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“System and method for processing biological samples”
sk okoskosk
Field of the invention
The present invention relates to a system and method for the processing of biological samples,
for example, cytological, histological and autopsical samples, in particular to a system and
process for optimizing the fixation, dehydration and clarification treatments necessary for the
subsequent paraffin infiltration of said biological samples.
Technical background
The anatomo-pathological diagnosis is the result of the interpretation by the anatomo-
pathologist of the morphological, macroscopical and microscopical characteristics of the
biological sample under examination.
To provide an accurate and complete diagnosis, the sample excised from the patient must
undergo a series of treatments with the purpose of ensuring its preservation over time. Such
treatments essentially provide for:
i.  fixation;

ii.  dehydration;

iii.  clarification; and

iv.  paraffin infiltration.
The first stage of such processes consists in the fixation of the sample in a 10% buffered neutral
formalin solution, which is able to minimize the degradation phenomena caused by the removal
of the tissue from its vital environment and by the possible presence of microorganisms.
After the fixation, the sample is usually dehydrated by several subsequent steps with ethanol
solutions of increasing concentration, up to 99% ethanol and subsequently clarified with xylene.

The purpose of these steps is to remove water from the sample to allow its subsequent
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infiltration in paraffin, which is a hydrophobic substance.
The final paraffin infiltration is necessary to make the sample solid enough to be cut into
micrometer sections, to be subsequently stained and analyzed.
The purpose of the various steps of the dehydration treatment (with ethanol solutions) is to
replace the water inside the tissue with solutions of increasing hydrophobicity to make possible
the penetration of paraffin, which is a completely hydrophobic substance. Generally, after the
formalin fixation, a dehydration and clarification treatment protocol provides for subjecting the
sample to the following steps:

- treatment with 70% alcohol,;

- treatment with 90% alcohol,;

- treatment with 99% alcohol (three times); and

- clarifying treatment with xylene (three times).
After the clarification step with xylene, which is able to remove the alcohol and to clearly
increase the compatibility with paraffin, in terms of hydrophobicity, the tissue is infiltrated,
usually by three consecutive baths of melted paraffin at a temperature of about 60°C. The triple
step allows to obtain an infiltrated tissue free of xylene, which is released from the sample
especially in the first paraffin bath.
Then the sample can be included in a paraffin block and cut by a microtome, after which it can
be further processed for analysis, for example, it can be subjected to staining to increase the
contrast between different structures in the sample, to highlight different tissue and cellular
components.
Proper processing allows the structural framework of the biological sample to be kept as
unaltered as possible, thus ensuring accurate analysis of the sample.

In addition to protecting the physical structure of the sample, it is also important that all the
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components on the sample that are useful for the diagnosis, such as antigens, markers and the
like, are able to pass the processing treatments unaltered. Indeed, some of these components are
complex molecules, such as for example proteins, and inappropriate treatments can lead to
denaturation of their quaternary structure. Other components of the samples are thermolabile
or easily degradable over time, and inappropriate processing jeopardizes their detection at the
time of analysis.

Therefore, it is understood that only rapid and proper processing of the samples allows reliable
diagnosis to be made.

To date, the processing treatments described above (basically fixation, dehydration and
clarification) are carried out according to standard protocols under predetermined conditions,
that is, with predetermined amounts of solvent and in predetermined infiltration time frames.
However, such predetermined parameters do not in any way take into account the actual
infiltration of the sample with the solvent. As a result, depending on their cellular or tissue
structure and/or size, some biological samples may be poorly infused, for example, due to the
use of an insufficient amount of solvent or insufficient processing time. Conversely, other
samples may be subjected to infusion with excessive amounts of solvents and/or for longer
times than necessary, resulting in damage to the structure and components of the sample.

In all of the above cases, the structure and composition of the biological sample may be altered
and the resulting analysis and diagnosis may be incorrect.

In light of the above, it is understood that monitoring the diffusion of the solvents through a
biological sample is essential to determine if said solvents have actually infused the entire
sample and allows the risk of carrying out the analysis on altered samples to be minimized or
at least limited.

Methods of monitoring the solvent diffusion into a biological sample by using optical or X-ray
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tomography (OCT or CAT), or X-ray micro-tomography (micro-CT) are known in the art.

For example, a system for monitoring the quality of heavy metal staining and diffusion during
preparation protocols of biological samples for electron microscopy is known from the
document US2020/0150063. The disclosed approach uses X-rays via a commercially available
micro-CT device, to observe and measure the diffusion and distribution of heavy metals during
conventional staining procedures of biological samples for electron microscopy.

Tomography is an advanced displaying method that uses X-rays to obtain a three-dimensional
volume of a biological sample downstream of a total acquisition of the sample rotated about an
axis, and only then detailed cross-sectional images can be obtained non-destructively. Optical
tomography creates a series of cross-sectional images that can be combined to produce a three-
dimensional view of the biological sample being analyzed in a destructive manner.

One of the main advantages of tomography is its ability to provide very precise details thanks
to the acquisition and subsequent combination of a large number of X-ray images.

However, such diagnostic technology also has several limitations: it is a time-consuming
technique, due to the large number of X-ray images (at least about 1,200, for a significant
resolution on biological samples) that must be acquired to produce a three-dimensional view of
the biological sample under analysis: for an average-sized sample (for example, 1 cm x 1 cm x
1 cm sample), the time required is between 40 and 180 minutes and is certainly longer than the
diffusion time of a reagent into the biological sample under analysis, which is on the order of a
few minutes, or less.

Therefore, this does not allow a real time estimation of the progress of solvent diffusion into
the biological sample, especially if the reagent in question diffuses rapidly into the biological
sample or if the biological sample is not constituted by a homogeneous tissue, for example, one

that comprises vessels for example capillaries and/or lymphatic vessels able to accelerate the
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speed of solvent diffusion into the sample, or denser parts of tissue that, on the contrary, slow
it down.

For the final result of monitoring by tomography the diffusion of the solvents into a biological
sample to be reliable, it would be necessary to be certain that the sample is stable and
homogeneous in terms of diffusion speed, in the long time-interval (40 to 180 minutes) required
to perform the tomography.

A further disadvantage of tomography and micro-tomography is the high cost of known
apparatuses: the high cost does not allow their use in ordinary analytical laboratories.

Thus, there 1s a need for methods and devices suitable for the effective and rapid processing of
biological samples, for example cytological, histological and autopsical samples, that are
cheaper than the apparatuses of the known art, that can be easily integrated into equipment in
common use in analytical laboratories, and that, in general, overcome the limitations and
disadvantages of the prior art.

Objects of the invention

An object of the invention is to provide a method suitable for the efficient and rapid processing
of biological samples, such as cytological, histological and autopsical samples for their analysis.
Another object of the invention is to provide a system for implementing the method of the
invention in laboratories for the processing of biological samples, such as cytological,
histological and autopsical samples for their analysis.

Description of the invention

These and other objects are achieved by means of the invention developed by the Applicant,
which comprises a system and method that provides information on the saturation of a
biological sample with a reagent, and/or on the diffusion coefficient of different processing

solvents for different types of organs, tissues and cells, in order to enable improved processing
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and more accurate analysis of biological samples.

Furthermore, the invention provides a system that is easy to use in laboratories for processing
and analyzing biological samples, which enables the rapid and efficient processing of said
samples.

In particular, these and other objects are achieved by a system according to claim 1, by the
related method according to claim 11, and by the related use according to claim 19.

Note that, according to the present invention, by “processing” is meant to denote the treatments
of fixation and/or dehydration and/or clarification, whether done singly, sequentially or
simultaneously. As an example, the dehydration and clarification steps can be carried out at the
same time, by using appropriate reagent mixtures.

According to an embodiment, the processing according to the invention comprises the fixation
and/or dehydration and/or clarification steps.

According to an embodiment, the processing according to the invention consists of the fixation
and/or dehydration and/or clarification steps.

According to the present invention, by “biological sample” is meant to denote any biological,
cytological, histological and autopsical sample to be subjected to an anatomo-pathological
analysis.

According to an embodiment, the biological sample according to the invention is intended for
the analysis under an optical microscope. According to an embodiment, the biological sample
according to the invention is not a biological sample intended for the electron microscopic
analysis.

According to the present invention, by “processing reagent” is preferably meant to denote a
compound or mixture of compounds in the liquid state, which are suitable for processing

biological samples, as defined herein. Such reagents include fixative agents, such as for
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example fixatives, including, for example, formalin, preferably neutral buffered formalin, and
dehydrating and clarifying agents, such as alcohols, for example, isopropyl alcohol or ethanol,
hydrocarbons, for example, xylene, naphtha, octane, limonene, isoparaffin and the like. Reagent
mixtures can also be used.

However, if desired or necessary, the system and method of the invention can be applied to
other steps of the processing of biological samples, such as for example sample staining, where
said staining does not include staining which comprises reagents containing heavy metals.
Indeed, according to the invention, the system and method described and claimed herein do not
include the measurement of the diffusion and distribution of heavy metals used, for example,
during staining procedures of biological samples; furthermore, the system and method
described and claimed herein do not include the measurement of the diffusion and distribution
of heavy metals used, for example, during staining procedures of biological samples by electron
microscopy.

The term "heavy metals" is meant herein to refer to heavy metals, salts and heavy metal
compounds used in the processing of biological samples. The staining and reagents containing
heavy metals are known in art.

According to the invention, the system and method described and claimed herein do not include
a tomograph or micro-tomograph.

The system according to the invention, for monitoring the development of the processing of a
biological sample by perfusion with a processing reagent ,comprises a housing for a sample, an
X-ray radiation source configured to emit an X-ray beam and adapted to perform a plurality of
radiographies during the diffusion over time of said reagent into said biological sample, a signal
detector to detect the radiation exiting the sample and acquire corresponding X-ray images, a

processor implemented to process in real time a plurality of said X-ray images of the biological
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sample under investigation, to estimate the average value of the attenuation over time of the X-
ray radiation inside the sample under investigation, in order to monitor the completion of the
saturation of said sample with said reagent.

Note that, by "X-ray images" is meant a series of two-dimensional images obtained by
radiography.

As is known, radiography works by sending a short dose of ionizing radiation (X-rays) through
the biological sample under investigation and detecting how much is absorbed by tissues and
organs.

One of the main advantages of radiography is its speed and ease of use.

Images are captured quickly and can be immediately available for review.

Unlike tomography, which requires the acquisition of a series of cross-sectional images that
can be combined to produce a three-dimensional view, radiography provides a single two-
dimensional image.

Furthermore, it should be noted that by means of the system according to the invention, it is
possible to acquire the necessary X-ray images in a predetermined time interval, regardless of
the sample size, whereas for instruments that exploit tomography, the image acquisition time
and the number of images needed varies according to the sample size.

In this regard, an additional advantage of the system according to the invention over the devices
of the known art that exploit tomography is that the sample does not have to be rotated on itself
for the image acquisition, but can be placed on a fixed sample holder.

Furthermore, the use of a radiographic system requires emissions of X-rays (a single
radiography instead of a series of radiographies required to make a single tomographic
reconstruction) with shorter time, and consequently requires reduced complication for the

protections according to the law of these scientific apparatuses.
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According to the invention, perfusion of the biological sample with a processing reagent is
carried out in order to achieve the diffusion of said reagent into said sample and the subsequent
replacement of the liquids contained in said sample with said reagent.

According to the invention, by "saturation" of the sample is meant the complete diffusion of
the processing reagent into said sample, resulting in the complete replacement of the liquids
previously contained in said sample with said reagent.

A fully perfused sample is therefore saturated (or perfused to saturation), that is, a sample in
which the processing reagent has diffused into said sample by replacing all previously present
liquids of said sample.

Advantageously, the system according to the invention allows to assess the state of the sample
processing, that is, to evaluate the completion of the sample saturation by the reagent, only by
analyzing X-ray images, which provides a simple and inexpensive tool for monitoring sample
processing.

Furthermore, the system according to the invention makes it possible to evaluate the state of
the sample processing, that is, to assess the completion of the saturation of the sample by the
reagent in a much shorter time than systems of the known art that exploit tomography or micro-
CT, thanks to the fact that it is necessary to acquire a few X-ray images (a minimum of two) to
estimate the average value of the attenuation over time of the X-ray radiation inside the sample
under investigation, to monitor the completion of the saturation of said sample with said
reagent.

In contrast, as mentioned, the optical tomography requires the acquisition of a large number of
images (at least about 1,200) and their processing to produce a three-dimensional view of the
biological sample under analysis. It follows that such analysis technique is not appropriate for

real-time perfusion testing of biological samples. Advantageously, the presence of an X-ray
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radiation source allows to verify the diffusion coefficient in real time by analyzing and
processing simple two-dimensional radiographies acquired by the signal detector, following the
radiation of the sample under investigation by the X-ray source.

Indeed, advantageously, the system according to the invention allows a processing time of X-
ray images comparable to the diffusion time of a reagent in the biological sample under
investigation, which is in the order of few minutes, therefore, this allows a real time estimation
of the progress of solvent diffusion into the biological sample, even if the reagent in question,
as stated, diffuses rapidly into the biological sample, or if the biological sample is not
constituted by a homogeneous tissue, for example one that comprises vessels, for example
capillaries and/or lymphatic vessels, that are able to accelerate the speed of solvent diffusion
into the sample, or denser parts of tissue that, on the contrary, slow it down.

According to an aspect, the processor is implemented to calculate the estimated processing time
of said sample with said reagent, as a function of said estimated average attenuation value of
the X-ray radiation.

Advantageously, the system allows to estimate the time required for each sample to be properly
and completely perfused, up to saturation, based only on the analysis and processing of X-ray
images.

According to an aspect, the processor is implemented to estimate in real time the value of the
diffusion coefficient of said reagent into said sample, as a function of said average value of the
attenuation over time of the X-ray radiation inside the sample under investigation, for
monitoring the development of the processing of said sample.

According to an aspect, the processor is implemented to calculate the estimated processing time
of said sample with said reagent, as a function of said value of diffusion coefficient.

Advantageously, the real-time estimation of the diffusion coefficient allows estimation, in real

10



10

15

20

WO 2025/062360 PCT/1B2024/059166

time precisely, of the actual processing time required for the completion of diffusion of the
reagent into the sample. Following this estimation, an operator can adjust the processing time
and/or speed.

According to an aspect, the system comprises an output device that displays the estimated
processing speed and/or estimated processing time of the sample with the reagent.
Advantageously, the presence of an output device allows an operator to view and monitor the
estimated processing time.

Furthermore, according to an aspect, the X-ray radiation source operates in a range between
110 kV and 130 kV, preferably 120 kV, and in a range between 40 pA and 60 pA, preferably
50 pA, the endpoints of the ranges being included.

According to an aspect, the sample scans are acquired at a scan rate of about 1 Hertz for a total
time of about 30 minutes.

Advantageously, such system allows high-resolution X-ray images of the sample under
investigation to be obtained without being destructive to the sample.

According to an aspect, the system comprises a memory coupled to the processor, wherein a
plurality of standard values of diffusion coefficients of a plurality of porous tissue samples,
each associated with a respective standard value of speed and/or diffusion time of said reagent
into said porous tissue sample are stored in the memory, wherein the processor is implemented
to perform the operations comprising:

(a) receiving as input one of the values of the standard diffusion coefficient stored in the
memory, associated with the tissue sample under investigation,

(b)  comparing said value of the standard diffusion coefficient selected from said memory,
associated with the sample under investigation, with the diffusion coefficient value estimated

in real time by scanning the sample with the X-ray source.

11
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According to such aspect, the processor is implemented to calculate the estimated processing
time of said sample with said reagent, as a function of said value of the standard diffusion
coefficient received as input, and preferably as a function of the size of said sample.
Advantageously, the system allows to estimate the time required for each sample to be correctly
and completely perfused, based on previously estimated values of standard diffusion
coefficients for each specific type of organ, and stored on the system's memory, and based on
the size of the extracted histological sample.

Compared with the known art, thanks to the system and method described, the time required
for each sample to be correctly and completely perfused is no longer estimated solely on the
basis of experimental evidence and is dependent on the type of organ and the size of the
histological sample extracted.

The use of standard diffusion coefficients, stored in the system's memory, allows to optimize
the processing of the sample, thus reducing processing time compared to systems available in
the known art, decreasing the amount of chemicals required and reducing the possibility of
failure at each step.

Real-time verification of the diffusion coefficient allows to compare, in real time exactly, the
actual processing time required to complete the diffusion of the reagent into the sample, with
the estimated processing time obtained on the basis of the standard diffusion coefficient selected
by the operator and received as input from the processor and of the sample size. As a result of
this comparison, an operator can make a time and/or processing speed correction, or a time
and/or processing speed correction can be operated automatically by the processor.

According to such aspect, the processor is implemented to compare said value of standard
diffusion coefficient selected from the memory and received as input from the processor,

associated with the sample under investigation, with the value of the diffusion coefficient

12
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estimated in real time by scanning the sample with the X-ray source, and to adjust the
processing time to achieve the completion of the diffusion of said reagent into said sample, that
is, the saturation of the sample with the reagent.

Advantageously, the system allows a real-time verification of the previously estimated
processing time based on the value of standard diffusion coefficient inputted to the processor
and enables correction of the actual processing time in case the actual processing time is
different from the estimated time.

According to an aspect, the output device displays the value of the diffusion time remaining to
achieve the completion of the diffusion of the said reagent into the said sample (until
"saturation" of the sample).

As mentioned, the present invention is furthermore aimed to a method for monitoring the
development of the processing of a biological sample by perfusion with a processing reagent in
order to diffuse said reagent into said sample, by means of a system according to the invention,
said method comprising the following steps:

- acquiring, by means of said detector, a plurality of X-ray images of said sample, by
performing a plurality of scans of the sample by means of said X-ray radiation source during
the diffusion over time of said reagent into said sample;

- processing said X-ray images in real time by said processor, to estimate in real time the
average value of the attenuation of X-ray radiation at different radial distances inside the sample
under investigation,

- monitoring the completion of the saturation of the sample with the reagent, based on the
estimated real-time average value of the attenuation over time of X-ray radiation.

According to an aspect, the method comprises a step of adjusting the processing time to achieve

the completion of the saturation of said sample with said reagent.

13
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According to an aspect, the method comprises the step of displaying, by means of the output
device, the value of estimated processing speed and/or estimated processing time of said sample
with said reagent.

According to an aspect, the method comprises the step of estimating in real time the value of
the diffusion coefficient of said reagent into said sample to monitor the development of the
processing of said sample.

According to an aspect, the method comprises the step of estimating the processing time of said
sample with said reagent, as a function of said value of diffusion coefficient.

According to an aspect, the value of the diffusion coefficient is estimated in real time by a
measurement of the change in the reagent concentration in the sample under investigation,
correlated with said average value of the attenuation over time of the X-ray intensity inside the
sample under investigation.

According to an aspect, the value of the diffusion coefficient is estimated in real time by the
following steps:

- acquiring said X-ray images and calculating the attenuation value over time of the
intensity of the X-ray radiation in the sample under investigation;

- calculating the value of the change in reagent concentration in the sample under
investigation as a function of the obtained value of effective intensity attenuation of X-ray
radiation in the sample under investigation as a function of time;

- calculating in real time the value of the diffusion coefficient of said reagent into said
sample, as a function of that value of the change in reagent concentration in the sample under
investigation.

According to an aspect, the method comprises the following steps:

- selecting a standard diffusion coefficient value associated with the sample under

14
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investigation, and inputting it to said processor;

- calculating, by means of said processor, the processing time of said sample with said
reagent, as a function of said selected value of standard diffusion coefficient, and preferably as
a function of the size of said sample.

Finally, the present invention is aimed to the use of an X-ray radiation source in a system and
method for processing a biological sample by perfusion with a processing reagent as described
above.

Brief description of the Figures

The characteristics and advantages of the system and method according to the invention will be
evident from the description hereunder related to its preferred embodiments and given by way

of example and not limitation, with reference to the attached figures, in which:

Figure 1 shows a system according to an embodiment of the invention;

- Figure 2 schematically shows a sample under investigation scanned by an X-ray
radiation source according to the invention;

- Figure 3A shows a plot of the X-ray attenuation over time, measured at different radial
distances from the center of the sample and obtained from ten ROIs (Regions Of
Interest) aligned in the same X-ray image of a sample;

- Figure 3B shows ten ROIs (Regions Of Interest) aligned in an X-ray image of the
sample;

- Figure 4 shows a plot of the value of the estimated diffusion coefficient for different
ROIs at different radial distances from the center of the sample.

Detailed description of the invention
With reference to the attached figures, some possible embodiments of the system 1 according

to the present invention will be described.
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Note that the samples that can be processed by the system 1 according to the invention can be
samples of tissues, organs, cells, as well as whole organs or portions of tissues, of different
shapes and sizes, as well as of different morphology, density and texture.

The system 1 according to the invention, for monitoring the development of the processing of
a biological sample by perfusion with a processing reagent, in order to achieve the diffusion of
said reagent into said sample and the subsequent replacement of the liquids contained in said
sample with said reagent, comprises a housing 4 for a sample and a processor 5.

The system 1 according to the invention comprises an X-ray radiation source 2 configured to
emit an X-ray beam and suitable for performing a plurality of scans during the diffusion over
time of the reagent into the sample, and a signal detector 3 to detect the radiation exiting the
sample and acquire corresponding X-ray images.

In a possible embodiment, there are two X-ray images acquired and they are acquired with a
time interval of about one second.

In a further embodiment, 2 to 1200 X-ray images are acquired and they are acquired with a time
interval calculated based on the estimation of the effective diffusion rate into the sample and
which can be perfectly and easily adapted to the needs. Such estimation is within the reach of
the skilled in the art.

Preferably, the X-ray source is a micro-focus source.

In a possible embodiment, the X-ray source is an open-tube source with micro-focus operating
at voltages between 110 kV and 130 kV, preferably 120 kV, and currents between 40 yA and
60 pA, preferably 50 pA, the endpoints of the ranges being included.

In some embodiments, the focusing spot is selected to be about 5 um. However, it is possible
to use a smaller focal spot size, for example when higher resolution is needed.

The scans of the sample can be acquired at a scan rate of about 1 Hertz for a total time of about

16
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30 minutes or more, until the sample is saturated.

The X-ray beam is acquired by the X-ray detector 3, which is suitable for acquiring two-
dimensional X-ray images of the sample under investigation.

Preferably, the detector device 3 comprises a photo-detector in the visible field and optically
coupled to a scintillator to convert the X-ray beam that has passed through the sample into an
optical signal that impinges on the photo-detector.

For example, the detector 3 may be a detector of the type comprising a panel consisting of
single-substrate amorphous silicon TFT active diode arrays, and a direct deposition thallium-
doped Cesium iodide (CsI(TI)) scintillator, having a pixel size of 100 um and a total size of
4096x4096 pixels, at 16 bits (equal to 65536 gray levels).

The X-ray images acquired by the X-ray detector 3 are then processed to optimize the contrast
and define the region of interest (ROI) of radiation diffusion into the sample, subsequently
processed by using a code that can be developed through any program, including opensource,
by way of non-limiting example a Matlab® code.

The detector 3 and source 2 can be mounted on respective support bases to allow optical
alignment between the elements of the apparatus.

In a preferred embodiment shown in Figure 2, the emitted X-ray beam is conical in shape and
a main axis of the beam emitted by the source can be defined, which in the system 1 shown in
Figure 1 coincides with a main direction of incidence of the beam on the sample, denoted by
the X-axis in Figure 2.

A sample is placed between the source 2 and the detector 3 so that it is crossed by the X-ray
beam emitted by the source 2.

In some embodiments, the sample is placed on a sample holder P, which in turn is mounted on

the housing 4.
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The processor 5 of the system 1 according to the invention is implemented to process in real
time a plurality of X-ray images of the biological sample under investigation, which are
acquired by the signal detector 3 by making a plurality of scans of the sample by the X-ray
radiation source 2 during the diffusion over time of the reagent into the sample.

As mentioned, in an embodiment, two consecutive X-ray images are sufficient.

The X-ray images are processed by the processor 5 to estimate in real time the average value
of the attenuation Iem(t) of X-ray radiation at different radial distances inside the sample under
investigation, to monitor the completion of the saturation of the sample with the reagent.

Note that the X-ray images detected by the detector 3 are preferably acquired as digital images
by the processor 5, which is logically connected to the detector 3 in order to receive the output
signals.

The X-ray images that are digital, or digitized in case they are acquired by the processor 5 in
analog form, are recorded as two-dimensional arrays of pixels, whose number of pixels and size
of a single pixel depend mainly on the spatial resolution of the detector device 3.

In an embodiment, the processor 5 is also implemented to calculate the estimated processing
time to of the sample with the reagent, as a function of the estimated average attenuation value
Tes(t) of the X-ray radiation.

With reference to Figure 1, the system 1 can comprise an output device 7 that displays the
estimated processing speed vo and/or estimated processing time to of the sample with the
reagent. In such a way an operator can see the speed and/or estimated processing time.

In an embodiment, the processor 5 is also implemented to estimate in real time the value of the
diffusion coefficient Defr of the reagent into the sample, as a function of the average value of
the attenuation over time Le(t) of the X-ray radiation inside the sample under investigation, for

monitoring the development of the processing of the sample.
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With reference to the method according to the invention, the way in which the diffusion
coefficient Defr is estimated in real time will be better explained below.

In a possible embodiment, the processor 5 is also implemented to calculate the estimated
processing time to and/or estimated processing speed vo of the sample with the reagent, as a
function of the value of diffusion coefficient Der. In an embodiment, the system 1 comprises a
memory 6 coupled to the processor 5.

A plurality of standard values of diffusion coefficients Dsw of a plurality of porous tissue
samples, each associated with a respective standard value of speed vsta and/or diffusion time tst
of the reagent into the porous tissue sample under investigation, are stored in the memory 6.
Note that standard values of diffusion coefficients D« of the different porous tissue samples
recorded in the memory 6 can be calculated by the system 1 according to the invention, which
exploits the processing and analysis of X-ray images obtained from samples of different organs,
tissues or cells.

In such embodiment, the processor 5 is further implemented to perform the operations

comprising:
(a) receiving as input one of the values of the standard diffusion coefficient Dsad stored
in the memory 6, associated with the tissue sample under investigation,
(b) comparing the value of standard diffusion coefficient Dsa selected from the

memory 6, associated with the sample under investigation, with the diffusion
coefficient value Detr estimated in real time by scanning the sample with the X-ray
source 2.
Note that, in a possible embodiment, the processor 5 is implemented to calculate the estimated
processing time to of the sample with the reagent, as a function of the value of standard diffusion

coefficient D« received as input, and preferably as a function of the size of the sample.

19



10

15

20

WO 2025/062360 PCT/1B2024/059166

As a result of the comparison of the diffusion coefficient Defr estimated in real time with the
standard diffusion coefficient Dsu selected from the memory 6, a user can adjust the processing
time accordingly to achieve the completion of the perfusion of the said reagent in the said
sample.

In a possible embodiment, the system 1 may comprise a user interface 100, by which an operator
can select the sample under investigation type associated with a respective value of standard
diffusion coefficient Dsw stored in the memory 6, such that the processor 5 receives as input
such selected value of standard diffusion coefficient Dst.

Furthermore, the system 1 can comprise an output device 7 that displays the estimated
processing speed vo and/or estimated processing time to of the sample with the reagent. In such
a way an operator can see the speed and/or estimated processing time.

In a possible embodiment, the processor 5 is also implemented to adjust the processing time
and/or processing speed after this comparison, to achieve the completion of the reagent
diffusion into the sample.

In this regard, in a possible embodiment, the output device 7 displays the value of remaining
diffusion time tr, «fr to achieve the completion of the diffusion of the reagent into the sample.
As mentioned, the present invention is aimed to a method for the processing of biological
samples, in particular for monitoring the development of the processing of a biological sample
by perfusion with a processing reagent, by using a system according to the invention.

The method according to the invention comprises a first step (a) of acquiring a plurality of high
resolution X-ray images of the sample by means of the detector 3, by performing a plurality of
scans of the sample by means of the X-ray radiation source 2 during the diffusion over time of
the reagent into the sample.

In a preferred embodiment, the scans are performed during the diffusion over time of the reagent
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into the sample at a scan frequency of about 1 Hertz, for a total time of about 30 minutes.

In a possible embodiment, by the processor 5, it is possible to program the acquisition times of
the X-ray images and/or the number of images acquired and/or the optical parameters of the X-
ray beam emitted by the source 2.

The method according to the invention further comprises a second step (b) of processing the X-
ray images acquired in real time by the processor 5, to estimate in real time the average value
of the attenuation Iem(t) of the X-ray radiation over time at different radial distances inside the
sample under investigation.

As shown for illustrative purpose with reference to Figures 3A and 3B, ten aligned ROIs
(Regions Of Interest) can be identified in the same X-ray image at different radial distances
from the center of the sample (Figure 3B), and for each of such regions the corresponding value
of the X-ray attenuation over time, measured at the corresponding different radial distances
from the center of the sample, can be calculated.

Furthermore, the method according to the invention comprises a step of monitoring the
completion of the saturation of the sample with the reagent, based on the average value
estimated in real time of the attenuation over time Iem(t) of X-ray radiation.

In an embodiment, the method comprises a step of adjusting the processing time (to) to achieve
the completion of the saturation of the sample with the reagent.

In an embodiment, the method comprises the step of estimating in real time the value of the
diffusion coefficient Defr of the reagent into the sample, for monitoring the development of the
processing of said sample: thus the processing time to of the sample with the reagent can be
estimated as a function of the value of diffusion coefficient Detr.

As shown as an example in Figure 4, the value of the diffusion coefficient Detr can be estimated

for different ROIs, at different radial distances from the center of the sample.
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Note that in a possible embodiment, the value of the diffusion coefficient Desr is estimated in
real time by processing the X-ray images acquired by the X-ray detector 3 to optimize the
contrast and define the ROI (region of interest) of radiation diffusion into the sample, and then
using a code that can be developed through any program, including opensource, by way of non-
limiting example a Matlab® code.

In particular, the detector 3 records a series of two-dimensional X-ray images generated by the
attenuation over time of X-ray radiation through the sample such that each X-ray image
acquired corresponds to a step of the saturation of the sample with the reagent.

The processor 5 receives a plurality of X-ray images acquired from the detector 3, preferably
while the sample is positioned along an axis transverse to the main direction of beam incidence
on the sample.

Note that the 2D X-ray images detected by the detector 3 are preferably acquired as digital
images by the processor 5, which is logically connected to the detector 3 in order to receive the
output signals.

The X-ray images that are digital, or digitized in case they are acquired by the processor in
analog form, are recorded as two-dimensional arrays of pixels, whose number of pixels and size
of a single pixel depend mainly on the spatial resolution of the detector device.

In order to determine in real time the value of the diffusion coefficient Defr of the reconstructed
volume of the sample, in an embodiment the method proceeds with an automatic image
processing procedure so as to define and highlight the sample portions perfused by the reagent,
to obtain a measurement of the concentration change y in the reagent in the sample under
investigation, which measurement is correlated with the value of the attenuation over time of
the intensity Ies(t) of X-rays within the sample under investigation.

In particular, preferably, the value of the diffusion coefficient Der is estimated in real time by
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a measurement of the concentration change y in the reagent in the sample under investigation,
which measurement is correlated with the value of the attenuation over time of the X-ray
intensity Les(t) inside the sample under investigation, detected by analyzing the plurality of
high-resolution X-ray images acquired.

In more detail, according to a possible embodiment, during the estimation step in real time of
the value of the diffusion coefficient Def, the processor 5 also performs the following steps:

- acquiring the X-ray images digitized and calculating the attenuation value over time of
the intensity lem(t) of the X-ray radiation, as a function of the time in the sample under
investigation, as shown as an example in Figures 3A and 3B,;

- calculating the value of the concentration change y in the reagent in the sample under
investigation, as a function of the obtained value of effective intensity attenuation Iem(t)
of X-ray radiation in the sample under investigation as a function of time;

- calculating the actual value of the diffusion coefficient Desr of said reagent into said
sample, as shown as an example in Figure 4, as a function of such value of the
concentration change y in the reagent in the sample under investigation.

Note that the diffusion into the biological sample is modeled by assuming isotropic behavior
and cylindrical symmetry of the sample, with a constant and uniform effective diffusion

coefficient. Therefore, the diffusion equation in cylindrical coordinates is:

dp Fp 1dp p
gt et grt ordr o gzt

In such equation, with reference to Figure 2, we have r < Roand z < zo, where Ro is the sample
radius, 270 is its length along the vertical axis, and p is the concentration of the diffusing reagent
in the sample.

po is the uniform initial value of p, and p1 the value on the sample surface (assumed uniform
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and constant). Therefore, the initial and boundary conditions are then

p(r,0) = pg

‘Q(RG’ £) = py %(.z) By = gy
fép e
(g)?*zﬂ =0 : (f)zmﬂ .

By substituting:

the substitution produces the following form of the problem:
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The general solution to this problem can be found as:

where jn are the zeros of Jo(S), the Bessel function of first type of zero order. The initial

10  conditions are satisfied by

Ani = {“‘1:};{
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X-ray absorption in the plane of symmetry z = 0 can be calculated from the integral

&
atntn) = [ poa

ks
S

where ¢ is the coordinate along the direction of the ray (Figure 2).
By considering Beer's law, the intensity /(t) at the signal detector 3 can be related to the

instantaneous value of the quantity a(1, £2), and the quantity Y (¢) = log % can be evaluated

Dasr b1 i I I
n.k

by using the solution obtained for the value y of the concentration change of the reagent

diffusing into the sample, thus obtaining the following relationship:

where t” = (t + to) takes into account the fact that the measurement start time is different from

the start of diffusion (the sample must be placed in the measurement region in a finite time),

while & = ;—‘(’) is the asymptotic value of b (i.e., when  — ), e cnk” are coefficients that also

absorb the constant 7.

The value of Defr can therefore be obtained by exponential fitting of Y(t) (Figure 4).

Furthermore, the method according to the invention further comprises a step of comparing in

real time the value of standard diffusion coefficient Dsu and the value of diffusion coefficient

De.tr estimated in real time, and a step of adjusting the processing time to achieve the completion

of the diffusion of the reagent into the sample.

Note that in a possible embodiment, the processing time can be changed manually by an

operator, who can increase or decrease the processing time or can stop processing.
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Alternatively, the processing time can be adjusted automatically by the system.

In an embodiment, the method first comprises selecting a value of standard diffusion coefficient
Dsta associated with the sample under investigation, which is sent to the processor 5.
Preferably, in such embodiment the system 1 comprises a memory 6 as described above,
wherein a plurality of standard diffusion coefficients representative of different samples are
recorded.

In a preferred embodiment, an operator can select, for example from a user interface 100, the
type of sample under investigation. Such selection is associated with a respective standard
diffusion coefficient Dswd stored in the memory 6, which is inputted to the processor 5.
Furthermore, the operator can also select the size and/or weight of the sample under
investigation, and this information can be inputted to the processor 5.

The method then has in that case an additional step of calculating, by means of the processor 5,
the processing time of the sample with the reagent, as a function of the value of standard
diffusion coefficient Dswd selected and as a function of the sample size.

Note that, in a possible embodiment, the method for monitoring the development of the
processing comprises the step of displaying, by means of the output device 7, the value of
estimated processing speed vo and/or estimated processing time (to) of said sample with said

reagent.
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Claims

L.

A system (1) for monitoring the development of the processing of a biological sample by
perfusion with a processing reagent in order to diffuse said reagent into said sample, said
system comprising a housing (4) for a sample, an X-ray radiation source (2) configured to
emit an X-ray beam and adapted to perform a plurality of scans during the diffusion over
time of said reagent into said biological sample, a signal detector (3) to detect the radiation
exiting the sample and acquire corresponding X-ray images, a processor (5) implemented
to process in real time a plurality of said X-ray images of the biological sample under
investigation, to estimate in real time the average value of the attenuation over time (Ies(t))
of the X-ray radiation at different radial distances inside the sample under investigation, in
order to monitor the development of the processing until the saturation of said sample with
said reagent is completed,

said system being characterized in that said processing reagent is not a staining reagent
which comprises heavy metals.

The system according to claim 1, in which said processor (5) is implemented to calculate
the estimated processing time (to) of said sample with said reagent, as a function of said
estimated average attenuation value le(t) of the X-ray radiation.

The system according to claim 1 or 2, wherein said processor (5) is implemented to estimate
in real time the value of the diffusion coefficient (Defr) of said reagent into said sample, as
a function of said average value of the attenuation over time (Les(t)) of the X-ray radiation
inside the sample under investigation, to monitor the development of the processing of said
sample.

The system according to claim 3, wherein said processor (5) is implemented to calculate

the estimated processing time (to) of said sample with said reagent, as a function of said
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value of diffusion coefficient (Defr).
The system according to one of the preceding claims, comprising an output device (7) that
displays the estimated processing speed (vo) and/or estimated processing time (to) of said
sample with said reagent.
The system according to one of the preceding claims, wherein said X-ray radiation source
(2) operates in a range between 110 kV and 130 kV, preferably 120 kV and in a range
between 40 pA and 60 pA, preferably 50 pA, the endpoints of the ranges being included.
The system according to one of the preceding claims, wherein the sample scans are
acquired at a scan rate of about 1 Hertz for a total time of about 30 minutes.
The system (1) according to one of the preceding claims, comprising a memory (6) coupled
to the processor (5), wherein a plurality of standard values of diffusion coefficients (Dsta)
of a plurality of porous tissue samples, each associated with a respective standard value of
speed (vsu) and/or diffusion time (tsd) of said reagent into said porous tissue sample are
stored in the memory (6), wherein the processor (5) is implemented to perform the
operations comprising:

(a) receiving as input one of the values of standard diffusion coefficient (Dsw) stored in
the memory (6), associated with the tissue sample under investigation,

(b)  comparing said value of standard diffusion coefficient (Dswu) selected from said
memory (6), associated with the sample under investigation, with the diffusion
coefficient value (Defr) estimated in real time by scanning the sample with the X-
ray source (2).

The system (1) according to claim 8, wherein the processor (5) is implemented to calculate

the estimated processing time (to) of said sample with said reagent, as a function of said

value of standard diffusion coefficient (Dst) received as input, and preferably as a function
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of the size of said sample.

The system (1) according to one of the preceding claims, wherein said output device (7)

displays the value of remaining diffusion time (treff) to achieve the completion of the

diffusion of said reagent into said sample.

A method for monitoring the development of the processing of a biological sample by

perfusion with a processing reagent in order to diffuse said reagent into said sample, by

means of a system according to claims 1 — 10, said method comprising the following steps:

- acquiring, by means of said detector (3), a plurality of X-ray images of said sample,
by performing a plurality of scans of the sample by means of said X-ray radiation
source (2) during the diffusion over time of said reagent into said sample;

- processing said X-ray images in real time by said processor (5), to estimate in real
time the average value of the attenuation Iesr(t) of X-ray radiation at different radial
distances inside the sample under investigation,

- monitoring the completion of the saturation of the sample with the reagent, based
on the estimated real-time average value of the attenuation over time Les(t) of X-ray
radiation,

said method being characterized in that said processing reagent is not a staining reagent

which comprises heavy metals.

The method according to claim 11, comprising a step of adjusting the processing time (to)

to achieve the completion of the saturation of said sample with said reagent.

The method according to claim 11 or 12, comprising the step of displaying, by means of

the output device (7), the value of estimated processing speed (vo) and/or estimated

processing time (to) of said sample with said reagent.

The method according to one of claims 11 - 13, comprising the step of estimating in real
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time the value of the diffusion coefficient (Desr) of said reagent into said sample to monitor

the development of the processing of said sample.

The method according to claim 14, comprising the step of estimating the processing time

(to) of said sample with said reagent, as a function of said value of diffusion coefficient

(Detr).

The method according to claim 14 or 15, wherein said value of the diffusion coefficient

(Defr) is estimated in real time by a measurement of the change in reagent concentration ()

in the sample under investigation, correlated with said average value of the attenuation over

time les(t) of the X-ray intensity inside the sample under investigation.

The method according to one of claims 13 to 16, wherein the value of the diffusion

coefficient (Defr) is estimated in real time by the following steps:

- acquiring said X-ray images and calculating the attenuation value over time of the
intensity (Iem(t)) of the X-ray radiation in the sample under investigation;

- calculating the value of the change in reagent concentration () in the sample under
investigation as a function of the obtained value of effective intensity attenuation
(Ter(t)) of X-ray radiation in the sample under investigation as a function of time;

- calculating in real time the value of the diffusion coefficient (Detr) of said reagent
into said sample, as a function of that value of the change in reagent concentration
() in the sample under investigation.

The method according to one of claims 11 to 17, comprising the following steps:

- selecting a value of standard diffusion coefficient (Dsw) associated with the sample
under investigation, and inputting it to said processor (5);

- calculating, by means of said processor (5), the processing time of said sample with

said reagent, as a function of said selected value of standard diffusion coefficient
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(Dsta), and preferably as a function of the size of said sample.

19. The system according to one of claims 1 to 9 and the method according to one of claims

20.

10 to 18, characterized in that said processing comprises the steps of fixating and/or
dehydrating and/or clarifying.

The system according to one of claims 1 to 9 and the method according to one of claims
10 to 18, characterized in that said biological sample is intended for analysis by optical

microscope.
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