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AUTOMATED FLUORESCENCE IMAGING AND SINGLE CELL
SEGMENTATION

CROSS REFERENCE TO RELATED APPLICATION(S)
(0001} This application clafms the benefit of United States Provisional Patent
Application Serial No. 62/985,539, filed March §, 2020, the gutive disclosure of

which is herein incorporated by reforence.
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BACKGROUND OF THE INVENTION
Field of the fnvention
(0002 This disclosure s related o the feld of analysis of digital Emages and

generated by Hoorescence

e

particularty to automated analysis of digital images
microscopy o perform single cell or other object segmentation on those {mages.
Description of the Related Axt
{00031 Flow oytometers (FOM) and fluorescence-activated cell sorters (FACS) are
currently some of the primary twols for the characterization of cells. Both svstems
ptilize Huorescent antibodies or other fluorescing probes {fluovophores) to tag cells
having particular characteristics of interest and then detect the fluoresced light to
focate the target cells. Both systems are widely used in both bicmedical research
and clinical diagnostios and can be used to study physical properties {for example,
cell size and shape) and biochemical properties (for example, cell cyele distribution
and DNA coutents) of cells. Flow eytometry has also becowe avaluable clinical
tood to monitor the progression of certain cell discascs,
[U004] Informution about the cells of niterest will typically be obtained optically.
FOMFACS involves the introduction of specific tagged probes, which fluoresce at a
certain wavelength when exposed to a certain light input, and the connection of the
tagged probe to a target of interest allows for the identification of individual cells to
which the probe has attached. It should be recognized that in FOMFACLS, the
measured signal is not clean. The fhuorescence is typically detected optically by a
devicesuch as g photomultiphier tube (PFMT) and the PMT receives background
signal (light pollution) and autofluorescence of the cell in addition to light from the

markers. Further, even light specitfically from the markers can be obtained from

non-specifically bound markers present in the sample. This is iaddition o the

ts
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specifically bound markers attached to target molecules on or in the cells, which is
the value of interest.

[O003] For determining the desired result, only the signal of the specifically bound
markers is of relevance and the rest of the measured signal 15 considered "notse” or
error. This error inhibits the specific signal from being measured as sensitively as is
often desired and in cases of a low mtensity of the specitic signal and a relatively
high intensity of the neise, the specific signal may "disappear” in the noise leading
to the false negative results, The amount of noise (stgnal-to-noise ratio}, therefore,
imfluences the defection sensitivity of the measurement. Further, the noise can also
influence the distinetion between postiive and negative cell populations, as the
measured positive and pegative valoes may become indistingnishable.

[0006] The main reasons for measurgment arrors are backeround signals {pollution)
within the swall dyoamic range of the detection device, high aptofluorescence
signals of the cells, wspecific binding of the markers to the cell, and variations that
oceur during the staining process (e.g. different marker concentrations, labeling of
the marker or staining conditions). While it is desirable to reduce the unspecific
hackground signals a3 much as possible, FOMFACS-based methods have only
fimited potential {o reduce background signals. In principle, it is only possible to
reduce the basic background signal of the FOM/FACS device by avoidiag the
accumulation or detection of interfering signals.

[O0071 In order to eliminate the background signal of the detection device and the
antotluorescence of the cells, currently kaown methods typically use a contrel
sample in which the investigated cells are not treated with the fluorophore and the
values of the backgronnd and autofluorescence from this sample are subtracied from

the actual measurement runs, However, this approach has a number of deawbacks.
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Ry comparing two different populations of cells, additional measwrement errors
often occur. This s due fo the fact that the populations may differ m their density,
age, expression intensity of the investigated marker, ete, Purther, also the
fluorescence of the sample material (aside from the cells) may vary between
different samples due to variations in their manufactoring processes or their
compositions. Finally, and often most significantly, the control sample value is
typically an average value that is caleulated on the basis of a control sample
megsurement and does not take into consideration the variations that exist between
individual cedls,

+

[OUORT One of the major issues in FACS, and the analysis of digital images of
biolpgical systems more generally, is the seed for segmentation. Segmentation
typically refers to the need to wdentifv of boundaries of cells within a digital image
generated of the cells. Onee oblained, digital images such as those generated with
the use of fluorophores need o be segmiented so that individual cells can be
identified, for cxample, so they can be counted. Segmentation is typically
performed using an algorithm. A watershed transform is one image processing
technique that has been used Tor segmenting Inwges of cells, With the walershed
wansform, a digital image may be modeled as a three-dimensional topological
surface, where intensity values of pixels represent geographical heights. Thas, items
assoctated swith more of the Huorophore {which may, for example, be the nucleus of
a cell) are identified as peaks or “volcanos™ while cell walls would be in valleys
between peaks.

[Q009] A problem with many segmentation slgorithms, however, 1s varigtions in the
histology of different tissue types and cells, Thus, certain algorithms may not

produce an accurate segmentation without adaptation or trajning to the specific type
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of cell. This difference can also make training automated segmentation systens
vary difficudt.  Algorithms can fail both directions capsing an image to be over-
segmentad (indicating a complete cell where only a portion of a cell is present) or
wnder-segmented (indicating a single cell when there are multiple cells present).
(00107 To try and combat the problem, alternative algorithms have been proposed
including those discussed in Unied States Patent 8,995,740, the entive disclosure of
which is herein incorporated by reforence. These systems, however, often still bave
problems due to underlying image captare quality where even the best algorithms
cannot operate to their fullest potential, and even then they often still have trouble
with fopological stractures (such as “atolle™) which can be commaon in cerlain celt
images
(00T} This problem becomes particularly acute because training methods for
agtomated analvsis of cells are typically trained on a wide variety of heterogeneons
cells, Thus, cells baving a low autofluorescence and cells having a high
autefluorescence are typically calibrated against the same average control sample
valoe (or training data), with the resalt that cells having a low sutofluorescence are
prone to be evalaated as false negatives and cells having a high autoflnorescence are
tikely to be evaluated as false positives. As al] the above can significantly impair
ensitivity of the detection method, it would be desirable to have methods available
that overcome the drawbacks of existing methods and allow s more sensitive and
reliable cell analysis.

N
i

100127 United States Patent Application Serial Noo: 15/708,221, the entire disclosure
of which is herein incorporated by reference, provides for systems and methods that
can be used 1o cancel autofluorescence and background neise more effectively,

Specifically, this is performed by determining the autofluorescence not from a

th
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generalized sample or traying sefection of materials, but from the actual sample
which is to be tested.  This provides for substantial improvement in signal-to~noise
ratio. However, those systems and micthods do not provide for advanced calibration
techniques utilizing a high dynamic ranging imaging (HDRI) camera and do not
provide for advanced processing techniques that can provide increased accuracy in

cell segmentation when images have been so prepared.

&
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SUMMARY OF THE INVENTION

(00131 The following is a sommary of the invention in order to provide a basic
understanding of some aspects of the invention. This sunumary Is not intended to
identily kev or critical elements of the invention or to delineate the scope of the
invention, The sole purpose of this section is o present sone concepts of the
irvention in a simplified form as a prefude to the more detailed description that is
presented later,

[0014] Because of these and other problems in the art, there is deseribed herein,
among other things, 8 method for calibrating an imaging system for cellular
tmaging, the method comprising: providing an imaging system for imaging cells
which have tagged with a fluorophore baving a range of fluorescing wavelengths:
performing a calibration for autofluorescence comprising: providing the imaging
system with @ saraple of unstained cells having a vange of autofluorescing
wavelengths: Hluminating the sample with a sowres of lomination; imaging the
sample across a dvnamic range ingluding all of the range of Suorescing wavelengths
and all of the range of sutofluorescing wavelengths; performing a calibration for
chromatic abegration comprising: providing the hoaging system with a sample of
cells; Huminating the sample with a source of lumination; obinining a first inage
of the sample of cells; altering a position of the imaging systom relative 1o the
sample of cells; and obtaining a new image of the sample of cells,

[OD1S] Inan embodiment, of the method, the method is performed by a digital
computer including memory with instructions for performing the method

[0016] In an embodiment of the method, & minimum photon acquisition time of the

imaging system is set separately for each wavelength within the dynamie range; and
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the minhmem photon acquisition time s sufficient for detection of all values within
the complete dypamic range.

[0017] In an embodiment of the method, the dynamic range comprises all
wavelengths the imaging system images.

[0018] In an embodiment of the method, the imaging system comprises a digital
{raysca le camera.

(00191 In an embodiment of the method, the camera is provided with a filterset
based on the fuorophore.

[0020] In an embodiment of the method, the camera is & High Dynamic Range
Imaging {HDRI) camera.

(00211 by an embodiment of the method, the camera gensrates High Dynamic
Range (HDR) by exposure fusion to provide for improved contrast.

(00221 Bvan evabodiuent of the wethod, the cells which have tagged with the
fuorephore are a different tvpe of cells to the unstained cells

D023 In an embodiment of the method, the sample of cells is a different type of
cells to the sample of unstained cells.

[60241 In an embodiment of the method, the sample of cells is the sample of
unstained cells,

[0025] There is also described herein, in an embodiment, a method for analyzing a
cellular image, the method comprising: providing a sample of cells which have been
tagged with a fhorophore having a range of fluorescing wavelengths; iHuminating
the sample with a source of Humination: imaging the Hluminated sample over the
range of Muorescing wavelengths to produce a sample image; subtracting a
calibration image from the sample image to produce a calibrated tmage; representing

the image as a fopological curve, a height of the curve at each curve pixel
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representing an itensity of fluorescence at an image pixel in the calibrated image;
searching the fopeological curve for a pixel grouping having beight above a selected
height: choosing a new height, lower than the selected heights repeating the
searching using the new height as the selected height; and for each identified pixel
grouping: following a convex border of the fopological curve away from the pixel
group to an inflection point where inflexion is decreasing at a convex side; and
identifying the convex border including the pixel group as a cell in the calibrated
image.

[0026] In an embodiment, of the method, the metheod is performed by a digital
computer including memory with iustroctions for performing the method

[0027] b an embodiment of the method, the calibration tmage i3 formed by a
method comprising: providing the imaging system with a sample of unstained celis
having a range of avtoflnorescing wavelengths; tHuminating the sample with a
source of Hlunynation; and imaging the sample across o dynamic range including all
of the range of Auorescing wavelengths and sll of the range of swefluerescing
wavelengths;

[6028] In an embodiment of the method, a minimum photon acquisition thue of the
unaging system is set separately for each wavelength within the dynamic rangs; and
the minimum photon acguisition time is sufficient for detection of all values within
the complete dynamic range.

(00291 Inan embodiment of the method, the dynanic range comprises all
wavelengths the imaging system images.

{0030} In an cmbodiment, the method, further comprises: before obtaining the
sample image, performing @ calibration for chromatic gberration on the imaging

svstem, the calibration comprising: ilhuinating the sanple of cells with a source of
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iHumination; obtaining a Hrst hnage of the sample of cells from the imaging system
in a frst position; moving the imaging system to a second different posttion relative
0 the sample of cells; obtaining & second image of the sample of cells; and when

e

generating the sample image: positioning the imaging system in the first position if

the first image i3 opiimized compared to the second image; and placing the imaging
svstem if it is not.

(00317 In an embodiment of the method, the imaging system comprises g digital
grayscale camera provided with a filterset based on the fluorophore.

[0032] In an embodiment of the method, the imaging system comprises a High
Dynamic Range Imaging (HORD camera.

[0033] I an embodiment of the method, the imaging system generates High
Dyvnamic Range (HDR) by exposure fusion to provide for smproved contrast,

(00341 Inan awbodiwent of the wethod, the calibvated foage 1¢ used to rain a

neural network.,
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BRIEF DESCRIPTION OF THE DRAWINGS

(00351 FIG, 1 shows a flowchart of an embodiment of & method for antomated
image processing which may be used 1o prepare images for cell segmentation.
(00367 FIG. 2 shows a sensitivity carve of a common CCD chip.

[0037] FIG. 3A shows a topelogical representation of two adjacent cells with the
image acquisition calibrated in accordance with the Hrst calibration.

(0387 FIG. 3B shows a topological represemtation of the two adjacent cells of FIG.
3A without the image acquisition calibrated in accordance with the first calibration.
[0039] FIG. 4A shows a difficult-to-segment area of an FCM imaged with a
stardard low dyvamic range camera.

[0040] FIG. 4B shows the difficali-to-segment area of FIG. 4A inaged with a high
dynamic range imagmyg (HDRD camera.

(00411 FIG. 3A shows a histogram of a low dynamic range carsera. Specifieally a
microscape camera with 8§ bits of dynamic range.

{00427 FIG. 5B shows a histogram of 2 high dynamic range imaging (HDRI) camers
on the same image as FIG, SA.

160431 FIG. 64 shows a liver section stained for nuclet prior w the subtraction of
the corresponding antofluorescence image.

(00441 FIG. 6B shows the liver section of FIG. 6A after the subtraction of the
corresponding antolluorescence image.

[00457 FIG. 7 shows a portion of an image which is particularly hard to segment due
o variability in shape and stalning intensity.

{0046} FIG. 8 shows a 2D topological curve showing the identification of seeds and
cells with different “waler levels™ utilizing an inverse watershed methodology,

(00471 FIG. 9 shows a portion of an image with 8 seed identified.

11
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[OD48] FIGL 1 provides a flowchart of an embodiment of a method for sutomated,
non-supervised, parameter-free sepmentation of single cells and other objscts in
images generated by fluorescence microscopy. This method will typically be
performed on a digital image by 8 computer or processor running appropriate
software stored i a wemory. However, in an alternative embodiment, the method
may be implemented through electromechanical hardware, such as but not limited to
circuitry. The systems and methods will typically be provided as part of the
operation of, or with, an automated microscope with a digital image sensor like a
charge couple device (CCIY) or complemeniary metal oxide semiconducior
(CMOS), The computer in combination with such software or the hardware so
designed comprises an embodiment of a system of the present invention as do such
clements in conjunction with other elements of cell or other hiological tissue
analysis,

{00497 Throughout this disclosure, the term “computer”™ deseribes hardware that
generally implemenis fanctionality provided by digital computing technology,
particularly computing functionality associated with microprocessors. The tenm
“computer” is not intended to be limited to any specifie type of computing device,
but it is intended to be inclusive of all compuiational devices including, bt not
himited to; processing devices, microprocessors, personal computers, desktop
computers, laptop computers, workstations, termuinals, servers, clients, portable
computers, handheld compiters, smast phones, tablet computers, mobile devices,
server farms, hardware appliances, minicomputers, mainframe computers, video
game consoles, handheld video game products, and wearable computing devices

including, but not Hinited to evewear, wrist wear, pendants, and clip-on devices,
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[0050] As vsed herein, @ “computer” is necessarily an abstraction of the
functionality provided by a single compuater device ouwtfitfed with the hardware and
accessories typical of computers i a pacticular role. By way of example and not
Himitation, the term “computer”™ in reference to g laptop computer would be
wdersiond by one of ordinary skill in the art to inelude the functionality provided by
pointer-based input devices, such as & mouse or track pad, whereas the term
“computer”™ used in reference to an enterprise-class server would be understond by
one of ordinary skill in the art o include the Tonciionalily provided by redundant
systems, such as RAID drives and dnal power supplies.

[OOS1T 1t is also well known to those of ordinary skill in the arl that the functionality
of & single computer may be distributed across a mumber of individual machines.
This distribution may be functional, as where specific machinegs perform specific
tasks; or, balanced, as where each machine is capable of performing most or all
functions of any other machine and is assigned tasks based on is available resourees
at g point in time. Thus, the term “computer™ as used herein, may refer to a single,
standalone, seti~contained device or to s phurality of machines working together or
independently, including without limmitation: a network server farm, “cloud™
compuling system, software-as-a-service, or other distributed or collaborative
computer netwerks,

[0052] Those of ordinary skill in the art slso appreciate that some devices that are
not conventionally thought of as “computers” nevertheless exbibit the characteristics
of a “conmputer™in certain contexts. Where such a device is performing the
fanctions of a “computer™ as deseribed herein, the torm “computer™ includes such
devices to that exient. Devices of this type include but are not limited to: network

hardware, print servers, file servers, NAS and SAN, load balancers, and any other



WO 2021/178883 PCT/US2021/021197

hardware capable of interacting with the systems and methods described herein in
the wiatter of a conventional “computer™

10053} Throughout this disclosure, the ters “software” refers to code objects,
program logic, command structures, data structures and definitions, source code,
exeetiable andfor binary files, machine code, object code, compiled libraries,
implementations, algorithms, libraries, or any instruction or set of instructions
capable of being executed by a computer processor, or capable of being convertad
into a form capable of being executed by a computer processor, including withont
himitation virtual processors, or by the use of run-time environments, virtual
machines, and/or nterpreters. Those of ordinary skill in the art recognize that
software may be wired or embedded imto hardware, inchading without Havitation
onto a nucrochip, and still be considered “software™ within the meaning of this
disclosure. For prirposes of this disclosure, software includes without Trtation:
nstractions stored or storable in RAM, ROM, flash memory BIOS, CMOS, mother
and daughter board circuitry, hardware controliers, USB controllers or hosts,
peripheral devices and controliers, video cards, audio conirollers, network cards,
Bluetooth® and other wireless commupication devices, virtual memory, storage
devices and associated controtlers, firmware, and deviee drivers. The systems and
methods described bere are contemplated to use computers and computer software
typically stored in & computer- or machine-readable storage medium or memory.
(00841 Throughout this disclosure, terms used herein 1o describe or reference media
holding software, including without Bmitation torms such as “media,” “storage
media,” and “memory,” may include or exclude transitory modia such as signals and

CHITIET WaVEs.
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[0055] Throughout this disclosure, the term “realime™ generally refers 1o software
performance anddor response time within operational deadlines that are effectively
generally cotemporancous with a referénce event in the ordinary user perception of
the passage of time for a particular operational context. Those of ordinary skill in
the art understand that “real-time™ does not necessarily mean a system performs or
responds immediately or instantaneously. Por example, those having ordinavy skill
in the art understand that, where the operational context is a graphical user interfuce,
“regl-time” normally implies g response time of about one second of sctual time for
at least some manmer of response from the system, with milliseconds or
microseconds being preferable. However, those having ordinary skill in the art also
understand that, under other operational contexts, a system operating in “real-time”
may exhibit delays longer than one second, such as where nebwork operations are
involved which may include nuidtiple devices andfor additional processing on a
particulay deviee or between devices, or multiple poirg-to~-puint round-irips for data
exchange smeng devices, Those of ordinary skill in the ant will further understand
the distinction between “real-lime” performance by a computer system as compared
to “real-time” performance by a hwman or plurality of humans. Performance of
certain methods or functions in real-time may be impossible for a buman, but
possible for a computer. Even where a human or plurality of humans conld
eventually produce the same or similar output as a compuierized system, the amonnt
of tme reguired would render the output worthless or jrvelevant becanse the time
required Is longer than how long a consumer of the cutput would wait for the output,
ar because the number andfor complexity ol the calenlations, the commercial vilue

of the output would be exceeded by the cost of producing it

i
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[0056] The definitions provided in United States Patent Application Serial No.:
15/708,221 are also relevant to the discussion herein and those definitions are
specifically incorporated by reference as definitions for those terms as used herein,
{00377 The present image analvsis will typieally be performed by the computer in
resl-time s0 as to allow thie analysis resulis 10 be readily useahle in both research and
diagnostic or clinical seltings and for the selection of treatment for disease indicated
via the image analysis. Further, the process is typically automated so that the image
analysis can be performed cither with minimal or with no human intervention,
Specifically, the image analysis 1s typically performed with a computer performing
the acts of obtaining fmages andéor svaluating the mages for segmentation of cells
within the image without a human being needing to assist in the analysis. Most of
the thme, the antomated systems will be further combined with other automated
systems which can nbilize the segmented image o provide finther evaluation of the
cells of interest to a hinman gser, but this is by no means required.

{0038 The present systems and methods, in an embodiment, combine systams and
methods for improving both the process of image scquisition (for providing
improved input data for the hmage processing step) and bage processing in the
nature of cell segmentation. However, one of ordinary skill in the art would
recognize that the image acquisition discussed herein could be used to provide
improved images to fraditional image processing systents and methods and that
traditional Ymage acquisition systems could also be used to provide data to the
present image processing systems in alternative embeodiments,

[0059] hmage processing elaments discussed herein are typically designed to handle
a high heterogenetty of nput data related to cell segmentation. Heterogeneity within

the samples can be caused by, for example, different samaple sowrces of the
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underlying cells (e.g., brain, liver, spleen), sample gquality, staining quality, or other
factors. In other embodiments, the systenms and methods herein can be used ©
evalyate images directed to things other than cells which may have high or low
heterogencity, For example, the svstems for image acquisition discussed herein can
be used {o improve signal-to-noise ratio with fluorescence-based images of virtually
anything: Forther, segmentation of images nead not provide tor detection of
individual biclogical cells, but may be used o detect other subcomponents of an
image where segmentation is determined to be useful, However, for ease of
discnssion, the present disclosure will ntilize as an exemplary embodiment the
tmaging of cells {specifically biological cells) and segmenting of those tmages {0
detect individual cells.

(00601 As shown in FIG. 1, the method and operation of the systam typically first
comprises obtaining a sample of cells which will typically be immobilized on a solid
substrate (101). This miay be performed by any wethod known o those of ordinary
skill in the art sod all such known methods are incorporatod herein by reference,
{United States Patent Application Serial Nos.: 187708221 and 13/126,116, the entire
disclosures of which ave herein incorporaied by reference, provide examples of
embodiments of bow such immebilization and sample preparation may be
performed.

[0061] Once the sample is obtained (101), the sample is exposed to an image
acquisition system (103). The image acquisition system will typically be a digital
grayscate camera and the camera will typically be provided with g filierset which
will be selected based on the fluorophore to be used in the imaging. The camern
will typically be of the form of a High Dynamic Range Imaging (HDRD camera or g

software algorithm that controls a camera ina way that it generates HDR by
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exposure fasion to provide for improved contrast, The systems and methods
diseussed herein can utilize a camern wherein HDRY is provided using multiple
exposures or with a single exposure depending on the camera selected and the
specific embodiment of the systems and methods being utitized,

{00621 The image scguisition sysiem may first be calibrated (103) with typically
two catibration actions (2011 and (203). However, calibration (103) does not have
to be performed necessarily during or coextensively with image acquisition (107).
Alternatively, calibration {108) can slternatively be performed during setup or
maintenance of the system, each day before starting imaging, or when needed.
Thus, a decision {104) may be wade to calibrate (105) the system or proceed divectly
{0 image acquisition {107). Further, calibration {105} may be performed without
subsequent image sequisition (107) tn which seenario the system woudd typically
cease operation after element (2033

(00631 In the first calibration (201), the image acquisition system is'calibrated
against the antofluorescence of unstained colls as well as any inherent background
signal nlifizing any Hght sources that will be used in the actual fimaging runs against
a stained sample. In an embodiment, the mintmum photon acgaisition time will be
set separately for sach wavelength within the complete dynamic range of
antofluorescence plos the fuorescently labeled detectors to provide for a signal
which 1s sufficient for detection of all valoes. To put this another way, the dynamic
range of the imaging can be chosen to insure it includes any autofluoresesnce or
background signal detected at any wavelength detectable by the camera as well as
the specific wavelengths for the uorophore selected for staining,

{00647 This type of first calibration (201) 15 generally used to compensate for the

differences in sensitivity of the image acquisition system with regards to different
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wavelengths that it can detect and which may be present. The first calibration will
typicalty alfow fora determination of what is backgrounnd and autofluorescence for
the present sample based on current measurement and, therefore, this can reduce
reliance on signal size to determine 1f signals are of interest or are noise,

(0065 As an example, FIG. 2 provides the sensitivity curve (401 of g commin
CCLY chip which may be used in the image acquisition system. In the chip of FIG.
2, at lower and higher wavelengths, longer exposure times may be used to assure
that the lower Hmit of the dynamie range of the image acquisition system is capable
of captoring the sutofluorescence of any cell present in the sample within the
dynamic range of the camera tor each used acquisition wavelength. H should be
recognized that any particolar imaging ruw of the system or method may utilize any
or all of the available range of the camera. This first calibration 201) will typically
be ron at all wavelengths (or at selected subgronpings of wavelengths depending on
sensitivity and time constraints) that are to be used in the acquisition run of this
particular sample which is referred to as the dynamic range.

[0066] In the sccond calibration (2033, the image acquisition system s calibrated for
chromatic aberration, Chromatic aberration {which is commounly called the
“rainbow effect”™) feads to projection of photons from a single position on the
spectmen to different locations on the camera dependent on the wavelength of the
photon and fens and/or chip design. When not compensated, the s-. y-, and z-axis
offsets between different wavelengths leads to bharing of the image or offset thus
fowering the quality of input data for the segmentation process. The second
calibration (203) will typically be performed by taking non-calibrated hnages in a
first round. These images may be taken of stained or unstained samples depending

on embodiment. In a second and following rounds, the X, v, and z positioning of the
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imager is changed leaving the sample constant. The position moverment is typically
in a stepwise or likewise repeatable manver to find an optimal X, v, and 7 offset
between the single filtersets used for the different wavelengths. This calibration will
then be used during the actoal imaging runs.

[0067] FIGS. 3A and 3B show an example of how the second calibration (203) can
fmprove image quality. FIG. 3A shows two adjscent cells (341) and (503) as peaks
in a topological representation (staining intensity as height) (601) with the Image
acguisition svstem calibrated as contemplaied in the second calibration. FI1G. 3B
shows the same two adjscent cells (301) and (503} without the second calibration
having been performed which shows blorring due 1o offsel imaging. As should be
apparsat, the blarring results i it being more difficult to differantiate the twe
different cells,

[U06R] After the second caltbration (203) is complete, the image acquisition system
will typically be considered calibrated and ready to begin image scquisition (107}
Image scquisition (107} will typically comprise st Ipast two and possibly more
acquisition passes and then correction {109) of the images o remove artifacts from
autofheorescence and backgrownd sigonals. The fivst acquisition pass (301) will
generally be done on a sample before staimning,

(00697 The first sequisition pass (301 will typieally be performed at 8 dynamic
range that covers the complete dynanuic range of sutofluorescence in every imaged
wavelength and, therefore, through the entire dynansic range of the camera which
has been selected for this imaging. As should be apparent, this dynamic range will
generally correspond fo the dynamic range over which the first calibration {(201) was

performed,. The first image acquisition (301} will also typieally be performed with
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the same input Hght or Hghts that will be used i1 conjunction with the later
acgaisitions.

(00701 After this first pass (301} is completed, the sample will be exposed to the
fluorophore {which is typically in the form of g detection conjugate having a binder
portion and a luorochrome portion) and stained as desired. The second pass (303)
will involve essentially repeating the steps of the first image acquisition pass on the
mow stained sample. Acquisition will typically be performed over a dynamic range
that covers the complete dynamic range of muoefluorescence plus biomarker
expression revealed by the fluorescently labeled detectors {e.g. antibodies,
aptamers). It should be recogmized that for simplicity the dynamic range of both the
first image acquisition pass (301) and the second acquisition pass {303) mav be the
same, however, the first image acquisition pass (301) may utilize a smaller dynamic
range since i is only looking for autofluorescence.

[00711 FIEGS. 4A and 48 show an example of a difficuli-lo~scgment area taken with
a low dynamic range camers in FYIG. 4A anid an HDRI camera in FIG. 48,
Histograms generated from the images of FIGK, 4A and 4B are shown in FIGS. SA
and 3B reveal that ondy then HDRI fmages of FUG. 48 can cover the complete
dynamic range of the fluorescence emitted by the sample, whereas standard
microscope cameras with standard 8-bit dynamic vange can only capture about 200
vahues of dynamic range. This ack of dynamic range in FIG. 4A results in the
generation of artitacts and a less clear image which reduces the ability t segment
cells in the image.

(00727 Alter the second image sequisition (303) is complete, the first pass image
{301} will typically be subtracted from the second {and any other subsequent) pass

fmage {303) in the correction (1093, A methodology for doing this is discussed in
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the above referenced United States Patent Application Ser. Noo 1570R,221 and is
incorporated herein by reforence. The sabiraction serves (o help eliminate
tHumination artefacts of the optical system appearing inside the imsge and alse
reduces autofinorescence signals obfuscating the signals generated by the staining
itself. FIG. 6A shows a Hver section stained for nuclet prior to correction (109}, and
FIG. 68 shows the same section with correction (109) having been performed.
(00731 After the completion of the correction (109), The image is typically
considered optimized for segmentation of single objetts or cells. Segmentation
{(111) may be performed using any system or method known to a person having
ordinary skifl in the art, However, due to the very high variability of object shapes,
sample, and staining quality, 2 robust algorithm or maching learning approach will
typically be preferved toassure a high sensitivity and speeificity of objeet
recognition. FIG. 7 shows a particularly bard 1o segment image due o variahility of
shape and staining intensity.
[0074] In an embodiment, calibrated and optimized high dynamic range input image
Jdata may be obtained from a wide variety of sources utilizing the systems and
methods discussed in FIG, T through the corvection (109}, These images may then
be used to train g neural network (or simitar processing system) with supervised
fearning and backpropagation to recognize single objects and object borders in the
manner known to those having ordinary skifl in the art. The images provided may
bie from heterogeneous sources with a wide artay of dynamic ranges and
fluorescence propertics as the generation of such hgh quality smages assists in the

elimination of artifaets and differences scross the sonrces, Alternatively, the noural

network (or similar) may be provided with images from more homogenous sources

d
[
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{e.g. only one type of cell) i that is desired. This nevral network may then be used
to perform segmentation (111 in an embodiment.

100757 In the smbodiment of FIGS. 7 and &, the segmentation (111) is performed on
the image using a form of inverse watershed transtorm which is referred to herein as
cyclic seed detection or a “falling water level” analysis. Seed detection in
conjunction with traditional watershed transform is discussed in, for example,
United States Patent 8,993,740 the entire disclosure of which is herein incorporated
by reference.

[0076] In the cyclic seed detection sysiem and method used herein, topological
analysis is performed as in & watershed trapsform where the intensity of
fluorescence 18 used to ndicate & “height”™ of each pixel and thevefore peaks in the
topology will typically indicate @ target dement of a relevant cell (for example the
cell nocleus), This is as is contemplated n FIGS, 3A and 3B above as well,
Watershed transform, howéver, 1s prone to error Tor “aloll” or “ervpied voleanos™ ke
objects (this could be an object such as sced (811} in FIG. 8), Objects such as these
cin be generated by staining quality or self~gnenching, for example. In effect,
traditional watershed {ranstorm reguires perfect “volcano™ shapes to work,

{0077 toverse watershed transforny as contemplated herein serves to remove water
stowly instead of the traditional watershed transform which floods the topology with
waler. FIG, § provides for an exemplary 21D topological curve from g portion of an
umage 1o Hlustrate the operation of the process of cyelic seed detection orinverse
watershed transform, To begin with, a first intensity is selected which is the “high
water fevel™ (801). Any pixel grouping which is identified as being above this
intensity (801} is provided as a seed (R11) and will be identified as belonging to an

individuat cell. FIG. 9 provides for an example of a seed {711} within an Image.

[
fa
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[0078] Returning to FIG. 8, asecond lower intensity (803) is then selected and the
progesy i1s repeated to identify additional seeds {813) which have now risen “above”
the new “water level™ (803) of this lower intensity {803). This lowering of the
intensity and searching for new sceds will be repeated with new lower levels
typically selected in a consistent stepwise fashion, In the embodiment of FIG. 8,
two additional levels (808) and {807) are selected and each reveals a new seed (815)
andd (8173, FIG. 8 also llustrates level {809} which would correspond o the initial
reacing on a meore traditional watershed transform. This level would generate &
single seed (819) instead of ihe three seeds (811), {813), and (815).

(00791 From each of these seeds (811), {813), (R13) and (517) there is presumed to
be any associated cell whose bowmdaries need to be detected. Thus, the seed can be
used s a source to determine the extension of the cell belonging to the seed (811),
(8133, (R15), and (817). Thig is typically carried out by following the covvex border
of the topological curve away from the seed (8111, (813}, (315) and {817 to try and
tind the outer rim of the “isle™ by feoking for inflection points where the inflexion is
decreasing at the convex side. In FIG.Z, this results in the left portion of the image
hetng segmented into the four target cells,

(D080 While the invention bas been disclosed in connection with certain
enehodiments, this should aot be taken as a Hmitation to all of the provided details.
Modifications and variations of the deseribed embodiments may be made withont
departing from the spirit and scope of the invention, and other embodiments should
be understood to be encompassed in the present disclosure as would be understood
by those of ordinary skill in the art.

(00817 1t will further be understood that any of the ranges, values, properties, or

chavacteristics given for any single component of the present disclosure may be used
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interchangeably with any ranges, values, properties, or chavacteristics given for any
of the other components of the diselosore, where compatible, to form an
embodiment having defined values for cach of the components, as given herein
thronghout, Further, ranges provided for a genus or 8 category may also be applicd
to species within the genus or members of the category unless otherwise noted.
0082} Finally, the gualifier “generally,™ and similar qualifiers as used in the present
case, would be understood by one of ordinary skill in the art to sccommodate
recognizable attempts to conform a device to the qualified tenm, which may
nevertheless fall short of doing so. This is because terms such as “circular™ are
purely geometric constructs and no real~world component is a trug “circle” in the
geomeiric sense. Variations from geometric and mathematical deseriptions are
unavoidable doe to, among other things, manufacturing tolerances resolting in shape
variations, defects and mperfections, non-aniform thermal expansion, and natural
wear, Moreover, there exists for every object a level of magnification at which
geometric and mathemation! descriptors il due to the nature of matter, One of
ordinary skifl wouold thus understand the term “generally™ and relationships
contemplated herein regardless of the inclusion of such qualifiers to include & range
of variations from the literal geometric meaning of the term in view of these and

other considerations.
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