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(57) Abstract: The invention is a method for fluorescence analysis of a sample in the course of which a fluorescence image is recor-
ded and a fluorescent object identification step is carried out on the fluorescence image. The invention is, furthermore, is an apparat -
us for fluorescence analysis of a sample, the apparatus comprising a sample holder spatial region (10), an excitation light sources
(12a, 12b), a fluorescence detector (14) adapted for recording a fluorescence image by imaging the fluorescent emitted light emitted
under the effect of the fluorescent excitation light of a specific analysed sample volume present in the sample holder spatial region
(10) during an analysis, and a holographic arrangement adapted for recording holographic images of the specific analysed sample
volume, wherein the holographic arrangement comprising a holographic light source (16) and a holographic detector (18). In the ap-
paratus the fluorescence detector (14) and the holographic detector (18) are arranged on a common optical axis with the sample
holder spatial region (10) at opposite sides of the sample holder spatial region (10), and the apparatus comprises a coupling-in ele -
ment (20) adapted for imaging an object wave originating from the holographic light source (16) onto the common optical axis and
directing it towards the sample holder spatial region (10), and also adapted for reflecting the light of the holographic light source
(16) and transmitting the fluorescent emitted light.
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METHOD AND APPARATUS FOR FLUORESCENCE ANALYSIS OF A SAMPLE

TECHNICAL FIELD

The invention relates to a method and an apparatus for fluorescence analysis of a
sample. The sample analysed according to the invention is preferably translucent
and is in a liquid state, and the invention is adapted for identifying fluorescent

objects in the sample.

BACKGROUND ART

Conventional flow cytometers are capable of high-speed counting of objects
having fluorescent characteristics (either auto-fluorescent such as chlorophyll, or
marked with a fluorescent dye) in a flowing liquid sample. However, these are

typically not capable of forming high-resolution images of the analysed objects.

In addition to establishing the count of the flowing cells or particles the detection of
their shape or three-dimensional morphology can also be of significance; this is
achieved by analysing the liquid samples comprising the fluorescent object also by

holographic means.

There are many known approaches wherein holographic images and fluorescence
images (i.e. images showing the fluorescent characteristics) of the liquid sample
are recorded one after the other, utilizing a single detector. Such approaches are
disclosed in US 2004/0156098 A1, US 7,362,449 B2 and US 2012/0148140 A1.
These approaches have a serious disadvantage, namely that the analysed objects
(even due to their natural motion in a stationary liquid) can get displaced between
the time instances when the two — fluorescence and holographic — images are
recorded. Being sensitive to motion these approaches are not suitable for
analysing flowing media. Another great disadvantage of such approaches is that
because the holographic and fluorescence images are recorded by means of the
same detector, the detector cannot be selected either for fluorescence imaging or
for holographic imaging, i.e. the detector parameters cannot be optimized for

either image type.

Both a fluorescence image and a holographic image are recorded according to US

2015/0056607 A1, but because the images are applied for analysing samples



10

15

20

25

30

WO 2017/130009 PCT/HU2016/000078
-2.

located in spatially different regions, the two measurements can only be combined

statistically.

In US 2014/0376816 A1 a device adapted for analysing and sorting objects being
in a flowing medium is disclosed. In the document an approach is disclosed
wherein holographic and fluorescent imaging of a specific spatial region is
performed without applying an imaging optics, the images are recorded at
adjacent regions of the same detector. In order that the images corresponding to
the holographic detector part and to the fluorescence detector part can be
projected to different regions of the detector, the detector has to be situated
relatively further away from the cell comprising the sample to be analysed.
However, in the lack of an imaging optics, recording of only an extremely weak
fluorescent signal is possible, and the resolution of the holographic image will be
also very poor. In addition to that, the detector itself and its operating parameters
cannot be specifically optimized for either one of the fluorescence or the

holographic measurements since it has to perform both functions at the same

time.

In US 2014/0376816 A1 a configuration is disclosed wherein an imaging zone is
divided into two parts along a fluidic channel. One of these two parts is adapted for
holographic imaging, while the other part is adapted for recording fluorescence
images. The images are therefore recorded along a fluidic channel. In both of the
above described configurations disclosed in US 2014/0376816 A1 the holographic
image and the fluorescence image are recorded in different regions of the same

detector.

In certain known approaches a single camera is applied for recording both
fluorescence and holographic image; however, the intensity of the light to be
detected (which determines the necessary exposure time and gain/sensitivity for
detection) is very different in these cases, so the resolution required for recording
the two images would need to be different in an optimal case, but that is not
feasible due to the common camera detector. Moreover, in these known
approaches the simultaneous detection of mulitiple different types of fluorescent
signal is also very troublesome (or is not feasible at all). Due to the common

detector synchronous measurements cannot be performed, and thus it is almost
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impossible to register the fluorescence and holographic images to each other in

case of a flow-through sample (it is only possible, with a large error, with an

extremely slow flow).

In light of the known approaches the need has arisen for a method and an
apparatus that allow for detailed, high resolution reconstruction of the fluorescent
objects comprised in a sample, and also for their separation from non-fluorescent

objects.

DESCRIPTION OF THE INVENTION
The primary object of the invention is to provide a method and an apparatus which

is free from disadvantages of prior art approaches to the greatest possible extent.

A further object of the invention is to provide a method and an apparatus that are
capable of generating holographic images of fluorescent objects with sufficient

resolution and of differentiating the fluorescent objects from non-fluorescent ones.

A further object of the invention is to provide a method and an apparatus wherein,
in addition to fulfilling the above objects, the resource demand of holographic

reconstruction can be significantly reduced compared to known approaches.

An object of the invention is to provide a method and an apparatus wherein the
parameters of the applied fluorescence detector and holographic detector can be
chosen independently of each other in order to fulfil the requirements for such

devices.

The objects according to the invention can be achieved by the method according
to claim 1 and the apparatus according to claim 8. Preferred embodiments of the

invention are defined in the dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS
Preferred embodiments of the invention are described below by way of example
with reference to the following drawings, where

Fig. 1 is a block diagram illustrating an embodiment of the apparatus according

to the invention,
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Figs. 2A-2C are schematic diagrams illustrating the schedule for recording
images in an embodiment of the method according to the invention,
Fig. 3A is an exemplary fluorescence image,
Fig. 3B is a holographic image corresponding to Fig. 3A,
Fig. 3C is the reconstruction of the boxed detail of Fig. 3B, and

Fig. 4 is another exemplary fluorescence image.

MODES FOR CARRYING OUT THE INVENTION

The method according to the invention is adapted for fluorescence analysis of a
sample. As it is described below, the method according to the invention can be
particularly preferably applied for analysing liquid, transparent samples. In such a
sample fluorescent objects are typically carried by water as a liquid, transparent
medium. When subjected to suitable excitation, the fluorescent objects emit
fluorescent light, i.e. they give a fluorescent response. The fluorescent response
has a wavelength that is different from the wavelength of excitation light, the

response typically having a longer wavelength than the excitation.

The sample analysed applying the method according to the invention is passed
through the sample holder in a flow-through manner, at a suitable (suitably low)

speed.

In addition to that, the method according to the invention is of course suitable for
analysing stationary samples. The method according to the invention is also
suitable for analysing solid samples that are sufficiently thin for the fluorescent
objects comprised therein to be excited and that the light emitted by them can be
detected. A holographic image that is required for carrying out the method can be
typically recorded (taken) from such thin samples. Applying sufficiently short
exposure times the method and apparatus according to the invention are also

suitable for analysing gaseous samples.

The method according to the invention may preferably be carried out applying the
apparatus according to the invention, an embodiment of which is illustrated in Fig.
1.
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In the course of the method according to the invention a specific analysed sample
volume of the sample (i.e. the sample volume currently analysed) is illuminated
with fluorescent excitation light, and a fluorescence image is recorded by imaging
(projecting) the fluorescent emitted light of the specific analysed sample volume
emitted under the effect of the fluorescent excitation light. The fluorescent emitted
light can be imaged directly (without an imaging element) onto the plane of the
detector, or — as it will be shown later on — preferably applying an imaging lens. In
the embodiment illustrated in Fig. 1 the specific analysed sample volume is that
portion of the sample which is located inside a sample holder spatial region 10

during the excitation.

The term “fluorescence image” is used herein to refer to an image recorded by
imaging fluorescent emitted light emitted by fluorescent objects onto a detector,
i.e. the image is adapted for displaying the imaging of light originating from a
fluorescent source. The term “holographic image” is used to refer to an image
carrying holographic information; i.e. the holographic image comprises information

that can be reconstructed from the recorded hologram.

In the course of the method according to the invention, a holographic image of the
specific analysed sample volume is recorded overlapping in time with recording
the fluorescence image. In the method according to the invention, both a
holographic image and a fluorescence image of the same specific analysed

sample volume are recorded in a time-overlapping manner.

By fluorescence image it is therefore meant that an image of the fluorescent
emitted light (i.e. the fluorescent response), that is emitted under the effect of
excitation is recorded in the image; where the fluorescence image shows
information (to the greatest possible extent) exclusively of those objects that

fluoresce (which present a fluorescent response to the fluorescent excitation).

Further, the holographic image comprises the hologram of the specific analysed
sample volume, and is recorded from the specific analysed sample volume
applying a suitable holographic arrangement. Such an arrangement can be, by
way of example, the in-line holographic arrangement illustrated in the embodiment

shown in Fig. 1, but of course other types of holographic arrangements can also
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be applied. The holographic image is preferably a digital holographic image, and

the applied detector is preferably a digital holographic detector. In the case of

applying a digital holographic arrangement the benefits of digital holography can
be exploited for the purposes of the invention.

The fluorescence image and the holographic image are both recorded of the
specific analysed sample volume, with the excitation light also being directed to

this sample volume.

By its nature the entire specific analysed sample volume is not necessarily
illuminated uniformly by the excitation light, but the excitation light is preferably
applied in such a manner that a volume slightly larger than the specific analysed
sample volume is illuminated. In this latter case, preferably, all of the fluorescent

objects located inside the specific analysed sample volume can be excited.

The fluorescence image is therefore recorded from the specific analysed sample
volume. By “recording an image of the specific analysed sample volume” it is
meant that the fluorescence image will show to the greatest possible extent the
specific analysed sample volume (i.e. a two-dimensional projection thereof to the
plane of the detector), and that in addition to that the image may show information
of regions that lay outside the specific analysed sample volume. The holographic
image is meant to be formed in a similar manner (since typically the holographic
beam also extends further in a lateral direction than the specific analysed sample
volume). It is possible to find the common part of the recorded images in this
manner, which part will essentially be the projection (imaging) of the specific

analysed sample volume.

In the course of the method according to the invention, furthermore, a fluorescent
object identification step is carried out on the fluorescence image, and, in case at
least one fluorescent object has been identified in the specific analysed sample
volume in the fluorescent object identification step, at least one respective object
position is assigned to the at least one fluorescent object on the fluorescence
image, and a reconstructed holographic image is generated by reconstructing the
holographic image, and a reconstructed model (reconstructed image, three

dimensional model) of the at least one fluorescent object is identified on the
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reconstructed holographic image based on the at least one object position. By
identifying the reconstructed image we mean that it is determined which separable
reconstructed model (from the reconstruction of the complete holographic image)
can be assigned to the fluorescent object. The fluorescent object identification step
is described in detail below. In this step the fluorescence image is examined In
order to establish based on the information recorded therein if there is a detail
(even a single pixel) in the image that corresponds to a fluorescent object, i.e. the
light emitted by the fluorescent object is imaged on that region of the fluorescence
image.

The subsequent steps of the method are thus carried out only in case at least one
fluorescent object has been identified based on the fluorescence image in the
fluorescent object identification step. If there can be found a fluorescent object in
the currently present specific analysed sample volume, the imaged pattern, i.e. the
image of the light emitted by it (hereinafter. object image) appears in the
fluorescence image. This object image can be applied for identifying the
fluorescent objects in the fluorescence image. Therefore, in the fluorescent object
identification step it has to be established whether the fluorescence image
comprises an object image of a fluorescent object, and, if yes, all of the object
images have to be identified. Through identification a respective object position
can be assigned to each fluorescent object based on the location of the object
images. If the currently analysed sample volume does not comprise any
fluorescent objects of which there would be a (meaningful) object image on the
fluorescence detector, these steps of the method are not carried out (in the case of

a flow-through sample, analysing is continued with another sample volume).

For small-sized or point-like object images the object position can be determined
easily, while in the case of larger-sized object images an object position has to be
assigned to the object in some way, e.g. using the geometric centre of the object

image.

In case, therefore, at least one fluorescent object has been identified (found) in the
specific analysed sample volume, the holographic image corresponding to that
particular sample volume is reconstructed. This reconstructed holographic image

will comprise the reconstructed image of the identified fluorescent object, i.e. the
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three-dimensional model thereof. However, the reconstructed holographic image
will also comprise in many cases the reconstructed images (3D models) of further
objects that have not been identified as fluorescent objects (holographic
reconstruction cannot be carried out selectively only for identified objects).
Applying the method according to the invention the at least one fluorescent object
can advantageously be easily found among the (typically many) reconstructed
objects. Since both the fluorescence image and the holographic image were
recorded of the same specific analysed sample volume, the position in the
holographic image corresponding to the identified object position on the
fluorescence image can be determined. And, based on the position in the
holographic image determined this way the reconstructed image (3D model)
corresponding to the fluorescent object can be obtained. Naturally, if there are
more than one fluorescent objects present in the image, more than one

corresponding 3D models are selected applying the above steps.

In operation, the apparatus according to the invention therefore searches for
fluorescent emitting objects in a sample which is preferably flowing-through type.
In the event of detecting such an object in the fluorescence image, the image of
the fluorescent object is reconstructed based on the holographic image recorded
in parallel with the fluorescence image. Reconstruction is facilitated by the fact that
the two images, recorded in a time-overlapping manner show essentially the same
sample volume, and thereby the position identified in the fluorescence image can
also be found in the holographic image. To allow for finding the object position, as
described above, the two images are preferably spatially and temporally
registered, which means that a region (window) is identified which appears in both
images, with the mapping between them (i.e. which position in the second image

corresponds to a specific position in the first one) being also determined.

To sum up, it can be maintained that the position of the fluorescent (fluorescence-
emitting) object determined based on the fluorescence image shows the position
(i.e. gives the x, y coordinates) of the object inside the cell, while the exact depth
(z coordinate) of the fluorescent object is determined by the holographic
reconstruction (however, for finding the given object in the holographic image it is

sufficient to know the x and y coordinates).
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As it was put forward above, the invention also relates to an apparatus for

fluorescence analysis of a sample; the method according to the invention can for

example carried out on this apparatus. An embodiment of the apparatus according

to the invention is illustrated in Fig. 1.

The apparatus shown in the figure comprises a sample holder spatial region 10
adapted for receiving a specific analysed sample volume of the sample being
analysed, one or more excitation light sources 12a, 12b adapted for illuminating
the sample holder spatial region 10 with fluorescent excitation light, a fluorescence
detector 14 adapted for recording a fluorescence image by imaging the fluorescent
emitted light of a specific analysed sample volume emitted under the effect of the
fluorescent excitation light, the specific analysed sample volume being in the
sample holder spatial region 10 during the analysis, and a holographic
arrangement adapted for recording holographic images of the specific analysed
sample volume, the holographic arrangement comprising a holographic light
source 16 and a holographic detector 18. The wall of the sample holder spatial
region 10 is typically transparent, i.e. the excitation light, the emitted light and the
light of the holographic light source can penetrate through it (preferably without

refraction and intensity loss).

The term “fluorescence detector” refers to a detector adapted for detecting
fluorescent emitted light emitted by fluorescent objects, i.e. a detector onto which
light originating from a fluorescent source is imaged. The term “holographic
detector’ is used to refer to a detector adapted for recording holographic
information. Both detectors (imaging devices) are photodetectors (typically having
different resolution and sensitivity) but are applied for different purposes, i.e. they
are applied for detecting light from different sources (the emitted fluorescent light
and the light of the holographic light source). The adjectives “fluorescence” and
“holographic” are therefore applied not for describing an essential feature of the
devices but solely for differentiating the two detectors; thus these adjectives can
optionally be omitted. This also holds for the terms “fluorescence image” and
“holographic image”, where the adjectives are included in order to specify the type

of light to be imaged in the particular image; thereby the adjectives are included in
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these terms for the purpose of differentiation, and can optionally be omitted. The

above also applies to the fluorescence-imaging lens 22 described below.

In this embodiment of the apparatus according to the invention the fluorescence
detector 14 and the holographic detector 18 are arranged on a common optical
axis with the sample holder spatial region 10 at the opposite sides of the sample
holder spatial region 10. With such an arrangement fluorescence and holographic
images can be recorded of the sample holder spatial region in a very preferable
manner because both detectors have the same view of the sample holder spatial
region 10 but from the opposite directions. In the embodiment illustrated in the
figure the apparatus according to the invention comprises a coupling-in element
(directing-in element) 20 adapted for imaging an object wave originating from the
holographic light source 16 onto the common optical axis and directing it towards
the sample holder spatial region 10, and also adapted for reflecting the light of the

holographic light source 16 and transmitting the fluorescent emitted light.

Therefore, in a manner illustrated also in Fig. 1, the fluorescence detector 14 and
the holographic detector 18 both face the sample holder spatial region 10, i.e.
applying these detectors the apparatus records the fluorescent characteristics of
the sample volume located in the sample holder spatial region 10 (i.e., by way of
example, of the sample flowing through a measurement cell) from one direction,
while from the other direction a — preferably digital — holographic measurement is

carried out by the apparatus.

Since the typical applications of the method and apparatus according to the
invention (such as water quality analysing) involve examining large volumes, a
relatively thick (even as thick as 0.8 mm, while maintaining a resolution of 1 ym on
the holographic detector) flow-through measurement cell (which comprises the
sample holder spatial region under investigation) is preferably applied.
Accordingly, the sample holder spatial region for analysation may also reach a
thickness of 0.8 mm, which corresponds to its dimension measured along the

common optical axis.

In order that the fluorescent emitted light can be measured inside such a cell at a

large depth applying a digital camera, an optical projection — by way of example, a
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low amount of optical magnification or demagnification — is preferably applied.

Such an embodiment is illustrated in Fig. 1. In this embodiment the apparatus

comprises a fluorescence-imaging lens 22 arranged on the common optical axis

between the fluorescence detector 14 and the coupling-in element 20.

The magnification/demagnification of the fluorescence-imaging lens 22 is
preferably between 0.5 and 1.5, more preferably between 0.9 and 1.1, in particular
approximately 1. Typically a fluorescence-imaging lens 22 with a
magnification/demagnification of approx. 1 is applied, i.e. the lens neither
magnifies nor demagnifies. If the depth of focus provided by the lens having a
magnification/demagnification of approx. 1 would be smaller than the dimension of
the sample holder spatial region 10 measured in the direction of the common
optical axis, then the depth of focus can be increased by applying a imaging lens
having a lower magnification/demagnification, potentially even providing a depth of
focus nearly equalling the z-direction dimension of the sample holder spatial
region. If the application of a lens with a magnification/demagnification around 1
results in a depth of focus larger than the z-direction dimension, the
magnification/demagnification value can be increased above 1, i.e. a magnifying
lens can be applied as fluorescence-imaging lens. It is however not necessary to
increase the magnification/demagnification because in this case the depth of focus

resulting from a magnification/demagnification around 1 is sufficient.

The above described details mean that in an embodiment of the method and
apparatus a depth of focus of the fluorescence-imaging lens is adjusted, by
adjusting the demagnification/magnification value thereof, to a dimension of the
sample holder spatial region along the common optical axis (hereinafter: z
direction), thanks to which such a depth of focus can be preferably chosen that
allows for the essentially complete imaging of the entire depth of the sample
holder spatial region onto the fluorescence detector. Therefore, if essentially the
entire depth of the sample holder is inside the depth of focus of the imaging then
the objects to be analysed remain detectable (will not disappear due to not being

focussed) anywhere inside the measurement cell.

Thanks to the application of the fluorescence-imaging lens 22 shown in Fig. 1 and

to the appropriate choice of parameters (magnification/demagnification, depth of
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focus) the entire depth of the sample holder can be imaged onto the fluorescence
detector (light beams emitted anywhere in the depth of the sample holder are
imaged onto the detector). A further advantage of arranging a fluorescence-
imaging lens 22 is that the lens allows for eliminating the intensity reduction
(proportionate to the square of the distance from the source) of the emitted
fluorescent light, because the fluorescence-imaging lens 22 is applied for imaging
onto the fluorescence detector the fluorescent light that has still sufficient intensity.
In known fluorescence analysing apparatuses wherein the fluorescence image and
the holographic image are recorded by the same detector it is usually not feasible
to arrange such a fluorescence-imaging lens that can provide the required depth of
focus, all the more so because in such systems it is preferred to apply a high-

magnification lens for the holographic image.

Although a fluorescence image recorded at low magnification is not suitable for the
recognition of the fluorescent objects (due to low magnification and low resolution
[and possibly due to being out of focus] the objects will be blurred in the image, the
applied magnification not being sufficient for shape recognition due to the small
size of the commonly occurring fluorescent objects), it can be applied for detecting
and identifying such objects, preferably in large depth of the sample holder.
Essentially, only images recorded at high magnification could be appropriate for
shape recognition. However, in that case the depth of focus would be very low. At
the same time it also has to be taken into account that the light emitted by
fluorescent objects can be detected with high confidence if the fluorescence image
is recorded with a sufficiently long exposure time (otherwise the object images of
the fluorescent objects would typically be really faint). However, relatively longer
exposure times can result in that the fluorescent objects are displaced during the
exposure time, which would also reduce the chance of recognizing the objects in
the fluorescence image. That is why fluorescent flow cytometers are applied

almost exclusively for counting the fluorescent objects.

It will be demonstrated below that the above described characteristic features of
fluorescence image recording do not present themselves as problems in the
method and apparatus according to the invention, since according to the invention

the fluorescence image is applied solely for identifying the fluorescent objects (i.e.
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not for their recognition), for which it is essentially sufficient if the imaging, the
object image of the fluorescent objects appears in the fluorescence image. As it
will be shown below, according to the invention neither the relatively long exposure

time required for recording fluorescence images poses any problem.

In order to perform object recognition, morphological classification, and to evaluate
the fluorescent content of the sample, the apparatus according to the invention
further comprises an appropriately configured holographic arrangement. In case a
magnifying lens is also arranged, essentially a holographic microscope can be
obtained. Based on the image reconstructed from the holographic image (the
spatial model of the analysed objects) the fluorescing objects can already be
classified according to morphological aspects, since by determining the position
(determination of the object position) in the fluorescence image, the objects can be

identified in the reconstructed holographic image based on their location.

In contrast to conventional flow cytometers, in the case of the method and
apparatus according to the invention it is not a problem if multiple fluorescent
objects are present simultaneously in the analysed sample volume (i.e. the
amount of sample located inside the measurement cell/sample holder during the
measurement). According to the above, the fluorescence of the objects comprised
by the sample can be analysed applying a camera (see below) having appropriate
sensitivity (in known approaches wherein the fluorescence image and the
holographic image are recorded by means of the same detector it is not possible
to choose the sensitivity of the detector to match the application, i.e. recording

fluorescence or holographic images).

Based on the image recorded by the camera adapted for recording the
fluorescence image, the position of the fluorescent objects (or more precisely, the
2D projection of their 3D position) inside the specific analysed sample volume can
be determined. Because both the fluorescence image and the holographic image
are recorded of the same state — of a specific analysed sample volume — the
content of the two images can be associated with each other, that is, information
corresponding to the same object can be found (registered) in both images. The
exposure time of the fluorescence image is typically much longer than the

exposure time of the holographic image. Accordingly, the holographic image is
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recorded with a much shorter exposure time during the exposure of the

fluorescence image; the two images are therefore recorded in a time-overlapping

manner. This is facilitated by the detection of the position of the fluorescent object

in the fluorescence image, because thereby — provided that the two images are

properly registered — the position information can be applied for identifying the

given objects also in the holographic image.

The detector applied for recording the fluorescence image is preferably a high-
sensitivity one (so that the relatively weak fluorescent signal can be detected as
properly as possible) but has relatively low resolution. The holographic image is
preferably recorded using a high-resolution detector that otherwise has low
sensitivity compared to the fluorescence detector (the holographic detector is not
required to have high sensitivity because the intensity of the light emitted by
holographic light source — e.g. laser or LED — is not so low). In an exemplary
realization the sensitivity of the (colour) camera applied for fluorescence
measurement was 5.3 V/Lux-sec, while the sensitivity of the camera utilized in the

digital holographic arrangement was 0.724 V/Lux-sec.

In an embodiment of the apparatus and method a fluorescence detector with a
sensitivity of 4-7 V/Lux-sec, and/or a holographic detector with a sensitivity of 0.5-
2 V/Lux-sec are applied. In this embodiment both the fluorescence detector and
the holographic detector can be chosen preferably such that they have a
sensitivity that matches the specific application; particularly preferably the
sensitivity of both detectors is selected from the above specified ranges, and
thereby both detectors of the apparatus can be best suited for the given

application.

In an embodiment of the invention an exposure time (Tr) of 40-200 ms is applied
for recording the fluorescence image, and/or an exposure time (Ty) of 0.5-5 ms is

applied for forming the holographic image.

If the exposure time T is chosen from the above specified range, the fluorescence
image will comprise with high probability the representation of the light beams
originating from weakly emitting fluorescent objects. The choice from within the

range is naturally also affected by the intensity of the excitation light, and the
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extent to which the intensity of the emitted fluorescent light is reduced until the
fluorescence detector is reached. If the exposure time Ty is chosen from the above
specified range, the holographic image will be sufficiently sharp with high
probability, and the displacement of the fluorescent objects can be avoided. If both
exposure time values are selected from the above specified respective ranges
then both of these advantages will be present, i.e. both detectors can be tuned

such that they match the specific application.

In addition to applying a longer exposure time for the fluorescence image it is
preferred to apply a lower-resolution detector for recording the fluorescent
information, both because a high-resolution result is not needed and because a
low-resolution image can be read out from the detector quickly. Besides that, low-
resolution detectors typically have high sensitivity due to their relatively large size
pixels, and thus all the requirements for the fluorescence detector can be fulfilled
by applying a low-resolution detector. Therefore, a fluorescence detector with a
resolution of 0.5-3 megapixels/25 mm? is preferably applied. More preferably, a
detector with a resolution of 1-2 megapixels/25 mm? can be applied, and a
detector with a resolution of approximately 1.3 megapixels/25 mm? is particularly

preferably applied.

The light emitted by the fluorescent objects is imaged onto this detector. As
detailed above, an imaging lens is preferably applied for the imaging, the lens may
be a magnifying or demagnifying lens. The magnification/demagnification value is
approximately 1, i.e. essentially no magnification or demagnification occurs. In that
case, therefore, an image with a size equalling the dimension of the analysed
region measured perpendicularly to the common axis the imaging lens is projected
onto the fluorescence detector. The image does not typically fill the whole 5x5 mm
area of the detector, and therefore only a subregion of the detector, by way of
example, with a size of 256x256 pixels or 320x320 pixels, is utilized during the

analysis.

The holographic image is preferably recorded with an appropriately small
exposure time, selecting the exposure time from the above specified range.
Because a high-resolution image is required in order that the reconstruction of

holographic image has the appropriate amount of detail, a detector having higher
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resolution than the one utilized for recording the fluorescence image is applied as
the holographic detector. However, this detector has a longer readout time
compared to the fluorescence detector. The holographic detector preferably has a
resolution of 5-20 megapixels/25 mm?, more preferably a resolution of 10-15
megapixels/25 mm?, particularly preferably a resolution of approximately 12
megapixels/25 mm?. Detectors having such a resolution can record images that
have the amount of detail required for good-quality reconstruction. Detectors with
relatively high resolution typically have lower sensitivity, but this sensitivity is totally

appropriate for detecting the light of the holographic light source.

The relatively longer exposure time of the fluorescence image and the longer
readout time of the holographic image can be harmonized (they are in the same
order of magnitude); both images can be safely read out before starting the next
measurement — i.e. before the volume to be analysed is completely replaced. In
many cases the time elapsing until recording the next image is even longer than
that.

Compared to conventional digital holographic microscopes — where all the objects
have to be reconstructed and all the object shapes have to be analysed — the
method according to the invention provides significantly faster processing. [n
contrast to conventional approaches, according to the invention the holographic
image corresponding to a specific fluorescence image is reconstructed only if (at
least one) fluorescent object has been successfully identified in the fluorescence
image. In case no fluorescent object could be identified in the fluorescence image,
the corresponding holographic image is ignored and is not reconstructed. Sample
evaluation is also aided by that the objects being fluorescent on a given
fluorescence image can be identified by determining the object positions on the
fluorescence image (in most cases, with sufficiently sparse samples there is
typically only a single such object in a given image). With the help of the obtained
object positions the reconstructed information corresponding to such objects can

be easily isolated in the reconstructed holographic images.

Compared to flow cytometers the method and apparatus according to the
invention has the great advantage that it allows for generating a high-resolution

image (model) of the fluorescent objects (either auto-fluorescent or with dye-
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which facilitates increased-accuracy classification.

Preferably, test objects are applied for registering (that is, for associating the
images with each other, for determining the common regions imaged by both
cameras, and in case the cameras are oriented differently, i.e. not facing with each
other in the apparatus according to the invention) the images recorded by the
cameras — i.e. by the fluorescence detector and the holographic detector. Test
objects e.g. comprise some highly fluorescent objects which can also be easily
identified by the holographic system. Test pearls are e.g. applied as test objects.
In the event of the simultaneous detection of an appropriate number (for example,
three) of such test pearls the objects can be identified based on their
reconstructed arrangement. Based on the object positions measured by both the
fluorescence detector and the holographic detector (after choosing the appropriate
region of interest [ROI]) the amount of rotation, shift and magnification required for
registering the images of the two detectors can be determined applying an
appropriate algorithm, i.e. registration of the detectors can be carried out. The
settings obtained thereby can also be tested preferably by applying further test
objects. This is a semi-automatic calibration process (requiring human
intervention), but alternatively a fully automated calibration process can also be

devised and applied.

Calibration can also be performed based on the motion patterns of the individual
objects, i.e. by tracking the bbjects (moving in a quite irregular fashion) in a series
of images (also by continuously determining, tracking the object positions in both

images).

For the successful volumetric detection of a fluorescent signal (with high depth of
focus), low optical magnification/demagnification is required or an imaging lens
without  magnification/demagnification has to be applied. f no
demagnification/magnification is applied, the fluorescence detector has to be
arranged in the immediate vicinity of the measurement cell (sample holder). In the
case where the detector is arranged further from the objects to be measured the
measurement is made more difficult by the square-law reduction of light intensity

with distance resulting in a spread-out patch of light (it would be more and more
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difficult to detect and locate with increasing distance). In such cases an imaging

lens can be applied in the invention, which allows that the sample holder spatial

region and the fluorescence detector can be arranged further away from each

other.

Some known holographic systems, especially systems wherein the fluorescence
image and the holographic image is recorded with the same detector, apply a lens-
less arrangement, because there cannot be arranged such a lens which could be
suitably applied for both the fluorescence detector and the holographic detector.
Although with a lens-less solution the measurable surface area can be increased,
but at the same time it is much more difficult to provide sufficiently uniform, high-
intensity fluorescent illumination over a larger surface area. In addition to that, in
conventional lens-less solutions a super-resolution imaging technique has to be
applied in order to achieve the resolution required for holographic reconstruction
because in a lens-less system the primary resolution-limiting factor is the pixel
size. Super-resolution imaging requires recording multiple images, which
significantly slows down sampling and makes more complex the registration of the

corresponding data of fluorescence images.

As it is illustrated by the embodiment shown in Fig. 1, by utilizing appropriately
chosen optical components (objectives, lenses) a sufficiently intense illumination

can easily be provided over the entire (smaller) volume.

Due to the separate fluorescence and holographic detectors, according to the
invention it is possible to apply an appropriate magnification with which the
required resolution can be achieved in a much simpler way also in the holographic
system, and thereby the measurement can be performed much more quickly.
Accordingly, in the embodiment illustrated in Fig. 1 the apparatus according to the
invention comprises a holographic imaging lens 24 arranged between the sample
holder spatial region 10 and the holographic detector 18. The magnification of the
holographic imaging lens 24 is preferably between 1.5 and 10, more preferably
between 2 and 3, and particularly it is approximately 2.5. Applying such
magnification values a sufficiently high resolution that is required for good-quality

reconstruction can be provided.
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Although in the case where lenses are applied the measurable surface area and

volume may seem smaller, due to the many exposures required with the lens-less

arrangement (with super-resolution imaging the number of exposures increases in

proportion to the square of resolution) and the low depth of focus of the

fluorescence images the larger analysed sample volumes cannot be exploited at
all.

As shown above, the requirements for the fluorescence and holographic detectors
are completely different. In the arrangement according to the invention the
fluorescence camera (detector) — where low magnification has to be applied in
order to achieve high depth of focus — preferably has low resolution (large pixel
size), but has very high sensitivity and is preferably capable of high-gain operation
with fow noise. Expediently the camera is also capable of detecting colours, and

can thereby differentiate between fluorescent signals of different colours.

In the case of the holographic camera — as appropriate illumination can be
provided more easily due to the typically applied laser or LED light sources — small
pixel size and the high achievable resolution is preferred instead of sensitivity.
Here a monochromatic detector can be applied also, because colour information
can be replaced by fluorescent signals (even multiple, different-colour fluorescent
emissions can be detected) and coloured illumination is hindered by the

fluorescence measurement anyway.

It is readily apparent that the different requirements for the detectors could only be

aligned with great compromise.

It is therefore expedient to apply the optical arrangement according to the
invention, by which a measurement apparatus much more effective compared to
the known approaches can be realized. For the holographic measurement an
appropriate magnification may be needed in order to provide high-resolution
reconstruction (with a lens-less setup the maximum resolution is usually limited by
the pixel size of the detector), for which in the case of the invention it is possible to
apply an objective. (It should be noted that the potential resolution is significantly
limited in a lens-less arrangement. A lens-less system is capable of processing

only samples with little or no motion, low resolution and relatively low thickness.)
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The method and apparatus according to the invention can be preferably applied
for the simultaneous detection of multiple fluorescent response types. If the
wavelengths at which the fluorescent objects emit light are sufficiently far from
each other, then these can be differentiated applying a simple colour camera (e.qg.
one implemented using the Bayer pattern). But in the case where the emission
peaks are close to each other the application of more than one fluorescence
cameras is conceivable, with the optical paths of the cameras being preferably
separated by means of dichroic mirrors (by way of example, if both objects emit

red light, but one of them at a wavelengths higher by 30 nm).

In the method and apparatus according to the invention the sample flows through
the measurement cell (the sample holder spatial region). The sample is relatively
sparse, it comprises objects that either exhibit auto-fluorescence (e.g. chlorophyll,
phycocyanin, phycoerythrin, etc.) or are marked with fluorescent dye (FDA -
fluorescein diacetate, which is a dye adapted for differentiating biotic and abiotic

material, FITC - fluorescein isothiocyanate, which is a fluorescent dye, etc.).

Fluorescence illumination with an appropriate wavelength is provided by one or
more excitation light sources 12a, 12b (cf. Fig. 1) that are arranged in an angle
and are adapted for illuminating the analysed volume uniformly and with sufficient
intensity. In the embodiment according to Fig. 1 the excitation light sources 12a,
12b are arranged such that they are capable of illuminating the sample holder
spatial region 10 at a direction different from the common optical axis (i.e. in
arranged in an oblique manner, and, preferably at a low angle of approximately
30-60° with respect to the common optical axis). In this embodiment, therefore, the
apparatus comprises excitation light sources 12a, 12b adapted for emitting

excitation light with wavelengths being different from each other.

The excitation light sources can of course be implemented as LEDs but lasers or
appropriately filtered halogen light sources can also be applied as excitation light

sources.

In the embodiment illustrated in Fig. 1 the apparatus according to the invention
comprises excitation filters 26a, 26b transmitting the excitation light (for filtering out

all other wavelengths to the greatest possible extent) and arranged between the
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excitation light source 12a, 12b and the sample holder spatial region 10. By

applying such filters it can be provided that the illumination is optimal for

appropriately inducing fluorescence and it does not interfere with holographic and

fluorescence measurements, i.e. that only excitation light with the appropriate

wavelength can reach the sample holder spatial region 10.

Because fluorescent excitation lights are applied in oblique directions but are
focused on the measured spatial region, they can be tuned, modulated and filtered
individually. Thereby they are able to provide high intensity and do not interfere

with each other.

The emitted (auto- or dye-induced) fluorescence is recorded by one (or more)
high-sensitivity fluorescence detectors 14 (cameras) through a coupling-in element
20 applying appropriate optical components. An emission filter 28, expediently
arranged in front of the fluorescence detector and adapted for transmitting the
fluorescent emitted light (and for filtering out other wavelengths as much as
possible) provides that only the fluorescent signal can reach the camera, i.e. the
excitation light and the light of the holographic light source are filtered out. In this
embodiment, therefore, the apparatus comprises an emission filter 28 transmitting
the fluorescent emitted light and being arranged on the common optical axis

between the fluorescence detector 14 and the coupling-in element 20.

The illumination, having a coherence length required for the holographic system, is
exemplary provided by a laser. The wavelength of the laser should be chosen
such that it does not disturb the fluorescence measurement, and that it can be
appropriately separated from the fluorescent illumination by means of a suitable
filter, i.e. in the embodiment of Fig. 1 a first filter 30 transmitting the light of the
holographic light source 16 (and for filtering out other wavelengths to the greatest
possible extent) and being arranged between the holographic detector 18 and the
sample holder spatial region 10. The filter 30 provides that only the diffracted
images of the objects illuminated by the laser is recorded by the camera and that
the fluorescent excitation light is completely cut out. The holographic image of the
sample is recorded, through a suitable optical arrangement, by a — preferably

digital — high-resolution camera.
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By selecting the fluorescent objects in a manner applied in the method according
to the invention (i.e. searching for them in the fluorescence image) the processing
speed of the method and apparatus according to the invention is significantly
increased, since it is not necessary to reconstruct all of the holographic images but
only those that are of interest, i.e. which comprise the three-dimensional model of
at least one fluorescent object according to the identification step carried out on
the fluorescence image. This allows for applying a higher-resolution detector,
higher magnification, and, consequently, a narrower field of view because the flow
speed and the size of the volume to be analysed are no longer limited by the
evaluation speed of (digital) holograms. The location of a specific fluorescent
object in the field of view is shown by the fluorescent signal. Thereby the
reconstruction needs to be done for the holographic image corresponding to the
given object. The parameters of the reconstruction can preferably be determined
by processing a reduced-resolution image before reconstructing the full-resolution
one, more precisely than what is allowed by optimizing processing times in known
approaches. Determining the reconstruction distance as accurately as possible is
very important. If there is sufficient time for determining the reconstruction
distance, the image of the reconstructed objects can be of much higher quality.
The method according to the invention allows for that. The support of the object
(the region encompassing the object) can also be determined more precisely by
applying the method according to the invention, since the processing time
available for reconstructing certain really interesting objects can be increased by
as much as an order of magnitude. Samples subjected to fluorescence analysing
are typically so sparse that, when the sample is fed to the sample holder in a flow-
through regime, a fluorescent object will be found in every tenth image or even
more rarely. The time available for reconstructing the selected holographic images
increases due to this ratio. If a sample is populated by fluorescent objects more
densely than this, it can be diluted to allow for more efficient processing and
analysis. However, because the method and apparatus according to the invention
are e.g. applied for verifying the efficiency of water purification (for determining the
number of fluorescent objects remaining there in a given purified sample), by the

nature of the application usually a low number of fluorescent objects will be
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present in each sample. A fluorescent dye is applied for verifying that the

purification process has killed all living organisms.

In an embodiment of the method according to the invention, after recording at least
two fluorescence images, a differential fluorescence image is generated by
subtracting the average of the fluorescence images (i.e. the average of the current
and the earlier image) from the last recorded (i.e. current) fluorescence image, and
carrying out the fluorescent object identification step on the differential
fluorescence image. In this embodiment the background fluorescence is preferably
averaged out by subtracting the average calculated using the earlier fluorescence
images, and thus only the deviation from the average is detected. Thereby,
because their signal is time-independent, the permanent fluorescent reflections,
bubbles, cracks and camera faults are automatically eliminated with subtracting

the average.

In the fluorescent object identification step of the method a threshold value (of light
intensity measured in the fluorescence image) is preferably set below which the
light intensity values detected during the search are not regarded as
corresponding to any fluorescent object. The search for fluorescent objects
comprises finding the maximum-intensity location in the fluorescence image. If
such a value is found and it is larger than the predetermined threshold, then the
measured values are examined in its vicinity, as they may also belong to the given
object. Thereby, multiple detections of the same object can be ruled out because
the regions belonging to a given object can be excluded from the subsequent
search for further fluorescent objects. The search is preferably performed in a
pixel-by-pixel manner, examining the light intensity recorded at the given pixel. If
side-by-side objects are examined (which can be spatially situated behind each
other) that would be detected as a single fluorescent object in the fluorescent
object identification step, the situation is clarified during the holographic
reconstruction step, which allows for making a decision on how the low-resolution
fluorescence image should be interpreted and segmented. With sparse samples,

though, such a “constellation” of fluorescent objects occurs very rarely.

The 2D-position of an object inside the analysed sample holder spatial region

(measurement cell) is detected by means of the fluorescence camera. In the event
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of more than one objects being reconstructed in the analysed region based on the
holographic image (e.g. at different depths) it has to be determined which object
exhibited fluorescence and which did not do so. This can be achieved by the
comparison and simultaneous analysis of the two measurements according to the
above: the fluorescent objects are found essentially on the basis of the
fluorescence image (and accordingly the non-fluorescent objects can be ignored).
It may also happen that a fluorescent object is spatially extended, in which case
according to the invention information provided by the two images can expediently
be compared (by way of example, it can be established whether the contents of

both images suggest an extended object).

By applying a threshold value the fluorescent objects can be differentiated from
background noise. Because non-moving objects are eliminated by averaging the
images and subtracting the average from the current image, preferably only the
moving fluorescent objects (being moved inside the flow-through cell or having
own locomotion) are shown in the differential fluorescence image resulting from
the subtraction. The applied threshold value depends on the fluorescent signal (if
the signal is weak, the threshold is low). Accordingly, the threshold value should
be adjusted to match the currently applied illumination. It has to be noted that in
the case of FDA staining (when the objects are made artificially fluorescent by
applying a dye), where background fluorescence is increasing during the
measurement, this variation should be taken into account when the threshold
value is chosen, i.e. a time-variable threshold value may be needed. Thereby, in
this embodiment, a threshold value being variable depending on the background
fluorescence of the specific sample volume is applied. When auto-fluorescence is
measured, background fluorescence does not change, but it still has to be
analysed (because it can also be the result of infiltrating light rather than
fluorescence). The threshold value is dependent on the illumination, on the
sensitivity and dynamic range of the camera, the gain of the apparatus, the signal-
to-noise ratio and signal strength. Any one of these parameters may change by

way of example in case a component is replaced.

The timing of recording the images is illustrated in Figs. 2A-2C also referred to

above. The fluorescence images and the holographic images are recorded in a
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time-overlapping manner. This is illustrated in Figs. 2A and 2B, showing the
exposure time T, and the exposure time Ty corresponding respectively to the
fluorescence image and the holographic image. Figs. 2A and 2B are intended to
be interpreted together. They show the relationship of the typical length of the
exposure times Tr and Ty and also illustrate that the exposure of the two images is
started roughly at the same time, thus preferably providing for their overlap in time.
During the relatively long exposure time T¢ the holographic image can be recorded
with different timing, too. A much longer exposure time is typically applied for the
fluorescence image, but because the required camera resolution is lower the
combined exposure and readout times are typically the same for the two images
(for the fluorescence image the exposure time is long but readout is fast, and
conversely, for the holographic image the exposure time is short but image
readout takes longer due to the larger resolution). Because the objects can get
displaced during the long exposure period, a slight motion blur may occur. This,
however, can be neglected due to the low resolution, i.e. it essentially does not

affect the ability to identify the specific object in the holographic image.

As it will be described in the following, the occurrence of motion blur can also be
exploited in a preferred embodiment (illustrated in Fig. 2C). In this embodiment,
during a time portion Tg; of an exposure time T¢ of the fluorescence image the
specific analysed sample volume is illuminated with two fluorescent excitation
lights of different wavelengths, and, during another time portion Tg; of the
exposure time Tg, the specific analysed sample volume is illuminated with only one
of the two fluorescent excitation lights, the fluorescence image is recorded by
imaging the fluorescent emitted light emitted under the effect of the fluorescent
excitation lights, and in case at least one fluorescent object has been identified in
the fluorescent object identification step, a fluorescent object excited by the
fluorescent excitation lights applied during both of the time portions is identified
based on the displacement of the at least one fluorescent object on the
fluorescence image, and/or a fluorescent object excited by the fluorescent

excitation light applied during either one of the time portions is identified.

Such an illumination scheme is illustrated in Fig. 2C, showing also the full

exposure time Tg; in the case depicted in the figure only one excitation illumination
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is applied in the time portion Tgy (operating for example only the excitation light
source 12a), with the other excitation being turned on for the time portion Tro;
thereby the currently analysed sample volume is illuminated with two excitation
lights with different wavelengths. It is also conceivable that two illuminations are
applied simultaneously during a first time portion which is followed by applying
only one illumination in a second time portion, when one of them is switched off.
The steps of the method according to this embodiment can also be carried out on

an image recorded in the above manner.

This embodiment can therefore be applied for differentiating between fluorescent
signals (for example, the red fluorescence of chlorophyll at 680 nm induced by
blue illumination at 470 nm from the red fluorescence of phycocyanin at 650 nm
induced by amber illumination at 595 nm) that otherwise cannot be differentiated b
means of the fluorescence detector (camera) without a special dedicated filter. In
the example the cells that also comprise phycocyanin, which have a special
motion biur pattern, (the motion blur corresponding to the two objects will be
different because the motion recorded in the image are of different duration, and
thus the motion blur representing the displacement during the exposure period is
also different) can be differentiated by turning on the amber illumination at an

appropriate time.

In Figs. 3A-3B exemplary corresponding fluorescence and holographic images are
illustrated, while in Fig. 3C the reconstruction of the holographic image of Fig. 3B
iIs shown. In Fig. 3A three objects appear, i.e. during the corresponding analysis
three fluorescent objects were situated in the analysed sample holder spatial
region at the time the image was recorded. In this specific example, green and red
fluorescence can be discerned based on the fluorescence image (the red
fluorescence originating in the example from auto-fluorescence, while the green
one originating from dye-induced fluorescence), the image of the leftmost object
being red and the images of the other two objects being green. The respective

object images are indicated by arrows.

Fig. 3B shows the holographic image corresponding to the fluorescence image
shown in Fig. 3A. As shown in Fig. 3B, in addition to the images of the fluorescent

objects several other object images (i.e. the interference patterns corresponding to
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them) appear. A great advantage of the invention is that by applying the method
according to the invention the images corresponding to the fluorescent objects can
be selected from the many object images that can be seen in the holographic
image of Fig. 3B. As it is apparent from the comparison of Figs. 3A and 3B, based
on the position of the object images of the fluorescence image, the object images
corresponding to the fluorescent objects can selected from the object images

comprised in the holographic image.

Fig. 3C shows the reconstruction of the object image (interference pattern)
enclosed in the white box in Fig. 3B, in the figure the reconstructed shape of the
fluorescent object can be observed. In the reconstructed image shown in Fig. 3C,
ring-shaped artefacts can be seen because of the twin-image formed due to the in-
line arrangement applied for recording the holographic image. The disturbance
caused by the twin-image can be reduced applying known approaches, the
morphological analysis, i.e. the examination of the three-dimensional model
obtained for the fluorescent object is not affected by the rings (the twin-image

elimination process is slow, so it is not applied).

Fig. 4 shows a fluorescence image recorded with a relatively long exposure time.
Due to the displacement of the fluorescent object the object image “leaves a trail”,
i.e. it exhibits motion blur. According to the above, through modifying the
fluorescent excitation in an appropriately timed manner this may allow for

differentiating objects that fluoresce at the same wavelength.

To avoid a large-scale motion blur, flow-through samples preferably have very low
flow speeds during the exposures (the small-scale motion blur that is discussed
above and can be preferably exploited is typically present even with stationary
samples). After recording the images, however, the flow speed of the fluid can be
increased applying a pump, followed by reducing the flow speed again for the next
exposure. Images are therefore preferably exposed after the sample (set in motion
by a pump) has slowed down or halted. The time required for that is not long
relative to the applied exposure and readout times, so it does not significantly slow
down the operation of the apparatus, i.e. images can preferably be recorded in
relatively rapid succession. In an exemplary embodiment of the apparatus an

exposure is taken every second, but a rate of 3-4 Hz may probably be achieved (in
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that case it can also be advantageously exploited that the exposure time of the

fluorescence image and the readout time of the holographic image are roughly the

same, and thus the two processes can be coordinated).

Known apparatuses wherein the same detector is applied for detecting both image
types are not capable of such an operating mode. For measuring the fluorescent
signal a long exposure time, high gain and a long illumination period are required,
while the holographic image requires high resolution and short exposure times
(and optionally also colour imaging). Thereby, in known apparatuses these
procedures cannot be performed simultaneously but only in a sequential manner.
In such cases, however, object identification can only be carried out if the objects
are stationary or they move very slowly. If also super-resolution has to be applied
in such known apparatuses, as it is often required with lens-less systems, then the
processing speeds are reduced further, making it even more difficult to register the
fluorescence and holographic images. In addition to that, known apparatuses are
unable to fulfil the requirement that the holographic system (in the case of a lens-
less setup) provides favourable resolution for small object-to-detector distances,
while the dichroic mirror (essentially an interference filter capable of providing high
optical density/suppression) that is applied for filtering out the fluorescent
excitation light and is indispensable for such filtering in this setup, is usually 2-3
mm-thick due to its manufacturing technology. Accordingly, object-to-detector

distances smaller than this distance is not possible in such known approaches.

Preferably, flow speed has to be adjusted such that any given object is recorded in
only one hologram, but it should not exhibit motion blur in it, i.e. it should get
displaced by an amount smaller than the pixel size during the exposure period. At
the same time, in order make sure each object is imaged only once it has to be
ensured that the entire analysed volume is replaced between two subsequent

exposures.

In an embodiment of the method according to the invention a flow-through moving
sample is applied and, after a specific sample volume has been replaced by
another one, the steps of the method are carried out on at least one another

specific sample volume.
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If the exposure time of the fluorescence detector is e.g. 80 ms (the time practically
required for gathering enough light for accurate exposure, but this depends on the
camera and the fluorescent illumination), it is desirable that the object is displaced
at most by a few pixels during this period of time. With a displacement of 5 pixels,
the displacement appearing on the holographic detector — if the resolution of the
fluorescence detector is by way of example 256x256, and the resolution of the
holographic detector is 2048x2048 — will be 8 times that (2048/256=8), which
amounts to 40 pixels/80 ms. By way of example, the flow speed of the sample has
to be reduced to that value. Since the holographic images are recorded applying
short exposure times (on the order of 1 ms) such speeds will cause only negligible
motion blur. After the image is recorded, the sample can be moved further, even at

high speeds as that does not affect the analysed volume.

The holographic detector has an exemplary resolution of 10-15 megapixels (of
which a region of 2048x2048 pixels is utilized as mentioned above); with the
average detector size being 5x5 mm. Images of such size can be typically
downloaded to a computer approximately at a rate of 4-5 frame/sec; the download
time of a single image being approximately 200 ms, but it may be as high as 500
ms. Although cameras much faster than that do exist, these are very expensive
and the processing of the obtained images and holograms is much slower, i.e. it is
not worth applying such cameras. The holographic exposure is carried out for
example by flashing lasers, with a duration in the order of milliseconds. Therefore
the objects or their holograms seem to be stationary during the exposure, not
moving even as much as a single pixel (there is no motion blur that would spoil the

resolution).

The fluorescence detector has low resolution (for example, 1-2 megapixels), and
due to the differences in magnification only a small portion of it is utilized (e.g.
300x300 pixels), with the detector size being typically 5x5 mm. According to the
above, relatively long exposure times and high gain values are to be applied in
order that a sufficient amount of Iightrcan be gathered from the weak fluorescent
signal. Of course in this case the applicable exposure time is also dependent on
the intensity of the fluorescent excitation light (with shorter exposure times

corresponding to strong illumination). In accordance with the above, for
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fluorescence images exposure times in the range of 40-200 ms are typically

applied. With longer exposure times the objects could get displaced to a larger

extent during the exposure, which may hinder accurate positioning, but with short

exposure times this effect is practically negligible. For fluorescent object

differentiation based on motion blur appearing in the fluorescence images (see

Fig. 2C) it is appropriate to apply such exposure times.

In an exemplary case, therefore, a fluorescence image of 256x256 pixels and a
holographic image of 2048x2048 pixels are recorded. The size of the utilized
detector region also depends on the magnification/demagnification value of the
projections. The difference between detector resolutions may be even greater than
this, but that may negatively affect the estimation of object locations in the
fluorescence image. With sparse samples, where the objects are separated by
larger distances and thus are not overlapping irrespective of their fluorescence,

even still greater resolution differences can be applied.

Applying appropriate filters it is also possible to simultaneously record multiple
different fluorescent signals. For that it has to be provided that the applied
illuminations (excitation lights) do not interfere with one another, and that the
emitted wavelengths can somehow be separated from one another. For example,
two respective illuminations at 470 nm and at 600 nm may be applied (with 10 nm
band-pass filters being applied as excitation filters). The applied emission filter
transmits light above 500 nm (thereby the excitation light with a wavelength of 470
nm is prevented from reaching the fluorescence detector), and a band-stop filter (a
so called ‘notch filter’) with a bandwidth of 20 nm is applied for filtering out the 600-
nm illumination such that also that cannot reach the fluorescence detector.
Thereby it is possible to detect samples dyed with FDA (emitting light at ~520 nm,
for alive or dead analysis), the auto-fluorescence of chlorophyll B (emission at
~680 nm), phycocyanin emission (emission at ~650 nm, blue algae) and also
phycoerythrin (emission at 570 nm, blue and red algae), while the holograms are

for example recorded applying light with a wavelength of 405 nm.

In the apparatus, fluorescent illuminations are preferably (i.e. also in the
embodiment according to Fig. 1) provided obliquely, at low angles. This

arrangement allows for the simultaneous application of multiple fluorescent lights,
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and thus the requirements for the applied dichroic filters (in the embodiment
shown in Fig. 1 the coupling-in element 20 may function as a dichroic filter for
fluorescent emitted lights, because it preferably transmits to the fluorescence
detector only these lights) can be relaxed. In other words, if the fluorescent
ilumination reaching face to face the detector, the suppression provided by the
dichroic filter should be much greater than in the case where the sample is
illuminated obliquely, since in the latter case only scattered light has to be filtered
out. Since each of the fluorescent illuminations are implemented as separate
modules (the excitation light sources 12a, 12b), their appropriate focusing and
bandwidth filtering can be provided, i.e. the emission filter (which in the
embodiment of Fig. 1 is the emission filter 28) can be also optimized more easily.
If another arrangement was applied, the merging and focusing of the illuminations
would be complex, costly, and not really efficient optically. With the solution
according to the present embodiment it is not necessary to apply multiple low-pass
or high-pass mirrors. Such mirrors are expensive, have an efficiency of only about
90% and so may cause significant light loss, and would deteriorate the quality of
both the fluorescence and the holographic imaging as they would include more

refracting surfaces in the arrangement.

An afocal optical arrangement can be applied preferably for recording the
holograms. The great advantage of such arrangements, compared to others, is
that they provide, constant magnification for different objects inside the system,
(i.e. the magnification is not dependent on object position), even if the illumination
does not provide plane-wave reference. Thereby magnification calibration is not

necessary.

The essential feature of the applied arrangement is that instead of applying a lens
(objective) for achieving the appropriate magnification, a lens system essentially
arranged as a telescope is applied. This is preferable because, although with
holographic reconstruction the single-lens system generates a magnification
independent of object distance, it does so only if the illumination is parallel. If this
condition is not fulfilled, the magnification of reconstructed objects will vary with
distance (it can be calibrated, but not in a simple manner). However, with an afocal

arrangement the magnification will be practically independent of the illumination
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parameters. This typically does not affect object segmentation, because in our
case that is performed applying the optimal object reconstructions. The
parameters of optimal reconstruction are established by comparing a number of
reconstructions carried out at different distances (of course, calculating only lower-
resolution images), applying special focus measures. During carrying out the
method according to the invention preferably there is also time for determining the

distance corresponding to the given reconstruction in a more accurate manner.

A dichroic mirror 31 can also be preferably arranged in the apparatus according to
the invention. The dichroic mirror is adapted for diverting the fluorescent signal
reflected from the holographic imaging lens (microscope objective). The dichroic
mirror 31 is not arranged perpendicular to the common optical axis but slightly
inclined with respect to it. Otherwise this signal would also enter the fluorescence
camera and would generate an extra image recorded from the other side (but
more blurry and defocused) of the measured volume. The filter 30 and the dichroic
mirror 31 can preferably be replaced by a single optical element arranged at the

position of the dichroic mirror 31. In this case the filter 30 can be omitted.

in the holographic arrangement of the apparatus, e.g. an in-line arrangement is
applied, i.e. the reference beam, too, is provided by the illumination. Such an
arrangement is preferably applied in case the analysed sample is sparse, i.e.
scattering on the measured objects can be treated as small perturbations of the
reference beam. The advantages of this arrangement are simplicity and
robustness (insensitivity to vibrations). Other arrangements may also be
considered (namely, on-axis in-line and off-axis arrangements) but in such
arrangements it has to be provided that the reference beam can be directed to the
holographic detector along a separate path. These arrangements can be applied
for analysing larger-sized, less translucent samples as well, and object phase
reconstruction is also easier (simpler and faster numeric methods can be utilized)
but they involve more complex optical apparatuses and are very sensitive to

vibrations.

It is expedient to make efforts to make the wavefront applied in the holographic
arrangement regular (such that, if possible, it can be closely approximated by a

plane wave). This can be provided by applying a single-mode laser wherein the
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emitting surface is preferably small, since a more extended emitting surface could

restrict the achievable resolution.

in the apparatus according to the invention the coupling-in element is for example
implemented by a dichroic low-pass mirror adapted for reflecting short-wavelength
light and transmitting longer wavelengths. In our apparatus it is adapted for
providing coherent illumination for the holographic arrangement, and for directing it
first to the sample and then onto the holographic detector (the light of the
holographic illumination being reflected by the dichroic low-pass mirror), while it
transmits the fluorescent emitted light, which results in that the fluorescence
camera imaging can be performed through it. The dichroic low-pass mirror is
preferably arranged in a manner also shown in Fig. 1, at an angle of 45° with

respect to the common optical axis.

Some of the above described features of the apparatus, particularly the application
of imaging lenses and filters and the resolutions and sensitivity values preferably
applied in the detectors, can be applied in the method according to the invention

independent of other features of the apparatus.

The method and apparatus according to the invention is capable of combining the
fluorescence measurement capability of flow cytometers with the advantages
provided by holographic (preferably digital holographic) images. By the preferred
application of digital holographic microscopy, it is capable of reconstructing high-
resolution images (applicable also for object classification) of the identified objects
by selecting — based on the fluorescence image — the fluorescent objects from
among the few dozen objects comprised in the image recorded by the holographic

microscope.

The invention is, of course, not limited to the preferred embodiments described in
details above, but further variants, modifications and developments are possible

within the scope of protection determined by the claims.
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CLAIMS

1. A method for fluorescence analysis of a sample, comprising the steps of

illuminating a specific analysed sample volume of the sample with
fluorescent excitation light and recording a fluorescence image by imaging
fluorescent emitted light of the specific analysed sample volume emitted
under the effect of the fluorescent excitation light, and

recording, overlapping in time with recording the fluorescence image, a

holographic image of the specific analysed sample volume,

characterised by carrying out a fluorescent object identification step

on the fluorescence image, and, in case at least one fluorescent object has

been identified in the specific analysed sample volume in the fluorescent object

identification step,

assigning, on the fluorescence image, at least one object position to the at
least one fluorescent object, respectively, and

generating, by reconstructing the holographic image, a reconstructed
holographic image, and identifying on the reconstructed holographic image
a reconstructed model of the at least one fluorescent object based on the at

least one object position.

The method according to claim 1, characterised by applying a flow-through
moving sample and, after a specific analysed sample volume has been
replaced by another one, carrying out the steps of the method on at least

one another specific analysed sample volume.

. The method according to claim 2, characterised by generating, after

recording at least two fluorescence images, a differential fluorescence
image by subtracting the average of the fluorescence images from the last
recorded fluorescence image, and carrying out the fluorescent object

identification step on the differential fluorescence image.

The method according to claim 3, characterised by applying, in the
fluorescent object identification step, a threshold value for identifying a

fluorescent object.
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. The method according to claim 4, characterised by applying a threshold

value being variable depending on a background fluorescence of the

specific sample volume.

. The method according to any of claims 1 to 5, characterised by

illuminating, during a time portion (Tg2) of an exposure time (Tg) of the
fluorescence image, the specific analysed sample volume with two
fluorescent excitation lights of different wavelengths, and, during another
time portion (Tg;) of the exposure time (Tg), illuminating the specific
analysed sample volume with only one of the two fluorescent excitation
lights,

recording the fluorescence image by imaging the fluorescent emitted light
emitted under the effect of the fluorescent excitation lights, and

in case at least one fluorescent object has been identified in the fluorescent
object identification step, identifying a fluorescent object excited by the
fluorescent excitation lights applied during both of the time portions (T,
Tr2) based on the displacement of the at least one fluorescent object on the
fluorescence image, and/or a fluorescent object excited by the fluorescent

excitation light applied during either one of the time portions (Tg1, Tr2).

. The method according to any of claims 1 to 6, characterised in that an

exposure time (Tg) of 40-200 ms is applied for recording the fluorescence
image, and/or an exposure time (Ty) of 0.5-5 ms is applied for recording the

holographic image.

. An apparatus for fluorescence analysis of a sample, the apparatus

comprising

a sample holder spatial region (10) adapted for receiving a specific
analysed sample volume of the sample,

one or more excitation light sources (12a, 12b) adapted for illuminating the
sample holder spatial region (10) with fluorescent excitation light,

a fluorescence detector (14) adapted for recording a fluorescence image by
imaging the fluorescent emitted light of a specific analysed sample volume

emitted under the effect of the fluorescent excitation light, the specific
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analysed sample volume being in the sample holder spatial region (10)
during an analysis, and

- a holographic arrangement adapted for recording holographic images of the
specific analysed sample volume, wherein the holographic arrangement
comprising a holographic light source (16) and a holographic detector (18),

characterised inthat

- the fluorescence detector (14) and the holographic detector (18) are
arranged on a common optical axis with the sample holder spatial region
(10) at opposite sides of the sample holder spatial region (10), and

- it comprises a coupling-in element (20) adapted for imaging an object wave
originating from the holographic light source (16) onto the common optical
axis and directing it towards the sample holder spatial region (10), and also
adapted for reflecting the light of the holographic light source (16) and

transmitting the fluorescent emitted light.

9. The apparatus according to claim 8, characterised by comprising a
fluorescence-imaging lens (22) arranged on the common optical axis

between the fluorescence detector (14) and the coupling-in element (20).

10. The apparatus according to claim 9, characterised in that a depth of focus
of the fluorescence-imaging lens (22) is adjusted, by adjusting the
demagnification/magnification value thereof, to a dimension of the sample

holder spatial region (10) along the common optical axis.

11. The apparatus according to claim 9 or claim 10, characterised in that the
demagnification/magnification of the fluorescence-imaging lens (22) is in
the range of 0.5-1.5.

12. The apparatus according to any of claims 8 to 11, characterised by
comprising a holographic imaging lens (24) arranged between the sample

holder spatial region (10) and the holographic detector (18).

13. The apparatus according to claim 12, characterised in that the

magnification of the holographic imaging lens is in the range of 1.5-10.
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14. The apparatus according to any of claims 8 to 13, characterised by

comprising, arranged along the common optical axis:

- an emission filter (28) transmitting the fluorescent emitted light and

arranged between the fluorescence ‘detector (14) and the coupling-in

element (20), and/or

- a first filter (30) transmitting the light of the holographic light source (16),

and arranged between the holographic detector (18) and the sample holder

spatial region (10).

15. The apparatus according to any of claims 8 to 14, characterised by
comprising an excitation filter (26a, 26b) transmitting the fluorescent
excitation light, and arranged between the excitation light source (12a, 12b)

and the sample holder spatial region (10).

16. The apparatus according to any of claims 8 to 15, characterised in that the
excitation light source (12a, 12b) is arranged such that it is capable of
illuminating the sample holder spatial region (10) from a direction different

from the common optical axis.

17. The apparatus according to any of claims 8 to 16, characterised by
comprising more than one excitation light sources (12a, 12b) adapted for

emitting excitation light of wavelengths being different from each other.

18. The apparatus according to any of claims 8 to 17, characterised in that the
resolution of the fluorescence detector (14) is 0.5-3 megapixels/25 mm?

and/or the resolution of the holographic detector (18) is 5-20 megapixels/25

mm>.
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