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(57) Abstract: Detecting cells depicted in an image using RNA seg-
mentation can include obtaining a FISH image of a tissue that de-
picts multiple cells, obtaining a nuclear stained image of the tissue,
and generating a mask that includes multiple areas that each have a
position with respect to the tissue by enhancing structures depicted
in the FISH image. Edges depicted in the enhanced FISH image are
detected to use for the mask, and positions are determined for a first
plurality of regions that fit potential nuclei depicted in the nuclear
stained image. A second plurality of regions are selected from the
first plurality by determining, using the mask, which regions from
the first plurality overlap with the position of an area from multiple
areas in the mask. Unique nuclei in the tissue are labelled using the
second plurality of regions that each indicate a potential nuclei in the
tissue.
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CELL DETECTION USING SEGMENTATION BASED ON NUCLEAR
STAINING AND MFISH IMAGES

TECHNICAL FIELD
{3001} This specification relates to delection i an image of cells within a tissue and

features of the cells.

BACKGROUND
0002} Some companies in the biotech and pharmaceutical industry visualize and
quantify multiple hiological analytes - e.g. IINA, RNA, and protein - within a biologieal
sample — ¢.g., tissue resection, biopsy, cells grown in culture. Scientists can use such
methods to diagnose or monttor a disease, vabidate biomarkers, or investigate freatment.
Some example methods include multiplex imaging of antibodies or oligonuckeotides {e.g.,
RNA or DNA) labeled with a functional domain 1o a biological sample.
[0003]  Muoltiplexed fluorescence in-situ hybridization ("mFISH”) imaging is
powerful technigoe to determine gene expression in spatial transcriptomics. Inbrel, 8
sample 18 exposed to multiple oligonucieotide probes that target RNA, DNA, or other
teatwres of interest. These probes have different labeling schemes that will allow one to
distingaish different RNA or DNA nucleotide segments when the complementary,
fluovescent labeled probes are introduced to the sample, Then the sequential rounds of
fluorescence images are acguired with exposure to excitation light of different
wavelengths, For cach given pixel, #ts fluorescence intensities from the different images
for the different wavelengths of excitation light form a signal sequence. This sequence I8
then compared to a library of reference codes from a codebook that associates each code
with a gene, The best matching reference code s used to identify an associated gene that

is expwessed at that pixel in the mage.

SUMMARY
jQ004] In general, one aspect of the subject matter deseribed in this specification can
be embodied in methods that jnclude the actions of obtaining a Hluorescent in-situ
hyvbridization image of a tissue that depicts a plurality of celly, obtaining & nuclear stained
unage of the tssue, and generating 8 wask that inchudes a phurality of arcas that cach have
a position with respect {0 the tissue by enhancing, in the fluorescent in-sity hybridization

image, structures depicted in the fluorescent fn-situ hybridization image. Edges depicted
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i the enhanced Ruorescent in-situ hyvbridization image are detected to use for the mask,
and positions are determined for a fiest plurality of regions that fit potential nuclet
depicted in the nuclear stained image. A second plurality of regions are selected from the
first plarality of regrons by determining, using the mask, which regions from the first
pharality of regions overlap with the position of an area from the plurality of areas m the
mask. Unique nuclel in the tissue are labelled using the second plurality of regions that
each indicate a polential nuclet in the tssue.

jo0a5] {ther embodiments of this aspect include corresponding computer systems,
apparatus, computer progeam products, and computer programs recorded on one or more
compniter storage devices, each configured to perform the actions of the methods. A
system of one or more computers can be configured o perforo particular operations or
actions by virtue of having software, firmware, hardware, or a combination of them
installed on the system that in operation causes or cause the system to perform the
actions. Ong or more compuier programs can be configured to perform particnlar
operations or actions by virtue of including instructions that, when executed by data
processing apparaus, cause the apparatus to perform the actions,

[0006]  The foregoing and other embodiments can cach optionally include one or
more of the following features, alone orny combmation. In some implementations,
labelling the unique nuclet in the tissue using the second plurality of regions that each
indicate a potential nuclei in the tissue can welude: assoctating each region in the second
plorality of regions with a nuclet cluster; for each of the nucler clusters: determuning, for
each region associated with the nuclet cluster, an area of overlap between the region and a
closest region in the nucled chuster using the positions of the regions with respect to the
tissue; and generating a first mask that represents cach reglon associated with the nuclet
chuster whose area of overlap satisfies a threshold overlap and sive satisfies a first
threshold stre using the nuclear stamed image; and labelling the unigue nucket of the
tissue using the first mask. The method ¢an include performing edge detection on data
for the nuclear stained fmage of the tissue to generate edge detection data, wherein
generating the first mask comprises generating the first mask using the edge detection
data.

{0067] In some implementations, labelling the unique naclan in the tissue using the
second plurality of regions that cach indicate a potential nuclei in the tissue can include
for cach of the nuclet clusters: penerating g second mask that represents cach region

associated with the nuclel chuster whose area of overlap satisfies the threshold overlap

-t
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and size satisties a second threshold size smaller than the first threshold size using the
nuclear stained image; and lasbelling the onigne nuclel of the Hissue using the first mask,
and the second mask. Labelling the unique nuclei in the tissue using the second plarality
of regiony that each indicate a potential nucket in the tssue can include for cach of the
nuclel clusters: generating & third mask using a ditference between the first mask and the
second mask, the third mask including one or more subtracted regions that represent the
difference; and labeliing the unigue nuclel of the tissue using the first mask, the second
mask, and the third mask., The methed can mclude updating the first mask to include the
sabtracted regions from the third mask that overlap with a region represented by the
second mask and do not depict a wnigue nocleus. The method can include fabelling, for
gach subtracied region 1o a third mask that has a unigue nucleus and whose size satisfies a
second threshold sive, a subtracted region from the third mask as a pnigue nuclens.
{0008] In some implementations, obtaining the Hoorescent n-situ hybnidization
image can melode obtaining the fluorescent m-situ hybridization image of the tissue that
has an extracellular matrix. Obtaining the nuslear stained image of the tissne can include
obtaimng the nuclear stained image of the tissue that has an extracellalar matrix,
Obtaining the fuorescent in-situ hybridization image can include obtaining the
fluorescent in-sitn hvbridization image of the tissue that depicis the plarality of cells with
tubular structures. Obtaining the nuclear statned image of the Hissue can include obtatning
the nuclear statned image ol the tissue that depicts the plurality of cells with tubular
struclures.

{0089] in some implementations, deteciing edges depicted 1 the enhanced
fluorescent insito hybridization image can include generating a binary image from the
enhanced fuorescent in-situ hybridization image; generating an updated binary image by
performing one or more of! connecting fine features depicted in the binary image;
removing isnlated pixels depicted in the binary tmage; or filling holes depicted i the
binary inmage; and detecting edges depicted in the updated binary image.

{016} Cell segmentation van be performed on an intact tissue within a complex
environment, e.g., for cells that have an extracellalar matrix, such as brain fisspe,
Fluorescent mm-sitn hybridization images acquired for spatial ransceriptomies can be used
to enhanee the Hae features of the cells, e.g., dendrites of a nerve cell, and a nuclens-
stained Hmage to obtain single nuclet information. Cells morphology and features can be

obtamed while the tissue is still intact. For instance, features other than the cell
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membrane, such as tubules, can be preserved in the fluorescent in-sity hybridization

irmages.
[6011]  The details of one or more implementations of the subject matter deseribed in

this specification are sef torth i the accompanying drawings and the description below,
Other features, aspeels, and advantages of the subject matter witl become apparent from

the deseription, the drawings, and the claims,

BRIEF DESCRIPTION OF THE DRAWINGS
o012} FIG. 1 depiets an example of a cell defection system.
0013} FIGS. TA-TF depict images generated by the cell detection systam,
{0814} FIG. 2isa flow diagram of a process for identifying and labelling nacletin g
11S8nue.
[0015]  FHGS. 3A-3H depiot a flow diagram of, and example mmages for, a process for
generating cell featore data tor nuclet in a issue,
j6016] Like reference numbers and designations in the various drawings indicaie like

clements.

DETAILED DESCRIPTION
{3017} Some systems use membrane staining fo improve the confrast been cell
features of intevest and background content in timages of tissue. The cell features can be
used to define, classity, and differentiate each cell present in a heferogeneous population
of an intact tdssue. Such processes can be difficult in a complex environment, ¢.g.. for
tisaney that have an extracellnlar mateix, such as brain tissue. The membrane staining
processes might not maintain an infact tissue, e.g., the staining process might plerce one
or move layers, e.g., the cell membrane, of the nsspe. Further, some staming processes
might not aceurately capture the intrivate shape and structure and fine foatures of cach
cell, e.g., dendrites of a perve celll Some membrane staining processes may lose the
membrane-bourd proteins, be unable to use conventional antibodies markers to target the
cell roembrane, or both, since the tissoe sample 1s permeabilized prior to imaging. These
processes nyight also have poor signal, high vartability, discontimuity and additional time
needed for staining and unaging.
{B018] The cell detection sysiem deseribed in this document enables cell
segmentation on unages of an infact tissue within g complex environment, e.g., for cells

that have an extracellular matrix, such as brain Gssue. The cell detection system can use
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fluorescent in~stin hybridization images acquirved for spatial ranscriptomics to enhance
the fine features of the cells, ¢.g., dendrites ol a nerve cell, and a nucleus-sigined image o
obtain single nuclel information. The cell detection system can combine two intermediate
outputs from the twe images fo exiract data for single cells, depicted in the wages wiile
preserving the cells” morphology and features, c.g., while the tissue is stil intact. For
instance, the cell detection system can preserve features other than the cell membrane,
such as tubules, in the fluorescent in-situ hybridization images. Some example images
inchude ribonucleic acid (CRNATY mages, deoxyribonueleic acid ("DNA") images, and
images of viral seguences (an “RNA mmage,” “"DNA image,” etc., is shorthand for an
image generated by fluorescence microscopy using probes that target nucleotide segments
of the respective source malerial),

{6019} Since the cell detection system does not rely on membrane-stained images, it
dees not have the limitations of those processes, For instance, it does not have the poor
signal, hogh vanability, discontinuity, additional time needed for staming and imaging of
the membrane-stained image processes, or a combination of these, Instead, the cell
detection system has an improved signal, reduced varability, continuity, reduced time o
Process Hnages, or a combination of two or more of these, Further, the cell detection
systom can comnbine operations o extract the fine features, especially tubudes of the cells
i brain tissue. The cell detection system can generate data for mere elaborate
dovenstream analysis, like cell classification, e.g., more data, more acourate data, or both,
compared to other systems, The cell detection system can also be a more generalized
approach and 15 not himited to a spectfic dataset, e.g., in contrast to deep learning
PrOCEsses.

)

0020} The term “tissue™ heve refers to a group of cells of similar structare and
fanction, as opposed 1o individual cells. The color, texturing, and similar image
properties of tssues are significantly different from those of individual cells, so image
processing techniques applicable to cell classification ofien are not apphicable to
sepmenting images of tissue samples and classifying those scuments.

[0021}  FIG. | depicts an example of a cell detection system 100, The cell detection
system 108G includes multiple engmes for processing image data. For example, the cell
detection system 100 includes a fluorescent in-situ hybridization image processing enging
182 that processes fluorescent in~situ hybridization images 108 of tissues. The
Auorescent in-sity hybridization images 108 can be RNA images, DNA images, images of

viral sequences, or any other appropriate type of inages.
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{22 The Huorescent n-situ hybridization images 108 can be images of tissues
processed using a fluorescence in-sity hybridization process (“FISH” process). The other
sysien can use any appropiate process to create the fluorescent in-situ hybridization

mnages 108, For instance, another system can nse multiplexed FISH ("mFISH™), or a

Qe

multtiplexed ervor-robust FISH (“"MERFISH") process 1o detect individual molecales, e.g

SH {FemBPISH™Y.

&

RNA or IDNA or of viral sequences, with single-molecule F{
[0623]  The fluorescent in-situ hyvbridization image processing engine 102 can process
a first fluorescent in-situ hybridization mage 108a {see FIG, 1A}, from the fluorescent in-
situ hybridization images 108, to generate a Huorescent processed image 114 (see FIG.
IB} PFor matance, the fhiorescent in-sitn hvbridization image processing engine 102 can
amplify edges i the fluorescent -situ hybridization image 1082 and enhance images
structures depicted 1n the image {o geoerate the fluorescent processed image 14, as
discussed in more detail below, The fluorescent processed image 114 can include data
that reprosents predicted solated nucler,

j0024] A nuclear stained image processing engine 104, included in the cell detection
sysiem 100, can process @ nuclear stained image 110a {see FIG. 1) for the ussue. Por
mnstance, the cell detection system 100 can include a database of nuclesy stained tnages
HHD that include the nuelear stained nmage 1104, The nuclenr staned fmage processing
engine 104 retrieves, from the database, the nuclear stained mmage 110a that corresponds
i the same region of the tissue as the fluorescent in-situ hybridization tmage 108s
processed by the Hoorescent ip-sittu hyboidization image processing engine 102,

{0025] The suclear stained image processing engine 104 can analyze the nuclear
stained image 1{0a to determine a phuvality of regions that {it potential nuclei depicted in
the nuclear stained image 110a, In some examples, the nuclear stained image processing
engine 104 can segment the noclear stained tmage 110a by color, intensity, or both, to
generate a segmented image. The sepmented image includes the plurality of regions each
of which have a different color range, intensity range, or a combination of both. The
nuclear stained image processing engine 140 can analyze the regions to determine regions
that have a predetormined shape, e.g., ellipse or circle, a predetermined size range, e.g., 4-
& microns, or both, The nuclear stained image processing engine 104 can tag the regions
that have the predetermined shape, the predetermined size, or both, as wdentifving
potential nuclet,

j0026} The regions can be any appropriate size. For instance, the nuclear stained

image processing engine 104 can select different sized regions based on the potential

6
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auclet, e.g., the features depicted in the nuclear stained tmage 1104 that represent
potential nuclel.

o027} The nuclear stained image processing engine 104 can generate a nuclear
stained processed image 116 {see FIG, 1D, or other appropriate data, that identities the
pharality of regions. For example, the nuclear stained buage processing engine 104 can
gencrate the muclear stained processed image 116 that incluades region labels, depicted in
the nuclear stained processed 1mage 116, that represent the regions. The region abels ¢an
be circles, ellipses, or other appropriate shapes to represent the regions that are added to
the nuclear stained processed image 116, e.¢., and can be part of the content depicted in
the bmage or can be metadata stored with the fmage. The region labels can be a mask
depicted in the nuclear stained processed image Ha.

[aU28] In some examples, the anclear stained image processing engine 144 can
generate metadata that identifies the plurality of regions. The nuclear stained image
processing sngine 14 can generate region data that identifies the regions. The region
data can include coordinates, e.g., x and y coordinates, that represent the regions. The
coordingles can mdicate a center of & rogion, a point on an edge of the region, a radius or
a diameter for the region, or & combination of two or mare of these.

0829} A mask processing engine 106 can use data for the Quorescent processed
image 114 and dats for the nuclear stained processed image 116 to generate combined
image data 118 {see FIG. 1E), as discussed in more detail below, The mask processing
engine 106 can use the combined nmage data to generate one or more masks, The mask
processing engine 106 can use the masks © dentily nuclet, clusters ol vucled, or bath, in

the tissue, e.g., depicted in the fluorescent in-situ hybridization image 1082 and the

nuclear stained image 110a

joa30] The mask processing engine 106 can vse the masks to determine labels for
regions in the tissue, For instance, referving fo FIG. 1E, the mask processing engine can

determine predicted cell regions 122a-abe, predicied tissue regions 124a~-abe, and
pradicted emply regions 126a-abe, as shown in an example putput image 120,

0031} The mask processing @ngim: 106 can use the fluorescent processed image 114
as a mask for the nuclear stained processed image 116 when generating data for the
example output image 1200 The mask processing engine 106 need not penerate an output
image 120 but can generate cell feature data representing features of the example output
image 120, v.g.. the predicted cell regions 122a-abe, the predicted tissue regions 124a-

abe, the predicted enpty regions 126a-abe, or a combination of two or more of these.
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The mask processing engine 106 can use the two images 114, 116 to determine which
regions from the nuclear stained processed image 116 overlap with predicted nucled arcas
in the fluorescent processed image 114,

{6032} The mask processing engine 106, or another compaonent in the cell defection
system 100, can use one or more steps described in more detail below to generate data for
the example ontput image 120. For instance, the cell detection system 100 can generate
one or more intermediate masks using data for the fluorescent processed image 114, the
nuclear stained processed image 116, the fluorescent in~situ hybridization image 108a, the
nuclear stained image 1104, or a combination of two or more of these, e.g., as described
i more detail below,
[0033] The cell detection system 100 can provide cell feature data for the output
image 120 to another system for processing or perforn additional analysis on the data.
For instance, the cell foature data can identify segmented cells in the tissue depicted in the
fluorescent 10-situ hybridization image 1083 and the nuclear stained 1mage 1H0a, The cell
detection systenm 100 or the other system ean analyze the coll fosture data for the tissue
depicted m the images, e.g.. to determine the tissue’s spalial organtzation, connectivily,
functional propertics, such as an associgted gene, or a combination of two or more of
these.
0034} The cell dotection system 100 1x an example of @ system implemented ag
COMPAULET PIOZIANS O OBE OF More compuiers in one or more locations, in which the
systewns, components, and techpiques described i this document ave implemented. The
cell detection system 100 may use a single server computer or muliiple server computers
operating in conjunction with one another, inchuding, for example, a set of remote
computers deploved as a cloud computing service,
jOU35] The cell defection system 100 can waclude several different functional
components, ineluding the fluorescent in-situ hybridization image processing engine 102,
the nuclear stained image processing engine 104, and the mask processing engine 106,
The fluorescent in-situ hybridization image processing engine 102, the nuclear stained
image processing engine 104, the mask processing engine 106, or a combination of these,
can mchude one or more data processing apparatuses. For mstanee, each of the
fluorescent in-sity hybridization image processing engine 102, the nuclear stained image
processing engine 104, and the mask provessing engine 106 can melude one or more data
processors snd instructions that cause the one or more data processors 0 perform the

operations discossed herein.
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{36} The various functional components of the cell detection system 100 may be
instatled on one or more computers as separate functional components or gs different
modules of a same functional compenent. For example, the fluorescent in-situ
hybridization image processing engine 102, the nuclear stained image processing engine
104, the mask processing engine 106, or a combination of these can be implemented as
computer programs instalied on one or more computers in one or more locations that are
coupled to each through a network. In cloud-based systems for example, these
components can be implemented by individual computing nodes of a distributed
computing system.
{037y FH3. 2 1 a flow diagram of @ process 200 for identifving and labelling nucle
in a tissue. For example, the process 200 can be used by the cell detection svstem 100
described with reference to FIG. 1. The cell detection system can label nuclel with cell
feature dats that can be used to determine the tissue’s spatial organization, connectivity,
functional properties, such as an associated gene, or a combination of two or more of
these,
{0038} A cell detection systems obtatns a Huorescent mn-sity hybridization moage of a
tissue that depicts a plurality of cells (202). For example, the cell detection system can
obtain the Huorescent in-situ hvbridization inage from a database, an mput device, e.g.. a
camera, or apother appropriate sowrce. The database can be part of the cell detection
system or another system.
[0039] The cell detection system obtains a nuclear stained tmage of the region of the
tissue that includes the plurality of cells (204}, For tnstance, the cell detection system can
obtain the nuclear stained image from a database, e.g., stored on a memory incheded in
the cell detection svstem or another system. The cell detection svstem can obtain the
nuclear stained Image from any appropriate souree, e.g., an input device such as 8 cameri.
{0044 The cell detection system generates a mask that includes a plurality of arcas
that each have g position with respect to the tissue (206}, The mask can be generated
based en the region labels, e.g., the “holes™ in the mask can correspond to the labelled
regions. For example, the cell detection system can generate, as the mask, a binary image
that includes, for each region label, a corresponding area of the mask in which, bits have a
first value and, For the other areas in the image, the bits are set to have a second,
different value., The first value can be one or zero. The second value would be the
“opposite” of the Hirst value, e.g., zoro when the first value is one or one when the first

vahwe 13 zero

9
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{341} The areas can represent predicted nuclet areas, e.g., isolated nuclet areas. In
some examples, the arcas can represent predicted nuclet without distinguishing between

two adjacent nueled, e.g., two adjacent cell nuclet. The cell detection system can perform

one or both of steps 208 or 210 {o generate the mask,

{042} The cell detection systern enhances, in the fluorescent in~site hybridization
image, struetures depicted in the fluorescent in-situ hybridization image to generate an

enhanced image (208). The cell detection system can use any approprinie process to
enhance the structures. For example, the cell detection system can apply s Hessian-based
mudtiscale filter to the Huorescent in-siti hybridization image to enhance structures
depteted in the image. The cell detection system can enhance clongated structures,
tubnlar structures, or both, depicted in the Buorescent in-site hybridization image.
0043} The cell detection system detects edges depicted in the ephanced fluorescent
n~situ hybridization image to use for the mask (210). The cell detection systeny can use
any appropriate process to deteef edges depicted in the enbanced unage. For example, the
well detection systom can apply Sobel edge dotection to the enhanced Bimage to detect
edges of cells depicted in the enhanced image. The cell detection systenm can update the
enhanced mnage using data for the detected edges depicted in the enhanced image, e.g., by
wereasing a width of the detected edges, changing a color of the detected edges, or
otherwise amplitying the detected edges.
jO044] The cell detection system deternuines positions for a fivst plurality of regious
that {it potential nuclel depicted in the nuclear staned ymage (212}, For instance, the cell
detection systemn uses an appropriate fmage analysis process to detect the potential nuclet

depicted in the noclear stained image. The cell detection system can use one or more

steps described below with reference to FIG, 3A to determine the positions for the first
plurality of regions, e.g., step 310
[0045] The cell detection system can remove uneven background illumination from

the nuclesr stained image. The cell detection system can remove the uneven background
ilomination by perform a morphological top hat filter, e.g., with a large radius disk
element, on the nuclear stamed image.

{0046 The cell detection system can {1t regions 1o the potential nuclel, The regions
can be shapes, e.g., circles or ellipses. The cell defection system can use & Circular
Hough Transform to it the regions to the potential nuclel. The cell detection system can
fit the regions to the potential nuclei in the image with the uneven backgronnd

iHumination removed.
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{847} In some implementations, the cell detection system can fit regions to potential
nuclel with a metric, e.g., digmoeter, that satisfies a threshold value. For instance, the cell

detection system can it regions to potential nuclel with 8 metric, e.g., in normalized pixel
intensity, that is greator than ¢ minimum threshold value, eg., 0015, The cell detection
system can it regions to potential nuclel with & metric that s less than a magimum
threshold value,

[QU48] The cell detection system selects a second plurality of regions from the first
plurality of regions by determining, using the mask, which regions from the first plurality
of regions overlap with the position of an arca from the plurality of areas in the mask
{214}, The overlapping position can be with respect to corresponding positions from the
origingl images of the tssue that depict content for the same part of the tssue.

{0049} For example, the cell detection system applies the mask to the noclear stained
image to determine which regions from the first plurality overlap with an area from the
plurality of arcas. The cell detection system can reject the unselected regions as not
satisfying a threshold likelihood of representing a nuclens, Lo, the regions from the first
plurality of regrons that are not included in the second plurality of regions. The cell
detection system can select the regions i the second plurality of regions as satisfving 8
throshold Hikelhood of representing a nucleus.

058} The cell detection system labels the unique nuclel 1 the tissue using the
second plurality of regions that cach indicate a potential nuclei in the tissue {216}, For
instance, the cell detection system generates data for the regions m the second plurality of
veglons that wentifics the reglons as & potential naclet 1w the tissue. The data can mnchude
focation data, such as a center of the region, a shape defined by the region, or other
appropriate data.

joUs1} The order of steps in the process 200 described shove 1 ilustrative only, and
labelling the nuclet in the Gssue can be performed m different orders. For example, the
cell defection system can receive a nuclear stained fmage and then receive a fluorescent

in-sity hybridization image or recelve both images substantially coneurrently. In some
examples, the cell detection system can delenmine the positions for the first plurality of
regions substantially concurrently with, or before, generating the mask.

0052} In some implementations, the process 200 can include additional steps, fewer
steps, or some of the steps can be divided into multiple steps. For example, the cell

detection system can perform steps 206 and 212 through 216 without performing the
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other steps in the process 200, e.o., without performing ane or more of steps 202, 208, or
210,

jOU53] FIGS. 3A-3H depict 3 flow diagram of, and example images for, a progcess 300
for generating cell feature data for nuclet in a tissue, For exanple, the process 300 can be
wsed by the cell detection system 100 described with reference o FHG, 1

{054} A cell detection system loads a fhiorescent in-situ hybridization image 302a
and a nuclear stgined image 302b (302), For instance, the cell detection system can load
an RNA image, a DNA image, or a viras sequence image. The cell detection system can
foad, as a nuclear stained himage, a 4',6-diamidino-2-phenylindole ("DAPI™) image. The
vell defection system can load the two images sequentially. Both images depiet the same
region of a tissue, e.g. brain tssue.

0055} The cell detection system enhances structures in the fluorescent in-sity
hybridization image (304). The cell detection system can generate data for an enhanced
fluorescent 1a-situ hybridization image 304a, depicted mn PIGL 38, The data can represent
features for the image, mmage data, or both. The cell detection system can apply Hesstan-
hased multiscale liltering to the floorescent mn-situ hybridization image {o enhance
structures in the mage. The cell detection system can enhance the elongated and tubalar
structures of the cells in the Bissue, e.g., brain cells,

056} The cell detection system detects edges of the cells depicted m the Hluorescent
in-siiu hybridization image (306). The cell detection system can generate dats for an
edged fluorescent mesitu hybridization image 3064, depicted in FIG. 38, The cell
detection can find the edges of the cells depicted in the enhanced tluorescent m-situ
hivbridization image. The cell detection system can apply Sobel edge detection to the
Huorescent in-situ hybridization image, or the eohanced inage, to find the edges of the
cells,

{0057} The cell detection system creates an initial mask using the floorescent m-situ
hiybridization image (308). The cell detection system can generate an initial mask nsing
data for a segmented Image 308a, depicted in FIG. 3B, The cell detection system can
create the mitial mask of the enhanced fluorescent in-situ hybridization image asing the
detected edges. The cell detection system can perform thresholding operations,
morphological operations, or both, to create the mitial mask. The initial mask can

-

indicate cellular areas, e.g., that are likely regions in the tissue that include cell nuelei,

and other arcas that depict extracellular data, ¢.g.. content i the tissue other than cell

nuciet.
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{B058] For instance, the cell detection system can generate, as the mask, a binary
image from the enhanced fluorescent in-situ hybridization image. The cell detection
systenm can use a predefined percentage of a globat threshold computed using Otsu’s
method when generating the binary image.
HHTGH The cell detection system can perform one or more morphological operations
on the binarv image. For example, after applving intensity thresholding, some fine
features in the initial mask can oreate artifacts because of weaker or discontinuous signal
intensity. The artifacts can be holes or isolated pixels. The cell detection system can
clean up the mask by {illing one or more holes, reroving one or more isolated pixels, or
both. In some examples, the cell detection system can perform the operations fo connect
the fine foatures depicted i the binary image, remove the iselated pixels depicted in the
hinary image, fill holes depicted in the binary image, or a combination of two or more of
these, to create an initial nask, e.g., 1o segment the brain cells.
A The cell detection system defermines regions depicted in the nuclear stained
image (3103 The cell detection system can generate data for an intermediate image 310a,
depicted m FIG, 38, that represents the regions depicted 1n the nuclear stained tmage.
0061} The cell detection system can determine the regions by applving
morphoiogical top hat filtering {o the nuclear stained nmage 1o remove waeven
background ilumination from the nnclear stained mage. The cell detection systeny can
use morphological top hat filtering with a large radius disk element.
o062} The cell detection system can it a shape {o predicted nucler locations. For
instance, the cell detection system can analyze the filtered noclear stained image to
determine predicted nuclet locations depicted in the filtered nuclear stained image. The
cell detection system can use a Circular Hough Transform to it shapes, e.g., ellipses or
circles, to the nuelel locations.
[0063] The cell detection system can {3t shapes © predicted nuclet locations that
satisty one or more thresholds. For instance, the cell detection system can determine
pradicted nucled locations for nucled that each have a metric that satisfies a threshold, e.p.,
is greater than or equal to, or either, the threshold value.
{0064 The cell detection system can use data for the shapes as the data for the
ntermediate image 310a, For instance, the data for the shapes can represent the circles
depicied i the intermediate image 310a.
[0065]  The cell detection systen applics the initial mask to the regions depicted in the

nuclear stained image (312). The cell detection system can generate data for 8 fillered
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image 312a, depicted in FIG. 3B, as part of this step. For example, the cell detection
sysiem can compare the locations of the reglons with ihe inttial mask. The cell defection
systenm can setect, tor the filtered bnage, the regions from the intermediate tmage 310s
that align with the cellular arcas in the mitial mask, e.g. the segmented image 308a. For
example, when the fluorescent in-situ hyvbridization image depicts RNA featares, the cell
detection svatem can select the regions from the intermediate image 310a that align with
areas in the initial mask for which there 1s an RNA signal.
j866] The cell detection system determines whether a region likely represents a
stngle nuclei or a nuclet cluster (312). For example, the cell detection sysiem determines
whether any of the defermined regions overlap with other determined regions more than a
threshold amount. For any region whose overlap with all other regions does not satisty
the threshold overlap amount, the cell defection system Iabels the region as representing a
single nucleus. In some oxamples, a region does not satisfy the threshold overlap amount
when the amount of overlap between that region and all other regions 18 less than or equal

te five percent. The overlap amount can be a percentage or an arey, ©.g., measurad in

MHCTOnS.
{0067}  The cell detection system can Heratively snslvre all of the regions, e.g.. all

ellipses or circles, and compute the area overlap bebwoeen that region and each other
region. i the overlap mmount between two regions satisfies the threshold overlap
amournt, the cell detection sysiew can group the two reglons together, e.g., as a bucled
chuster, The cell detection system can contivue the Herative process to account for
veglons that overlap with more than one other region,

{3068] The cell detection system can store any appropriate data to indicate whether a
region belongs to a nuclet cluster or is @ single nucleus. For instance, the cell detection
system can store data for the centers and radit of any regions that represent a single
nuclens, and store data that associstes the centers and radii of all regions in a nucles

claster, The cell detection system can determine that each region either is g single

nncleus or belongs to a nuclet cluster.
HEUSY The cell detection system deternunes regions that have at feast a threshold

likelihood of representing a single nucleus {316a-d}). The cell detection system can
generate data that can represent a second intermediate Image 316e, depicted m FIG. 3B,
and indicates regions with single nuclet, and nuclei clusters, The cell detection system

can combine some regions into a single region due to overfitting.
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{3070} For instance, the cell detection system can determine an area of overlap
between cach region in a nuelet cluster, The cell detechion system can use the previously
computed area of overlap, e.g., from step 314,

{0071} The cell detection system can deferming whether an area of overlap between
two regions ina nucled cluster satisfies a second overlap threshold value (316a). If none

of the aveas of overlap for the regions in a nuclei cluster satisfies the second overlap

threshold, e.g., ave less than or equal to the second overlap threshold, the cell detection
system can determine to maintam the nucler cluster without any changes, e.g., to skip

combining of any two regions in the nuclet cluster. It the area of overlap Tor two regions
satisfies the second overlap threshold value, e.g., is greater than the second overlap
threshold value, the cell detection system can combine the two regions (316b). For
example, the cell defection system can combine regions with an area of overlap greater
than sixiy percent.

{072} The second overlap threshold vahue can be for both regions or a single region,
For instance, the coll detection system can combine two regions when sixty percent of the
smaller region overlaps some of the larger region. In some examples, the cell detection
systom can combine two regions when sixty percent of each of the regions overlaps the
other region, e.g., sixty-five percent of the larger region overlaps the smaller region and
seventy-e 1ght percent of the umaller region overlaps the larger region.

0073} The cell detection system deternuines whether i has analyvzed all of the regions
in a noclet cluster (316¢). For instance, the cell detection system determines whether an
index number for a current region being analyzed 1s the same as the total number of
regions in the nuclet cluster. If the current region number is not the same as the total
number of regions, the cell detection system continues the Herative process. The cell
detection system performs steps 316a-¢ for each nuclet chuster.

[0074] Onee the cell detection system has analvzed all regions in a nuclet cluster, e.g.,
determines that the current region number is the same as the total number of reglons, the
cell detection system determines whether the total number of regions is greater than one
{316d). If the total number of regions in the nocler cluster is one, the cell detection
svsiem determines that the region represents a single nuclens. If the total number of

regions in the nuclet cluster is greater than one, the cell detection system deternunes that

the regions represent a nuclel cluster,
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{3075} For the nuclet clusters, the cell detection system can perform one or more
operations to distingnish the nucles 1n a cluster from the other nuclet, as desentbed with
reference to FIGS. 3C-D.

[0076]  Asshown in FIG, 3C, the cell detection syster can process each muclet cluster
individually to 1dentify the namber of nucle present. For each nuclet cluster, the cell
detection svatem can croate a first mask to section the nuclear stained image signal and a
second mask e.g., a circular mask, using detected regions for rejection, as discussed in
more detail below,

{0077} The cell detection system can apply canny edge detection to the intermediate
image to find the edges of the nuclei (318}, The intermediate image is the intermediate
image 310 generated during step 310

{6078} The cell detection system can perform a first set of morphological operations
on the edged image to accentuate the unique, “strong”™ nuclet in the closter 1o generate &
unigue pucler mask (32())\ For exampie, the cell detection system can perform one or
more operations on the sdge image similar to the morphological operations described
above with reference {o step 308,

0079} The cell detection system can label a region as corresponding o & unique,
“strong™ aucleus when the eivcularity of the region satisfies a threshold value., For
instance, the cell detection system can label the region as corresponding o @ unigue,
strong nucleus when the circularity, e.g., rounduess, of the regions is greater than 0.8,

The cell detection system can use reglons for unique, strong nucled to extract weaker

aueled, as described in move detail below.
{3080} For example, the cell detection system can keep, for the unigque nucler mask,

the regions that have an overlap area that satisties a third overlap threshold value, The
third threshold ovedap value can be forty percent. In some examples, the cell detection
system can remove from the unique nuclel mask the regions whose area of overlap does
not satisty the third overlap threshold value, e.g., when the unigue nuclel mask initially
has data for regions that both satisfy and do not satisfy the thivd overlap threshold value.
{0681}  The cell defection system can perform a second set of morphological
operations on the edged image o extract the boundaries of the cluster of nuclei and to
generate a cluster boundary mask (320). The cell detection svsteny can keep, for the
cluster boundary mask, the regions that have an overlap area that satisfies a fourth overlap
threshold value, The cell detection system can remove, from the cluster boundary mask,

those regions whose area of overlap does not satisfy the fourth overlap thresheld value
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&2, when the cluster boumdary mask mitially includes those regions. The fourth overlap
threshold value can be forty percent. The cell delection system can keep those regions
that have an overlap area that is less than forty percent, e.g., that satisfies the fourth
overlap threshold value,

joR2y In some implementations, the celt detection systens can keep, for the cluster
boundary mask, the regions whose circularity satisfies a circularnity threshold, For
instance, the cell detection system can keep the regions whose circudarity is above 0.3,
The cell detection system can reject, for the cluster boundary mask, the regions whose
circplarity does not satisty the circulanily threshold.

BOR3] In some implementations, the cell detection systenm can keep, for the cluster
houndary mask, reglons whose area satisfics a threshold area, The cell detection svstem
can reject the regions whose area does not satisfy the threshold avea. The threshold area
can be 300 pixels. o some examples, the cell detection system can receive data that
indicates user input that specifies the threshold area.

0084} The cell detection system subtracts one mask from the other to obtain a
subtracied mask {322). For instance, the cell detection sysiem can subiract data for the
unique anclel mask from dats for the chuster boundary mask {cluster boundary mask -
unique nucler mask) to obtam subtracted vegions 1 the cluster of nuclet which do not
represent unique, strong muclel. The cell detection system can nse data for the subtracted
regions gs the subtracted mask.

{0085} The cell detection system analyzes the subtracted mask to determine whether
there are unique nuclet represented by the subitracted wask (3243 For iustance, the cell
detection system can compare each subtracted region in the subtracted mask with the
cluster boundary mask. The cell detection system can determine whether 3 subtracted
region from the sabtracted mask includes a anique nucleus using a circularity of the
subtracted region. For instance, when the circulanity of the subtracted region satisfies a
threshold valne, the cell detection system can determine that the subtracted region
includes a unique nuckeus. When the cirenlarity of the subtracted region does not satisty
the threshold value, the cell detection system can determine that the subtracted region
dees not include & enique muwlens. With a threshold value of (.3, the cell detection
system can determine that a subtracted region has 8 wuque nocleus when the circularity
of the subtracted region is greater than 0.3, Using the same threshold value, the cell
detection system can determine that g subtracted region does not have g umique ancleus

when the circularity of the sabtracted region is less than or egual to 8.3,
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BRG] In some implementations, the cell detection system can determine whether the
subtracted mask contains a unique, strong nucleus. I the subtracted mask does not
inchude a unigue, strong nucleus, the cell detection systen can determive that the
subtracted mask dees not include any wiique nucler, 1 the subtracted mask includes at
least one anique, strong auclens, the cell detection system can analyze gach sublracted
region in the subtracted mask to determine whether the subtracted region inchades a
unigue nucleus.
{0087} When the cell detection system determines that a subtracted region from the
sabtracted mask doees not include a wque nocleus but there is overlap between the region
it the subtracted mask and the cluster boundary mask {326), the cell detection system can
add the subtracted region to the untyue nuclel mask (3283,
G088} When the cell detection system determines that a subtracted region from the
subtracted mask includes a mnique nucleus, the cell detection system determines whether
the subtracted region overlaps with other regions m the subiracted mask (330), Ifthe
subtracted region does not overlap with other reglons n the subtracted mask, the cell
detection system can add the subirscted region (o the unigue nuclel mask (328),
[0089] I the subtracted region overlaps with other regions in the subtracted mask, the
cell defection system can determine the circularity of the region. The cell delection
system can determine whether the eirculanity of the region satisfies a threshold civculanity
{332}, The threshold circularity can be 0.3, When the circularity of the subtracted region
satisties the threshold circulanty, e.g., 18 less than 0.3, the cell detection system can
remove the region from the subtracted mask (334). When the circularity of the subiracted
region does not satisty the threshold circolarity, the cell detection system can label the
subtracted region as a single nucleus,
o090} The cell defection system can caleulate the centroids, radii, or both for the
regions in the anigue nuclel mask, the subtracted mask, or both (338). For instance, the
cell detection system can caleulate the controids and radii for the regions i both masks,
The cell detection system can label each of the regions in the unigue nuclet mask and the
subtracted mask as single nuclet. The cell defection system can generate data that
represents an individual nuclel image 338a, depicted in FIG. 3D,
{0091} The cell detection system can use data for the locations of the single nuclei to
segment the initial mask, c.g., the mask created in step 308, into single nucled, as

&

desortbed with reference to FIGS. 3E-G.

18



WO 2022/046494 PCT/US2021/046553

92} The cell detection svstem can combine taples in the initial mask that satisfy a
threshold value (340) {o create g cleanup mask 340z, depicted i FIG, 3P, Por example,
the cell detection system can apply a morphological closing operation the nitial mask ©
connect the nearby tobules, The cell detection svsteny can remove, o.g., reject,
unconnected regions 1n the initial mask using the locations of the singl‘ﬁ nuclet, e.g., from
the unigque nuclet mask and the subtracted mask.

{0093} The cell defection system can process each region in the initial mask to
individually segment the regions inte single nuclei regions. For instance, the cell
detection system can compate 8 Geodesie Distance Translorm (342). The celf detection
systemn can use the centers of the single nuclel in the region as sced points to the
transform, The cell detection system can compute a guasi-Eoclidean Geodesie Distance
Transform. The cell detection system can use the transform to generate data for a third
ntermediate image.

{094} The cell detection system can apply watershed segmentation on the third
intermediate image to segment the region inte single nuclel regions (344), For instance,
the cell detection system can generate g watershed segmented image 344a, depicied in
FIG. 3F, by applving watershed segmentation B an intermediate image generated using
the Geodesie Distance Transform,

093] The cell detection system determines whether there 1s more thay one nucleus
in a region {346). Upon delenmining that there is only a single nucleus 1o a region, the
cell detection systemn can store data for the entire vegion, prior to watershed, as the sigle
auclet (348 The cell detection system can store the data for the entire region ina
database, in the vpigue nuclel mask, or both,

096} Upon determining that there a regron includes multiple nuelel, the cell
defection system can obtain the segments in the region which were rejected by watershed

segmentation (3503 For mstance, the watershed segmentation can reject the segments

with small arcas,
{097} The cell detection systen can determine whether a region melades multiple

nucler using the unique nuclet mask, described above, The cell detection system can
compare the region with the mask to determine a number of cells that overlap between the
region and the mask. The cell detection system can then use the number of overlaps as

the number of nucled in that region, e.g., such that a region with multiple nucted will have

mudtiple overlaps.
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{3098} The cell detection system can determine whether the rejected segments satisfy
one or more thresholds (352). The cell delection system can determine whether the
segments have a circularity that satisfies a circularity thresheld, e.g., is greater than (.04,
The cell detection system can determine whether the segments have a solidity that
satistics a solidity threshold, e.g., is greater than 0.3,

HHBS Upon determining that the rejected segment does not satisfy at least one of the

thresholds, the cell detection system can determine that the segment is g separation line

{354). The cell detection system can determine to skip further processing for the

segment.
186} Upon determining that the rejected scoment satisties all of the thresholds, the

cell detection system can detenmine to which watershed regions the segment overlaps
{356). The cell detection system can determine whether the segment containg & unique
nuclens (358). If the scgment contains a umque mncleus, the cell detection system can
correet a corresponding region to mcorporate the segment as a single cell region {360},
The cell detection system can update data for the region in the cluster boundary mask to
imcorporate the segment as a single cell region.
0161} i the segment does not contain a unique nuclous, the cell detection system
deternmines whether the segment overlaps only one watershed region (362}, ifthe
segment only overlaps one watershed region, the cell detection systen merges the
segment to the appropriate watershed region (364).
jo182} When the cell detection systeny determines that the segment overlaps with
multiple watershed regions, the cell defection system divides the segiment mito parts {366).
The cell detection system can divide the segment into parts using the segments centrowd
and endpoints to create Hoes for separation. The cell detection system merges the parts
into corresponding watershed regions (366).
[0183] For instance, the cell detection system can, for cach segment, find the centreid
postiion of the segment and obtain the endpoints from a skeleton of the segment. From
the nnltiple endpeints for the segment, the cell detection system can determine a number
of endpoints that are closest to the centrord of the segment. The cell detection system can
use, as the number of endpoints, the number of regions that border the segment. For
instance, if the segment is connected to two regions, the cell detection system can find the
two closest endpoints; if segment is connected o three regions, the cell detection system

can find the three closes endpoints; and so on.
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j104] The cell detection system can ereate a mask of lines of separation starting
from the centroid 1o cach of the endpomts. For exan’lpic, when a segment is connecied to
connected to three regions, the cell detection system can ¢reate three lines for three, ele,
jH105] The cell detection system can divide 8 segment Into two or more parts using a
aumber of watershed regions that connect to the segment, The cell detection system can
divide the segment such that there 1s one part for each region. If the segment connects to
twe watershed regions, the cell detection system divides the segment into two parts; if the
segment connects to three watershed regions, the cell detection systern divides the
segment into three parts; ete. To create the parts, the cell detection system can apply the
mask of the lines of separation to the segment to split the segment info the reguired
number of parts.

[0106] The cell detection system can then merge the parts created from the segment
with the watershed regions. o some examples, the cell detection system can merge the
parts mto the watershed regions by combining both masks, e.g., the mask of Hues of
separation and a mask for the watershed regions, using a logical operation.

{0167} The cell detection system detenmines whether the pumber of regions equals
the number of antque nuclel (36K}, When the munber of regions equals the nuraber of
unigue nuclet, the cell detection system uses the segments o update the rejection mask.
0108} For instance, after applying watershed segmentation, the cell detection system
may lose the tubules and proteusions detected in the segmented image 308a. The tnbules,
protrusions, or both, nught appear in the data as segruents. Since each watershed region
corresponds to a single nuclens, e.g., cell, the cell detection systemt should keep the

&

number of watershed regions the same while recovering at least some, e.g., all, of the lost

&

fubales and protrusions {which are now the segments) to the corresponding watershed

FORIONS.
{8109} In some implementations, when the cell detection svstem merges parts of
segments with watershed regions, e.g., in step 366, multiple watershed regions might get

merged together, For mstance, the cell detection system might accidently merge two
watershed regions together. In this instance, the number of watershed regions would be
less than the number of wuque nuclel, For example, for two pariicular adjacent
watershed regions that each border a segment, the cell detection system niight split the
sepment into two parts, sod merge one of the parts with cach of the two particular

adjacent watershed regions. H, during the process of merging the parts with the
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watershed regions, the two watershed regions became one, e.g., got connected to sach
other, the cell detection sysiem can perfonm one or more additional operations to correct
the merged watershed regions.
{6114} When the number of regions does not equal the number of unigue nuclet, e.g.,
amd 13 less than the manber of unigue nucled, the cell detection system determines, for
cach of the sepments, a number of times the segment overlaps with & watershed region
{370). The cell defection system can remove the segment with the greatest number of
overlaps with watershed regions (372}, The cell detection system can repeat step 372
until a number of regions matches the number of unigoe nuclel. In some examples, the

ey
;‘

vell detection system can repeat step 372 until a threshold number of Herations is
satisfied, e.g., for ten iterations,
{0111} 1_}1“3911 detesmining that none of the segments have any overlap with a
watershed region, the cell detection system thickens the segments to oreate overlap
between the segments and the regions (374), The cell detection system can perfonm an
iterative process to thicken the segments, ¢.g.. by thickening the segments a first amount,
determining whether there s overlap, and repealing this process uatil there is overlap.
Oice at least one of the seements overlaps a watershed region, the cell detection system
can remove the segroent with the ughest number of overlaps. Forwstance, the cell
detection systeny can merge the parts of the segment with the highest number of overtaps
with the watershed regions with which the segment overlaps, e.g., perfonn step 364 or
366 depending on the number of overlaps.
{0112} The cell detection system can repeat one or more of steps 340 through 374,
e, untit the number of single cell regions, e.g., the mavber of watershed regions,
natches the number of unigque nucled, based on step 368, Upen deternuning that the
number of single cell regions maiches the number of unique nucled, the cell detection
system can combine all the single cell regions for all the regions in the masks, ¢.g., the
unique nuclel mask, the claster boundary mask, the rejection magk, the initial mask, or a
combination of two or more of these
0113} The cell defection system can thicken a mask, label the single cell regions in
the mask, or both, as described with reference to FIGS. 3G-H. For instance, the cel
detection system can merge the unique nacler mask, the cluster boundary mask, and the

rejection mask to create a final mask (376}, ¢.g.. to combine all the single cell regions for

all the regions in the masks, The cell detection system can then thicken the final mask,
label regions in the final mask, or both.
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ji 14} The cell detection system can thicken the final mask (378). The cell detection
sysiem can use g predefined number that indicates @ number of pixeds. The number of
pixels can be a minimum thickness for lines in the mask, a number of pixels to add 1o
each of the lines iy the mask, or another appropriste value, The cell defection system can
thicken the final mask to generate a clearer signal of the data represented by the mask
than a non-thickened mask.

{0115} The cell detection system labels the regions in the final mask (380). The cell
detection system can label the single cell regions in the final mask. The cell detection
system can label the regions in the fnal mask by creating entries 1 a database that
associate the regions with a label. The regions can be identified by coordinates for the
mask, The fabel can indicate a nocleus classification, gene data, or other appropriate
label data for the nucleus that corresponds 10 the region.

{0116} The cell detection system can penerate a binary inage of the fluorescent in-
situ hybndization image (3823, In mnplementations In which the call detection system
previously generated a binsry image of the fluorescent in-situ hybridization image, ¢.g.. n
step 308, the cell detection systemt can use the previously generated binary froage.

{6117} o some examples, the cell detestion system can generate @ binary image with
a 15% global threshold computed asing Otsu’s method, The coll detection system can
generate the complement of the resulting binary image to obtain g no cell mask of the
regions with no cells (384,

{0118} The cell detection system can generate a corabined mask (386}, The cell
detection system can generate the combined mask from the no ccll mask and the
thickened final mask, e.g., a cell mask. The cell detection system can generate the
combined mask that represents the outside extracelinlar tissue matnix of tissue.

[6119] The cell defection system can store the fluorescent insttu bybridization image,
the nuclear stained image, the centers and radii of the single nuelel, the conters and radii
of the final mask, the centers and radil of the combined mask, the centers and radii of' the
no cell mask, or a combination of two or more of these, in memory. The cell detection
systemn can provide some of the stored data to another system for further processing or
use some of the stored data for further processing, e.g., to determine the tissue’s spatial
organization, connectivity, functional properties, such s an associated gene, or g
combination of two or more of these,

j0120] The order of steps in the process 300 described above s Wlustrative only, and

generating cell feature data for mucled ina tissue can be performed in different orders. Por
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example, the cell detection system can perform step 310 before or substantially
concurrently with steps 304 through 308, The cell detection system can portonm step 382
before or substantially concurrently with any of steps 310 through 380, The cell detection
system can perform steps 310 through 338 affer or substantially concurrently with steps
340 through 358,

{121} in some implementations, the process 300 can include additional steps, fewer
steps, or some of the steps can be divided into multiple steps. For example, the cedl
detection system can perform steps 304 through 312 without performing any of the other
steps in the process 300, The cell detection system can perform steps 304 through 312
with one or more of steps 318 through 336 without performing the other steps in the
process 300,

{6122} A munber of implementations have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and
scope of the disclosure. For example, varnious forms of the flows shown above may be
used, with steps re-ordered, added, or removed.

{0123} Embodiments of the subject matder and the fanclional operations deseribed in
this specification can be mmplemented in digital electronic circuitry, i tangibly-embodied
computer software or fitmware, w computer hardware, including the stroctures disclosed
in this specification and they structura! equivalents, or in combinations of one or more of
them, Embodiments of the subject matter described 1 this specification can be
implemented as one or more computer programs, n.e., oue or more modules of computer
progran instructions encoded on g tangible non-transitory program carrier for execaiton
by, or to control the operation of, data processing apparatus. Alternatively or in addition,
the program instructions can be encoded on an artificially-penerated propagated signal,
£.g., & machine-generated clectrical, optical, or electromagnetic signal, that is generated to
encode information for ransmission to suitable recetver apparatus for execution by a daia
processing agpparatus.  The computer storage medinm can be g machine-readable storage
device, a machine-readable storsge substrate, a random or serial access memory device,
or a combination of one or more of them.

{6124 The term “data processing apparatus™ refers to data processing hardware and
encompasses all kinds of apparatus, devices, and machines for processing data, including
by way of example a progranumable processor, a computer, or multiple processors or
computers. The apparatus can also be or further include special purpose logie circuitry,

e.g., an FPGA (field programmable gate array) or an ASIC {application-specific
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integrated circudt). The apparatus can optionally inclede, in addition to bardware, code

that ereates an execytion environment for compater programs, e.g., code that constitnles

o

system, or a combination of one or more of then

jB125] A computer program, which may also be referred to or deseribed as a
program, software, a software application, 2 module, a software module, a script, or code,
can be wrilten in any form of programming language, incloding compiled or interpreted
languages, er declarative or proceduoral languages, and it can be deploved in any form,
including as a stand-alone program or as a module, component, subroutine, or other anit
suitable for use in a compuiing environment. A computer program may, but need not,
correspond o a file in a file system. A program can be stored in a portion of  file that
holds other programs or data, e.g., one or more seripts stored in a markup langnage
document, in a single file dedicated to the program in question, or in multiple coordinated
files, .., files that store one or more modules, sub-programs, or portions of code, A
comymier program can be deployed to be sxecuted on one computer or on multiple
compuiers that are located at one site or distribuled across mulliple sifes and
mierconnected by a communication network.

0126} The processes and logie Hows deserbed in this specification can be performed
by one or more progranunable computers executing one or MOTS computer programs to
perform functions by operating on input data and generating output, The processes and
logic fows can also be performed by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field progranunable gate armay) or an ASIC
(application-specific integrated civewit).

0127} Computers suitable for the execution of a computer program include, by way
of example, general or special purpose microprocessors or both, or any other kind of
central processing umit. Generally, a central processing unit will receive mstructions and
data from a read-only memory or a random aceess memory or both, The essential
clements of a computer are a central processing wnit for performing or exccuting
instractions and one or more memory devices for storing imstructions and data,

Cenerally, & computer will also include, or be operatively coupled to receive data from or
transfer data to, or both, one or more mass storage devices for storing data, ¢.g. magnetic,
magneto-optical disks, or optical disks. However, a computer need not have such
devices. Moreover, a computer can be embedded in another deviee, ¢.2., 8 mobile

ielephone, a smart phone, a personal digital assistant (PDA), a mobile andio or video
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plaver, a game console, a Global Positioning System (GPS) recetver, or a portable storage

device, ©.¢., a universal serial bus (USB) Hash drive, to name just a few,
0128} Computer-readable media suitable for storing computer program instructions
and data wnclude gll forms of non-volatile memory, medig and memory devices, including
by way of example semiconductor memory devices, e.g., EPROM, EEPROM, and flash
memory devices; magnetic disks, e.g., internal hard disks or removable disks;
magneto-optical disks; and CD-ROM and DVID-ROM disks. The processor and the
memory can be supplemented by, or incorporated in, special purpose ogic cireuitry,
{0129} To provide for mteraction with a nser, embodiments of the subject matter
descrtbed In this speciflcation can be moplemented on & computer having a display device,
., LOD (igquid crystal display), OLED (organic light emitting diade) or other monitor,
for disp}aying information to the user and a kevhoard and a pointing device, c.g., a monse
or a trackball, by which the user can provide input to the computer. Other kinds of
deviees can be used to provide for interaction with a user as well; for oxample, feedback
provided to the user can be any form of sensory fecdback, e.g., visual feadback, auditory
i’?ctf:dback, or tactile toedback; and joput from the user can be recetved in any form,
ncluding acoustic, speech, or tactile inpput. In addition, & computer can interact with 8
user by sending documents to and recetving documents from g device that 18 used by the
user; for example, by sending web pages o & web browser on 2 user’s device in response
{0 requests received from the web browser.,
{0138} Embodiments of the subject mater described m this specification can be
implemented wm a computing system that tnclodes a back-end component, e.g., as a dala

server, or that includes a middleware component, ¢.g., an apphication server, or that

includes a front-end component, ¢.g., a clicnt computer having a graphical user imerface
or & Web browser through which a user can interact with an mplementation of the subject
matter described in this specification, or any combination of one or more such back-end,
middieware, or front-end components. The components of the system can be
interconnected by any form or medivm of digital data communication, e.g., a

connrunication network, Examples of communication networks include a local arca

network (LAN) and & wide area network {(WAN), & o internst.
[0131] The computing system can include clionts and servers, A client and server are

generally remote fron cach other and typically interact through a communication
network. The relationship of client and server arises by virtue of computer programs

rnnng on the respective computers and having a client-server relationship to each other.
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In some embodiments, a server fransmits data, e.g., an HyperText Markup Language
{HTML} page, t© a usey device, e.g., for purposes of displaving data to and receiving user
input from a user interacting with the user device, which acts as a client. Data generated
at the user device, e.g., a result of the user interaction, can be received from the nser
device at the server,

{3132 While this specification contains many specific unplementation details, these
should not be construed as hmitations on the scope of what may be claimed, bat rather as
deseriptions of {eatures that may be specifie to particular embodiments. Certain features
that are described in this specilication wn the context of separate embodiments can also be
umplemented i1 combination in a single embodiment. Conrversely, various featores that
are described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable subcombination. Moreover, although features
may be described above as acting in certain combinations and even inttally claimed as
such, one or more features froon 4 olaimed combinalion can i some cases be exetsed
from the combination, and the claimed combination may be dirceted to a subcombination
or variation of a subcombination.

{0133} Stoibarly, while operations sre depicted in the drawings i a particular order,
this should pot be undersiood as requiring that such operations be performed in the
particuiar order shown or in sequential order, or that all {Hustrated operations be
performed, {0 achieve desirable results. o certain circamstances, maltitasking and
parallel processing may be advantageons. Moreover, the separation of various system
modules and components i the embodiments described above shonld not be understood
as requiring such separation in all embodiments, and it should be understood that the
described program components and systems can generally be integrated together in a
single soflware prodact or packaged into muliiple software products.

[0134] Particular embodiments of the invention have been described, Other
embodiments are within the scope of the following claims. For example, the steps recited
in the claims, described in the specification, or depicted in the figures can be parformed in
a ditterent order and stilt achieve desirable results. In some cases, multitasking and
paratlel processing may be advantageous.

j0135] What 15 claimed is

[
-~
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CLAIMS

1. A computer-implemented method comprising:
obtaining a Hoorescent in-situ hybnidization image of a tissue that depicts a
plogabity of cells;
obtaining a nuclear stainad image of the tissue;
generating 8 mask that includes a plurality of areas that each have a position with
respest to the tissue by
enhancing, in the {luorescent in~site hybridization image, structures
depicted n the fluorescent in-situ bybridization mage: and
detecting edges depicted in the enhanced fluorescent in-sitn hybridization
mnage to use for the mask;
determining positions for a first plurality of regions that it potential nuclel
depicted 1o the nuclear stained 1mage;
selecting 8 second plarality of regions from the first plurality of regions by
determining, vsing the mask, which regions frow the frst plurality of reglons overlap
with the position of an arca from the plurality of areas m the mask; and
labelling unique noclel in the Ussue using the second plorality of regions that each

indicate a potential nuclel in the tissue,

. The method of clatm 1, wherein labelling the unigue nuclet n the tissue using the
second plurality of regions that cach indicate a potential nuclet in the tssue comprises
associating each region in the second plurality of regions with a nuclet chuster;
for each of the nuclel clusters:
deterimining, for cach region associated with the nuclel cluster, an area of
overlap between the region and a closest region in the nucled cluster using the positions of
the regions with respect to the tissue; and
generating a first mask that represents cach region associated with the
nuclet cluster whose area of overlap satisfies a threshold overlap and size satistios 8 first
threshold size using the nuclear stained image; and

labelting the unigue auclet of the tissue using the first mask,
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3. The method of claim 2, comprising:
performing edge detection on data for the muclear stained image of the tssue o
generate edge detection data, wherein generating the first mask comprises generating the

first mask using the edie detection data,

4. The method of any of claims 2 through 3, wherein labelling the unique nuclel in the
tissue using the second plurality of regions that each indicate a potential nucler in the
tissue comprises:

for cach of the nuclel clusters:

senerating a second mask that represents each region assoiated with the

nuclet cluster whose area of overlap satisties the threshold overlap and size satisfies a
second threshold size smaller than the first threshold size using the nuclear stained mmage;
and

labeling the wanique nuclet of the tissue using the fivst mask, and the second mask.

3. The method of claim 4, wherein labelling the unigue nuclel in the tissue using the
second plarality of regions that each indicate o potential nuelel in the tissue comprises:
for each of the nuclel clusters:
generating a third mask using a ditference between the first mask and the
second mask, the third mask including one or more subiracted regions that represent the
difference; and
labelling the unigoe nuclet of the tissue using the first mask, the second mask, and

the third mask.

6. The method of claim §, comprising updating the first mask to mclude the subtracted
regions from the third mask that overlap with a reglon represented by the second mask

and do not depict a unique nucleus.

7. The wethod of any of claims § through 6, coroprising lebelling, for each sublracted
region in a third mask that has a unigue nuclens and whose size satisfies a second

threshold size, 8 subtracted region from the third mask as 2 wnigque nocleus,

8. The method of any preceding claim, wherein:
obtaining the luorescent in-site hybridization image comprises olwtaining the

Huorescent in-situ hybridization image of the tissue thet has an extracellolar matrix; and
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obtaining the nuclear stained image of the tissue comprises obtaining the nuclear

stained image of the tissue that has an extraceliular matrix.

9. The method of any preceding claim, wherein:

obtaimng the Hluorescent wn-situ hybridization tmage comprises obtaming the
fluorescent in-situ hybridization image of the tissue that depicts the plarality of cells with
fubagdar strociures; and

obtaining the nuclear stained image of the tissue comprises obtaining the nuclear

stained image of the tissue that depicts the plurality of cells with tobular structures,

10, The method of any preceding claim, wherein delecting edges depicied in the enhanced
fluorescent in~-situ hybwidization image comprises;

generating a binary tmage from the enhanced fluorescent in-situ hybridization
image;

generating an updated binary image by performing one or move of)

connecting fine features depicted in the binary image:

removing iselated pixels depicted in the binary image; and

filling holes depicied in the hinary image; and

detecting edges depicted in the updated binary inage.

L

11, A non-transitory computer storage medinm encoded with instractions that, when
executed by one or more computers, canse the one or more computers o perform the

method of any preceding claim,

12, A system comprising one or more computers and one or more storage devices on
which are stoved instructions that are operable, when executed by the one or nore
commpaters, to cause the one or more computers fo perform the method of any of claims |

HeR i
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