1 A Method and Systemfor Determning a Stage of Fibrosis in a Liver Field
of the invention 5The present invention relates to a nethod and system for
determ niwg 0113t28@8 of fibrosis in a liver. The present pcmgenbiiooosil i zes
a nethod for generating a plurality of nmeasurenents relating to a plurality
of norphol ogi cal features in the liver. 10Background of the Invention The

stage of a disease is a neasure of howlfar t he di sease has progressed in

its natural h'_ﬁ‘-ffi/@'iﬁod W l@:ﬁﬁﬁg?@ﬂ%éfe?&%lﬂé%aﬂgﬁ r&FHbIidsiOin! é:LfVE? death of a
patient with sease.

In other words, 15the grade (or stage) of a disease reflects hOM/QUICk|y
the disease is Rrogre53|ng to the end stage [1]. In nost forns of chronic
liver di tage involves a | arge anount of fibrosis or
cirrhosis, whereas |ower anmounts of fibrosis or cirrhosis are 20 present in
the liver during the earlier stages. Descriptive or sem-quantitative
scoririg syis¢ nsseriynientiosett|dtes goadenethad MQQ,/SItémeﬁor kliemmynisgrmlsmge For
exanpl e, radjtijonal hod of agssessi. degre flbr05| a
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in the I| bi opsy sanple. Furthernore, “in a first” sem -quantitative
scoring shiwrem inplenented in the 1980s, a range of nunbers representing
different categories was allocated to different pat hol ogi cal features on
the basis of their severity [2]. Exanples of routinely used scoring systens
al so joncl gdexdrbendaodr] InvBhad®! ogi cal activity index (HAI) [3], Scheuer

[4], Ishak [5] and METAVIR[ 6] 30 systens. However, pathol ogical features
used in these systens are usually not clearly defined and are sonewhat

anbi guouszngssgag;e; §f8'a’1sea[sh usgébﬁ%af&r@%‘? WA e LSS AR BIdUrdsddy tnese

systens t y on servVvers
its natural history, with the end stage usually resulting in the death of a patient

with the disease and/or the failure of an organ with the disease. In other words,
15 the grade (or stage) of a disease refiects how quickly the disease is progressing

to the end stage [1].

in most forms of chronic liver diseases, the end stage involves a large amount
of fibrosis or cirrhosis, whereas lower amounts of fibrosis or cirrhosis are
20 present in the liver during the earlier stages. Descriptive or semi-quantitative
scoring systems may be used to grade and stage liver biopsy samples. For
example, a traditional method of assessing the degree of fibrosis in a liver
biopsy sample may involve giving the liver biopsy sampie a grade (“absent”,

n &

“mild”, “moderate”, or “severe’) based on the amount of fibrosis in the liver
25 biopsy 'sample. Furthermore, in a first semi-quantitative scoring system
| implemented in the 1980s, a range of nhumbers representing different categories
was allocated to different pathological features on the basis of their severity [2].
Exampies of routinely used scoring systems also include the Knodell
histological activity index (HAI) [3], Scheuer [4], Ishak [5] and METAVIR[6]
30 systems. However, pathological features used in these systems are usually ndt
clearly defined and are somewhat ambiguous. As a resuit, the grading and

staging scores obtained in these systems tend to rely on the observers’
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quantitative neasurenents which can he

However ,
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ve opinions. Therefore, using these systens, inter- and intra-
variations can be as high as 35% mnmaking it difficult to obtain
ewoadugizBles results [7 - 9]. 5In several studi epcascatmwooizn Tabl e
17], liver fibrosis is quantified using i mage anal ysis. The
-ai ded systens in these studie$ aimto provide objective
p reduce observer discrepancies.
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Furt her nore,

e fibrgsis is the fibrosis area. However, other pathol ogical
resuéh(as Hi brosi s architecture) often play an equal ly inportant,
role in grading and staging fibrosis [2].

al t hough sone correl ations between the fibrosis area and the

sen - guarini deatralaststios @s sheven incpabie dd10n- 1 Ak livBstibrdsisss quiaetibedusingof

fibrosis

1S not speci f the scori syst

At hor & v BN PSS hoear e bp R Aded Sxbitare B Biedensiubiaa ol (B OYRE: ¢ h(s)

Techni queligeciM QL EHttsIvEt nORRrMLhQ YRhROSESh anepMaridalceal observer
[11]trichronmethreshol ding stained M Masseroli 2000 Sirius
RedPer i sidiasrepdatickuHaves\erenllaif. thp1systeaisnisd B stidipershpvint &l Takiedhol di ng
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10 variations. Also, in most of these systems, the only measurement to grade and
stage fibrosis is the fibrosis area. However, other pathological features (such as
fibrosis architecture) often play an equally important, if not more important, role
in grading and staging fibrosis [2]. Furthermore, although some correlations
between the fibrosis area and the semi-quantitative scores were reported in the
15 studies, the amount of fibrosis is not specifically addressed in any of the scoring

systems.
Sample Parameter(s) Quantification
Authors Year
Preparation Measured Algorithm(s)
Technique Used
M. O'Brien et 2000 Mallory Fibrosis area Manual
al. [11] trichrome thresholding
stained
M. Masseroli 2000 Sirius Red Perisinusoidal, " Kurita's
et al. [10] stained Portal-periportal, thresholding
Septal fibrosis area
Wright Met 2003 Picrosirius Fibrosis area Thresholding
al. [12] Red stained using
histograms
A. Lazzarini 2005 Trichrome Fibrosis area Manual
et al. [13] stained thresholding




hi stogranms A. Lazzarini 2005 TrichroneFi brosi s areaManual et al.
[ 13] st ai nedt hreshol ding 3 2005 Masson' sFi brosi s areaManual

Fri edenbewgtnicinsmset hr eshol di ng et al .
Gei son- 54 imge featuresTwo-|evel al.
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vol unepol ari zation al .
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00%
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[ 16] | magi ng N

Friedenberg trichrome

et al. [14] stained

| Matalkaet 2006 Van Geison-
al. [15] stained

Z.D 2007 Sirius Red
Goodman et stained

al. [16]

N. Dioguardi 2008 Sirius Red
et al. [17] stained

Goodma
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[ 15] st ai nedNeural Network Z. D2007
et st ai nedFi brosi s
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54 image features

Fibrosis area,

Fibrosis volume

Survival parenchyma
surface,
Inflammatory basin,
Coefficient of
inflammatory activity,
Fractal dimension of
the fibrosis,
Wrinkedness of
fibrosis,

Tectonic index

thresholdiﬁg

Two-level

Neural Network

Optical
polarization

imaging

Fractél
geometry,
Hurst's
exponent,

Clustering

Table 1

Summary of the invention

5  The present invention aims to provide a new and useful method and system for

determining a stage of fibrosis in a liver.

in general terms, the present invention proposes using multiple measurements

generated based on a plurality of morphological features of a liver to determine

10  the stage of fibrosis of the liver.

Specifically, a first aspect of the invention is a method for. determining a stage of

fibrosis in a liver, the method comprising the steps of: (1a) obtaining input data



inflanmatory activity, Clustering Fractal dinmension of the fibrosis,

Wi nkedness of fibrosis, Tectonic index Table 1 Sunmary of the invention 5
The presewd 20nveBdsBon ai ns to provide a new and useful metrlsedo@ndoisyst em
for determning a stage of fibrosis in a liver. In general terms, the
present invention proposes using nultigle measur enent s generated based on a
plurality of norphol ogical features of 'a liver to determ ne 10t he stage of
fibrosis gf ke i t 0 | [ t i
generate d%&%t,m% tda ltﬁsfeg (l:' %%rd 4%%?@5 @&S eﬁ%‘bgteq éodr? \f%geg e%&ﬁ ﬂaﬂ 5%%50 g@shtaaerﬁ]% n% b)

i dent i fyi generatibnrsetlyinadgimp sphiehugi1balidértdyinges phiratityeofl moephdlogicat he

I nput data relating to the liver; (1 generating a.plurality of

measur enefﬁ@;‘,urﬁé_s%fdgéﬂ'vteﬁ rqng dhe i"FPlitdg%qalf_teéﬂt!"tgytoog‘%\‘%h6?‘399%%@@3?%& ur es:
and (1d) Hl%f'éftg‘d?' H%a%h?erﬁérﬁgebé’gecf Iy 9 SadtifieRephu ¥Ry aﬁ%‘?‘pﬁﬁlogﬂagl
generated plurality of measurenments. The invention may alternatively be
expr essedfeaturasr anpulel) deysmeningothepetager of figrasiscin sherdivaodasation genput er

t \
system ”ng,?eera'tené Sl(lgirré’j“tye (cj>f mee;[agu?‘ements.

The invention may alternatively be expressed as a computer system for
performing such a method. This computer system may be integrated with a
10  device for capturing images of a patient's liver such as a Second Harmonic
Generation based imaging system. The invention may also be expressed as a
computer program product, such as one recorded on a tangible computer
medium, containing program instructions operable by a computer system to

perform the steps of the method.

15
Brief Description of the Figures
An embodiment of the invention will now be illustrated for the sake of example
only with reference to the following drawings, in which:

20

Fig. 1 illustrates a method for determining a stage of fibrosis in a liver
according to an embodiment of the present invention;
Fig. 2(a) illustrates an image in a Second Harmonic Generation channel
("SHG image”) comprised in input data to the method of Fig. 1 whereas Figs.
25 2(b) - (f) illustrate segmented collagen areas in the SHG image of Fig. 2(a)
obtained using different segmentation methods and a two-channel method used
in a stage of the method of Fig. 1;
Fig. 3 illustrates a histogram plotting fraction of collagen identified in
input samples using different segmentation methods and a two-channel method
30 used in a stage in the method of Fig. 1 against stages of fibrosis associated with

‘the input samples;



10 device for capturing imges of a patient's liver such as a Second

Har noni ¢ Generation based i nagi ng system The invention may al so be

expr essedveoa/empgut er program product, such as one reeorgedoamo@ss angi bl e
conput er medi um contai ning programinstructions operable by a conputer
systemto performthe steps of the nethod. 15 Brief Description of the

Fi gures An enbodi nent of the inventionwill now be illustrated for the sake
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Fig. 1 illustratés ni osis in a liver
accor di ngdata @ntrerposthogrdf Big. t1ha/v|perewnme| axampleosegmented SH@ in2Age)
illustrates an image in a Second Harpnoni ¢ Generation channel (" SHG i mge")
conpr i sedC(Prﬁpi'?F?ﬁuts%Ei’f‘ﬁmte@ tHEMAbt RPN FRIgas) apkkreegEnentgd. GP@OEPBF ()
illustrat gggg}ggg col l agen areas in the SHG i nage of Fig. 2(a) obtained
using dif nt segnentation nethods and a two-channel nethod used in a
stage Sf the nEighédlladtrdteg.a Histogram ploRing. fractidn obtotaltedlagehj Sacitprant

lotting fraction of collagen ide fied .in ut s Ie di ff t
D egrent gt PO Hhsalgaenaae T HNSD CPiarpep ik RSB0 e T8 BBU) Safplese "
met hod of ughg a s?%@g”ﬁtth%t f?ﬂg@tﬁo@f of 11GOS1 Saf?érs‘a@ﬁ&bﬁfj WKy tdFefibriR

sanpl es; . 4 illustrates an exanpl e segnented SHG i mage
conpri sedpiogréspon; data to the method of Fig. 1, vvhereby t he exanpl e

segnent ed SHG €0 ses se rren ed. nor ment ed
abnormal col | ag'@n%irl@égg b= f]gwf}ﬁ érgaﬂnﬂf)%rf 6'3%6%6 oty E’g“’?c%"gct. on
of tofl EetitARATFIubFREENES ( DPEH?)&ﬁ@hn@@d@ﬁ%@&ﬁaﬁh@%drﬁﬁnﬁd rbinpuNal
collage identified in input sanples using a stage in the nethod of Fig. 1

after dif¢ateetnr thesrethed @f bides] svharely dbsi isrRoaricgmpsisep| identifigdk ®oHal i mage
show ng 'ﬂégf’s%%]ﬁ)emsb%toptaﬁtrgxpre ib%soghdlg?nt?WeﬁﬁFé ng | uorescence (TPEF)

channel annel Arsed e ‘met hod of- Fig. 1
wher eby the i nRge Tchlosiraeesa Icﬁ@ﬂah‘frﬁ@lﬁh pwrteaénttamantcﬁ archinéctate ¢hamges port al

tract s eg:notr}l]?a Iﬁ/ggoggunrfﬁ%glat\éleflfer}egtes Iages of fibrosis;

15 Fig. 8(a) illustrates an example TPEF image comprised in input data to
the method of Fig. 1, Fig. 8(b) illustrates a mask of segmented bile duct cells
obtained from the example TPEF image of Fig. 8(a), and Fig. 8(c) illustrates a
mask of segmented dying hepatocytes obtained from the example TPEF image
of Fig. 8(a) and the mask of segmented bile duct cells of Fig. 8(b);

20 Fig. 9 illustrates a histogram plotting an amount of bile duct cell
proliferation identified in input sampies using a stage in the method of Fig. 1
after different weeks of fibrosis progression;

Fig. 10 illustrates a histogram plotting a fraction of dying hepatocytes

identified in input samples using a stage in the method of Fig. 1 after different

2
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weeks of fibrosis progression.

Detailed Description of the Embodiments

Referring to Fig. 1, the steps are illustrated of a method 100 which is an
30 embodiment of the present invention, and which determines a stage of fibrosis

in the liver.



Fig. 7 illustrates a diagrammatic representation of architecture changes in
the liver occurring at different stages of fibrosis; 15Fig. 8(a)

il lustratwe 2an/e3@spl e TPEF i mage conprised in input datertiseG0mmonss hod of

Fig. 1, Fig. 8(b) illustrates a mask of segnmented bile duct cells obtained

fromthe exanpl e TPEF i mage of Fig. 8(a), and Fig. 8(c) illustrates a mask

of segnented dying hepat ocyt es obtai ned from the exanpl e TPEF |mage of Fi g
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di fferent week fibrosis progression; Fig. 10 illustrates a

hi st ogr anl@ImeeRiF ragreraticl breed dﬂaQWQnQYﬁ@ﬁatﬁﬁfﬁwwlﬁeﬁﬁ frieid data ingut f
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to Fig limadiegptersinpuedatd ﬂ@tyras@tbeoéc@urw Withodt0ftalmmce the BverTtissue.
30enbodi nent of the present invention, and which determ nes a stage of

fibrosis FH hﬂréﬂqmevéfﬁe inpyh date1¢amBUSEPLYP SIBYES GolrsbamaoRERHBE 100
conpri sesp ﬁofot. it t'ldh ﬁ@&%ﬁgenwgﬁ*bgﬁtéhéﬁeﬁ“ (1.89 “TPE® Erhé@é (QR@PJ' sing

liver tissue FAl he e in ta’i's generated usli a sec
har moni ¢ gec@rhtmage asiee Samgdnlgaayemmnﬁeﬁeratema(tﬁﬂ@) chbeneln(p)et ﬁail(}l may

be acquired us a i n ot her mord usin flective npde 5
i ng) | TR A 1B e G TG U5 368S AcoR Ca A TBURE ETaTFR IR TG vor
tissugy Fiy ttH@WiH%U@ s@r@@tuf@ﬁ#tthﬁaf-l@ercgﬁ?frfpnélﬁ;@ ﬁ‘gnnée@l@vﬁ toathfeI "céFla éﬂige In

t he Two- Photon Excitation Fluorescenc mage")
and a secoortentingthei ln/etrhEu@ermmreHaanbmfdhmena@ésmor(nsrﬂa):s ehainraiity of . e

" SHG he T HG t f t
rel at: Egﬁﬁ()e O-N(ﬁg F?EE§ rrﬂélfl {tx?cigr%?n %‘?t‘"éﬂdﬂgs 5%{388%1?; t| ng
to the COHai}Q%‘d#@étFyeé‘ﬁplieﬂ drhg dré}%herzﬁ@dtlﬁl% geore, each of these images

conprises a plurality of pixels te that Stage O may be omitted from
nmet hod 100 and Stages 1 - 5 may be directly applied on a pre gener at ed

ar cas)S ar B STRAP v 2rg3n Bt HEE 4o colnlo g Wiadet s Se0R8Rh o) Bk, 0"

conpri si ngiemifie@lin anel a%o'mmje dnl Stagen (areais csfomaﬂve@qidna;g@n@rr@amaand
abnormal col |l agen areas) are identified in the SHG i mage. In Stage 3,

portal trapfabRpemakeriiagenyie norsa collagen ﬁr%af and phromeErcqliagge a5ee8)i n
Stage 4, gr c#{ kL Yn He %%‘3 “h? §?éc_;gee Sﬂaﬁ{ré‘ét dariaaé%ﬂré?%ﬁrﬁgeare

identifie agen areas, nor reas norna col I'agen ar eas,
portal tr a=difiaddn (tlee\tTrFEEF \na'ags aridnrssaa@m g, aaplstaﬁg;e obiméaduresiesits ard he
liver (55 det er m(yeb %s Q %enera ed measur enent s
2 generated base identified” collagen areas, normal collagen areas,
abnormal collagen areas, portal tracts and central veins. In Stage 5, a stage of

fibrosis in the liver is determined based on the generated measurements.

Stages 1 — 5 of method 100 will now be described in more detail. In the
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following description, the input data comprises two-dimensional (2D) data, in
other words, the SHG and TPEF images are 2D images. However, note that the
input data may also comprise three-dimensional (3D) data, in other words, the
SHG and TPEF images may also be 3D images whereby each 3D image may
comprise a stack of 2D images. In this case, stages 1 — 5 of method 100 may
30 be performed on each 2D image in the stack independently whereby the stack
may belong to either a 3D SHG image or a 3D TPEF image (whichever is

applicable). The processed 2D images from each stage may then be registered



Stages 1 - 5 of nethod 100 will now be described in nore detail. In the 15
follow ng description, the input data conprises two-di nensional (2D) data,

i n ot her wiordsy/128668 SHG and TPEF i mages are 2D i nages. Powseedi/on@Be t hat
the input data may al so conprise three-dinensional (3D) data, in other

wor ds, the SHG and TPEF i nmages may al so be 3D i mages whereby each 3D i nage
may conprise a stack of 2D images. In t’hi s case, stages 1 - 5 of nethod 100

may 30 be rfor n_eagh 2D | in.th st.ack endent | mhereby t he
Stack may DETE b TBRe e SRS AR5 N P 4 VB TR RGN Ch b et | o
appl i cabl gleaslifinentecgsrattedDoasmpes theomopstitdlogitaordiimestifentifel feei st er ed
7 to forma 3D inage. The stage of fibrosis in the liver may be determ ned
usi ng neaste OnEIre Ajéhe 2l impgsssednestadie norphol ogi cal features identified
fromone or nore of the 2D inmages in the stack. 5Stage 1: ldentifying

coll agen areas in the SHG image In Stage 1 of nmethod 100, collagen areas in
the SHG nBgmeat eldentfyeit esliaapd dréegin fHee8HGSInegee 1 further conprises steps

1.1, 1.2 and 1.3 which will be described in nore detail below. 10 In step
1.1, sinusoidals and vessels in the liver are identified by segnenting

pi er s in PEE [ r

intensiti entsggg-E EOf h@gﬁg .16PhC8“ e;z]x%@aﬁgﬁ %ﬁé pi xe %’ﬁrﬁ%}%’gj I mage are
segnent edidemtiﬁédisisea@:l 1 futhé& dofn‘peirseet stgpeups;, ’(i2) aadfi Bstvhiphowll be

conpri si ng | et elg dgr.k, i}S pi xel s which represent areas of vessels and
spaces ouf&FE a8 MPiretdil Sely. (i) a second group conprising di m pixels
whi ch; g epresent sinusoidals and bile duct cannaliculi (formng the bile
ducts} inthe liver and (iii) a third group conprising bright pixels which
repr esent Iraistepott h‘ersnnestdiéals randiee‘sa;eierm thikeeliver lareeidentifiedhypybsegreeftingred

using a fuzz - e l.usteri.n whi ¢ rates a,soft 2Qboundar
bet noen ¢ Bl PrBEaTPEE Bbg oY fEiat arollh ShaReRRiSatob i edtiatan
tends to bﬂﬂieea&eisan@tmié Stdmgiel @i@é %i)@i‘éjirtheeTFbE@ ﬁnége bhﬂ?se M@hted BHS,
enhanC|ng signals in the areas around the sinusoidals and biTe ducts in the

SHG i mageclyatereddnia Sadiffesaiisarquest (igxa fn@étgr@upcﬁormwrmmg (@omepletatyidag )

o onars PRSI AR AP B8 B ets TRy T s ng AR BERES 4, S
step 1.2, azsetehgirodp lcarrfpris&ig @&Spg@@wh@h&égi‘ewn@lsm&f)id@e@h@ biile due TPEF

30 i mage based on a probability of col]agen ag &re?ation in areas conprising
the groupCaRNgickd] £ormrmi§he Pite duetsgrip the dxar gRdiil @ thitd PPBREOMPTERING pi xel s

i oher g bRghSbREROKARNS ARGt Stet ARG WLbr. i1 Thd BRisldrtey miay tisual Iy

performed using a fuzzy-c-means clustering method, which generates a soft

20  boundary between the different clusters.

It is noted that the amount of collagen tends to increase around sinusoidals and
bile ducts in the liver. Thus, enhancing signals in the areas around the
sinusoidals and bile ducts in the SHG image can facilitate subsequent
25 extraetion of finer (i.e. smaller) collagen areas with pixels having a low intensity.
This enhancement of SHG signals around the sinusoidals and bile ducts is

performed in step 1.2.

in step 1.2, a weight & is first assigned to each group of pixels in the TPEF
30 image based on a probability of collagen aggregation in areas comprising the
group of pixels. Thus, the weight a assigned to the group of dim pixels

representing sinusoidals and bile duct cannaliculi in the liver is usually higher



(e.g. the weight a assigned to this group may be a nunber between 40 to
100) as conpared to the weights a assigned to the other groups of pixels
(e.g. theveenghts@sassi gned to the remaining groups of porsicomyobe 1) .
The wei ght assigned to the group of dimpixels can range from1l to 200 and
preferably, 5 ranges from1l to 110. Mre preferably, the weight assigned to
the group of dimpixels is 70. This i s Sbecause t he sensitivity of Stage 1

oroup. of (1% BengratE Rt a5GRen G TR 368 MRNeh ol PefREH PR do ulpne
assi gned 49 cofBEQUD tRé weHightei d%&i@*@cﬁ&ﬁﬂwééﬂwer'@?@uwio@Qﬁxé@%é.@ln‘ﬂ% to the

ot her groups of pixels can range from10 1 to 100 and is preferably 1. As
ment i onedweighti®rassigries ethhremediiogaiovps thepivelBenayrizrids. dhepvgight i s

| .| han th i.ght dtot of dim pixels,
A ter nat  Garighes 1d e Rl Ui, BRELT 85 Bat el lf 210 BT BeltGoBa i ng
data. 4 n tdrgesatdarngs i Y@, MbflbréfBeaANAEaseivht Bs&igren 16 tRdgrou of Hiver
fibrosis may be used as input data to nethod 100 and the weights nmay be set
to 15 naxPieleist R fhisfisreeravseptensensitivity gtiShage ilc i idemtifagicodagdn ai ned
f | ' ] : f 1 f i Si S
o oL Gt RS e g i ELa0G o BTo 1o Bl B B 006 PRl S

shown in Taking detbooratdefdrier aitemtie weightdlsighetieskhe enpiip of Gim pixdigiral i ty
of pixels with each pixel conprjsi ngga weight a is thus fornmed fromthe
vei ght i nge¥$eadse! Hi-xiiesweight gssignedparhe pidRr oQupe of ipktels ceRdanae &9t ty of

a pix i Iy d g | i i.
2ppl v thg T TS K PRTeRIE A RSB et FRE vl CAtoled to e

i nt ensi t yotifertgneups pébixels ishes @@ smalkgr thbhlthbevsight assighed nethengnoup

all owabl e [ntensity. Therefor it is preferable to ensure that the weight
Gssi gned. PHOThERSIDAN BN, phearaonts They BeiGrpethasiamts M 45ndy o5
pi xel s i nyhhnPldatd ROl iR ARR), 't%ﬁ?ngns%p@éew&ﬁslknm?éﬁ@s [He M
allowable intensity. Next 1n step 1.2, the nask is applied t0 the SHG i nage

wher eby t fibrasig mayibeyussd aaotpudidatd to methed SBGanddhe waighidjraay be set tor di ng

to the.weight for the 30correspondin i xel in:.the mask. This enh es the
weak GG BTHEIEE {1F s AECESRngtvara i mHat TR c aauss co Al wht h
enhanced gampRaeAsHRASd With TaRgesthfes WRilight fbrises anai sHirdlcBasR@cpited he
probability of collagen aggregation in the areas). In step 1.3, the

enhanced BHG Ipiragiages of dypefibesis ¢ g deexinmizetthe ssoresgepws iarledde 2rfof he SHG

i mge. In e , S is..perf ! : : hanced
s | mage P HER e 2 AR RE AU ARRER T e bR BA o
ai ms to fcomhprismgoptwaight bhisetal fbrineatt fronnthe aesghtiy af ehapixaldlin anse.
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the maximum ailowable intensity. Therefore, it is preferable to ensure that the
weight assigned to the group.of dim pixels is not so large that a majority of
25 pixels in the SHG image after application of the mask have the maximum

allowable intensity.

Next in step 1.2, the mask is applied to the SHG image whereby the intensity of
each pixel in the SHG image is adjusted according to the weight for the
30 corresponding pixel in the mask. This enhances the weak SHG signals in the

SHG image and forms an enhanced SHG image with enhanced collagen areas
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the bile dueter®) hsethodlthe GMM and EM method and the two-channel method
employed in Stage 1 of method 100. In the binary images shown in Figs. 2(b) —
(f), the white pixels represent the segmented collagen areas and the black
30 pixels represent the background of the SHG image. It can be seen that the
collagen areas segmented using different algorithms comprise different

amounts of collagen. For example, the binary image in Fig. 2(f) corresponding



An area under a receiver operating characteristic curve (AUC or AUROC) [ 23]
for the different segnentation nethods may be used as a statistic to
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10  whereas the y-axis indicates the fraction of collagen in the samples (i.e. the
number of pixels in the segmented collagen areas in the SHG image divided by

the total number of pixels in the liver tissue in the TPEF image).

Note that the results in Fig. 3 are obtained based on the collagen areas
15 segmented from the entire liver tissue comprised in the input data. It is possible
for the EM method to segment a greater amount of collagen from the entire liver
tissue as compared to the two-channel method. For example, Fig. 3 shows that
the fraction of collagen segmented by the EM method is higher than that by the
two-channel method. However, this does not necessarily mean that the EM
20 method performs better than the two-channel method. This is because there is
a possibility that noise pixels with‘ a relatively high intensity are wrongly
segmented as collagen pixels using the EM method. A more accurate indicator
of the performance of the segmentation methods is the AUROC value as will be
elaborated below. On the other hand, Figs. 2(a) - 2(f) show that the amount of
25 collagen segmented by the two-channel method is greater than that of the EM
method. This is because Figs. 2(a) — 2(f) illustrate only a portion of the liver
tissue comprising a large amount of bile duct cells where the probability of
collagen aggregation is higher. In other words, most of the pixels in Fig. 2(f)
represent collagen corresponding to pixels with a higher weight in the mask
30 formed in stép 1.2. Thus, Fig. 2(f) is a better indicator of the ability of the two-
channel method in extracting finer collagen areas found around the bile duct

cells.
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An area under a receiver operating characteristic curve (AUC or AURQOC) [23]
for the different segmentation methods may be used as a statistic to evaluate
the performance of these segmentation methods. The AUC or AUROC for the
different segmentation methods are shown in Table 2. In Table 2, the AUC or
AUROC is shown in the columns headed by the names of the segmentation
methods. These scores indicate the ability of the segmentation methods in
differentiating between the stages of fibrosis shown in the leftmost column. A
larger score indicates a higher ability in differentiating the stages of fibrosis.
From Tabie 2, it can be seen that the two-channel method used in Stage 1 of
method 100 achieves the best performance in most cases. Note that generally,
the segmentation methods fare worst in differentiating between stages 1 and 2
of fibrosis as shown in Tablé 1. This is because there is usually little difference
in the collagen percentage present during stages 1 and 2 of fibrosis since
collagen proliferation only accelerates after stage 2 or 3 of fibrosis. Furthermore,
the results in Table 1 were obtained using a small sample size for stage 1 of
fibrosis. This leads to a higher variation in the samples with stage 1 of fibrosis,
in turn resulting in a higher difficulty in separating the samples with stages 1 and
2 of fibrosis.

Fuzzy C- Two-Channel

Differentiated GMM and Kmeans
Otsu Means method used
stages of EM clustering
.method clustering in stage 1 of
fibrosis method method
method method 100
0vs.1 0.772321 0.879464  0.772321 0.785714 0.925926
1vs. 2 1 0.333333  0.451389  0.333333 0.319444 0.394231
2vs. 3 0.767196 0.800705 0.775132 0.773369 0.865878
3vs. 4 0.60352 0.653209 0.590062 0.615942 0.671329

Table 2
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Stage 2: |dentifying normal collagen areas and abnormal collagen areas in the

SHG image

In Stage 2 of method 100, the segmented collagen areas in the SHG image
5 | obtained from: Stage 1 are divided into two groups: one group comprising large
patches of collagen areas which may be located around blood vessels and bile
ducts (in other words, areas comprising aggregated collagen or normal collagen)
and another group comprising finer coliagen areas which may be distributed in
sinusoidal regions or between different portal tracts (in other words, areas
10  comprising distributed collagen or abnormal collagen). Abnormal collagen is
indicative of fibrosis whereas normal collagen can also be found in healthy
samples and thus, does not accurately reflect the progression of fibrosis (i.e. is
not indicative of fibrosis). Therefore, it is preferable to identify the areas
comprising norhal collagen before proceeding with the generation of
15 | measurements using the collagen areas. Thus, in Stage 2 of method 100, the
identified collagen areas in the SHG image are divided into areas comprising
normal collagen (normal collagen areas) and areas comprising abnormal
collagen (abnormal collagen areas). This is performed using steps ,2'1 - 2.6 as

follows.

In step 2.1, the same sub-steps performed in step 1.1 of Stage 1Aare performed
to identify a group of pixels representing lumens in the TPEF image. More
specifically, pixels in the TPEF image are segmented into different groups

based on their intensities whereby one of these groups of pixels represents

19
wn

lumens in the TPEF image. In one example, the pixels in the TPEF image are
segmented into 3 different groups: (i) a first group comprising completely dark
pixels which represent areas of vessels and spaces outside the liver tissue, (ii)
a second group comprising dim pixels which represent sinusoidals and bile duct
cannaliculi (forming the bile ducts) in the liver and (iii) a third group comprising
30  bright pixels which represent all other cells in the liver. The first group of pixels
comprising completely dark pixels are identified as the group of pixels

representing lumens in the TPEF image. The clustering may be performed
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begins with a set of starting background pixels and grows this set of starting
background pixels in a flood-filled fashion to include connected pixels of the
starting background pixels. More specifically, the morphological reconstruction
starts by generating a first set of connected pixels of the starting background
20 pixels whereby this first set of connected pixels comprises the immediate
neighbours (e.g. 4-neighbour pixels) of the starting background pixels. The
morphological reconstruction then adds to this first set of connected pixels
immediate neighbours of this first set of connected pixels (in other words,
further neighbours of the starting background pixels) to form a second set of
25  connected pixels. The same is done for the second set of connected pixels and
so on. This addition of pixels to the set of connected pixels continues until the
most recently added pixels comprise one or more pixels corresponding to pixels
along boundaries in the mask. These boundaries are boundaries of unfilled
lumens in the mask and comprise foi‘eground pixels (since the unfilled lumens
30 are represented by areas formed by the foreground pixels in the mask). In other
words, the addition of pixels to the set of connected pixels continues until the

most recently added pixels comprise one or more pixels which are foreground
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step 2.4, this new mask is subtracted pixel-by-pixel from the initial mask (formed

(78]
o

in step 2.2) to form a difference mask.. The difference mask indicates the
locations of boundary pixels of lumens in the TPEF image, thus identifying the

boundary pixels of lumens in the TPEF image. Boundary pixels of lumens in the
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located boundary pixels of lumens are located.

Subsequently in step 2.6, pixels in the normal collagen set are classified as
25  pixels belonging to the normal collagen areas whereas the remaining pixels in
the identified collagen areas are classified as pixels belonging to abnormal
collagen areas. Thus, the identified collagen areas in the SHG image are

divided into normal collagen areas and abnormal collagen areas.

30 Fig. 4 shows an example segmented SHG image (in other words, the binary
image after segmentation of the SHG image in Stage 1) with segmented normal

collagen areas and segmented abnormal collagen areas. More specifically, in
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i mge after segnentation of the SHG inage in Stage 1) with segnented nornal
col | agen woeas/@s@ssegment ed abnormal col | agen areas. Mpce/sspeajobeical |y, in
16 Fig. 4, the gray areas (for exanple, area 502) represent the nornmal

col | agen areas whereas the white areas, (for exanple, area 504) represent

t he abnormal collagen areas. 5Fig. 5 sitiows a histogramillustrating
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and spacedifferent weeks of fibrosis progression indicated on the x-axis. As shown in Fig.

5, as the fibrosis progresses, the fraction of normal collagen does not change

by a substantial amount whereas the fraction of abnormal collagen changes

substantially.

20
Stage 3: Identifying portal tracts and central veins in the TPEF image
In Stage 3 of method 100, portal tracts and central veins are identified using the
TPEF image. As shown in Fig. 1, Stage 3 comprises steps 3.1, 3.2, 3.3 and 3.4
25  as will be described in more detail below.

in step 3.1, lumens in the TPEF image are first identified using the same steps
as in step 1.1. More specifically, the pixels in the TPEF image are segmented
into different groups based on their intensities. One of these groups is a group
30 6f pixels representing the lumens in the TPEF image. In one example, the pixels
in the TPEF image are segmented into 3 different groups: (i) a first group

comprising completely dark pixels which represent areas of vessels and spaces



17 outside the liver tissue, (ii) a second group conprising dimpixels

whi ch represent sinusoidals and bile duct cannaliculi (formng the bile
ducts) inwbheilizses and (iii) a third group conprising lpcirgetopios@ls which
represent all other cells in the liver. The first group of pixels
conprising conpletely dark pixels are ? identified as the group of pixels
representing lumens in the TPEF i mage. he cl usteri ng may be perforned
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region if the polygon is generated for a node denoting a | unmen belonging to
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a graph is generated from the nodes based on the Delaunay triangulation using
Qhull method [25]. This method generates a set of lines connecting each node
to its natural neighbouring nodes. Spatial texture features of each node, such as
those based on the generated set of lines connected to the node (e.g. the

25 average and/or standard deviation of the number of pixels lying along the lines)
are extracted. Based on these exiracted spatial texture feafures, a k-means
clustering method is performed to cluster the regular-shaped lumens to locate
groups of clustered lumens. Then, it is determined whether each regular-
shaped lumen belongs to a group of clustered lumens. If not, the regular-

30 shaped lumen is classified as a separated lumen. Each group of clustered
lumens is then identified as a portal tract whereas each separated lumen is

~ identified as a central vein.



10Fig. 6 shows an inmage show ng information in both the TPEF channel and
the SHG channel of the input data with identified portal tracts, central

vei ns, powbabittnams regi ons and central vein regions. Crrelse26QR0@n8! oses
an exanple central vein whereas circle 604 encl oses an exanple portal

tract. The lines in between the circlegb(e.g. i ne 606) formthe outlines
of the voronoi polygons. The region 15608 is an exanple central vein region
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to a group of clustered lumens and is identified as a central vein region if the

polygon is generated for a node denoting a separated lumen.

10  Fig. 6 shows an image showing information in both the TPEF channel and the
SHG channel of the input data with identified portal tracts, central veins, portal
tract regions and central vein regions. Circle 602 encloses an example central
vein whereas circle 604 encloses an example portal tract. The lines in between
the circles (e.g. line 606) form the outlines of the voronoi polygons. The region

15 608 is an example central vein region whereas the region 610 is an example

portal tract region.

Stage 4: Generate measurements using the identified collagen areas, normal

collagen areas, abnormal collagen areas, portal tracts and central veins

20
In Stage 4, to quantify liver fibrosis progression of the liver in the input data, a
plurality of measurements relating to histo-pathological features [‘1] shown in
Table 3 are generated based on the morphological features identified in the
earlier stages of method 100, in particular, the identified collagen areas, normal
25  collagen areas, abnormal collagen areas, portal tracts and central veins.

30
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Hepatocellular Inflammation Biliary changes Fibrosis and
changes architecture
changes

Ballooning Portal Bile duct injury Quantity of fibrous
degenération tissue
Acidophilic Periportal Ductular reaction  Location (portal,
degeneration/apoptosis (interface perisinusoidal,

hepatitis) speta and nodule
Dropout/confluent Lobular Ductopenia formation)
necrosis
Mallory bodies Intravascular

(endotheliitis)
Steatosis Kupffer cell

hypertrophy
Iron storage Granulomas
Bile stasis
Cholate stasis

Table 3

Measurements relating to fibrosis and architecture changes in the liver may be

generated and these include:
1) Total amount of collagen relative to total amount of liver tissue in the liver:

" This may be expressed as the fraction (or percentage) of collagen present in
~ the liver and may be calculated as the number of pixels belonging to the
10  collagen areas identified in the SHG image (in Stage 1) divided by the number

of pixels belonging to the liver tissue in the TPEF image.
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2) Amount of normal collagen relative to total amount of liver tissue in the

liver:

This may be expressed as the fraction (or percentage) of normal collagen
(comprising collagen aggregated around lumens) in the liver and may be
calculated as the number ofypixels belonging to normal collagen areas identified
in the SHG image (in Stage 2) divided by the number of pixels belonging to the

liver tissue in the TPEF image.

3) Amount of abnormal coliagen relative to total amount of liver tissue in the

liver;

This may be expressed as the fraction (or percentage) of abnormal collagen
(comprising distributed collagen) in the liver and may be calculated as the
number of pixels belonging to abnormal collagen areas identified in the SHG
image (in Stage 2) divided by the number of pixéls belonging to the liver tissue
in the TPEF image; |

4) Collagen amount in portal tracts relative to total amount of liver tissue in

the liver;

This may be expressed as the fraction (or percentage) of collagen in the portal
tracts of the liver and may be calculated as the number of pixels belonging to
collagen areas in portal tracts divided by the number of pixels belonging to the
liver tissue in the TPEF image. The collagen areas in portal tracts may be
identified by applying the SHG image comprising identified collagen areas
(obtained in Stage 2) to the TPEF image comprising identified portal tracts

(obtained in Stage 3) or vice versa.
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This is a measurement based alone on the portal tracts and central veins
identified in Stage 3 of method 100. This measurement may be expressed as
the fraction (or percentage) of the identified portal tracts which have bridged to
other identified portal tracts or identified central veins. To determine if a portal
tract has bridged to other portal tracts or central veins, the pixels belonging to
each portal tract are examined. If at least one pixel belonging to a portal tract
also belongs to at least one other portal tract or central vein, it is determined

that this portal tract has bridged to other portal tracts or central veins.

Fig. 7, taken from [1], shows a diagrammatic representation of architecture
changes in the liver occurring at different stages of fibrosis. In Fig. 7, the 7
stages (stages 0 — 6) of the Ishak fibrosis score is compared against the 5
stages (stages 0 — 4) of the Metavir fibrosis score and the 3 stages (stages 1, 3
and 4) of the Knodell score. As shown in Fig. 7, one of the significant collagen
architecture changes during the early stages of fibrosis is portal expansion
which is shown in Fig. 7 by the increasing sizes of the black dots and the
transformation of the black dots to black star-like patterns as fibrosis progresses
in the early stages. Thus, the amount of abnormal collagen and the collagen
amount in portal tracts tend to be good measurements for identifying early
stages of fibrosis. On the other hand, the portal tracts bridging index is a good

measurement for identifying mid to late stages of fibrosis as bridging of the

portal tracts to other portal tracts or central veins is usually one of the significant

collagen architecture changes during these stages of fibrosis.

Measurements relating to biliary changes in the liver may optionailly be

generated in Stage 4 of method 100 and may include:

Amount of bile duct cell proliferation relative to total amount of liver tissue in the

liver

age 1) divided by the nunber of
]L, ngi Bgrttaf)tr%gt\%eﬂ d@ﬁ%ﬁ“g?we in the TPEF i nage. 20 2) Anount of

Thi s



5 (conprising collagen aggregated around lunens) in the |liver and may be
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10 may then be calculated in Stage 4 as the number of pixels belonging to the
segmented bile duct cells in the mask divided by the number of pixels belonging

to liver tissue in the TPEF image.

Fig. 8(a) shows an example TPEF image whereas Fig. 8(b) shows a mask of
15 segmented bile duct cells whereby the mask is formed by segmenting the TPEF
image in Fig. 8(a). Fig. 9 shows a histogram illustrating quantification results
obtained for a plurality of input samples in a data set. The histogram in Fig. 9 is
a plot of the amount of bile duct cell proliferation in the input samples'after
different weeks of fibrosis progression. As shown in Fig. 9, the amount of bile

20  duct cell proliferation increases with the progression of fibrosis.

Measurements relating to hepatocellular changes in the liver may also

optionally be generated in Stage 4 of method 100 and may include:
25  Amount of dying hepatocytes relative to total amount of liver tissue in the liver

This may be expressed as the fraction (or percentage) of dying hepatocytes in

the liver.

30 The following steps may optionally be included in method 100 for identifying
hepatocytes and dying hepatocytes prior to Stage 4 and for generating the

amount of dying hepatocytes relative to the total amount of liver tissue in the
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Fig. 8(c) shows a mask of dying hepatocytes whereby the mask is obtained
from the TPEF image of Fig. 8(a) and the mask of Fig. 8(b). Fig. 10 shows a

25  histogram illustrating quantification results obtained for a plurality of input
samples in a data set. The histogram in Fig. 10 is a plot of the fraction of dying
hepatocytes in the input samples after different weeks of fibrosis progression as
indicated on the x-axis of the histogram. As shown in Fig. 10, the fraction of
dying hepatocytes increases with the progression of fibrosis.

30

Further measurements relating to other histo-pathological features shown in

Table 3 may also be made in method 100. For example, inflammatory cells may
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hepat ocytes 15 surrounded by segnented bile duct cells. These segnented

hepat ocyt@%urﬁltln@HN@\kerSL@fQOﬁhée‘ftpf |reacma¢e§laﬁ81fmaﬁomtf@%) of %@gﬁ@ﬁfﬂ%ﬂﬁ bile
duct cell e d r I n k of

dyi ng hep(?la g%ﬁpé QQS?’%g .T@ e WSS %\h%ﬂgyﬁﬁg e\gggtgg%ﬁ)e g%hg?%t action
of dying hl&pmgthctymraanlmtetrhendmmty idlaitade ltme'atdmmhdnehoataminaéredtnmnn iShapge 4 as
t he nunber of plxels bel ongi ng, 20 't the dying hepatocytes in the nask of
dyi ng hep%ﬂ?fjé’%h i theRlgopm BB OMt of pi xel s bel onging to the Iiver

ti ssug in the TPEF inmage. Fig. 8(c) shows a nask of dying hepatocytes
whereby the mask is obtained fromthe TPEF i mage of Fig. 8(a) and the nask
of Fig. BEbr)sup%irgisedOnacmjmeI%rﬂﬁtgtﬂlgob@mmna trhmmtgaeﬁaugnmsimtgbfpluailitwn

results obﬁt i ned for. aI|t ut sa a data set lhe

ot ooy anth ol ‘<Sntel YAl shbln bale oty R s T 0T 88 1 1 he
i nput san%r%%. ?ﬂ"é asusliyf feRfufrat. mek&rétﬁmblé&rﬁéte%d?ﬁ@@é@s%ﬁmbgﬂdafa tétéltufgﬂ ed on
the x-axis of the histogram As shown in Fig. fraction of dying

hepat ocyt isailiver caguxisiig hvernésspeodraking anneurat hbtvwksas 30 example, the
20 neural network may be trained (for example, by adjusting the weights of the

neural network) with measurements generated from the training samples using
method 100 and the known pathology scores of these training samples. To
determine a stage of fibrosis in a patient’'s liver, a set of measurements is
generated from input data relating to the patient’s liver using method 100 and is
25 then processed via the trained neural network to obtain a stage of fibrosis for
the patient’s liver. The performance of a trained supervised machine learning
algorithm may be tested using a data set comprising a further plurality of
training samples with known pathology scores. After inputting measurements
generated from the further plurality of training samples into the trained
30 supervised machine learning algorithm, a predicted pathology score is produced
for each training sample and is compared against the ground-truth (i.e. the

known pathology score).



24 be identified and neasurenents may be generated based on these

i nfl ammatory cells. Stage 5: Determning a stage of fibrosis in the

| i ver baswg 20mvbwsgenerated 5 neasurenents | n Stage 5pca/sseeg@oass
fibrosis inthe liver is determned (or predicted) based on the generated
measurenents. This may be perfornmed usgspg a conputer-ai ded di agnosi s ( CAD)
system The predicted stage of fibrosis in the liver may be 10

aut omat | ofjl ¥495RerALed SLAGAIRERY S TREN SRR Rl gL (such
as neural nétwork, “Stupport “vector nmachi né,” classification tree) or
unsupervi sed clustering algorithnms. The term "automatically” is used here

to nmean that, although human interaction may initiate the algorithm human
i nt er act i BriheebedipEilis PEhaRigsent vealionrd pivrality of Measgements hasedy,

supervi se hi Nl ;0| i i

ol al 1 1y0F e EORBU FlPhobREs, el LBdd e baRe 8'Mader

st ages offitbriogwrinfd lrepsThis is adusnizigepus @eger pedr aEacdthbdawhictgusafiptasis
conprises input data relating to_.a liver conprising |ljyer tissue. Taking a
neur al nefiRr RS H1E QRIVEREABTEMATH 0T 4eIeEmInG Nt RiAte HelPTDES: PRCRERSH or

exanpl e, #gya@&lataﬁdn@gcérréaws gefwl'%eéﬁ ofH2® pREYIGGicASRIrKS (y\&ém?(@ﬁaﬁdéﬁserfent S

generated fromthe training npl es usi ng nethod 100 and 't he known

pat hol ogyasbideetsrefchehgss) anditmd stpgeanpfiewsisTol it dhesenether stadipalogical
fibrosis jn.,a patient's Jiver, a set of .nmeasurepents i enerated.frQm
nput dat Eordeltengiee s Ea i S AESur R BT S B e s dlo8 chiarsss B hen
procegpedaynd at tifeplafaiaprd thesdmdidetetnedk diferobatidlogicat a&urls fdsbnesi s for
the patient's liver. The performance of a trained supervised machine

| ear ni ng BHGoeimons aihoveh colagen asraaytagel atogelyetorcelatns toi the sevedityt pkr

reasur et HRAuP ATl FRalbo (B 28otiR P her SRb i oRly SankPBL' 1o

the trai nedy3tbtseipecrises imaetdritnihgahei s enibygef livdmibrasig) ednchedtpat hol ogy
score is Broduced for each training sanple and is conpared agai nst the

ground-tr and.( ithe, e'ﬂ‘ﬁ’@di{ﬁ@% @At W&I Rg§seHoimentiops afdrMantageans ﬁgé?_“éﬁ‘e t he
ool TonksBlnAl S BISSERY HIRRILATSREE ASpAedl OIS ol SRR g of
spacing) by identifying and quantifying features from this additional architectural
information to stage liver fibrosis. Note that the additional architectural
information may be obtained from any part of the liver, for example, at the
surface, in the capsular region, in the sub-capsular region or in deeper regions
20  of the liver. Since the sub-capsular region is close to the capsular region which
is located at the liver surface and architectures such as the portal tracts are
normally not located at the liver surface, the locations of collagen areas in the
sub-capsular region may not be easily found. Using the embodiments of the
present invention which employ architectural information other than locations of
25 collagen areas or portal tracts, the sub-capsular region of the liver may also be

examined.

Furthermore, the embodiments of the present invention comprise a
quantification system for staging liver fibrosis automatically in an animal model.
30 Computer-aided systems may be implemented in the embodiments of the
present invention to process the multiple measurements using for example,

supervised machine learning algorithms or unsupervised clustering algorithms.



on a plurality of identified norphological features is used to determne a
stage of 5 fibrosis in a liver. This is advantageous over prior art nethods
whi ch usewbibrioeB®sarea as the only neasurenent for det ecmisezog/obées st age
of fibrosis, since there is also a strong correl ati on between ot her

pat hol ogi cal features (such as fibrosis architecture changes) and the stage
of fibrosis. Thus, these other patholdﬁical features can al so influence the

accuracy in the gradin d staging of fibrosis [2],10.and it i ref erabl e
o cons) dbbe ieaaiBiREY of 1o Bt ittt b olsi 97 rdpeh of s BVE/

al though R d888 o WHeRN bRy Ere SMlalhes T ItRé itRok Br tHEESSENE bi thedlivdri ver
fibrosis, it has its Ilimtations (for exanple, even the existing gold

st andar d Imegddidonbtheaeonogliroents ofether prasient inventiopvess infonatigry gy both

fibrosis), ot.h a t he -embodi nen of th r t J pventjon
advantage%ﬁ§ﬁ§%$ﬁéﬂﬂd§“£gCﬁ%ﬂ??%a&?ﬂyé?é%ﬁ?@@%ﬁ?&% ?ﬁ%bsﬁé?ﬁgn"F§W%#;as
portals t r@fichl @SAirfeMmatidn mctherSHENEh s oRE). Tikys tale bkl dadmiomntable 2
quantifying'features fromthis additional architectural information to
stage |i vehiohi shewpsthahdhe tmeaghanne! auathodoHaed dp chiagecl upamethedr it i on
may be Ob{séﬁ&‘?ﬂsTﬁeq{Br?{?\Vanp%EﬁerOEIa%Q% :sé¥ﬁ1%nt5t%rn ?é%ﬂ?élges ah éélﬁnéHM ce, 1n
the capsutar region, in the sub-capsular region or 1 n'deeper reglons 20 of
the |ivercol@Bigetearche. sub-capsul ar region is close to the capsul ar region
which is located at the |iver surface and architectures such as the portal
tracts are normally not |located at the |iver surface, the |ocations of
col l agen areas in the sub-capsular region may not be easily found. Using

t he enbodi nents of the present invention which enploy architectural

i nformation other than |ocations of collagen areas or portal tracts, the
sub-capsul ar region of the liver may al so be exam ned. Furthernore, the
enbodi nents of the present invention conprise a quantification systemfor
staging liver fibrosis automatically in an animal nodel. 30 Conputer-aided
systens may be inplenmented in the enbodi ments of the present invention to
process the nmultiple neasurenents using for exanple, supervised nmachi ne

| earni ng al gorithnms or unsupervised clustering algorithnms. The enbodi nents
of the present invention can be used on images of the |iver regardl ess of
whet her they are imges of the interior or the surface of the liver. In
addition, the enbodi ments of the present invention use information in both
the TPEF and SHG channels. This is advantageous over prior art nethods 5
whi ch use information in the SHG channel only. This can be seen from Tabl e
2 whi ch shows that the two-channel nmethod used in Stage 1 of nethod 100
perfornms better than other classic segnentation techniques in segnenting
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second h NixC ing a
pl urali tf/lé Jg? |r:\r)[)rcgg;ﬁr[]]z[a{')g| ca Fggﬁgﬁ’gge%wgh%??%m re g%ntg hg@l%durfggéélé

rel ating to tPReablishirg Company, 1992, pp BB, @é@eﬁﬁml ng a plurality of

rreasurenents based o enti d 10 ph ogi al features;
and 25 (1 BprRRe e&ré P@gf"ﬁ‘e bt age @B 5 H@p‘gg\ﬁgal n qj B'&§@® on the
generat ed pl u? dr&rymofrorn%aﬁ%ﬁrm%& ACM_ T2ané TRt Whéﬁfé%gl @;fivparfél aim 1,

wherein the rality of norphological 15features conprises one or nore of
the foll ow ng22(4) 469 483, Dec 1996, http://www.qghull.org



col | agen areas; portal tracts and central veins; and cells
conprising one or nore of hepatocytes, bile duct cells and inflammatory
cells. 20wo2011M28@8hod according to claim 2, wherein thecysceodtoed 33
plurality of measurenents conprises a neasurenent based al one on the
identified portal tracts and the identjfied central veins. 25 4. A nethod
according to claim3 wherein the neas Gnent based al one on the identified
portal tr ‘ct and the identified central veins is a portal tracts bridging
i ndex mo@@é@?—ng a percentage of the identified portal tracts which have
bridged to other identified portal tracts or the identified central veins.
31 follow n an anmount of coll a(t;en 1 nd| cative of fibrosis in the

i dentifieb mtag@ﬁprad%ta@ﬂ@ﬂfw aslagrahtibresisd|a igenthermeliod erImplisingd

port al ”t?\%tsi p A method according to any of clainms 2 - 5, wherein the
plurality of BR235urements further conpri ses neasurenents relating to one
or norse of the(ffa)l biotairigg iaptibtdaita amabatitg ¢b thel liegrenthen infe datentiefriged

.CS'eL???.”eﬁéé%%t@SQwﬁgné%o%%d%%‘%ﬁagﬂé%nbﬂFo@%gbb%%aﬁ{q YO f or ati on
Ivi g hepat ooyt 53 ISy RIS aRg B R AR e e g Bt he
i denti fi eidphepataoeiatioy. to the liver; :
(1c) generating a plurality of measurements based on the identified
10  plurality of morphological features; and
(1d) determining the stage of fibrosis in the liver based on the generated

plurality of measurements.

2. A method according to claim 1, wherein the plurality of morphological
15 features comprises one or more of the following:
collagen areas; ’
portal tracts and central veins; and
cells comprising one or more of hepatocytes, bile duct cells and

inflammatory cells.

20
3. A method according to claim 2, wherein the generated plurality of
measurements comprises a measurement based alone on the identified portal
tracts and the identified central veins.

25 4. A method according to claim 3 wherein the measurement based alone on

the identified portal tracts and the identified central veins is a portal tracts
bridging index indicating a percentage of the identified portal tracts which have

bridged to other identified portal tracts or the identified central veins.

30 5. A method according to any claims 2 - 4, wherein the plurality of

measurements further comprises measurements relating to one or more of the



157. A nethod according to any of clains 2 - 6, wherein the input data
conprises a first inmage in a Two- Photon Excitation Fl uorescence (TPEF)
channel awo2a113@8®@8d i mage in a Second Har noni ¢ Gener at iPom/sG3r@ooeiBannel ,
each of the first and second images conprising a plurality of pixels. 108.
A nmet hod according to claim7, wherein step (1 b) further conprises the
sub- steps of: segnenting the pﬁﬂrallty of pixels in the first inmage

pixl s;  touowing® e Biigly BL EESactiREficalPelt RSl k] ieb At Kol ¢
each pi Xehre@@midi &1 BfhodpeofeditHerby ths sddrified porisit@bts. t o each group of
pi xels in the first image based on a probability of collagen aggregation in

areas conprising the group of pixels; applylng the mask to the second i mge

f i ' i d I
Segmonti 1y Thd” SRanEEe el A Frbce oEIRCa: 11 5 HASE FRECRAY of , 5

t he secongecbsagementdurtler domptisesl nmrrdm@gtst elafireg to 8newdraneraof h‘m
different groups of pixels in the first imge conprise a group of pixels
repr esent fol@Wdi%usoi dal s and bile duct cannaliculi in the liver and the

el ght assi gned @) SAHnObOUS|Renh X MU RREEIENELEA kR, si nusol dal s and

bil e duct cannalicu rver is hi er as ared to the weights
assigned to otaemnuned affcdlbgedirfot emdanatl\gf olifisrosfs i bhel identifl®d callagerhod
according to claim8 or 9, wherein prior to step (1c), the identified

col | agen @%€8s are divided into collagen areas indicative of fibrosis and

col | agen ar easaﬂfé}ndmlo%né&c%en Fﬂfli@éﬂaﬁomge%‘?ét% rBa'é@dtd?ﬁthfeQHbﬁM\ﬂnétg
steps: 10i dentifying boundary pixels lunmens in the first i mage;

| ocat i ng biteiddetroelipi ard s of lumens in the second image using the identified

boundary pi xel an Cgmounqe&sdynqgthheepaft(')cry%es gen%réted based on the identified bile

duct cells and the identified hepatocytes.

15 7. A method according to any of claims 2 — 6, wherein the input data comprises
a first image in a Two-Photon Excitation Fluorescence (TPEF) channel and a
second image in a Second Harmonic Generation (SHG) channel, each of the

first and second images comprising a plurality of pixels.

20 8. A method according to claim 7, wherein step (1b) further comprises the sub-
steps of:
segmenting the plurality of pixels in the first image into different groups of
pixels based on intensities of the plurality of pixels;
forming a mask comprising a plurality of pixels with each pixel comprising
25 a weight by assigning a weight to each group of pixels in the first image based
on a probability of collagen aggregation in areas comprising the group of pixels;
applying the mask to the second image to form an enhanced second
image with enhanced collagen areas; and
segmenting the enhanced second image to identify the collagen areas in

30 the second image.



| ocating pixels in the second i mage which belong to the identified collagen
areas and whi ch are nei ghbouring the | ocated boundary pixels of 15l unens;
and wOoividi2pgst he i dentified collagen areas by cl agsirfsg2og/os@izsl

| ocated pixels in the second i mage as belonging to the coll agen areas not

i ndicative -of fibrosis and the renainggg pixels in the identified collagen
areas as belonging to the collagen ar i ndicative of fibrosis. 20 11. A
nmet hod acgco o, cl ai. epe e oungdary

i xel's of 1 Arengope R o HEsE Whshelh BbCRrRlort SO BL BB HERR i ng

a group ofirsPini@bs dopmsrseeat groapl @WEI&%IS Fépirb@erﬁthr@@riu@a@%ls badnbirg daot
initial mask fromthe first imge by setting the roup of pixels

15r epr esed@NNagcHinBnie riveneand rve ftight R5Sianedgi®utrid pg5eiiPs AnBiXemai ni ng
pixels in tp'?@s%rltln tth'e”@lgﬁs@laat%agé?@rbﬂ L&l %%arfallcuh in thefll%rrqsngl ngrf'eé’g mask

by convertlng gr oun i xe Inthe Ini mask correspon to pixels
al ong bj @cﬂhpbmdrtdahe%enghtstm:gnercsno othegents o dok diffeverd gmonxm sf pixets.
30subtracting the new mask pixel -by-pixel fromthe initial mask to forma
di fference mask indicating |ocations of the boundary pixels of lunmens in

the first ?}0 ”ﬁgﬁethogf%cﬁghdlﬁ%g?%%ﬁqf% r Wh@gelﬁ rfol & '%‘teyg [9%?nt$’fféo°r to

formng t new mask er corrp ses a 111ing
hol es i n ecolegenfaeasdrddivided indo egﬂagmdamasehdlcahve béflbrmsts atd nalkkgern613. A
met hod accordin ein the step of | ocating

pi xel s i n?t&Re ’?gé%ﬁﬁaa\fn‘}r%aﬁgeﬂ%?'é b%qrg?{aq“i‘%ﬂf%gb&’é?ﬂ P& col | agen areas

and whj ch are pehahiHpbieddr)pitds at Eﬁn&wm%m@t‘ i%flge; of lumens is
performed using a region growi ng nethod with the | ocated boundary pi xel s of

| umens as st ar locatingi beurdarwheixeisn of Hemesgi on the oseapdndémage BonRpr thees
recent Iy IEEHRRRbRR Y 2t hobdf AR RE ol el s Tocated in a 11 rst
Iteration. locating pixels in the second image which belong to the identified
collagen areas and which are neighbouring the located boundary pixels of
15 lumens; and
dividing the identified collagen areas by classifying said located pixels in
the second image as belonging to the collagen areas not indicative of fibrosis
and the remaining pixels in the identified collagen areas as belonging to the

collagen areas indicative of fibrosis.

11. A method according to claim 10, wherein the step of identifying boundary
pixels of lumens in the first image comprises the sub-steps of:
identifying a group of pixels representing lumens in the first image;

forming an initial mask from the first image by setting the group of pixels
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representing lumens in the first image as foreground pixels and remaining pixels
in the first image as background pixels;

| forming a new mask by converting foreground pixels in the initial mask
corresponding to pixels along object boundaries in the first image to background
pixels; and
30 subtracting the new mask pixel-by-pixel from the initial mask to form a
difference mask indicating locations Qf the boundary pixels of lumens in the first

image.



14. A method according to any of clainms 7 - 13, wherein step (1 b) further
conprises the sub-steps of: 15identifying lunens in the first imge;

| ocat i ng woaupsi28deéscl ust ered | umens fromthe identifiedpcusener/odessr m ni ng
if each of the identified |unmens belongs to a group of clustered | unens;
and I dentifying each group_ of clustered lunens as a porta

tract and each 20l unen not bel ongi ng t%3any group of clustered lunens as a

central vgin | N | aj. rel FLOrt

oot ing. 5 b g B ABIURE SRR Pristel @b o PE R i b et noa
further coemddeerthdrecombrisésr elibaxsp wdi fnd Wokss imidrbad foeasd ay seapes
fromthe identified lumens. 15 16. A nethod according to claim 14 or 15,

wher ei n tieeegrgnndirixelsin theciattishgagkoups of clustered lumens fromthe
i dentified |unmens conpri ses: generating a set of |ines connecting
each identified lumen to its natural neighbouring identified |unens;

30ext raact 1higAshethoal atsoxtiingetof &at of elaimé 1@ach 2, demdreln the stepest lbestedy on t he
e L L T S
R N e e B e TR B R S
sub- st ep adin§ialeegioh ygragingonedhod mattt theelpicates bodndarytpiadls i lnmeegi @ns
based on étg?tiggoé)ilxgyg, %esréllg_tﬁgergg?ii)n growing method comprises iteratively locating

10  pixels in the second image until a number of most recently located pixels is less

than a number of pixels located in a first iteration.

14. A method according to any of claims 7 — 13, wherein step (1b) further
comprises the sub-steps of:
15 | identifying lumens in the first image; |
Iocating groups of clustered lumens from the identified lumens;
determining if each of the identified lumens belongs to a group of
clustered lumens; and '
identifying each group of clustered lumens as a portal tract and each

20  lumen not belonging to any group of clustered lumens as a central vein.

15. A method according to claim 14, wherein prior to locating groups of
clustered lumens from the identified lumens, the method further comprises the

sub-step of excluding lumens with irregular shapes from the identified lumens.

25
16. A method according to claim 14 or 15, wherein the Sub-step of locating
groups of clustered lumens frdm the identified lumens comprises:
generating a set of lines connecting each identified lumen to its natural
neighbouring identified lumens;
30 extracting spatial texture features of each identified lumen based on the

generated set of lines connected to the identified lumen; and



formng a plurality of polygons by generating a polygon for each identified
| umen, the polygon enclosing internediate identified |umens closer to the

i denti f i eslol2anen3dsBan to other identified |unens; and 1@twrsceeao@asygon,
identifying a region in the polygon as a portal tract region if the polygon
is generated for an identified |umen bel onging to a group of clustered

| umens and as a central vein region i 134 he pol ygon is generated for an

identified |umgn_not begl ongi an roup, of clustered,lumens, 1518. A
ot hod hecor di HiStang- et dnffied Jusiths Bl 8h, Fel ExFAdEs SRRt | ses
the sub- sfRpsredfto IGRAETYE bR dfelwkistedCiaens florhBe id@aRieafllutaas! i ver;
segnenti ng hepatocytes in the inmage of the liver; and

i dentifying segnmented hepatocytes surrounded by the segnented bile 20duct

Crai me. whir & MR EREERIRd o, ST, (B0 BERRL e Andoth kRl B Vi cod

machi e | giahiifyivey pbear irathiegidnd BAY ARINta$ ginclatidey bagealagothe fonewirdp  20.
A nmet hod according to any of the preceding clains, wherein the input data
relating $WBHPS i ver conprises three-dinensional data. 21. A nethod

according to a £C qu I [ Wﬁ% | ati ng

to the liver i?‘?@%%ﬁ“ﬁ\r}ﬁt‘@ut @éﬁﬁrxnﬁgn%ﬁghgiac%@%og : gegﬁﬁn%oﬁter

syst em hakinmgn,athe podgsor eaclosige dnieompdidter iceatified Hathemsc olodiengot theany of

t he precedjn inms. 23. A conpputer program pyoduct such as a tangible
@&fﬁg‘?%ra’ﬁ

Cl :
data stor @&@%H%Q/ﬁtf@?” §anioahee dgntige d containing instructions
operapj e by a Ri0SeEsphlydbn2 iFHIRMhE a FSRMN! the BURROhNES PY PERSF Hact ©
perform a net hodr acco?gl@gnttl) any o§ a(]:I a Ims f to gl%o sRP ac
region if the polygon is generated for an identified lumen belonging to a group of
clustered lumens and as a central vein region if the p‘olygon is generated for an

identified lumen not belonging to any group of clustered lumens.

15 18. A method according to any of claims 2 — 17, wherein step (1b) further
comprises the sub-steps of:
segmenting bile duct cells in the image of the liver,;
segmenting hepatocytes in the image of the liver; and
identifying segmented hepatocytes surrounded by the segmented bile

20  duct cells as dying hepatocytes.

19. A method according to any of the preceding claims, wherein the stage of
liver fibrosis is determined using supervised machine learning algorithms or
unsupervised clustering algorithms.

25.
'20. A method according to any of the preceding claims, wherein the input data

relating to the liver comprises three-dimensional data.

21. A method according to any of the preceding claims, wherein the input data

30 relating to the liver is acquired without staining the liver.
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22. A computer system having a processor arranged to performva method

according to any of the preceding claims.

23. A computer program product such as a tangible data storage device,
readable by a computer and containing instructions operable by a processor of

a computer system to cause the processor to perform a method according to

any of claims 1 to 21.



