily emulated on the second type. The digital background-emulation filter, digital
light-source filter, digital illumination filter and/or digital recording filter may be selectable by a
user, for example via a graphical user interface of the second type of observation device. The user
may thus put together the first type of fluorescence observation device that he or she wishes to
emulate on the second type of observation device by selecting its digital representation on the
second type of fluorescence observation device. The type-emulation module may also be selected
from a library by the user via a graphical user interface in order to switch quickly between differ-

ent types of fluorescence observation devices.

In another embodiment, the type-emulation module comprises a digital fluorescence-emulation
filter, which is representative of at least one of the fluorescence spectrum of the fluorophore and
an optical recording filter located between the camera system of the first type and the observa-
tion area of the first type. The digital fluorescence-emulation filter is used to emulate the fluores-
cence spectrum recorded by the first type of fluorescence observation device. The digital fluores-
cence-emulation filter is preferably applied exclusively to the at least one digital fluorescence im-
age. The image processor may be configured to apply the digital fluorescence-emulation filter to

the at least one digital fluorescence image.
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A modular design of the digital fluorescence-emulation filter may be preferred. In such a design,
the digital fluorescence-emulation filter may contain at least one of: one or more digital fluores-
cence-emission filters representative of a fluorescence spectrum of a fluorophore; and one or
more digital recording filters representative of an optical recording filter located between a cam-
era system and the observation area of the first type of fluorescence observation device. In partic-
ular, the optical recording filter emulated by the digital recording filter may have a pass band
which is located in the fluorescence spectrum of the fluorophore or overlaps with a pass band of
the digital fluorescence filter. The digital recording filter is the digital background-emulation filter

and the digital fluorescence-emulation filter may be the same.

The type-emulation filter may contain a library of digital fluorescence-emulation filters that are
representative of different types of fluorescence observation devices, optical recording filters
and/or fluorophores. Again, such a library allows different types of fluorescence observation de-

vices to be selected and emulated on the second type of observation device.

The first and second types of fluorescence observation devices may also differ in terms of the rel-
ative intensity or, if the luminosity function is taken into account, the relative brightness of the
non-fluorescing background, on the one hand, represented in the second type by the at least one
digital white-light color image, and the fluorescing sections of the image, on the other, repre-
sented in the second type by the at least one digital fluorescence image. To adjust the relative in-
tensities, or the relative brightness, of background and fluorescence in the second type of fluores-
cence observation device to correspond to the first type of fluorescence observation device, the
type-emulation module may comprise a digital attenuation filter for adjusting at least one of the
mean intensity or brightness of the digital white-light input image and the mean intensity or
brightness of the digital fluorescence input image relative to one another in order to e.g. obtain a
predetermined ratio. Preferably, the mean intensity or brightness is adjusted after application of
at least one of the digital background-emulation filter and the digital fluorescence emulation fil-
ter. The intensity or brightness of the at least one digital fluorescence input image and the at least
one digital white-light color image is preferably determined by computing the mean intensity. The
mean intensity or brightness may be computed using an arithmetic or geometric mean across the
entire image. The brightness may be computed from the intensity using a luminosity function

such as the CIE 1931 2° standard.
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The image processor may be configured to compute the digital fluorescence-emulation filter from
the digital fluorescence filter and the digital recording filter, e.g. by a multiplication in the spectral

domain.

The image-processing device or the image processor may comprise a graphical user interface
which allows a user to choose between different digital fluorescence-emulation filters, digital flu-

orescence-emission filters and/or digital recording filters.

In order to facilitate the changeover in technology from the first type of fluorescence observation
device to the second type of observation device, and for schooling purposes, it is preferred that,
in another embodiment, the difference between a digital color output image generated using the
second type of fluorescence observation device, i.e. without using the type-emulation module,
and a digital color output image generated by the first type of fluorescence observation device,
i.e. with using the type-emulation module, is computed. Preferably, the difference is marked in a
digital difference image in one mode of operation of the second type of fluorescence observation

device.

The digital difference image is preferably a color image and computed from the digital emulated
output image and/or the at least one digital fluorescence image. The visual marking of the differ-
ence allows the surgeon’s attention to be drawn to fluorescent areas which would otherwise not
be displayed in the digital emulated output image as they would not have been visible in the im-
ages generated by the first type. To create such a marking, a pattern generator may be provided
in the digital image-processing device, in particular in the type-emulation module, for generating
a digital image pattern in the digital difference image. The pattern generator may further com-

prise at least one representation of a pseudo-color and be adapted to assign the pseudo-color to

the at least one pattern.

The digital image pattern may be generated, according to one aspect of a digital difference image,
in an area where the at least one digital emulated output image as computed using the type-emu-
lation module differs from the at least one digital emulated output image that is computed with-

out using the type-emulation module.
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According to another aspect, a digital fluorescence extraction filter may be provided. The digital
fluorescence extraction filter is configured to extract the fluorescence of the at least one fluoro-
phore as recorded in the first type. The digital fluorescence extraction filter may correspond to
the digital fluorescence-emulation filter. Application of digital fluorescence extraction filter to a
digital fluorescence image may directly result in the digital difference image. Filtering the digital
fluorescence image may be computationally more efficient than filtering the digital emulated out-
put image, especially if the at least one digital fluorescence image is a monochrome image or,

generally, contains fewer color channels than the digital emulated output image.

The image processor may be configured to compute this difference and assign the digital image
pattern to areas where the difference exceeds a certain threshold. It is preferred that the area has
an adjustable minimum size, such as 5x5 pixels. The pattern may be temporally and/or spatially
varying or comprise a field of (constant) pseudo-color. The pattern generator may, in another em-
bodiment, be adapted to assign a fluorescence pseudo-color, which may be selected by the user

or is selected to correspond to the spectrum of the fluorescence-emulation filter.

A spatially varying pattern may e.g. be a hatching. A temporally varying pattern may be an ani-
mated pattern, e.g. a blinking pattern which is enabled and disabled in subsequently generated

digital difference output images.

The image processor may, in particular, be adapted to compute the digital emulated output image
or the digital difference image by merging the at least one digital white-light color image, either in
a processed or in an unprocessed state, with the at least one digital fluorescence image, also ei-
ther in a processed or in an unprocessed state, using the algorithm disclosed in EP 3 205 254 Al.
Alternatively, the at least one digital fluorescence image may be converted into a grayscale color
image if it is not already in this format. Then, the digital fluorescence emulation filter may be ap-
plied by e.g. the image processor to transform the grayscale color image into a color image repre-

senting the fluorescence spectrum of the fluorophore.

The invention further relates to a fluorescence observation device comprising an image-pro-
cessing device in any of the above embodiments, the fluorescence observation device being of
the second type. The fluorescence observation device may, in particular, comprise a camera sys-

tem being configured to record the at least one digital white-light color image and the at least one
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digital fluorescence image, preferably simultaneously. The fluorescence observation device may
comprise separate cameras for recording the at least one digital white-light color image and the
at least one digital fluorescence image, or a single camera, such as a multispectral or hyperspec-
tral camera, for recording the at least one digital white-light color image and the at least one digi-
tal fluorescence image in more than three color channels. If separate cameras are used, an RGB
camera may be comprised in the fluorescence observation device for capturing the at least one
digital white-light color image. A separate monochrome, IR, NIR or RGB camera may be used for
capturing the at least one digital fluorescence image. Filter systems, such as the white-light and

the fluorescence recording filter as described above, may be included.

If separate cameras are used, the image processor may be configured to spatially match the at
least one digital white-light image and the at least one digital fluorescence image so that identical
features are located at identical positions and have the same form in both the at least one digital
white-light image and the at least one preferably simultaneously recorded digital fluorescence im-

age.

Finally, the invention also relates to a computer program, a computer program product and/or a
non-transitory computer-readable medium storing a computer program, the computer program
causing a computer in a fluorescence observation device, or a fluorescence microscope or endo-

scope to execute the method in any of the embodiments described above.

In the figures:

Fig. 1 shows a schematic representation of a fluorescence observation device, such

as a fluorescence microscope or endoscope according to the invention;

Fig. 2 shows a schematic representation of the processing steps of an image-pro-

cessing method according to the invention;

Fig. 3 shows a schematic representation of a library of type-emulation modules;

Fig. 4 shows a schematic representation of a further processing step;
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Fig.5 shows a schematic representation of a digital difference image in which a dif-
ference in the image output images of different types of fluorescence micro-
scopes or endoscopes has been automatically marked with digital image pat-

tern; and

Figs. 6Ato 6D show schematic renditions of digital image patterns.

First, the structure and function of a fluorescence observation device 1 is described with refer-
ence to Fig. 1. For exemplary purposes, the fluorescence observation device 1 of Fig. 1 is a fluores-
cence microscope, in particular a fluorescence surgical microscope. It may alternatively be a fluo-
rescence endoscope, in particular a surgical fluorescence microscope, to which the following de-

scription is also applicable.

The fluorescence microscope or endoscope 1 may comprise a camera system 2. The camera sys-
tem 2 is configured to record at least one digital white-light color image 4 of an object 6, which
may in particular be live tissue, such as live tissue of a patient undergoing surgery or a cell that is
e.g. undergoing biopsy. The object 6 has been provided with one or more fluorophores 8 or other-
wise contains one or more fluorophores 8. The camera system 2 may be stereoscopic or holo-
graphic. The resulting images may be recorded in a corresponding data format, i.e. a two-dimen-

sional, stereoscopic, three-dimensional or holographic data format.

The fluorescence microscope or endoscope 1 may further comprise an illumination system 10 for
illuminating the object 6. Upon illumination within a certain spectral range, the fluorophore 8
starts to emit fluorescence. Areas 12 which exhibit a concentration of the fluorophore 8 emit fluo-
rescence at a higher intensity than areas in which there is a low density of the fluorophore 8.

Where there is no fluorophore 8 at all, no fluorescence will be emitted.

The fluorophore 8 is preferably configured to attach to certain predefined chemical compounds in
the live tissue 14. These predefined chemical compounds are selected as being typical of a certain
type of live tissue 14, for example tumorous tissue or blood. The fluorophore 8 will therefore
gather in live tissue 14 containing the appropriate chemical compounds. This type of tissue will
then exhibit a high density of the fluorophore 8 and thus, upon illumination in an absorption spec-
trum 16 of the fluorophore, be visible as a fluorescent area 12. The absorption spectrum 16 of the

fluorophore consists of those wavelengths A of illumination light that will trigger fluorescence. By
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contrast, the fluorescence spectrum 18 consists of those wavelengths A in which fluorescence is

emitted by the fluorophore.

If different types of tissue are to be marked by different fluorescent colors in order to be distin-
guished from one another visually, more than one fluorophore 8 may be used in the object 6. In
this case, the absorption spectra 16 and the fluorescence spectra 18 of the different fluorophores
should have non-overlapping areas so as to be able to selectively and/or separately trigger and/or

record the fluorescence of the different fluorophores.

The intensity distribution of the fluorescence of the fluorophore 8 allows the type of tissue to be
identified by looking at an image recorded in the fluorescence spectrum 16. For this, the camera
system 2 is configured to record at least one digital fluorescence image 20 of the fluorescing fluor-

ophore 8 in at least part of the fluorescence spectrum 18.

The digital fluorescence image 20 may be a monochrome (e.g. grayscale) image according to one
embodiment. According to another embodiment, the digital fluorescence image 20 may be a color

image like the digital white-light color image 4.

A color image may comprise a plurality of monochrome images 22. Each monochrome image rep-
resents a different color channel. The color channels are selected to be able to represent natural
colors and white light. If, for example, the digital white-light color image 4 is in an RGB format,
three monochrome images 22 are comprised by one color image. Each monochrome image 22
corresponds to one color channel, i.e. one monochrome image corresponds to the red R color
channel, one monochrome image corresponds to the green G color channel and one mono-
chrome images corresponds to the blue B color channel. The digital white-light color image 4 and
the digital fluorescence image 20 may also be part of a digital color image which has more than
three color channels. Such a digital multispectral or hyperspectral color image may be recorded if
the camera system 2 comprises a multispectral or hyperspectral camera which simultaneously

records more than three color channels.

Both the digital white-light color image 4 and the digital fluorescence image 20 may be part of a
time series 24 of subsequent images, e.g. a video. Further, each image 4, 20 may result from an
image-processing operation which includes more than one digital input image. For instance, the

digital white-light color image 4 and/or the digital fluorescence image 20 may be an HDR image.
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An HDR image has increased contrast and has been computed from a series of digital images rec-

orded at different exposure levels.

Each digital image 4, 20 comprises a plurality of pixels 26. Each pixel 26 in an image 4, 20 corre-

sponds to the same location 28 of the object 6.

In the embodiment shown in Fig. 1, the camera system 2 comprises two cameras 30, 32. An RGB
camera 30 is used for recording the digital white-light color images 4. A fluorescence camera 32,
which may be an RGB camera or a monochrome camera such as a black and white camera, an IR
camera, an NIR camera or a UV camera, is used for recording the at least one digital fluorescence

image 20.

If different cameras 30, 32 are used, it cannot be guaranteed that all cameras have the same
viewing angle, magnification and field of view onto the object 6. Therefore, the at least one digital
white-light color image 4 and the at least digital fluorescence image 20 may be matched to one
another using a matching algorithm. After matching, the features of the object 6, such as the fluo-
rescent areas 12, are all at the same position and of the same size, form and orientation in the at

least one digital white-light color image 4 and the at least one digital fluorescence image 20.

The illumination system 10 may comprise one or more light sources, for example two light
sources 34, 35. One light source 34 may be used to generate background illumination light 36
which is directed onto the object 6. Preferably, the background illumination light 36 is in the visi-
ble-light range, broadband and, in particular, white light. The at least one digital white-light color
image 4 is recorded at least primarily, preferably exclusively, using the background illumination
light 36. The at least one digital white-light color image 4 renders the object 6 preferably in its
natural colors by recording the background illumination light 36 reflected off the object 6. The re-

flected background light is indicated by reference numeral 38 in Fig. 1.

In order to decouple the image capture of the object 6 in its natural visible colors from the image
capture of the at least one fluorescing fluorophore, the second light source 35 may be used. The
second light source 35 is a fluorescence excitation light source which emits fluorescence excita-
tion light, which is also directed onto the object 6. The fluorescence excitation light 40 preferably
only contains wavelengths A which are in the absorption spectrum 16 of the at least fluorophore

8. For separating the information contained in the background illumination from the information
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in the fluorescence, the fluorescence excitation light 40 preferably exclusively serves to trigger flu-
orescence but not to illuminate the object 6. The fluorescence excitation light 40 is absorbed by
the fluorophore 8, which then emits fluorescence light 42, which in turn is captured by the cam-
era system 2 in the at least one digital fluorescence image 20. The excitation spectrum 43 of the
fluorescence excitation light 40 does not need to correspond to the absorption spectrum 16, but
can merely comprise a subset of the wavelengths A in the absorption spectrum 16. In particular,

the excitation spectrum 43 may be narrow-band.

Although two separate light sources 34, 35 are shown in Fig. 1, a single, e.g. tunable, light source
may be used instead. Moreover, although it is preferred that the at least one digital white-light
color image 4 and the at least one fluorescence image 20 are recorded simultaneously, they can
also be recorded sequentially by the camera system 2. In such a sequential case, the illumination
system 10 may alternatingly generate background illumination light 26 and fluorescence excita-
tion light 40, and the camera system may — synchronously with the generation of the respective
illumination light — sequentially record at least one digital white-light color image 4 and at least

one digital fluorescence image 20.

To be able to process the information contained in the digital white-light color image 4, on the
one hand, and the digital fluorescence image 20, on the other, cross-talk between the different
images should be minimized. For this, the fluorescence microscope or endoscope 1 may comprise
an optical filter system 44. The optical filter system 44 makes sure that there is no or minimum
overlap between the information that is recorded in the at least one digital white-light color im-
age 4 and the at least one digital fluorescence image 20. This is achieved by separating the wave-
lengths recorded in the two respective images 4, 20; i.e. in each of the images 4, 20, different

spectral ranges are recorded. This is explained in the following:

The filter system 44 comprises an optical fluorescence excitation filter 46, which is arranged be-
tween the illumination system 10 and the object 6 or, more preferably, an observation area 48 in
which objects 6 to be observed by the fluorescence microscope or endoscope 1 are placed. The
fluorescence excitation filter 46 is preferably a narrow-band pass-band filter having a fluorescence
excitation pass band 50 which is located in the absorption spectrum 16. Thus, the fluorescence

excitation light 40 is limited to containing only wavelengths that fall within the fluorescence exci-
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tation pass band 50. If the light source 35 is already narrow-band, the optical fluorescence excita-
tion filter may be omitted. In both cases, the fluorescence excitation light 40 has a narrow-band

fluorescence excitation spectrum 43.

An optical fluorescence emission filter 52 is located between the observation area 48 and the
camera system 2. The optical filter 52 is preferably a narrow-band pass-band filter having a fluo-
rescence emission pass band 54 which is located in the fluorescence spectrum 18 of the at least
one fluorophore 8. Different fluorescence cameras 32 for simultaneously recording the fluores-
cence of different fluorophores 8 may use different fluorescence emission pass bands 54 and dif-
ferent fluorescence emission filters 52, respectively. Thus, the light recorded in the at least one
digital fluorescence image 20 is restricted to wavelengths contained within the fluorescence emis-

sion pass band 54.

The filter system 44 may further comprise a background illumination filter 56, which is preferably
a band-stop filter having at least one stop band which is preferably narrow-band. In particular, the
one or more stop bands of the background illumination filter 56 may correspond to the one or
more fluorescence excitation pass bands 50 of the optical filter system 44. The background illumi-
nation filter 56 may further comprise a stop band which corresponds to the one or more fluores-
cence emission pass bands 54 of the filter system 44. The filter characteristic of a background illu-
mination filter 56 is indicated by reference numeral 58 in Fig. 1. The background illumination filter

56 is arranged between the illumination system 10 and the observation area 48.

Blocking the fluorescence excitation pass band 50 for the background illumination light prevents
inadvertently triggering fluorescence of the fluorophore 8. Fluorescence in this case is selectively
triggered only if the fluorescence excitation light 40 is generated using e.g. the fluorescence illu-
mination source 35. If such a selective triggering of fluorescence is not needed, the background

illumination filter 56 does not need to block the fluorescence excitation pass band 50.

Finally, the filter system 44 may comprise a white-light recording filter 60 which is arranged be-
tween the camera system 2 and the observation area 48. The filter characteristic 61 of the white-
light recording filter 60 is schematically depicted as reference numeral 62 in Fig. 1. The white-light

recording filter 60 is preferably a band-stop filter having at least one stop band which coincides
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with the fluorescence excitation pass band 50 and/or the fluorescence emission pass band 54 for

the reasons explained above in connection with the background illumination filter 56.

A stop band of the background illumination system 56 which corresponds to the fluorescence
emission pass band 54 may be necessary if the fluorescence emitted by the fluorophore 8 should
not be recorded in the at least one digital white-light color image 4. Such a stop band may not be
necessary if the intensity of the fluorescence emitted by the fluorophore 8 is so weak compared
to the background illumination that it can be neglected in the at least one digital white-light color
image 4. Thus, the background illumination filter 56 is optional. The pass bands and the corre-
sponding stop bands are preferably narrow-band so that the white-light character of the reflected

background illumination light is maintained.

With the arrangement described above, the fluorescence microscope or endoscope 1 records the
information in the visible-light spectrum, without any information on fluorescence in the at least
one digital white-light color image 4 and the information about the at least one fluorescing fluoro-
phore 8, without any information on the background illumination in the at least one digital fluo-
rescence image 20. The camera system 2, the at least one fluorophore 8 and the optical filter sys-
tem 44 are part of the image recording system 62 and thus the type 63 of the fluorescence micro-
scope or endoscope 1. Different types of fluorescence microscopes or endoscopes use different

image-recording systems.

The fluorescence microscope or endoscope 1 further comprises an image-processing device 64.
The image-processing device 64 is configured to retrieve the at least one digital white-light color
image 4 and the at least one digital fluorescence image 20 either directly from a camera system 2
or from a stationary or mobile memory section such as a storage section 66. The storage section

66 may comprise a disk, RAM or ROM memory, or a cloud device for storage.

The image-processing device 64 may comprise an input section 68 to which a camera system 2 or
a storage section 66 may be connected. The input section 68 may be wireless or wire-based, or a
combination of both. Various data transmission protocols may be comprised by the input section
68, as long as the data transfer protocols are usable for transmitting single or time series of digital
images. Examples of suitable protocols are streaming connections on the internet, or HDMI, DVI,

USB or RGB connections.
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Likewise, the image-processing device 64 may comprise an output section 70 for outputting a digi-
tal emulated output image 72. The output section 70 may use any of the protocols described
above in connection with the input section 68, which output protocol is suitable for transmitting

digital images or videos.

The image-processing device is configured to compute the at least one digital emulated output
image 72 from the at least one digital white-light color image 4 and the at least one digital fluo-
rescence image 20. For this, the image-processing device 64 may comprise an image processor 73,
which may be hardware, software or a combination of both. For example, the image processor 73
may comprise at least one CPU, FPU, FGPA, vector processor, GPU or an ASIC for executing soft-
ware. The image processor 73 may comprise subroutines which run on such a hardware device
and modify its internal structure, e.g. by modifying the switching state of electronic structures,

when executed.

The digital emulated output image 72 may be further processed or displayed on a display device
74, such as a monitor 76, an eyepiece 78 or AR or VR goggles 80. The display device 74 may be

part of the fluorescence microscope or endoscope 1.

According to the present invention, the image processor 73 is configured to compute the digital
emulated output image 72 such that it corresponds to the digital emulated output image 72 rec-
orded by another type 82 of fluorescence microscope or endoscope 1 having a different hardware
structure, such as an image recording system 62, in particular a different camera system 2, a dif-
ferent illumination system 10 and/or a different optical filter system 44. The image-processing de-
vice 64, or the type 63 of fluorescence microscope or endoscope 1, is thus configured to emulate

the type 82 having different optical hardware.

In Fig. 1, the situation is shown where the different type 82 of microscope or endoscope observes
the same object 6 with the same fluorophore 8, resulting the same field of view and the same flu-

orescent areas 12. This structure is emulated by the type 63.

In contrast to the camera system 2 of the type 63, the camera system 2 of the type 82 records a
single digital color output image 84 in which the fluorescence excitation light 40 is also used as

the background illumination light 36. The camera system 2 records the background illumination
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light 36 and the fluorescence light 42 in the single digital color output image 84. For this, the opti-
cal filter system 44 may comprise at least one of an illumination filter 86 arranged between the
illumination system 10 and the observation area 48 and an optical recording filter 88 arranged be-

tween the camera system 2 and the observation area 48.

Moreover, the illumination system 10 may comprise only a single light source 90 which serves as a

light source for both the background illumination light 36 and the fluorescence excitation light 46.

The camera system 2 may, in particular, comprise a single color camera 92 which may, be an RGB
camera, but may also be a multispectral or hyperspectral camera. It further may be a two-dimen-

sional, stereoscopic, three-dimensional or holographic camera system.

The optical illumination filter 86 is optional and may comprise or consist of an optical pass band
filter having a pass band 94 which may be narrow-band or broadband, and may include wave-
lengths within the absorption spectrum 16 of the fluorophore 8 in addition to any other wave-
lengths for illuminating the object 6 in the absorption spectrum 16. Alternatively or in addition,
the illumination filter 86 may have a stop band 95 in a wavelength range falling within the fluores-
cence spectrum 18 of the fluorophore 8, thus preventing illumination of the object 6 with light

that may be emitted as fluorescence by the fluorophore 8.

The optical recording filter 88 may be adapted to equalize the intensity — or, if a luminosity func-
tion is included, the brightness — of the light in the fluorescence spectrum 18 of the fluorophore 8
and the reflected background illumination light 39. With the illumination filter 86, the light in the
background, i.e. the light not included in the fluorescence spectrum 18 of the fluorophore 8§, is at-
tenuated to match the intensity of the fluorescence. Thus, the optical recording filter 88 has a fil-
ter characteristic 96 in which wavelengths A in a pass band 98 in the fluorescence spectrum of the
fluorophore 8 are less attenuated than wavelengths A outside this band and in the pass band of
the illumination filter 86. The pass band 98 and the bands with higher attenuation may be part of
an attenuation band 100 of the optical recording filter 88 which is restricted to the spectral range
of the background illumination light 36 and the fluorescence excitation light 40. The illumination
filter 86 may have a pass band which matches the pass band 100. The pass band 98 may corre-

spond to a stop band 25 of the illumination filter 86.
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The type 82 of fluorescence microscope of endoscope thus produces a single digital color output

image 84 which contains both information on the background and information on fluorescence.

The image-processing device 64 of the fluorescence microscope or endoscope 1 is configured to
compute the digital emulated output image 72 from the at least one digital white-light color im-
age 4 and the at least one digital fluorescence image 20 such that it corresponds to the digital
color output image 84 of the type 82, especially if the same fluorophore 8 is used. Preferably, the
type 82 uses a fluorophore 8 in which both the absorption spectrum 16 and the fluorescence
spectrum 18 are in the visible-light range, so that the fluorescence excitation light 40 may double

as background illumination light 36 having the background illumination spectrum 101.

One example of such a fluorophore is 5-ALA pplX. For this fluorophore, the absorption spectrum
18 is blue. Thus, blue light may be used both to trigger fluorescence and to illuminate the back-
ground. The fluorescence spectrum 18 of 5-ALA pplX is pink. Thus, the resulting digital color out-
put image 84 of the type 82 of microscope or endoscope using 5-ALA pplX as a fluorophore will
result in a pink and blue image. The stop band 95 and the pass band 98 match the pink color; the

pass bands 94 and 100 match the blue excitation and background illumination color.

The fluorescence microscope or endoscope 1 of the type 63, in particular its image-processing de-
vice 64, may use a fluorophore 8 other than the one used by the type 82, and to compute a digital
emulated output image 72 which corresponds to the digital color output image 84 that would
have been recorded by the type 82 using this other fluorophore with its different absorption and
emission characteristics. The only pre-condition for emulating such an operation of the type 82 of
fluorescence microscope or endoscope 1 is that the two different fluorophores 8 bind to the same
type of tissue, i.e. that the type of tissue marked by the different fluorophores 8 correspond to

one another.

The emulation performed on the fluorescence microscope or endoscope 1 is further explained

with reference to Figs. 2 and 3.

In order to emulate the type 82 on the fluorescence microscope or endoscope 1, the image-pro-
cessing device 64 comprises a type-emulation module 108 which may reside as software in the

storage section 66, be a hardware device, such as an ASIC, FGPA, GPU or CPU of the image proces-
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sor, or comprise both hardware and software. The type-emulation module 108 comprises func-
tions, in particular digital filters, that are configured to operate on at least one of the at least one
digital white-light color image 4 and the at least one digital fluorescence image 20 for emulating
the digital color output image 84 as it would have been generated by the type 82. The type-emu-
lation module 108 represents the image-recording system 62 of the type 82, such as the spectra
of the light 36, 40 incident on the object 6; the type of camera system 2, such as the type of color
camera 92; the characteristics of the fluorophore 8 used in the type 82, such as its absorption
spectrum 16 and it fluorescence spectrum 18; and the structure and compaonents of the filter sys-
tem 44. Preferably, the at least one digital white-light image 4 and the at least one digital fluores-
cence image 20 are normalized and, optionally, homogenized and/or deconvoluted prior to appli-

cation of the type-emulation module 108.

The effect of the different optical filter systems 44 of the type 82 and the different illumination
spectrum used by this type, as well as the different emission spectrum of a possibly different
fluorophore 8 are taken into account in that the image-processing device 64 comprises at least
one digital background-emulation filter 110, preferably a library 112 comprising a plurality of digi-

tal background-emulation filters 110.

The digital background-emulation filter 110 represents the components of the light recorded by
the camera system 2 of type 82, i.e. the spectrum or color by which the non-fluorescing back-
ground of the at least one digital output color image 84 would be illuminated. The digital back-
ground-emulation filter 110 is applied to the at least one digital white-light color image 4 in a step
114. For example, if blue light having a certain spectrum is used to both illuminate the object 6
and trigger fluorescence of the fluorophore 8, a digital background-emulation filter 110 is used
which corresponds to the spectrum of this blue light. After this filtering process, the image ren-
dered by the now modified digital white-light color image 4 is tinted as if the object 6 in the ob-
servation area 48 of the fluorescence microscope or endoscope 1 had been illuminated with the

same type of blue light as the type 82.

The filtering process may be done by carrying out spectral filtering, i.e. computing a convolution
or spectral multiplication of a filter function with the digital white-light color image 4. As this may
be computationally expensive if high-resolution images are used that are received at a high frame

rate, the filtering process may comprise a simple weighing of the monochrome images 22 of the



10

15

20

25

30

(55) JP 2020-99695 A 2020.7.2

digital white-light color image 4. For example, if the type 82 has used blue light to illuminate the
object 6 and triggering fluorescence, the monochrome images 22 of the green and red color chan-
nels in an RGB image may simply be set to zero or attenuated, as defined by the digital back-

ground-emulation filter 110.

In a variant of the type-emulation module 108, the library 112 of digital background-emulation
filters 110 may comprise one or more sub-libraries 116, where each sub-library represents vari-
ants of a different component of the image-recording system 62 (Fig. 3). One sub-library 116 may
contain various digital illumination filters 117. Another sub-library 116 may contain digital repre-
sentations of different fluorescence excitation spectra 45 emitted by the light source 90 of the
type 82, or generated by the optical fluorescence excitation filter 46. Another sub-library 116 may
comprise digital representations of fluorescence spectra 18 of different fluorophores 8. Another
sub-library 116 may comprise different digital recording filters 118. Another sub-library 116 may
comprise digital filters representing different spectral responsivities of different cameras 92 of the
type 82. Preferably, each of the digital filters contained in the various sub-libraries 116 is individu-
ally selectable by a user of the fluorescence microscope or endoscope 1, or is automatically se-
lected by the fluorescence microscope or endoscope 1 if a type 82 is selected by the user. The re-
sulting digital background-emulation filter 110 is then simply computed by combining the differ-
ent filters from the various sub-libraries 116. For example, the digital background-emulation filter
110 may be computed by multiplying, in the frequency or spectral domain, the digital representa-
tion of spectra of the light source 90, the digital illumination filter 117, the digital recording filter
118, the digital representation of the fluorescence spectrum 18 and the spectral responsivities of
the camera 92 to arrive at a type-emulation module which accurately represents the image re-

cording system 62.

The type-emulation module 108 may further comprise a digital fluorescence emulation filter 120
or a library 122 containing a plurality of digital fluorescence emulation filters 120. The digital fluo-
rescence emulation filter 120 is used to assign the digital fluorescence image 20 a color which cor-
responds to the color recorded in the digital color output image 84 of the type 82 from the fluo-
rescing fluorophore 8. In the library 122 of digital fluorescence emulation filters 120, one or more
sub-libraries 124 may be contained. One sub-library 124 may comprise filter functions emulating
the fluorescence spectrum 18 of the fluorophore 8. Another sub-library 124 may emulate the ef-

fect of the illumination filter 86 on the fluorescence spectrum 18. Another sub-library 124 may
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contain one or more digital illumination filters which emulate the spectrum of the light source 90.
Another sub-library 124 may contain one or more digital light source filters which emulate the op-
tical recording filter 88. Another sub-library 124 may contain one or more digital filters represent-

ing the spectral responsivities of the camera system 2 or the camera 92 of type 82, respectively.

If, for example, the digital fluorescence image 20 is a monochrome image, it may first be con-
verted, in a step 126, to a color image. The digital fluorescence emulation filter 120 may then be
applied, in a step 128, in the same manner as the digital background-emulation filter 110 is ap-

plied to the digital white-light color image 4.

In another variant of step 128, a pseudo-color defined by the digital fluorescence emulation filter
120 may be assigned to the digital fluorescence image 20. This may be done without conversion

into a color image to save memory space and to keep processing fast.

In another step 130, the relative intensity and/or brightness of the at least one digital white-light
color image 4 and the at least one digital fluorescence image 20 is adjusted to match the relative
intensity and/or brightness of the background and the fluorescence in the type 82, or the digital
color output image 84 produced by type 82, respectively. If the relative intensity and/or bright-
ness is adjusted in step 130, a luminosity function, such as a CIE luminosity function, may be used.
For adjusting the relative intensity and/or brightness, a digital attenuation filter 131 or a library

122 containing a plurality of digital attenuation filters 131 may be used.

Step 130 may also be integrated into at least one of steps 114 and 128 if any attenuation of the
background light and/or the fluorescence light in the type 82 is already taken into account in the
settings of at least one of the digital background-emulation filter 110 and the digital fluorescence

emulation filter 120.

In step 132, the at least one digital white-light color image 4 and the at least one digital fluores-
cence image 20 are combined. For example, the at least one digital white-light color image 4 and
the at least one digital fluorescence image 20 may be merged as described in EP 3 205 254 A1,

which is herewith included in its entirety by reference.

The resulting digital emulated output image 72 is then displayed or further processed in a step

134.
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One possible step 134 for further processing the digital emulated output image 72 is explained in

the following with reference to Figs. 4 to 6D.

As explained above, there is a need, in practice, to slowly acquaint a surgeon with the capabilities
of a new technology, as implemented e.g. in the type 63 of fluorescence microscope or endo-

scope 1. The type 63 obtains more data due to the strict separation of visible-light data and fluo-
rescence data compared to the type 82. Thus, step 134 may be used to display the difference be-

tween the fluorescence data obtained by the type 63 as compared to the type 82.

This is explained with reference to Fig. 4, which shows a schematic representation of an exem-
plary embodiment of step 134. Step 134 is preferably executed in the image-processing device 64

or, in particular, in the image processor 73.

In a first step 140, the digital emulated output image 72, which represents the digital color output
image 84 that is generated by the first type 82 or, alternatively, the at least one digital fluores-
cence image 20, is filtered using a digital fluorescence extraction filter 142. The digital fluores-
cence extraction filter 142 corresponds preferably to the pass band 98 of the optical recording fil-
ter 88 as used in the type 82. The digital fluorescence extraction 142 is configured to block wave-
lengths A that are outside the pass band 98. A library 112 of a plurality of different digital fluores-
cence extraction filters 142 may be provided, so that different variants of type 82 can be consid-
ered in step 134. The individual digital fluorescence extraction filters 142 may either be individu-
ally selected by a user or be automatically selected if the user chooses a particular variant of type

82 together with other digital filters, as described above.

The digital image 144 after the filtering step 140 contains only the fluorescence wavelengths of
the fluorophore 8 that do not contain any crosstalk from the combined fluorescence excitation
and background illumination light 36, 40 of type 82. Digital image 144 may be in a color format,
such as RGB. Preferably, the digital image 144 and the digital fluorescence image 20 are in the
same format. If this is not the case, at least one of the images 144, 20 may be converted so that
they are in the same format. The step 146 of converting at least one of the images 72, 20 is
shown, for exemplary purposes, only for the at least one digital fluorescence image 20. It may al-
ternatively or cumulatively also be carried out for the digital emulated output image 72, and may,

in particular, be integrated into step 140.
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After the optional format conversion, the digital image 144 and the digital fluorescence image 20
are compared with one another in step 148. Preferably, the images to be compared are normal-

ized. The comparison 148 results in a digital difference image 150.

In step 152, the difference between the fluorescence contained in the digital emulated output im-
age 72 and the digital fluorescence image 20 is marked with a digital image pattern 154. This step
may be carried out by a pattern generator 156, which may be a hardware device, a software de-
vice or a combination of both a hardware and a software device. The pattern generator 156 is

part of the image-processing device 64 or the image processor 73, respectively.

At step 152, the digital difference image 150 may be merged with at least one of the digital fluo-
rescence image 20, the digital white-light color image 4, a pseudo-color 162 and the digital image
pattern 154. This results in a digital patterned output image 158, which, in a step 160, may be fur-

ther processed or displayed.

In a variant of step 134, the digital fluorescence extraction filter 142 is applied — e.g. by the image
processor 73 — exclusively to the at least one digital fluorescence image 20. In this case, the digital
fluorescence extraction filter 142 is different from the one described above and applied to the
digital emulated output image 72. The digital fluorescence extraction filter 142, which is applied
to the at least one digital fluorescence image 20 may be a digital histogram-matching filter which
either adjusts the contrast of the digital fluorescence image 20 to match the contrast of the fluo-
rescence recorded by the first type 82. Alternatively, application of the digital histogram-matching
filter may directly result in the digital different image 150. The digital fluorescence extraction filter
142 may be determined experimentally for different variants of the image-recording system 62.
Application of the digital fluorescence extraction filter 142 may directly result in the digital differ-
ence image 150, i.e. the digital fluorescence extraction filter 142 may directly extract the differ-
ence between the fluorescence as captured by the first type and by the second type of micro-

scope or endoscope.

The pattern generator 156 preferably has access to at least one digital image pattern 154 and at
least one pseudo-color 162. The digital image pattern may provide e.g. a mask which may be spa-
tially uniform or spatially varying, and/or temporally varying. The pseudo-color 162 is assigned to

the digital image pattern to make it more visible and to ensure that it stands out from the rest of
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the digital type-difference output image 158. In a library 112, a plurality of different digital image
patterns 154 and/or of different pseudo-colors 162 may be provided, e.g. in the storage section

66. The individual digital image pattern 154 and/or pseudo-color 162 used in the pattern genera-
tion step 152 may be selected automatically by the image-processing device 64 or manually by a

user.

The intensity of the pseudo-color 162 of the digital image pattern 154 is, in one example, modu-
lated dependent upon the intensity in the digital difference image 150. Thus, the intensity, con-
trast and/or temporal rate of change of the digital image pattern 154 at a location, such as a pixel,
depends on the intensity of the digital difference image 150 at the same location or pixel. This al-
lows the digital image pattern displayed in the digital type-difference image 158 to be adapted to
the actual absolute difference between the fluorescence captured in the digital fluorescence im-
age 20, on the one hand, and the fluorescence captured in the digital emulated output image 72,

on the other.

The digital image pattern 150 having pseudo-color 162 is, in step 152, preferably merged with one
of the digital fluorescence image 20 and/or the digital white-light color image 4. The merging may
take place in one single step together with assigning the digital image pattern 154 to the digital

difference image 150.

In step 152, thresholds may be defined which control application of the digital image pattern 154.
For example, the selected digital image pattern 154 may be only applied if the intensity in the dig-
ital difference image 150 or a difference between the fluorescence recorded in the at least one
digital emulated output image and the at least one digital fluorescence image 20 exceeds a
threshold which may be computed automatically from the intensity distribution in the digital dif-
ference image 150, or selected manually by a user. Alternatively or cumulatively, the digital image
pattern 154 may only be applied if this difference exceeds a lower threshold, which, like the upper
threshold, may also be determined either automatically or manually. Further, the digital image
pattern 154 may only be applied in a region which has a predetermined minimum size, such as

5x5 or 10x10 pixels.

A preferably digital switch 164 may be provided to select which image or images of the group con-

taining the digital emulated output image 72, the digital fluorescence image 20 and the digital
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white-light color image 4 may be selected as a basis for the merging of the digital image pattern
154 and the digital difference image 150 in step 152. The one or more images 4, 20, 72 serve as a
background on which the digital image pattern 154 is displayed. For example, if the digital emu-
lated output image 72 is selected by digital switch 164, the digital image pattern 154 will be dis-
played in an area of the digital emulated output image 72 in which no fluorescence was visible be-
cause it was either blocked by the optical recording filter 88 and/or its brightness or intensity was
lower than brightness or intensity of the background illumination light. If the digital fluorescence
image 20 is used at step 152, the digital image pattern 154 shows, on the digital fluorescence im-
age 20 as background, those regions of fluorescence that are not shown in the digital emulated

output image 72 or, correspondingly, have not been captured by the type 82.

In addition, the digital switch 164 may be configured to also input the at least one digital white-
light color image 4 to the pattern generation and merging step 152. In this case, the white-light

illuminated background will also be visible.

An example of a digital patterned output image 158 is shown in Fig. 5. The digital patterned out-
put image 158 may contain at least one region 166, in which there is no difference in the fluores-
cence of the at least one fluorophore 8 between the digital emulated output image 72 and the
digital fluorescence image 20 that served as the basis for the digital emulated output image 72 in
qguestion. The region 166 is preferably not marked in a digital image pattern 154, but may be as-
signed a pseudo-color, which preferably corresponds to the fluorescing color, i.e. the fluorescence

emission spectrum, of the fluorophore 8.

The digital type-difference output image 158 may further contain a background 168, which may
also not be marked with a digital image pattern 154. The background 168 comprises those regions
in the digital fluorescence image 20 where there is not fluorescence of the fluorophore 8 and/or
where the intensity of the fluorescence is below a threshold which again may be automatically
determined from image statistics or manually determined by a user. The image displayed in the

background 168 may be determined by the switch 164 as explained above.

Finally, the digital patterned output image 158 may contain at least one patterned region 170, in
which fluorescence of the fluorophore 8 — preferably above an automatically or user-defined in-

tensity — has been recorded in the digital fluorescence image 20 but is not displayed in the digital
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emulated output image 72. The patterned region 170 thus represents the region in which the type
63 detects fluorescence, but the type 82 would not detect fluorescence. In the patterned region

170, the digital image pattern 154 is applied.

Detail V, depicted in Figs. 6A to 6D, shows some examples of digital image patterns 154 that may

be used in the digital type-difference output image 158.

In Fig. 6A, an outline 172 is used to mark the border of the patterned region 170 adjacent to the
regions 166 and 168. The outline 172 may have a spatially varying pattern, e.g. by being dotted or
dashed. Further, the outline 172 may be temporally varying, as indicated by arrow 174. Subse-
qguent frames of digital type-difference output images 158 may e.g. contain the spatially varying
outline 172 at different locations, so that an animated outline 172 results. The patterned region
170 itself may remain unchanged and not be filled by a digital image pattern 154. The digital im-

age pattern 154 is restricted to the border of the patterned region 170.

As shown in Fig. 6B, the outline 172 may also be a temporally static outline.

Of course, if, in e.g. a time series 24 of digital images, the extent of the regions 166, 168, 170
changes as the underlying digital fluorescence images 20 and digital white-light color images 4
change, the outline 172 of the patterned region may shift. This, however, is not considered to

constitute a temporal variation of the pattern.

In Fig. 6C, a digital image pattern 154 comprises hatching 176. The hatching 176 is temporally sta-
tionary and only spatially varying. The extent of the pattern is determined by the extent of the re-
gion 166. The digital image pattern 154 may be combined with any type of outline 172 or may not

have an outline.

Fig. 6D shows a digital image pattern 154 which comprises temporally varying hatching 176, as in-
dicated by arrow 174. For example, the digital image pattern 154 may be animated to give the im-

pression that it is moving in the direction of arrow 174.
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14

16

18

20

22

24

26

28

30

32

34

35

36

38

40
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REFERENCE NUMERALS

fluorescence microscope or endoscope of a certain type
camera system

digital white-light color image
object

fluorophore

illumination system

fluorescent region or area

live tissue

absorption spectrum
fluorescence spectrum

digital fluorescence image
digital monochrome image
time series of digital images
pixel

location

RGB camera

fluorescence camera
background illumination source
fluorescence excitation source
background illumination light
reflected background illumination light

fluorescence excitation light
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42

43

44

46

48

50

52

54

56

58

60

61

62

63

64

66

68

70

72

73

74

76

78

(63)

fluorescence light

fluorescence excitation spectrum

optical filter system

fluorescence excitation filter

observation area

fluorescence excitation pass band

fluorescence emission filter

fluorescence emission pass band

background illumination filter

filter characteristics of background illumination filter
white-light recording filter

filter characteristics of white-light recording filter
image-recording system

(second) type of fluorescence microscope or endoscope
image-processing device

storage section

input section

output section

digital emulated output image

image processor

display device

monitor

eyepiece
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80

82

84

86

88

90

92

94

95

96

98

100

101

108

110

112

114

116

117

118

120

122

124
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AR or VR goggles

different or first type of fluorescence microscope or endoscope
digital color output image

illumination filter

optical recording filter

light source

color camera

pass band of illumination filter

stop band of illumination filter

filter characteristics of recording filter

narrow band of filter characteristics of recording filter
attenuation band of recording filter

background illumination filter

type-emulation module

digital background-emulation filter

library of digital filters

application of digital background-emulation filter to digital white-light color image

sub-library of library

digital illumination filter

digital recording filter

digital fluorescence emulation filter

library of digital fluorescence emulation filters

sub-library of library
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126

128

130

131

132

134

140

142

144

146

148

150

152

154

156

158

160

162

164

166

168

170
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conversion to color image
application of digital fluorescence emulation filter to digital fluorescence image

adjustment of relative intensity or brightness of digital white-light color image and digital

fluorescence image

digital attenuation filter

combination of digital white-light color image and digital fluorescence image
display or further processing of digital emulated output image
filtering of the digital emulated output image

digital fluorescence extraction filter

digital image

image camera

comparison of digital output image and digital fluorescence image
digital difference image

pattern generation and merging

digital image pattern

pattern generator

digital patterned output image

further processed or displayed

pseudo-color

digital switch

region of difference

background region

patterned region
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172 outline

174 arrow

176 hatching
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CLAIMS

Image-processing device (64) for emulating a first type (82) of fluorescence observation

device (1) on a second, different type (63) of fluorescence observation device (1),

the image-processing device comprising an image processor (73) and being configured to

retrieve at least one digital fluorescence image (20),

the at least one digital fluorescence image (20) representing an object (6) recorded by an
image recording system (62) of the second type (63) of fluorescence observation device

(1) in a fluorescence spectrum (18) of a fluorophore (8),

the image-processing device comprising a type-emulation module (108), the type-emula-
tion module being representative of an image-recording system (62) of the first type (82)

of a fluorescence observation device (1),

the image processor (73) being configured to apply the type-emulation module (108) to
the at least one digital fluorescence image and to compute a digital emulated fluores-
cence output image (72) from the application of the type-emulation module (108) to the

at least one digital fluorescence image,

the image processing device being further configured to output the digital emulated out-

put image.

Image-processing device (64) according to claim 1, wherein the type-emulation module

(108) comprises a digital background-emulation filter (110),

the digital background-emulation filter being representative of at least one of

— abackground illumination spectrum (101) of a light source (90) of the first type

(82) of fluorescence observation device,

— an optical illumination filter (86) located between the light source and an observa-

tion area (48) of the first type of fluorescence observation device, and
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— an optical recording filter (88) located between a camera system (2) of the first

type of fluorescence observation device and an observation area (48) of the first

type.

Image-processing device (64) according to claim 1 or 2, wherein the type-emulation mod-

ule (108) comprises a digital fluorescence-emulation filter (120),

the digital fluorescence-emulation filter (12) being representative of at least one of

— the fluorescence spectrum (18) of a fluorophore (8) and

— an optical recording filter (88) located between the camera system (2) of the first
type (82) of fluorescence microscope or endoscope and the observation area (48)

of the first type.

Image processing device (64) according to any one of claims 1 to 3, wherein the image-
processing device is further configured to retrieve at least one digital white-light color im-
age (4) recorded by the second type (63) of fluorescence observation device (1) and rep-
resenting the object (6) illuminated by white light and to compute the digital emulated
output image (72) from a combination of the at least one digital fluorescence image (20)
to which the type-emulation module (108) has been applied and the at least one digital

white-light color image.

Image processing device (64) according to claim 4, wherein the image processor (73) is
configured to apply the type-emulating module (108) to the at least one digital white-light
color image (4) and to compute the digital emulated output image (72) from a combina-
tion of the at least one digital fluorescence image (20) to which the type-emulation mod-
ule (108) has been applied and the at least one digital white-light color image to which the

type-emulation module (108) has been applied.

Image-processing device (64) according to claim 4 or 5, wherein the type-emulation mod-
ule (108) comprises a digital attenuation filter (131), and wherein the image processor

(73) is configured to adjust an intensity (I) of the at least one digital white-light color im-
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age (4) and the at least one digital fluorescence image (20) relative to one another by ap-
plying the digital attenuation filter to at least one of the at least one digital white-light

color image and the at least one digital fluorescence image.

Image-processing device (64) according to any one of claims 1 to 6, wherein image proces-

sor (73) comprises

a pattern generator (156) configured to generate a digital image pattern (154),

wherein the image processor (73) is configured to compute a difference between

the at least one digital emulated output image computed using the type-emula-

tion module (108) and

at least one digital emulated output image computed without using the type-

emulation module or computed using another type-emulation module (108),

and wherein the image processor is further configured to compute at least one digital pat-
terned image (150) from a combination of the at least one digital emulated output image

and the digital image pattern, the digital image pattern being assigned to the difference.

Fluorescence observation device (1), in particular fluorescence microscope or endoscope,

the fluorescence observation device (1) comprising:

— animage-recording system (62), the image-recording system being configured to rec-
ord at least one digital fluorescence image (20) in the fluorescence spectrum (18) of a

fluorophore (8), and

— animage processing device (64) comprising an image processor (73) and configured
to receive the at least one digital fluorescence image (29) from the image-recording
system,
the image-processing device comprising a type-emulation module (108), the type-
emulation module being representative of a different image-recording system (62) of
a different type (82) of fluorescence observation device (1),

the image processor (73) being configured to apply the type-emulation module (108)
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to the at least one digital fluorescence image and to compute at least one digital em-
ulated fluorescence output image (72) from the application of the type-emulation

module (108) to the at least one digital fluorescence image,

— at least one display device (64), the at least one display device being configured to

display the at least one digital emulated fluorescence output image (72).

Method for emulating a first type (82) of fluorescence observation device (1) on a second

type (63) of fluorescence display device (1), the method comprising the following steps:

— retrieving at least one digital fluorescence image (20) representing an object (6) in
a fluorescence spectrum (18) of a fluorophore (8) and recorded by the second

type of fluorescence observation device (1) using an image-recording system (62)

— computing a digital emulated output image (72) from the at least one digital fluo-

rescence image, and

— outputting the digital emulated output image for at least one of displaying or fur-

ther processing,

wherein the step of computing the at least one digital emulated output image com-

prises the step of:

— applying a type-emulation module (108) to the at least one digital fluorescence
image, the type-emulation module being representative of the image-recording

system (62) of the first type (82) of a fluorescence observation device (1).

Method according to claim 9, further comprising the following step:

— acquiring at least one digital white-light color image (4) representing the object

(6) recorded in white light, and

wherein the step of computing the at least one digital emulated output image comprises

at least one of the steps of:
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— applying the type-emulation module (108) to the at least one digital white-light

color image (4), and

— generating the at least one digital emulated output image from the at least one
digital fluorescence image, to which the type-emulation module (108) was ap-

plied, and the at least one digital white-light color image.

Method according to claim 9 or 10, wherein applying the type-emulation module (108)
further comprises applying a digital background-emulation filter (110) to the at least one
digital white-light color image for altering the spectrum of the at least one digital white-

light color image (4) .

Method according to any one of claims 9 to 11, wherein applying the type-emulation
module (108) further comprises merging a pseudo-color with the at least one digital fluo-
rescence image (20) depending on a digital fluorescence-emulation filter (120) of the

type-emulation module.

Method according to any one of claims 9 to 12, wherein the second type (82) of fluores-
cence display devices is switched between emulating different types of fluorescence dis-

play devices using different type-emulation modules (108).

Method according to any one of claims 9 to 13, wherein the difference between the at
least one digital emulated output image (72) obtained by using a type-emulation module
(108), and at least one digital emulated output image obtained from the at least one digi-
tal white-light color image (4) and the at least one digital fluorescence image (20) without
using a type-emulation module, is determined and marked with a digital image pattern

(154) in the at least one digital emulated output image.

Computer program comprising instructions which, when the program is executed by a
computer, cause the computer carry out the method according to any one of claims 9 to

14.
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ABSTRACT

Image-processing Device, Fluorescence Observation Device and Method for Emulating a First

Type of Fluorescence Observation Device on a Second Type of Fluorescence Observation Device

The invention relates to an image-processing device (64) for a fluorescence observation device
(1), such as a microscope or endoscope, a fluorescence observation device comprising such an im-
age-processing device and to a method for emulating a first type (82) of fluorescence display de-
vice on a second type (63) of fluorescence display device (1). Proficient use of a fluorescence ob-
servation device (1), in particular for surgery, requires years of training and experience. At the
same time, technology is advancing very quickly. New types of fluorescence observation devices
provide different and often more information than older types of fluorescence observation de-
vices. However, being used to a certain type of microscope or endoscope, and liability issues often
prevent application of the new and improved technologies in practice. The present invention
therefore aims to provide a solution which facilitates the switch from one type of fluorescence
observation device to another. This object is achieved by providing a type-emulation module
(108), which allows the imaging result obtained from the first type of fluorescence observation
device to be emulated on the second type. The type-emulation module (108) is applied to at least
one digital fluorescence image (20), in which the fluorescence of a fluorescing fluorophore (8) is

recorded.

(Fig. 1)
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