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Apparahug~and Met hods This .invention relates to cell cIaSS|f|cat|gVP;nd,
‘nor e partlcularly but not exclusively, to a system.for increasing the
speedi-and«accuracy of cervical snear analysis. The:-exanination of a
cervical smear by what often is referred to as a Pap test is a mass ’
screening'cytological exam nation which currently..requires individual
vi sual ‘i nspection by a person of virtually all of the approximtely 100, 000
cells on.a typical slide. The test, therefore, suffers froma high false
negative rate due to the tedlun1and fatigue associated with this
requi renent for exhaustive search. Pronﬁted by the clear commerci al
potential for autonmatediRs WGMATERCYTOROGCRL SPEFRUARN attenpts to this
end have been made heretofore. These attenpts have proven to be
unsuccessful at |east par® @Nﬁﬁ§§%gbﬁﬂy Bcormmodat e over | appi ng
cells as are typically found in the Pap snear. To circunvent the
cIaSS|f|cat|on pr obl ens created gﬁoverlappéqi cells, speC|aI|sed

"monol ayer pr epar athsARPLcaion &s asoatnuationispaof U Sypatent agnlication Serial Nei on i s a

speci al |y prepanee0, e pril 8, Y988 Cdhdloh ©. §§>ﬁﬁéﬁﬁﬁ§h&@dnlmrmscm’ot1roswed and
filtered so that 6&2'@{ a_Si ngl e cel|s results. Besides serious cell

preservation e @Qﬁ?&eﬁéi’t agvcﬂ‘idﬂc%ﬁﬁsl %éese%s%ebom ifledye

i nvol ved in t handminal eytslo gﬁﬂ ?&ﬁfeﬁ@asﬁlﬁ%bﬁ'@&mht&n&%m eP&pH ation
screening subsgitute for ap srrear Even when limted to the

non- over | appi rigcioBires of whirhare, dBRemRtad by RiSFOF Sy er preparation, prior:
art attenpts at automat ed cyt oI ogl cal classification have 2
TECHNICAL FIELD

This invention relates generally, as indicated, to cell classification and, more
particularly, to a system for increasing the speed and accuracy of cervical smear
analysis.

BACKGROUND OF THE INVENTION S
The examination of a cervical smear by ﬁhat often is referred to as a Pap test
is a mass screening cytological examination which currently requires individual visual
inspection by a person of virtually all of the approximately 100,000 cells on a typical
slide. The test, therefore, suffers from a high false negative fate due to the tedium
and fatigue associated with this requirement for exhaustive search
Prompted by the clear commercial potential for automated cervical smear
analysis, several attempts to this end have been made heretofore. These ‘attempts
have proven to be unsuccessful at least partly because they could not accommodate
overlapping cells as are typically found in the Pap smear. To circumvent the
classification problems created by overlapping cells, specialized “monolayer
preparations” have been prepared. A monolayer preparation is a specially prepared
smear in which the cervical cells are centrifuged and filtered so that only a single
layer of cells results. Besides serious cell preservation and cell transportation
problems, the expense and time involved in the monolayer preparation precludes its
use as a population screening substitute for the Pap smear.
- Even when limited to the non-overlapping cell images provided by the
monolayer preparation, prior art attempts at automated cytological classification have
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not bten®able to process cervical snmear images at anything close to manual
processing tine. Many of these attenpts at automated cytol ogical

cl assificat’ion have relied on feature extraction al gorithnms which attenpt
to select and to neasure sone feature within the inmage, e.g., the shape of
the cell nucleus. Feature extraction algorithnms have failed due to the

I nabi.lity to segnment the inmage into the conponents which require

nmeasur enent. One cannot neasure nucl ear size, for exanple, unless the inmge
is segnented so that the cellular nuclei are identified: Tenplate matching,
in which an actual inmage (not a mathematical quantity) is conpared wth
stored exenpl ar imges al so has not bgen successful since it is
conputationally intensive and the infinite variety of possible Pap snear

i Mages or SgabRen abRUb ProtAs|kkirli€al Sflesf I YR IRAEARE trhar@XIGRaRkaing | MBgE
conpari sons.. The di Stl nction between feature extraction and, tenpl ate

mat chi ng i s @6t MaTE QT s afempis at futgmatedeayioiagicaleiassifigpign bave relied 9Bgh 5 whi | e

| mage segnephild %h&ﬁ@goﬁuﬁﬁ WHiéh slempt BS@Hct dhd D RhAfe somffedite Conzal ez
reference. An exanple of the limtations of the prior art can be found in

the 1987 reEhiBhedmags, g <he shap of b U nogdeds; cﬁ%%mwom%ggﬁhwcat i on" by
~Tien et al, hdvderﬁileufduedofﬂ&brmﬁmybelss&gmenﬁ&eliﬂﬁéamé mefc&ﬁmmwfchl nt er est

are, as foI | ows: Runel hart, David and M | and, Jarres "Paral | el
Di st ri but edTaRE: BEaspRegent. \Pre esnpot measuye gucless sizps o exampls, s B¢ al,

"Automat ed fagiew isGedmeniEaab tat @ Sdlfulaf Alcled Bre iddntiA&IE ST én;i}ﬂﬁte ﬁxﬁtcﬁxh@, ik EEE/ Ni nt h
Annual Conference of the Ené;l neer i ng i.n_Medi ci neg an
no!

Bi ol.ogy Society, 1987,
p. 1457-1458 hiclyanactuy dnagen(nofra yegthematioal quantify}is { Gomgared; with; ??@fe‘? he Human

Brain,"' | EE&emplar images also has not been successful since it is computationally intensive and

the infinite variety of possible Pap smear images or scenes would require an excessive
number of exemplar image comparisons. The distinction between feature extraction
and template matching is outlined in the Collings reference on pages 1 through 5
while image segmentation techniques are discussed in Chapter 7 of the Gonzalez
reference. _

An example of the limitations of the prior art can be found in the 1987
reference entitled "Atitomated Cervical Sé:reen Classification” by Tien et al, identified
further below. -

Background references of interest are, as follows:

Rumelhart, David E. and McClelland, James L., "Parallel Distributed
Processing,"” MIT Press, 1986, Volume 1;

Tien, D. et al, "Automated Cervical Smear Classification," Proceedings of the
IEEE/Ninth Annual Conference of the Engineering in Medicine and Biology Society, -
1987, p. 1457-1458; |

Hecht-Nielsen, Robert, "Neurocomputing: Picking the Human Brain,” IEEE
Spectrum, March, 1988, p. 36-41; and

- Lippmann, Richard P., "An Introduction to Computing with Neural Nets,"
IEEE ASSP Magazine, April, 1987, p. 4-22.

BRIEF RY OF NTION
- An object of the invention is to automate at least part of the classification
procedure for cytological specimens. )



Spect tum -March, 1988, p. 36-41; and Lippmann, Richard P., "An Introduction
to Computing with Neural Nets," |EEE ASSP Magazine, April, 1987, p. 4-22.
BRI EF SUMVARY OF THE | NVENTI ON An object of the invention is to automate at
| east part of the classification procedure for cytol ogical specinens. 3
Qur European Patent Application Publication EP-A-O 336 608 discloses a,

nmet hod of and apparatus for classrfying a cytol ogical specinen according to
the pre- characterising parts of claims 1 and 10 hereof, respectively.

Anal ytical and Quantitative Cytology, Vol 4, No. 4, Dec. 1982, pages
279-285; TANAKA, N. et al. "CYBEST Model 3 Automated Cytologic Scr eeni ng
System for Uerine Cancer Uilizing IMage Analysis Processi ng", discloses a

cytol ogi cal cl asQinbih@ conkistedt obfebtReRS fo provitis! kinyi-adiskaic & acem&)giadl smear

anal ysis. The ¢l assjfier concludes, for each specipen, whether the specinen
i s "nor mal ", SPecimen classifigation gpparatus apd meth °dAI‘”§€°b)t Aloleast past; 9fi B¢ gil ves each

speci men On&lﬁiﬁéaﬁoﬁﬁﬁkédﬂ&ﬁnﬁ yole el bRl by £ R @eingat i Ons), rangi ng bet ween
+1 and -1, which jndicate the d@gqree of, at@f/‘ﬁl cality of, the speci nen as

determ ned by a %ﬁ@f?’ﬁ%ﬁeé‘% 8x ) Ghicct of the present Lisftgclasily . 31, No.

9, Julne 1985;ymnb’gtggf tgﬂﬁa} cmgtoﬁd@efd‘re eralcate orEtBeoﬁ/Qikd nyufl’l st 4

urinal ysis workstatio e first commerc lgation Qf autonate

intelligent SEREIHYE *'m°’('§’|1’§a"61 %W%%ﬁg?ébfﬁﬁ‘ﬁﬂ SIIGUPRB M | n whi ch
procedure.

As used herein the term "automated” means that at least part of the apparatus
is automated; in the preferred embodiment a portion of the method is carried out by
a person. |

Briefly, according to one embodiment, the invention includes an initial
classifier (sometimes referred to as a primary classifier) preliminarily to classify a
cytological specimen and a subsequent classifier (sometimes referred to as a
secondary classifier) to classify those portions of the cytological speczmen selected by
the mmal classifier for subsequent classification.

According to one embodiment, the invention includes an initial classifier
(sometimes referred to as a primary classifier) preliminarily to classify a cytological
specimen, a subsequent classifier (sometimes referred to as a secondary classifier) to
classify those portions of the cytological specimen selected by the initial classifier for
subsequent classification, and a 1emary classification to determine characteristics of
or to classify those portions of the cytological specimen that are selected by the
subsequent classifier for further classification.

In one embodiment the primary classifier performs a low level fuorphologicai
feature screening function on the entire image while the secondary classifier performs
a high level pattern matching identification on those images not screened out by the
primary classifier.

In an embodiment of the invention the primary classifier classifies spedméns
according to size criteria and integrated optical density.

In an embodiment the secondary classifier is a neural net.

- In an embodiment the tertiary classifier may be a person.
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sedlnent particles in urine are automatically sorted into predetern1ned
ranks corresponding in size (based on the |argest dinensiaon) to cass,
epithelial“ cells, |eukocytes, erythrocytes etc. US Patent No US-A-4 805 225
di scl oses a general purpose pattern recognition nmethod. US-A-4 700 298

di scl oses an i mage scanni ng systemin which an automated m croscope

I dentifies and tracks the-location of specific cells in a live-culture
using feature extraction techniques. UK Patent Application Publicati-on No.
GB- A-2 093 586 discloses a fully autonated, red blood cell analyser which,
for a given sanple, provides a count of the number of cells of different
shapes and infers f r oiman lembetiiment itheiprésem inviertion erforims its glapsification ofargredp or i s

i ndi cative of cer

(It ernat onal  cat Saciin R ek ot B Shichly" B8t RERALBRSPUAY

" CYBEST- Aut onat edhaRuab scGeepimg (. capproximetely sik misites/spebirsen) iob éaster.he ful |y

aut omat ed cyt ol ogi cal as t out in the T RUpl.l cation
cited above. Accordin %’b 8‘?1%‘*"3%% ¢ Ripeqt 'éw?f‘ru S Pﬂé@vent [ ong elrled?ll S
provi ded a net hodytologicdl apecinhens mguah @yﬂamltbgnmabersmttymmﬂ‘omectsthernce of
priemal i gnant or nali gnant % CONPLinSiN

producing a digifa le é%’?gg%““fgﬁ ofp) t ‘Eggélk'fmg’?t‘#gﬁ“%ﬁﬁ%%é%f‘fféﬁ and b)
perfornming a complinps efoalis dverlappisg f.:ellsadebns; chimpis ofl leucatytas, batsers; traucis). t he
digital In an embodiment the present invention performs the above- described

classification on cervical smears for the detection of pre-malignant and malignant
cells. '

In an embodiment the present invention displays, e. g.', on a monitor or other
display medium, cells adjacent or near one or more exemplary cells having features
distinctive of a certain cell classification, such as large dark nuclei for malignant or
pre- malignant cells, to facilitate, by comparison, cell screening by a person.
| In an embodiment the present invention performs its classification with smaller

. false negative error rates than those typically found in conveational manual cervical
smear screening. '

In an embodiment of the present invention classification of cytologxcal
specimens into medically significant diagnostic categories will be more reliable, i.e.,
will have lower false negative error rates, than present methods. '

In an embodiment the cytological classification system of the present invention
does not require a modification in the procedure by which cellular specimens are

' obtained from the patient, i.e., standard Pap smears are used for its input. -

In an embodiment the cytological classification system of the pre;ent invention
will permit reliable classification within processing time constraints that permit
economically viable operation.

In an embodiment of the invention classiﬁcéﬁon of a cytological specimen is
made iay a person, and subsequent automated (or semi-'éutomated) classification of
selected specimens, such as those primarily noted as negative by such person, or, if

~  desired, of all specimens, then may be carried out.



representation, as a function of the optical and/or norphol ogi cal
characteristics of the objects, as likely to be premalignant or nalignant
.cellsy. characterised in that: the step of conputer-based classification
i ncl udes assigning individual objects a value lying within a range of
val ues which indicate the likelihood that such classification indicates
that each respective object is a premalignant or -malignant cell; and in
that the method includes the further steps of: c) by neans of a
processor, ranking the individual objgcts in order as a function of the
val ue assigned to each object and selecting for display a plurality of the
f)bj ectﬁ accordi nglbwemmmﬂﬁgaut&ﬁi&dpb&ﬁﬂdnijﬁagsf&fm&!ﬁhxﬁﬁﬁﬁbrﬁkb&ﬁabs bei‘ ngh
ess than t nunber anked ohjects; an S i ng .i nages of the
sel ect ed ob%’@f@nf‘a?"?% e‘?ﬁ‘;{?ﬁﬁ‘sf YL 2 ﬁ?’ﬁ%‘s)ﬁ%?’@n% x%ﬂ nWe% - at or .
Accordi ng t doaded.her object of the present |nvent|on there I's provided an
apparatus for classif tolo cal eC| n r t.h rese ce of
prenal i gnant or ﬂ*@%&ﬂ%‘eﬂg‘ﬁ% rgéﬁ qﬁ ]ﬁ(iedo %ing an
i mge of at dcgmﬂgcpﬁpéaménamhpdea@babdhmmmmpummmﬁmwmgucu ng a
digital repr ent tion.of the image. and a yt er - based cl assifier for

cl assi fyi ng THd Elﬁgﬁau%rbﬁe@b?‘go ety o i aﬁﬁuﬁl"" L esentation, as a function
of the opti cal andnwmmht;ﬂﬂﬂwmﬁnmfﬁs&ﬁtmm@fu@mhﬁwﬂh@cﬁﬁn&ﬂs as

likely to be pre nant cells: aacterlsedlnthat t he
conput er- badé @ céé g\}o lga g"[‘ﬁ%és EIPREL, H1 KRB et s a val ue
lying withi rlasifiatdgemeyf be/ﬁl’em&dmudhauﬁmﬁzaﬁﬁmﬂﬁhmahukﬁdtlfMGd t hat such -
classification |ﬁd|

Eocﬁment of the invention improvements are provided to an automated

microscope, including, for example, one or more of focus control, light intensity
control, positioning control, and lens or objective magnification changing.

These and other objects, advantages and features ot_‘ the present invention will
become evident to those of ordinary skill in the art after having read the following
detailed description of the preferred embodiment. _ ' '

It is noted here that the published articles cited herein are specifically
incorporated by reference.

Moreover, it is noted here that the invention is described herein mainly with
‘Tespect to classification of cytological specimens in the form of a cervical smear, as
typically is done in connection with a Pap test. However, it will be a;}preciated_ that
this is but one example of the application of the principles of the invention which may
be used to classify other cytological specimens.

BRIEF RIPTION OF THE DRAWIN

In the annexed drawings:

Figure 1A is a schematic illustration of an automated cytological specimen
classification system according:-to the invention;

Figure 1B is a schematic illustration of the automatic fine focus adjustment of
the system of Figure 1A; ‘

Figure 2 is a block dlagmm of an automated cytological specimen screening
device in accordance with the present invention with particular emphasis on-

classification components;
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t hat; each respective object is a premalignant or malignant cell; and in
~that the apparatus includes: a processor for ranking the individual objects
in order as a function of the value assigned to each object and sel ecti ng
for display a plurality of the objects according to the order, the
plurality of selected objects being |less than the nunber of ranked objects;
and a display for displaying i nages of the selected objects for review and
further classification by an operator. The invention thus provides a

sem - aut omat ed cytol ogi cal specinen classification apparatus and net hod,
whereby part of the cell classification grocedure (the review and further
classification of the displayed irmages) is carried out by a human bei ng.

5 In an enbodi ment EBiguesBAnmt 8B ppeet aneleniatia flow eharnshoh-hmdsepieentatian/i ded to

transport cytol Qgi.c S Lens between a starage | ocatd on. and an
exani nation | ocog%feo'ﬁ%qug&g{#sséﬁﬁ'&ﬂgﬁvﬁf“ %W’H@W&Wﬁﬁ%’%‘#@e Wﬁef’g?nrig system
mﬁr ks tsel gc% ed ar eaﬁigofeﬁsaylwtdiggmlr%ﬁmm;oﬁﬂtmhﬂiodbf?@n&lnlssliﬂidaﬁm
characteristic such & .ng being either automatically,

SRR ittt

sem -automatic hi’ti ated. In an enbodi nent of the invention
classification of aFigyteob dyix dlock piiagrarerofis chssifivationz ofl ai §lidarhasing oy | zed

i dentification _is assqciated, wth the speci nen, and such classification may
be prevented ifpatzlﬂl?,ﬂcagﬁf"%o dzed identification is not found. In an

enbodi ment of the i|FRigart&ads a blochuiiayeant of aa elagifivatiche df oslida Having gt ed

pathological cells.

DESCRIPTION QF THE PREFERRED AND ALTERNATE: EMBODIMENTS

With reference to the drawings in which like reference numerals depict like
items, and specifically to Figure 1A, there is illustrated a neural network based
automated cytological specimen classification (sometimes referred to asl screening)
screening device or system 10 in accordance with the present invention. Thé
screening device 10 includes an automated microscope system 12, ’a camena 14, a
barcode reader 16, a slide marker 18, and a computer processing system 20.

Briefly, the screening device-10 is used to classify cytological specimﬁns, in
the preferred embo&iment to determine and/or to help to.determine whether a
cytological spééimén contained on a slide S (or on or in some other support,
container, -etc.) includes characteristics or features of.interest. = Exemplary

. characteristics are those which are had by malignant or pre- malignant cells in what
is commonly known as a Pap smear. In an exemplary embodiment described in detail
below, the automated microscope system 12 makes a low resolution examination of
the specimen during which some working parameters, such as the location of the .
specimen on the slide, focus, and/or illumination level (for optimum viewing in the
subsequent high resolution examination), are determined. Authorization to conduct
the examination, e.g., using the barcode reader 14 to sense whether the barcode on
a stide is proper, also may be determined prior to or during the low resolution
examination.  Thereafter, with reliance on such working parameters and
authorization, a high resolution examination of the specimen is made by the
microscope system 12. Based on information obtained during such high resolution
examination, primary, secondary and tertiary classification procedures are carried out



m croscope, including, for exanple one or nore of focus control, |ight
intensity control, positioning control, and lens or obj ective nagnification
changi‘ng. These and other advantages and features of enbodi ments of the
present invention will becofe evident to those of ordinary skill in the art
after having read the follow ng detailed description of the preferred
enbodinment. It-is noted here that the published articles cited herein are
specifically incorporated by reference. Mreover, it is noted here that the
invention is described herein mainly with respect to classification of
cytologlcal specimens in the formof a-gervical snmear, as typically is done
i n connection wiwth a Pap test. However, it will be appreC|ated that this is

but one exanptoeieai'lnmh,' efongxample awhether mhl_ignhﬂ:l op piefifd '1igﬁﬁsceiniar§a,ﬁmdlﬂeaaent i on which
may be used t QQgi C speci nens. | n e ann

dr awi ngs: Fi gﬁ'ﬁ'ei %% 1's a s‘:gﬁl&r'r'@%/?rvm &F@W‘ﬂ@%ﬁg’gﬁ“q “Eﬂﬂ?f% éyt ol ogi cal
speci men cl astheftertiaryi dassifigatipe iis earheﬂyi:tngaxmhl@,:cireveb)t b @Rtsork:| gm:veev?;Bt Ihz gyst o
schematic ill ne focu nent. o

of. Figure 1A H@Elgure @ﬂgm&éag?'{odc!i&%%& M or? W%%fyoar?ﬂ}] if‘“ff’ﬂ §i cal

speci nen scremcqqgtlmeama)ehammpdwme W th the pr esent |nvent|on W th
particul ar enphasi '0?)&890:9 Lﬁﬁé 's;thlé ?sngen )9 lr}ne er ﬁle com:roll1 of the computer

system 20. Accordingly, such computer system includes a general purpose computer
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20a, such as an AT type microcomputer, and an image processor 20b, such as one
sold under the U.S. registered trademark PIPE by ASPEX INCORPORATED, and
a neurocomputer 82, such as that sold under the U.S. registered trademark ANZA
PLUS bh HNC, Incorporated. \

The automated microscope system 12 includes a number of elements designed
to facilitate the quick and easy handling of specimen slides. One such element is a
robotic slide handler 22 which, upon appropriate commands from the computer
system 20, moves the specimen slides from a holder 23, called a cassette, to a
‘motorized movable stage 24 for transport into and within the optical path of the
inicroscopé for cell classification, and then back to the cassette after classification.
Mounted to (pmferébly bolted to) the motorized stage 24 is a slide support bridge
(sometimes referred to as a tooling plate or tooling fixture) 25 upon which the slide
is held for movement through the miéroscope system 12. The bridge 25 has one or
more passages 26 (preferably four) in the area below where the slide is positioned and
opening to face the slide to allow the creation of a vacuum under the slide to hold it <
firmly down upon and in place on the bridge. The tooling fixture brfdge 25 also
includes a relief area or slot 27 to allow the robotic slide handler 22 to grip the slide
during placement on and removal from the tooling. fixture bridge 25. The slot 27 also
provides space for illuminating light from a light source 28 to travel along an optical
path designated 29 to the microscope objectives 30, 31.

The motorized stage 24 is mounted upon cross roller bearings 32 and powered
by two stepping motors 33, 34 with associated drivers by Compumotor together with
a Parker Compumotor PC23 interface controller 35 to provide precise movement of
the slide relative to the optical path 29 and viewing area of the microscope. The
bearings 32 are mounted to the microscope base or frame 40, which in turn is



In am enbedi nent the present invention perforns its classification of a
group of specinens within the perlod of time typically consuned for this
task By careful nmanual screening (i.e., approximately six ninutes/specinen)
or faster. In an enbodinent the present invention perforns its
classification on cytol ogi cal specinmens which contain the nunbers and types
of objects other than single |layers of cells of interest that are typically
found in cervical Pap snears (e.g., clungs of cells, overlapping cells,
debris, clunps of |eucocytes, bacteria, nmucus). In an enbodi nent the
present inventi MCMbymthsmmymdvﬂmtonﬂhmﬂngﬁhMbﬁrMs4lotnad1qavyervi cal

enbod mont the Erbeg iG] e 4 b bl 10300 o5 sy bR

di spl ay nedi um m\désirlsma])sad)srstﬂ@r near one or nore exenplary cells having
el o1 STor ol Fgnan o ShdrEish, SEate ERBRLY b B Aor BfbIRE el g0 KALC
cell screening mpnnanqdeﬂ@énanfm)a\nmanmmnmmm fpmetbemmpqtﬁr@rﬂcc%!ng per f or ns
its cIaSS|f|cat w& | se
typically found |n conve oérﬁ{es nﬁg@gg?%ﬂgg&g%g;&@%@%@ﬁ{hg an
enbodi nent of t prescpbedslecationsay &gt preciseclogation fof dheet staga 24f amyﬂmsdgi&hd% ispeci nens
into nedically C | abl e,
el T hay ek by B DAt AMARR A Sl it ol %P%Eéﬁréﬂﬁéﬁods.

an enbodi ment  t device yhab ipogiucea | pulsksazspiesantative oﬁmgy@teehmomtm qirthes etage.
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cel lul ar speci n'gl%tsse g@%'go gfcr?[e}%q?g oh tdﬁo& éat [ en?’yp(ﬁé)g e(?'a;rg%ier“\?bPap snears
are used for i tidentifipthe cuirent dorationbefctherstage 241@ gcytebnwgwcmhom gs mfqrensat i on

system of the PResgbe fefliG8ld Qe other location. An exemplary position encoder is sold
by Heidenhain.

The automated microscope 12 also includes features to provide fast, precise
imaging of each area and/or of selected areas of a slide positioned on the bridge 25,
as is described further below. The optical system 45 of the automated _microscbpe
12 includes an objective carriage 45, and an auto focusing mecl!anism 46. The light
source 28 includes a lamp 47 of constant color temperature, light intensity control
filters 50, an automated iris or diaphragm S1, and associated reflectors, prisms, .
lenses, light conductors, etc., schematically represented at 52., to send light along the
optical path 29 to illuminate the specimen from below. (If desired, illumination of
the specimen can be from above.)

The objective carriage 45 moves the appropriate magnification objective 30
and 31 (say, respectively, of 5X and 20X magnification), or lens system, into place
in the optical path 29 to provide for low or high resélution viewing of the slide,
respectively, as desired during the particular phase of opéraﬁon. A motor 53 which
is controlled via a connection 54 by the computer system 20 selectively moves the
carriage 45 and respective objectives 30, 31 into the optical path 29. Limit switches
55, 56 sense maximum travel of the carriage 45 and éoopemte with the computer
system 20 in standard fashion to prevent over-travel of the carriage. A conventional
adjustment 57 is schematically shown for parcentering, i.e., centering of the '



will permt reliable cl a55|f|cat|on W thin processing tine constraints that
pernmit économically viable operation. In an enbodi ment of the invention
classificgation of a cytol ogical specinmen is made by a person, -and
subsequent automated (or sen -autonmated) classification of selected

speci nens, such as those primarily noted as negative by such person; or, if
desired, of all specinens, then may be carried out. 5 I n an enbodi nent
an automated specinen transfer nmechanismis provided to transport

cytol ogi cal speci nens between a storage | ocation and an exam nati on
location. In an_enbodi nent of the i nventi%n a marking system marks sel ect ed
areas of a cytologjcal eC| escrl bed .cha eristi Cg appear,
such marking be %l tql? 8&%“@’ ﬂg ety Al EQF’ € GTU3Edal | y
initiated. In alnsemdweditorminombnddmhe othez objectives inothe bticalagatton of a

cytol ogi cal specinen,is authori ed | f..an . authorized jdentiticatign is
associated with the Bé‘é‘?‘ﬂéHP gplgggqr?feco&tdfagmmysk%cm BBt ed i f
such aut hor i zedthe dstaisitf maighon-ansﬁutmttofmuslﬁhe dnd ianthe roboell petht2906f thee

i nvention inprovenents are proyided ted mcrosco i ncl udi ng,
for exanpl e, on@‘%‘?"%r@ %’faf'd’ v&hﬁ’r gf aﬂ?gﬁr{'?"“?%?%@fycg‘ﬁ?sfso&?

poskti oni ng contranshitted: fight! irtassitp acaohiingctoi witchnatgertile 8GjtIl1athe cdrfifygei 450has These
and ot her objects es.a eat ures,of t inventiqn wll
become evi dent P‘Emf’ﬂ% ﬂﬁf&’B%Pﬂg?é/ KRqtpr @W?‘ﬁ‘gleeggi'%ﬁfcf’@?“tﬁawtﬁﬁgpead the
fol | ow ng adjusts the iris 51 to respective relatively more open and relatively more closed

conditions at the same time that motor 53 moves the carriage 45 to place respective
low and high resolution objectives in the optical path 29. ’
The filters 50 may be counter rotating variable neutral density linear polarizer
| filters 50a, 50b positioned in the optical path 29 between the light source 41 and the
iris 51 to provide further control of the light intensity transmitted into the optical path
without affecting the color temperature of the light. A motor 61 Totates the filters
50a, 50b under control of computer system 20, which xﬁziy automatically call for an
increase or a decrease in slide illumination intensity, e.g., as requested by a user, as
the light source ages and/or is changed, etc. By rotating the polarizers 50a, 50b, the
extent that they cross or are parallel and, thus, the amount of transmission
merethrough can be controlled, "
The automated microscope includes a coarse focus adjustment mechanism and
a fine focus adjustment mechaxyism 69 (Fig. 1B), both being of conventional design,
t and, therefore, neither of which is shown in detail. The coarse focus adjustment.may
be operated by a micrometer type control that can be operated, ¢.g., turned manually.
The fine focus adjustment also can be operated manually if desireﬁ. However, the
fine focus adjustment preferably is operated automaticaily by the autofocus 46 in the
manner described below. (Other types of focus adjustments also may be employed.)
As is seen in Figure 1B, the autofocus 46 includes a light source 70, a bi-cell
71 (a device with two photocells or other photosensitive devices 72, 73 in a housing
74 with a mask formed by a pair of openings 75, 76 for guiding light to the
respective photocells,) a differential amplifier 77 with an offset connection to the
coinputer 20, a piezoelectric device 78, and a mechanical coupling 79 to the fine
focus 69. Light from the source 70 is reflected off the top surface of the cover slip



det ai'l ed description of the preferred enbodinent. It is noted here that the
published articles cited herein are specifically incorporated by reference.
Moreover, it is noted here that the invention is described herei

wi th.respect to classification of cytol ogical

cervical snear, as typically is done in connection with a Pap test.

However, it
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Oélftgrngal ﬁnﬁﬁﬁr ‘H x%z%;[ teirther amplified by an amplifier 77a, and the output
from such amplifier is used to provide a voltage input to the piezoelectric device 78.
The piezoelectric device then mechanically operates the fine focus 69 control of the
microscope 12 Qia the mechanical connection 79.

Another focus control for the microscope 12 also may be ﬁrovided. Such
focus control may rely on image processing, as is described further below, to
determine the degree of focus that an object is seen by the camera 14 in particular.
Such image processing focus control can be used both to make a focus map of the
slide S and also to control the fine focus adjusting mechanism 69 and/or. the coarse
focus adjusting mechanism to bring the image into focus for the camera. |

The image processing focusing described may be carried out &uring high and

low resolution viewing. During low resolution viewing focal information is

correlated with position coordinates from the position encoder 44 to compbse a focal

map, and the resulting focal map is stored in computer memory: During high
resolution viewing, the computer system 20 provides the focal information from the
stored focal map in accordance with the location of the viewing field as determined
by the position encoder 44 to adjust focus by mechanically controlling the coarse
and/or fine focus adjustment mechanisms of the microscope 12. This allows for fast
focusing during the high resolution scan.

Alternatively, focusing can be carried out during other portions of the low
and/or high resolution examinations of the slide.-As an exainple, the focusing function
can be carried out prior to the initial low resolution examination of the slide and/or
prior to the first high resolution examination of the slide. In the high resolution
examination, as is described further below, several specific areas or "tiles" of the

slide are examined, and focusing function can be carried out before each tile is



used: by the device of Figure 1; Figure 5 is a block diagramof a
classification of a slide having no pathological cells; and Figure 6 is a
bl ock"di agram of a classification of a slide having 50 pathol ogi cal cells.
DESCRI PTI ON OF THE PREFERRED AND ALTERNATE EMBODI MENTS Wth reference to
the drawi ngs in which Iike reference nunerals depict like itens, and
specifically to Figure 1A there is illustrated a neural network based

aut omat ed cytol ogi cal specinen classification (sonmetinmes referred to as
screeni ng) screening device or systen1lﬁ.hn accordance with the present

I nvention. The screening device 10 incllUdes an automated m croscope system
12, a canera Jefamazdg&r%eﬂa}elriﬁaﬂ?&u%ﬁg sichSfoudin %{K@Eaﬁ%q@%h&gﬁfﬂpufer .
processi ng syste . Bri Y, e screenin evi ce- is used to classify
cyt ol ogi cal sﬁéfg]ﬁﬁ?i‘ ed numbet, &-Eyy Y Blﬂsgﬂ*t?gwmn“‘?'o deternine and/or to

help to determ nﬁ Thebdisde Geddiit 06 G@y Bala edae&:ﬁamdleﬁgu,amﬁﬁ #inkegfal i de S (or
on or in sone.other support, container, etc.) .includes characteristics or
features of iMP&WﬂP&%W ’séﬂ‘gﬁé(éﬂ@"?l frhoglogies, I'E‘?ﬂfsﬂ?"%‘fﬁcme"ér e had by
mal i gnant or ok uiiet the Gademaflel dserStan 6320! Sudh HarBEDRRhder 6 NPdsiBdned (2P smear .
In an exenpl ary enbodi nent descr.ibed in detail bel ow, the autaonated

mi croscope sy3ie¥hd felecisd agea of 3 PReedt tiasi Rsan Eanspetiedite S $aseidtdystBeci nen

during which sessc éRickiandled 2y, APHhE ploferfed Ghmbadimemteabip il ipfilertdd bhfe SPeci men
on the slide, focu i.llum nation_ |level (for optinumviewi ng in the

/
subsequent hi dﬁ%i%fgtgﬁ‘éﬁ%cémmﬁt@'&ﬁ? a bagcpdey othierharaedt  confainsifeleyarht i on t o

conduct the exXgBinadbi Mkessily tn coorfihdlitly tHAQIBMIGEGEreblR S the Jdd @ gSapse whet her .

the barcode on a slide is proper, also may be determ ned prigr to or during
t he | ow resol @PFtefProviding the slide and the patient from which the specimen on the slide was

obtained. The barcode reader 16 reads the encoded information from the slide and
provides that information to the computer system 20 via connection 80 for storage and
future correlation with test (i.e., classification) results. In the event that a slide is
presented to the screening system 10 without a barcode, or with an improper or
unreadable bafcodc, the slide will be rejected and returned without classification to
the cassette 23 by the robotic slide handler 22. In other embodiments the barcode and
barcode reader could be replaced by a system performing similar‘ functions, such as
a set of characters and an optical character reader. _

When a physician collects a cytdlogicai specimen from a ijaﬁent, the physician
may securely affix a barcode label (e.g., an adhesive label) to the slide on which the
specimen is placed and may securely affix a corresponding label and/or barcode to
the patient’s chart. The chart may be retained by the physician. When the system
10 examines a slide, preferably it also prints a report of the results of such
examination. The barcode information read by the system 10 preferably is printed
on such report. Then the physician can conipare the printed barcode information with
the corresponding barcode or like information on the patient’s chart to confirm
accurate matching of the report to the patient. The physician also can supply the
laboratory, which is using the system 10 to classify the cytological specimen, written
information, such as the patient’s name and the physician’s name, that can be
correlated with the barcode_and'printed automatically on the report concerning the
classification specimen.



exam nati.on. Thereafter, with reliance on such working paraneters and

aut hori zation, a high resolution exam nation of the specinmen is nmade by the
m croscope system 12. Based on information obtained during such high

resol ution exam nation, primary, secondary and tertiary classification
procedures are carried out 7 to determine, for exanple, whether
mal i gnant or. pre-malignant €ells are contained in the specinen. Preferably
the primary -and secondary techniques arig autonated and the tertiary
classification is carried out nmanually, i.e., by a person. However,

consi stent wi th t h&hg GeR: §4anpesitieasd in yheamicrgscope’s Apticpl pathe2biedraptyrend/ or

tertiary i maggodsads dmghifid EIBwdhic e Sfe BRa FFMAONRE beldR Sidded 0P the
system 10 is generally under the control of the conButer syst em 20.
Accordi ngly, <aBfrRdHHKsds the clesronis imags 19 thacampptersyitem 20 yigarearecionflut er 20a,

such as an AT by @Msitieaib® 60 e LR appfifl Athe BfefC rhe Qimet ay Pd@h as one
sold under the U S, registered trademark Pl PE by ASPEX | NCORPORATED, and a

neur oconput er Sgaventignal{iirse chip,charge coRpIcd RER camega, gueh aso0pg madebye¥Pny s Yde mar k

ANZA PLUS bh tditler cam2f0ibRQb picoide sulidBle fféRERES thE HbanenRe. aM Fhae) %2 i ncl udes
a nunber of elenents demgned to facilitate the g‘w ck and easy handling of
speci men sl i ddke copRueLs Rush gnagaiisprefe@bly repseseted: by, plpctdcal, sigralssWhidlbcahi ch,  upon

appropriate co SedfUyQne infaGe HrobEAtHE Q0b &f/hé Bdthpithr sPSa#€30.t he speci men sl i des
froma holder 23, called a cassett torirzed npvabl e stage 24 for

c , to.a
transport into and™ving ROTPUEE SYHIR izﬁé‘i “%qeﬁggfm’cgﬁé’r“essmg and evaluation -

functions are performed. These include determining where on a slide is there

specimen material actually located, whether there is adequate specimen material to

perform a meaningful classification, and the primary classification which does a low

level filtration or screening, e.g., based on morphology that can be evaluated
algorithmically. The neurocomputor portion 82 of the computer system 20 provides

the secondary classification, doing a higher level filtration or screening based upon

training of the neurocomputer, e.g., as is disclosed in the parent pate;xt application
mentioned above and the references mentioned above as well as. according to the
description presented herein. Electronic image representations of cells which are -
classified by the primary and secondary classifiers as being susp_éct are stored in the

computer memory, in disk memory, or in some other mass storage device for further

(tertiary) classification by a person trained to detect the truly abnormal cells. The

locations of such suspect cells on the slide also are stored in the computer.
Subsequently, when the tertiary classifier (technician) can review the images of such

suspect cells, they can be inspected or examined by viewing such stored images on -
a video monitor; and the technician can make a final determination as to whether each '
of such suspect cells is truly abnormal, e.g., malignant or pre-malignant or otherwise

of interest.

When the tertiary classifier finds such an abnormal cell, she or he may use a
mouse or some other device coupied to the computer 20a to point to such cell. Such
cell then is identified or is tagged (e.g., in software or an electronic data
representation of such cell) for convenient recall and redisplay for viewing and
examination bya supervisoi', pathologist, etc. An image of such cell may be printed
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m cr.oscope for cell classification, and then back to the cassette after
classification. Munted to (preferably bolted to) the notorized stage 24 is
a slide support bridge (sonmetines referred to as a tooling plate or tooling
fixture) 25 upon which the slide is held for novenent through the
m'croscope system 12. The bridge 25 has one or nore passages 26 (preferably
four) in the area bel ow where the slide is positioned and opening to face
the slide to allowthe creation of a vagguumunder the slide to hold it -
firmy down upon and.in place on the bridge. The tooling fixture bridge 25
al so i ncl udesomo paper. eAlsa, théphysical loehticd of such a¢ll envthe ke cablet markesi, e.dg handl er

22 to grip th @!!.ﬂe durin l.ace t..on L enpval ol i ng :
fixture bri dggy . eméldg %%g‘Fg(E;éﬂﬁrg@\% g{e%hg%g}g%'a‘*‘%;&mlﬁ%ﬁﬁéﬁi ng |ight
froma |ight sour ddor@@articuliriyraftdr theel tertigry alassifier hasctientified theltraly ghmmtmeal 29 to t he

m cr oscope obj@ct o ' t | pon cross
roller beari ng@g’ﬂg‘go?]nop%%g\f\gr é“d@%’%@@éﬁ%ﬁ&%@ %ﬁ.{%@?gﬁ,{ﬁ %#I

associ at ed dr 34/epesition tiorespentiveareat ofghd dlide havirgtan abddamil eell Galepthesdider PC23

i nterface controll t Q,.pr.oyi. de eci,se, nmove f the slide,relative -
to the opticawa%ﬁttﬁzzégg'ﬁdh&*@édbﬁﬂ lﬁ{l'g'gdiq mfﬁ?#ﬁ%o@‘&dﬁ%o? e rg%ari ngs 32
are nount ed t first feplaces eiexstide pa2k loa tie beidgéd inath@esadde, positiorcds it hadt beembeéfere 8
attached by copventi I ri ngs_and vi hration danpj shock orbers 41
to a heavy (evp@,ms@'%&gbgutﬁggﬁmegﬁﬁﬁis?8"'?)3&%‘%%"’%&%%?@“&“%‘3@? ﬁﬁs 32 al so
may be by sprthegenmted 20 to mblcasmall daty hpproxinidely Tienns inalipgneatay} @vthe 8ide 34 are
control | ed byinttpee (sgpe% ar&%}tc{f%el sTide Lxlvélllexgtsgc abnormal cell(s) is (are) located by

operation of a solenoid (not shown) to dab ink via an arm 18a onto the slide. Such

marking is similar to the manner in which silicon wafers are marked for specified
purposes in the field of such wafer manufacturing and inspection. The computer
system 20 will then command the robotic slide handler 22 to return the classified slide
to the cassette 23, Another slide then can be marked as described until all slides in
the cassette have been screened. The slide marker may be one of the type sold by
Xandex. )

Motion of the stage 24 to bring portions of a slide S that is held on the bridge
25 is.under control of the coinputer 20. The computer sends control signals to the
interface control circuit 35, which in turn sends appropriate signals to driver circuits
associated with the stepper motors 33, 34 to move the stage in the X and Y directions
indicated in Figure 1. Limit switches 90, 91, 92, 93 detect maximum travel of the
stage and are coupled to the computer 20 to limit travel beyond maximum limits, as
is conventional. Feedback to indicate the actual location of the stage or the relative

. location compared to a reference location is obtained by the position encoder 44, as
is conventional. .

The actual travel path of the stage to move the slide to desired locations
relative to the optical path 29 and/or to move the slide to a position convenient for
pick up and placement by the robot handler 22 can be programmed into the computer
using conventional techniques. The moving of the stage 24, bridge 25 and slide S
relative to the optical path 29 to place specific cells into the optical path for viewing
during respective low and high resolution examinations by the respective objectives



mentii oned PC23 interface) which converts commands fromthe conputer
processing system 20 into appropriate signals to cause the notors 33, 34 to
move ‘'t he stage to the prescribed | ocations. The precise |location of the
stage 24, and thus the slide, is detected by the position encoder 44. Such
position encoder 44 may be a conventional device that produces pul ses
representative of novenent or |ocation of the stage. Those pulses, as is
conventional, may. be decoded by the conpyter system20 to identify the
current |location of the stage 24, e.g., relative to.a hone or reference
| ocat : gnbor I—kra'e:jm El/_end @l_al_?cup&iﬁ&&tﬂf aﬂgQﬁﬁieHQﬁlbefﬁx?azﬁmlrﬂlﬁrqm pieadaﬁdon?g encoder
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??Pdd-l i ght dal plrtlgaﬁwi_eeo d@tmamir apftlRa %nk%tblcbumﬁ&bxfmbfhﬁammfimmﬁxfkwg? bel ow.
esired, illunpnation. o e speci nen n be from ahove. (he objective
carriage 45 m@@%ﬁ?‘%ﬁﬁ%b#&?@p%mﬁwgﬁ% 16%5°é’<'ﬁ°?3'§ "@’6‘?‘5 #Fenly J(say,
respectively, ale ceX (8 dotAfinsctiyagthd dell 3b a0 Jobschife theddH iibeasd i€ to bewiewdd ace in
the optical path 29 to provide for |ow or high resolution view ng of the
slide, respect is%ﬁ?F“Lg'g‘ desired during the particul ar phase of operation. A
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handling, moving, etc., silicon wafers on which integrated circuits or the like are

formed. Accordingly, such handler 22 includes an arm 100, which is mounted
relative to the microscope frame 40 for movement to move slides from the cassette
23 to the stage 25 and vice versa. Motive means 101 for mounting and moving such
arm are provided in a support housing 102. Appropriate joints, etc., may be
provided in the arm 100, depending on the degrees of freedom of movement desired.
At the end of the arm 100 is a support foot 103 on which a slide actually is carried.

The foot 103 includes a top surface 104 that can fit beneat.h a slide S, which
is shown in the cassette. An opening 105 in the surface 104 of the foot and a passage
to such opening provides a source of vacuum to hold the slide S to the foot. The
vacul;m opening is coupled viaa passﬁge 106 and valve 107 to a vacuum source 110.
Such vacuum source 110 also is coupled via vacuum line 111 and valve 112 to the
vacuum lines and openings 26 in the stage 25.

The cassette 23 is mounted on an elevator 113 and preferably is held thereon
by a vacuum drawn through openings 114, vacuum line 115 and valve 116. The
valve 116 preferably is manually controlled (energized or deenergized) by a manually
operated electrical switch 117. Closure of such switch 117 energizes the valve 116
to provide a vacuum that holds the cassette onto the elevator 113; opening of the
switch deenergizes the valve to release the cassette from the elevator enabling easy

removal therefrom.



55, 56 semse maxi mumtravel of the carriage 45 and cooperate with the
conputer system 20 in standard fashion to prevent over-travel of the
carriage. A conventional adjustnment 57 is schematically shown for
parcentering, i.e., centering of the 9 respective objectives 30, 31 in
optical path 29 regardl ess of whether the carriage 45 has noved to position
one or the other objectives in the optical path. The autoiris 51;- such as
an adj ustabl e aperture or diaphragm is for controlling the intensity of
light transmitted to the slide and insthe optical path 29 of the microscope
12 to the objectives 30, 31. The autoiris automatically adjusts the

transmitted |ighiThe elevatesilidinglsdesadifgeahanisomil2hanss wipport Blatigrm 1B1. ¢ he
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the conputer system 20 adjusts the iris 51 to respective rel atively nore
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moves the Cafeh %G@BA%SI %ﬁme%et&%@%&b\fﬁxﬂ mwc&mw%k%mr@@aﬁgétzspn
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intensity, efrqn thegassetie@dand tooplasp the slideen thastage @5,|and Nice yeist-ce ages and/or is -
changed, etc. By C%ﬁ&“&e%gn 9%@5911?%0? f(;_bQ %3,%@9&0; b@, stage 24, and

control circuit 122 is controlled by the computer 20. As one example, to pick up a
slide S from one particular location of many slide storage locations in the cassette 23,
the elevator 113 lifts the cassette 23 slightly to provide clearance for the foot 103
beneath the particular slide S. The motive mechanism 101 moves the robot arm 100
and foot 103 to place the foot beneath the slide. The valve 107 then is energized by
the control circuit to supply vacuum to the opening 105. Then the elevator 113
lowers the cassette 23 to lower the slide S onto the top surface 104 of the foot 103.
The slide then is held onto such surface 104 by the vacuum and by gravity.

The computer by now has caused the stage 24 to move thé bridge 25 to slide
loading position. The arm 100 then swings to move the slide S into alignment above
the openings 26 at an appropriate location on the bridge 25. The bridge 25 and/or
the foot 103 are moved vertically relative to each other so that the slide is placed onto
the top surface of the bridge 25. The foot 103 fits in a recess 27 in the bridge. The
valve 112 is energized to supply vacuum to the openings 26 to hold the slide on the
stage, and the valve 107 is deenergized to release the vacuum holding the slide to the
foot.

Similar operation can be used to mqw}e the slide from the bridge 25 back to the

-cassette, and so on. .

Referring to Figure 2, the screening device 10 is shown with particular

emphasis on the classification elements embodied in the computer system 20. The

computer system 20 includes an image processor and digitizer 20b, a neurocomputer

-



extent that they cross or are parallel and, thus, the anount of

transm ssion therethrough can be controll ed. The autonated m croscope

i ncl udes a’coarse focus adjustnment nmechani smand a fine focus adj ustment
mechani sm 69 (Fig. 1B), both being of conventional design, and, therefore,
nei ther of which is shown in detail. The coarse focus adjustnment may be
operated by a nmicroneter type control that can be operated, e.g., turned
manual | y. The fine focus adjustment also cagp be operated manual ly.if
desired. However, the fine focus adjustnent prefer 3';:%’ i s operated

aut omati cal |y by 8han outpusimesiter 156, and atgempraiproaessor @8s with pesipherals o prifitiigher

types of focus adj nl,g%errg@ts al so may be enployed.) As is seen in Figure 1B,
t he aut of ocus 46 1 nc es a light source 70, a bi-cell 71 (a device with

two photocells or ot hdhe mmdsmsqrv@ade\mfgsblyzm IBM iRC/AT heruenimpgtiblel wi t h
a mask forned by eﬁth&%h tﬁﬁy ??ﬁuﬁg%ﬂﬁna@efd?%c&%@l@ﬂﬂ&%t %:%:Jn@ﬁ of

respective photocells entia an o

connection to théhéﬁﬁmnéﬂeszweddwfﬂ%zwgé@ﬁ%%kmnww srdcthaini cal
coupling 79 to thgow biGatd Qﬁu&n%mpbﬂaﬁtofftﬂcodﬁbfc@% SQdes @xetBtidnSofaBAiliGHal €d of f

the top surface of the_cover slip he canera 14 is p05|t|oned In the
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el ectronic image to the conputer system 20 via a connection

cl assification of 9‘#@“@5@@%&%&?4@@%%&%@ 4%&319&91' ap® flopmhenddurbdisk may be
a conventional t e deiBsAB0r 59, SRR BifboRRabRTE! Bide Mhtk: 135 afb¥BcuTREe bY

Sony, of robotic slide handler 22, stage motor controller 35, and objective carriage 45
components described more fully above.

The image processor and digitizer 20b also performs primary cell classification
functions such as thresholding and erosion and dilation. In the preferred embodiment,
the image processor and digitizer 20b is a commercially ayailable low level
morphological feature extraction image classifier such as the ASPEX Incorporated
PIPE (TM) image processor which includes an image digitization function. The PIPE
(TM) image processor is described more fully in U. S. Patent No. 4,601,055, the
entire disclosure of which hereby is incorporated by reference. Alternatively, the
image processing and digitization function could be separated into two or more
components.

Secondary group processing -cell classification is performed by the
neurocomputer 82, The neurocomputer 82 is a computer embodiment of a neural
network trained to identify suspect cells. In this embodiment thé parallel structure
of a three-layer backpropaéaﬁoh neural network is emulated with pipelined serial
processing techniques executed on one of a host- of commercially available
neurocomputer accelerator boards. The operation of these neurocomputers is
discussed in the Spectrum reference cited. The neural network is preferably
implemented on an Anza Plus processor, which is a commercially available
neurocomputer of Science Hecht- Nielsen Neurocomputefs (HNC) (see the
Hecht-Nielsen reference above). Alternatively, secondary cell classification functions
could be performed using a template matching algorithm designed to identify shapes



other canera able to provide suitable information of the specinen, i.e., an
I mge, to the conputer. Such inage is preferably represented by electrica
signal s which can be processed by the image processor 20b of the conputer :
system 20. In the conmputer system 20 a nunber of inmage processing and

eval uation functions are performed. These include determ ning where on a
slide is there specinmen material actually 1ocated, whether there is
adequate specinmen material to performa neanlngful classification, and the
primary classification which does a | ow Zevel filtration or screening,

e.g., based on norphol ogy that can be eJ | uated algorithmcally. The

neur oconput er Ridvin ©bed fke? cellS Y R LEHPIZE ncRine 0 Sotlied @roppcondar y
cl assification, doing gher level filtration or screening based upon

training of thémﬁ‘ﬁél%@%ﬂ?ﬂﬁlﬂblw“l@ by effigiently implementsd dgy 3 pargiiel Aistribyted 608
(cited above) gReestil® deRioPE, CRE QIaMBIEt | RAGkEr HANRMSIVES seibildhrydSlasifietiod N9 T O

t he description presented Rerein. El ectronic image representations of cells
whi ch are cl as&mbqdsenpys @ hologrphie ipaggenerocaten deusnpd dp #e=orm grodp Aasedei ng
suspect are st ghfffichddnl he conputer nenory, in disk nenory, or in some other

mass storage device for further tertlar classification by a person
trained to detect tHETHRg o Figys B and| flqw, diagBm-Af; ths eperition pethe syspect

cell's on the s&ud&sﬁh&@oﬁh&&ﬁdo%metﬁaeﬁmmcﬁrm outiihdas eitRBEakivn ofMREN t he
tertiary classifier (technl cian) can review the images of such suspect

cel I's, they cafys® i0rsproaedent gbleck AH9.nDuring iniinzationyhe ireage BEoG#sEt 20Pmges on a
vi deo noni t or ; jsaRfalizBesol 866 Bé ﬁh@%?&&vﬁ&l&%ﬁe{e&mke xﬂféﬁﬁ’iﬁ@h E'éfs'i'és&ﬁnés to )

whet her each of such suspect cells is truly abnornal .g., malignant or
pre-mal i gnant Bf “E%gﬁé?cﬁv%bbmeﬁ%e@r’é’s@d WE‘FFS%W%"?%FWW“‘& N Peer finds

such an abnor nRigeCAlik initfaliSedqb plate Y a Hf&terke TRREHR, WBmeHRRE redirR o 8EY1 CE
coupled to the corrputer 20a to point to such cell. Such cell_ then is

i dentified or homelgeation sq thatithe compuies 20\¢an exPest to kmeyy Eial the sfage ig at such
represent at i onjogdtiof dfidcan @elermine future locations based on the home location. The robot

handler 22 is initialized, too, to place the various portions thereof in a home position
to so that future locations and movements thereof can be determined from the initial
home position. The neural net also is initialized in conventional fashion.

To begin operation, the robotic slide handler 22 grabs the first slide from the
cassette 23 and transports it to the motorized stage 24 (block 200). If the robotic
slide handler was unable to find the next slide, such as when all slides in the cassette
23 have been classified, a message is conveyed to the operator (205). Assuming a
slide is present, the barcode reader 16 reads the barcode information from the slide
(210) and passes the information to general processor 20a (215) for correlation with

" future classification data. Cells not having barcodes or barcodes that are not reada;ble
are rejected and the next slide is processed (216). Next, the general processor 20a
commands the stage motor controller 35 and motors 33, 34 to move the stage 24 and
slide into the optical path 29 of the nucroscope system 12 for the low resolution pass
(220).

In the low resolution pass, the carriage 45 will move the Jow resolution
objective 30 into the optical path 29, and the autoiris 51 will automatically adjust the
lighting for the low resolution objective (225). A relatively quick scan of the slide
is then made to find the areas of the slide having cellular matter (230). If the no
areas having cellular matter or an adequate amount of matter for valid classification

-
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for convenient recall and redisplay for view ng and exam nation by a
supervi sor, pathologist, etc. An | mage of such cel | may be
printed ‘exami ned or after the initial focusing such focusing can be
carried out each tine a predeterm ned nunber, e.g., five, of tiles has been
exam ned. The barcode reader 16 may be a conventional device, such as an

i ntegral barcode reader system which is sold by Synbol Technol ogies, |Inc
-of Bohemi a, New York under the tradengrk Laser Scan 6X20. Such barcode
reader 16 is positioned to:view a sel @ted area of a slide once it has been

transported tiQ sdud@ oft WROGidL AndYYihd BiRte 1O RRAtiffed B IcOiRailiAR SHs@fficiét: celiflat Ne

preferred enbodi nent each slide presented to the system 10 faor

cl assi fi cat i JRAUSE O PeFfonm & msaningtul test@dd); thealidehenlay Botriested 2400 pndy ant
i nf or mati on @@g&?aémg&xpgﬁamapg@giﬂp@ogﬁe classification results to the
t he do I di

slide, e.g., ctor. providing the slide and the, patient fromwhich the
speci men on the siP determine whather Higee is pAcqupts celbilps pn ths slige, @52k he encoded

i nformation fyagslstibQtiss iofl Shedife MiiQsb 46 Betéritide thé\foRis Mip P tHe Qlidd) @heCONMpPUL €1
system 20 vi a connection 8Q for storage and future correlation with test

(i.e., classilPiewng BRy b garried Qut by the FompWeE fystamh £P- Fissh;4j¥aR Lo Bsented to

the screeni Nge@isih@do kit )l\/]bﬁlﬂﬂtytof&re&%rﬂﬁdﬁide%n Y vidwed 3eduBiial{P.c Sudhl
unr eadabl e barcode, the s

ide wl] be rejected and. returned vvitLhout
cl assifi cati GFF2t B2y brdogated dnt steuigh qnﬁédeﬁ%"g qu’es‘f‘ﬁj OHARMLPE2. | n ot her
enbodi ment s {afgngeMeR G Qhergiide.D Als AR @faniphs) 4GPl lofl a5 $eqithBfIBdokifeda System
performng simlar functiagns, sucﬂ as g sel o chgractﬁgs %nd an opti cal
character re S?WFM%PW&C deasg Yigweds Each suchprgg Wilkhe deygratsden from a
patient, the hpRitsfidtiadthacro-tile". . N
' When a particular macro-tile is located in the optical path 29, the camera 14

takes a picture thereof. The macro-tile may be, for example, 2mm by 2mm in size.
In the image processor 20b, using an ISMAP program or algorithm available from
ASPEX Incorporated, New York, New York, (iconic to symbolic mapper) the
macro-tile is subdivided into sixteen areas referred to below as "tiles” and a sha'1:pness
image and a gray scale image are made. These images are used to determine whethér
there is and/or how much there is of cellular material in the macro-tile. A histogram
of the absolute value of the difference between such images may be used in the focus
function of the computer 20 to determine a focus map for the slide.

More particularly, the value of the optical transmission characteristics of the
macro-tile is made; and simultaneously two successive 3 by 3 Gausian filtrations are
made to ﬁmvide a 5 by 5 Gausian result. The difference between the two is taken
and is converted to absolute value, which represents a sharpness image that can be
used for the focus map. _

In other words, a sharpness image is obtained for the macro- tile; and a
synthetically created gray scale map that is the size of the macro-tile is made. The
gray scale map has multiple areas that correspond to the respective tiles of the
macro-tile. The incremental gray scale is determined according to the values in the
sharpness image using histogram techniques. -

If any of the bins in the histogram (which represent respective tiles in the
macro-tile) is above a threshold value, then the particular tile is noted for high
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may securely affix a barcode Iabel (e.g., an adhesive |abel) to the slide
on which the specinen is placed and may securely affix a correspondi ng

| abel "and/ or barcode to the patient's chart. The chart may be retained.by
the physician. Wen the system 10 examines a slide, preferaply it also
prints a report of the results of such exam nation. The barcode information
read by the system 10 preferably is printed on such report.- Then the
physi ci an can conpare the :printed barcode information with the
correspondi ng barcode or like informal% on on the patlent s chart to confirm

t t L ent | | so can
Suppl y the IER R Brankified P frboctdhe MERANGE Rnerrs 1506 Bl Bty 1
cyt ol ogi cal maksial thers, mgmm,ubmmmmmhsmghmmm@mwme 'of nane and
Lhe ohysi of 4 SR vebial 16 e SRR MSL U blGbRLSO0S G P nted

automatical ly on e repor Rcerni ng
The canera Eﬂayssalfpﬁmsmmﬁl&ﬂedlmasmenﬁmdwmpehespmmianmhxmamﬁorz&to capt ure

a focused, 3 0 e of _the ar.ea f t he. sl bei ng
viewed. The ¢ mara %4 h{n {ﬂ% éeFigegtarsoanfegmﬁ‘}glé‘g" %@Bﬂ‘ﬁp?ﬁcgr system 20
via a conne@pmd#mngtlr th@zutmhasbmbmmpe fonviewing khe partichiar tﬂapmargmng?i'gh; t he i maged
area. The c ti three chip charge coupl ed RGB
3Hutlo nageeabol&% in B3’ ‘51 . .

canmera, such as on her camera able to provide suitable
information of tTe mipetigami determining ahhtlielrmgﬂ:, 1siadeqhhesmpmuﬁ efe.sh&JChdl lr)n'ﬂ(;]ehl S
preferably i : r|c | nal s, whi.ch can_be processe y the
i mage proc esﬁg—g‘{rl&%%&lglg d % 1h§(i {eé? inshe microscope 1Ph Bl

determination can be made relauvely qmckly compared with the time needed to make

the same determination using the high resolution objective 31. The advantage of
determining, during the low resolution pass, which tiles will require further
examination in the high resolution pass, is to save the time needed unnecessarily to
examine tiles that do not have cellular material or adequate cellular material there.

The scan pattern of the areas (tiles) of interest is made (255) and focal
information for each tile is coﬁelatcd with position coordinate information for that
tile from the position encoder 44 to provide a focus map (260). _

All information necessary to perform a high resolution scan of the slide is now

_ available. To commence the high resolution pass in the microscope: 12, the computer '
20 operates the motor 53 to move the carriage 45 to place the high resolution
objective 31 into the microscope’s. optical path 29 (265). The lighting is
automaticaily adjusted by the autoiris 52 and motor 60 for the high resolution
objective, and the stage 24 is moved to bring the first tile or segment of the slide S
intended to be examined into the viewing field of the objective 31. The computer 20a
commands the autofocus 46 to adjust focus for the area, segment or tile (270) of the
specimen under examination by pfoi/iding an appropriate offset signal on line 79 to
the differential amplifier 77. ' }

The camera 14 obtains a color video piciure of the focused image (275, Fig.
3B), and that image is digitized and is stored (sometimes referred to as frame
grabbing), as is described further herein, The stage 24 then moves the next tile or
segment into view and appropriate focal adjustments are made in accordance with the
focus map (280). If the last segment (tile) of the slide has been reached (285), a flag



In the conputer system 20 a nunber of image processing and eval uation
functions are performed. These include determining where on a slide is
there specinmen material actually |ocated, whether there i$ adequate
specipen material to performa neani ngful classification, and the prinmary
cl assi fication whi ch does a low level filtration or screening, e.g., based
on norphol ogy that-can be evaluated algorithmcally. -The neuroconputor
portion 82 of the conputer system 20 pg@vi des the secondary cl assification,
doing a higher level filtration or screening based upon training of the
neur oconput er is set.agd proesssingsofthesdide willibd discodtinugbafen screzaing 10f thapssgmenat | on

menti oned abo )an.iiht 4 &gfﬂ CRGES 9'&9& a%b?nag gxsa“‘fé & d é%ne@ccordl ng to
t he descripti pr esente Hereln ectronic preséentations of cells
whi ch are cl aEsfetabbvd thopgh, mclpwamng ymarstjm&bb@md:amgae&ltrassmmmrme tme bei ng
suspect are S%é&&%islnhl&?a uter nmenory, in disk menory, or in sone other
mass storage vice for turther (tertiary) classification by a person
trained to detect Ptdi@ahlywqgeaminabfmldrsmrq'ﬁen Iomzssgmgn@rdb@mbh suspect
Col S 00 L St e e hileRtl: b0l LGUGRARY Ghic SHRECYP when t he
tertiary classitier CERN T can T evi ew I mages o suc suspect
cells, they cs;gmtlmﬂbtsqa@btamdbyﬂsmméél by view ng such stored i nages on a
vi deo nonitor; an qu%? as to

whet her each of sgg suspg%'%e%%?s I'S esgm‘dog%faqgéﬂnmaﬂn%?dgnant or

pr e- mal i gnant tocarovideh® mygngchresfie image r(@Y), andthat tmmetlerpassedryo Sleaisgé i er finds.

such an abnorf;;gges , ﬂmg Acl evice
coupled to the co le!liidtdedrl g,ner%b QE%-I nt “to uc';g@ilfi Suckri@%:rgfltnPGé en is
i dentified orkunsﬂx,agtgwaaeeprgcessor rand digitizar aOerMIaacadamecthwmd
representat | diﬁﬁe&ﬁé&x}m b efRR%SHR fiidke %@@gﬁf&ﬁn ol s T or

vi ewi ng and eXam natlon upervi sor, , et n |mage of such
cell may be phé¢backgiound (300) This thresholded image is then down sampled toamanageable

digital representation (305). The image processor and digitizer 20b can then perform

.—-
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erosion and non-connecting dilation operations on the digital image to separate the
objects in the segment (310. The monochrome and resultant ﬁltered 1mages are
transferred to RAM of the general processor 20a (315, 320).

.I The erosion and dilation techniques are conventional image processing
techniques. They eliminate the effect of overlapping cells in which dark areas on
may appear due to the increased density of the overlap rather than due to enlarged or
especially dark cell nuclei. It is usually the darkened nuclei or large size nuclei that
are detected during the integrated optical density (IOD) evaluation made in the low
level classification procedure described further below. The erosion and dilation
technique also enhances the accurate examination of the cells during tie low level
classification.

An object count also may be performed at this time to find out how many
objects have passed the erosion and dilation. That number of objects is approximately
representative of the number of objects in the specimen. It is desirable that at least
a minimum number of objects be included in the specimen, for if the sample size is
too small, then the test may not produce meaningfully accurate or reliable test results.
The object count or other means to determine the "validity” of the sample may be
taken at other times in the described process of the invention. As is described herein,



13 onto paper. Al so, the physical | ocation of such cell on the slide can be

marked, e.g., by placing an ink dot proximte such cell on the slide or on
the cover:sltip thereof. Mire particularly, after the tertiary classifirer
has identified the truly abnormal cells, the conputer system 20 conmmands
the nmotor control 35 and stage notors 33, 34 to position the respective
areas of the slide having an -abnormal cell under the slide marker 18. (If
the slide had been returned to the cassette-23, the robot handler 22 first
repl aces the slide back on the bridge 2;n the sane position as it had been
bef ore when |nspected by the canera and so on.) The slide marker 18 then is
controll ed byltﬁwwnpmmﬂm@mm embedimert ﬂuoaper@pphe@mqﬂamhyg 25mM i n

di aneter, e 1 Qﬁ)ec e such o
abnor mal ceII ) ?ﬁs E |°(|;)lctgt ii/ag}onea?fﬁ ?ﬁa o) enmg (not shown) to

dab ink via a‘PfSaYemlPslés whpb&mmwné secopdary lassificatipns dad igigrmined gy t he
manner in V\hl&beﬂéldu%igﬂ%ﬁgf&ﬁ: €f Kx?%&éﬂaﬂto@ﬂ@-ﬁiaﬁgxﬁﬁ QUiE BQgSle i N the

field of such wafer turi in . e conputer system 20
will ‘then conﬁaﬁ@mnmma@fﬁem@bmﬂfa rbe@ZWBW%tfmﬁﬁggﬁéz%?aésﬁled

slide to the gasaRkly fow’ Ihat HE ke ﬁkﬁtﬂﬁtﬁe‘ﬁﬂh‘éﬁﬁ drhediMy&d naSdue g Cr | bed

until all slides in'thé cassette have been screened. The slide marker may
be one of t heth¢ fapicthatshese wpreyaghensneh ells fogwamine dthe SpagieEn24 to bring portions

of a slide S that Théaﬂgggeggo nzotahgle}pr ﬁn@%mu%c%&olaﬁj‘ﬂme conput er

20. The conputer _sen control gnals to the i ace control circuit -35,
whi ch in tur rflasfiestion 9prthe mmeet sucg rRg| With @n dptegrated (qpfiealdessity (TI0D)

algorithm (325). Other morphological algorithms may alternatively or additionally
be used to classify based on features, such as color or features relating to DNA ploidy
analysis, immunohistochemistry, DNA hybridization, etc. These feature extraction

algorithms isolate certain objects which possess features typically known to be present
in _pathologic cells, such as a dark cell nucleus which is abnormally large in relation
to the rest of the cell. The centroids of objects identified by primary -classification
as being possibly pathological are catalogued and stored in RAM of the processor 202
(330). If no objects have been identified (335, Fig. 3C), classiﬁcat'ion begins on the
next segment (295). N
Identified objects, i.e., electronic image representations of those which have
not been eliminated by the low level classification, are transferred iﬁdividually to the
neurocomputer 82 as digital areas around the object centroid (340). The
neurocomputer 82 will perform secondary classification on the objects in accordance
with its previously completed training which is described more fully below (345).
Additionally, an object count may be made at this poinf (and/or possibly elsewhere
in the process, as is mentioned above) to determine if the neurocomputer 82 has
received a sufficient number of cells from the primary classifier to indicate a valid
" test. For objects identified by the neurocomputer 82 as suspect (350), the color
representation of a suitable area surrounding the centroid is retrieved from disk and
transferred to the high resolution display board of the high resolution monitor (355).
Cells having a classification less than the threshold level are discarded and the next
centroid is obtained from the general processor (340) and classified (345). When it

is determined that all locations, tiles, on the display board are occupied (360), the
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associated with the stepper notors 33, 34 to nove the stage in the X and Y
directions indicated in Figure 1. Limt switches 90, 91, 92, 93 detect

maxi mum travel of the stage and are coupled to the conputer 20 to limt
travel beyond maximumlimts, as is conventional. Feedback to indicate the
actual location of :the stage or the relative |ocation conpared to a
reference location.is obtained by the p@%ition encoder 44, as is '
conventional. The.actuyal travel path of the st 10 nmove the slide to
desired | ocat i B "PEL A F%‘Bf‘?’S‘?f% °§5‘E"P&z§f’mb‘5?’t?%g ’Wt‘&?‘?ﬁﬁ\ﬂéﬁﬁhe slide
to a position anibalbclssi the lidefhavekbettscroaibd Pind i Highiredolutib Boardi3 @leafeand| er 22
can be progra into the conputer using copventional techni ques. The

nmovi ng of thengﬁége %?ﬁﬁquﬁl}g?% é{h‘gegﬁ‘tﬁ%c@ss}%&E&%sﬁgﬁ‘@‘ﬂ'@&b&‘?‘cal pat h
29 to place spesssified bg @hed Seurdebmputdre(378)} thedmmageafoh akddlier \seginenh @ ghitibed g
respective | ow,gnd _hj gh resol ution exani.nati.ons respective

obj ecti ves @2536“4 %‘Tﬂgﬁ%"{}vﬁ%r&émq‘ﬁ ‘épi‘tqq“gd &%%'52539 red to be

reexanmi ned al so carwiien aliGegiantsl cace slide have!tearidckeénddS(380)f the highQesohftioh ocat i on

i nformation that can b tored in the co ter d/ or mass storage menory.
Further, the |@%ﬂ%?@ihﬁ%@%ﬂ&ﬂ%eqﬁé}o%@ﬁ&%&stmqqn 2 BRAVENE: mar ker 18
and arm 18a al tifle ¢@rndiktayC omtthieohigke desolutiompriohitc?! dnd tBrtisgdclawsifisdtdhesy hocati on

information that .is .delivered.to the conputer. 20. ropriate offsets may
be. added o | GoiReRmoRn ph YRR AL 5P els mag br St ndry e ki ng
relative to thejithiafdtmtichrditainda fromkthé1bar¢ode o identisy we siideion whidhathéyowarti on of
:)lh: c rera[ E:r mi; L?oing é’gtgngcaltigr? gft thg pusl())e]::t éeﬂse 019 81% Isl?&l alsg%ar)]' ’bg%njgsiéaﬂ)? mgﬁcsecli re to

on the slide by the slide marker 18. A report indicating the test results for that slide,

which is correlated with the barcode information obtained from that slide, may be

printed on the printer 158 now or later. '

The slide is then returned to the cassette 23, and another slide is selected (200)

to begin the classification process anew. ’

It should be recognized that while the image processor and digitizel" 20b, the
general processor 20a, and the neurocomputer 82 are described and shown in Figures
3a and 3b operating in a serial manner,.in actual practice as many functions will be
performed in parallel as is possible. Consequently, the components 20b, 82, 20a may
process different slide segménts or different areas of a segment cofxcurrently, greatly
reducing the time required to screen a slide.

Tumning to a more in-depth review of the classification method and with
reference to Figure 4, a block representation of the classification functions of ‘the
screening device 10 is _illustrated: Primary classification, such as low level
morphological feature extraction, is performed as indicated above by both the image
processor and digitizer 20b and general processor 20a and is represented in Figure
4 conjunctively as block 400.

Initially, as described more fully above, the video camera 14 obtains an image
of the cytological spécimen which is digitized for classification use. The primary
classifier 400 first performs an erosion of the image. This erosion operation

successively peels off layers of pixels from each object in the image so that all of the



the,cell,(and not directly on the cell so as to obscure the cell in case it
Is to-be viewed subsequently). Considering, now, the robotic slide handler
22, such device . is simlar to a silicon wafer robotic handler used in the
sem conductor industry for automatically handling, noving, etc., silicon
wafers on which integrated circuits or the Iike are formed. Accordingly,
such handl er 22 includes an arm 100, which is nounted relative to the

m croscope frame 40 for novenment to noveaglides fromthe cassette 23 to the
stage 25 and vice versa. Mdtive neans 101 for nounting and noving such arm
are provided i nobjecsiphioh reaférig sike Zhan ARDsneiledt Xhéwr pithlgicabtdll nuclkBy be
provided in the armé‘gg, dependi ng_on t he, degrees of freedam of novenent
desired. At the 2Efg0eYed fom the ipageo Theremaiging 9 prg Shen n-SHEERYS sl i de

actual ly is car by estcessitedy bz bhéldlajercof et a tHegobgedts| Butehe} Qe Adballargnn fit
beneath a slide_ S, whi Cf‘l_gl s.shown 1.n t%é@gs%tg. . An_openi gg 105 in the
surface 104 of thie Py Wherrihey a5 touching h 18p R RFEBIYPI %Y ELSIQn &¥lr e of
vacuum tgogol ddﬂhﬁiloﬁkhrﬁﬁ%?oﬁn@ if b&efapeéurceihxemeaﬁuﬂllo rﬁrtO(éS e S&rd,s.,cqht@geedl\{ioa a
assage and ,val ve 0 3 uum sour ce uch_\acuum sour ce

gl o) ?s coupl ed@&”&ﬂ’égﬂﬂ}‘?"?*@’\fﬁq&? Yﬂa‘r@@ﬂﬁ?‘% 1? *vacuum |l i nes and
openings 26 in the sasgiconperith® witien@hgifeedns prototype,it B4 besh Plndtha¥at or 113

and preferably is held theregn by a vacuum drawn t hrough openings 114,
vacuum | i ne 115%?@9 \9&% un wéam%%&nw PR-#T8525 BP ymare thag Abait 1

control |l ed (enebgjectewiliassiBCEBEEH/EREIN Ryee. THES MlAtivel)TOW Qéxﬁﬁhi?s &jcts cal

swtch 117. Closure of.. such switch 117 enerqgi zes the val ve 116 to[ﬁrovi de a’
vacuum t hat hol &€ tefsutiected by the neimrey qlassinien 400 ig yyintearated gphical deasig Qe swi t ch
deenergi zes thegsiaghve to rel ease the cassette fromthe el evator enabling

easy renoval therefrom . L . .
Integrated optical density is the sum of the pixel grey values for each object.

Pre-malignant cells tend to possess large dark nuclei. The IOD threshold is,
therefore, set to filter out any object which passes the erosion/dilation screen but.
which has an IOD which is above or below the threshold displayed by a truly pre-
malignant or malignant cell. For the 15 objects which passed the erosion/dilation
screen, experience shows that no more than ten objects will pass the 10D filter.
Thus, the average' combined filtration of erosion/dilation and 10D reduces an input
image of 1,000 objects to an output image of ten oi;jects. "These ten objects may
include not only pre-malignant and malignant cells but also other ot';jects with a high
integrated optical density such as cell clumps, debris, clumps of leucocytes and
mucus. The task of the secondary classifier 420 is to distinguish the pre-malignant -
and malignant cells from these other objects.

For the engineering prototype, classifier 420 was a backprépagation neural
network hosted on an Anza Plus neurocomputer coprocessor board resident on an
IBM PC. The backpropagation network was trained with a training set of several
hundred known benign and pre-malignant or nialignant cells to associate & benign
image with a diagnosis of 0.1 and a non-benign image with a diagnosis of 0.9.

In actual operation, the secondary classifier 420 is presented with images
passed to it by primary classifier 400. These are images which may be similar but
are not identical to those used to train classifier 420. The task for secondary '



17 known to be typical of a pathological cell. A tenplate matching or other
group processing algorithmcould be efficiently inplenented in a parall el

di stributed processing network, for exanple. Another alternative secondary
cl assification enbodi nent is a hol ographic i nage -processor designed to
perform group based classification. Referring to Figures 3A, 3B and 3C a

fl ow diagram of the operation of a cell classification enbodying :he
present invention is outlined. Initialization of the system 10 is carried
out at block 199. During initialization 2ke i nage processor 20b is-

initialized so a to receive the first electronig i nformatron
representing thc—?fa?ﬁﬂ%ﬁés? &@r% from JipRiping/Process toSu SIAEy | mage

i nformation. Al mgm@daioagan%mageslmwcmhﬂvmdot eﬁb@cyeeprseus a reference

| ocation, sonetines ;Fé% hone Iocatlon aﬁ t.hat thﬁﬁqo ut er
can expect to knowt ¥?“§§E°§ e preseat inyPnpop oXer Big PHARATE ni ne
futur eI | ocgt i onSacbaﬁtedsmmargaprekm&mdmeaécbmnry cTixﬁﬁéxomoth is bﬁlﬁtﬂhtezﬁd BY thies .
initialize t oo va ous rt| ns there a osition
to so that futurpgml"“gcgﬁgﬁ% 45&(? NB’G ‘{fh £ PP FE @u‘g@?er ﬁgﬁeg from
the initial hOrrﬁcqamphdhed)Mu'Eél&cﬁmldxhhom IeDsasadiliratioh iaafomatiudlly fesults
conventi onal fashion, eration, t.he r.obo |ide handl er 22

G abethe i r st I Flsng GhArh S paC et B0 I etk a0t Do e

mot ori zed st age tdtilizbhaeH n2@yks ahd othérchighoload wmpidte detclﬁaglﬂitefn dasifiel@abl e to
find the next slide

lid 2 b
classified, a n@?é‘gﬁf ’F@g‘&‘g?fb?gﬁﬂﬂvbﬁ%é 8%59"15 g%s?enﬁ g‘ﬁer?ﬁh%%\/esl ?32

i s present, thechsifieodith theaemroidldT theciasige feﬁt&nﬂgaﬂmﬁaﬁom.f Tonsé amexamplem t he

slide (2 10) and from another éﬁpﬁcaﬁon domain, backpropagation networks are excellent at reading
handwritten zip code digits but have difficulty in finding where the zip code is on the
envelope. The present invention overcomes this difficulty in the domain of cytology.

In an engineering prototype, a 128 x 128 pixel image was stored around each .

centroid which passed the low level filters of classifier 400. A 64 x.64 window, also
centered around the same centroid, was then compressed using pixel averaging to a
24 x 24 pixel image. Note that this image is still centered on the same large, dark,
image which passed the eroszonldﬂanon and IOD filters of classifier 400. A set of
several hundred of these pre—centered 24 x 24 pixel images of known benign and
non-benign cells was used to train classifier 420. During feed-forward, i.e., post-
training operation, when classifier 420 is presented with new images it did not

encounter during its training it must generalize from the training set images to select
the diagnostic category which most closely matches the new image_. A fundamental -
advantage of the present invention over the prior art is that during this feed-forward,
post-training phase of its operation, classifier 320 is presented with precisely the same
type of 24 x 24 pixel images on which it wae trained. These images are also centered
on the centroid of the suspect nucleus by classifier 400 in a manner identical to that
used to prepare the training set images.  This makes the generalization task of
classifier 420 far easier and thus much more successful than anything found in the
prior art, |

As noted above, classifier 420 is trained to associate a known benign image
with an output of 0.1 and a known pathological image with an output of 0.9. Such
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passes the information to general processor 20a (215) for correlation with

future classification data. Cells not having barcodes or barcodes that are

not readabte are rejected and the next slide is processed (216). Next, the
general processor 20a commuands the stage notor controller 35 and notors 33,
34 to nove the stage 24 and slide into the optical path 29 of the

"m croscope system 12 for the |ow resolution pass (220). In the | ow

resol ution pass, the carriage 45 will nove the | ow resol ution objective 30

into the optical path 29, and the autoiris281 will automatically adjust the

lighting for the | ow resol utiaqn objective, (225). A.relatively.quick scan of
the slide is theno‘ggﬁ%r?pﬁsf’?tngort ?ﬁg}'@%bg? %Q%refﬁ)é TR Lﬁaé\)"i Egﬂnﬂ atr
matter (230). |f pmosmadarespeativelyy Wherd classifien$2( is theapraent@ideitfundve wkmnwt  of
matter for valid ssificatiqn are found he slid t hen { slide is
Tent | 11 ed aq. contaevitpgerih et Gl R aalplfli geliye, Theiost

meani ngf ul test (h36iassifitrod20lis alsle torvategorizy theainkmgwanGitnage iafd4R benipd categargni ng
of the next slide,may begin 0). .To determ et he here i,s adequate
el | Ular ot or i a B Restar ] feEiegpery bl B 05, HoRnely, hincte upreliifdlng ©
al so to det er m near indnévacintmgeagpeirs to didssified 420 &y rekduebld thé hanbenign iraagebef iar r i ed
out- by the conputer. system 20. FEirs scan route.is determ.n so that a
plurality of ar eaga%‘ﬁg f“r%em&“g’a% ‘%%}"B‘&?%'\”aéa&i‘%‘ééh@ﬁﬁlf“aﬁ ?ﬂug‘éﬁgf#'ar eas nmay
be | ocat ed 18 i n a Dringitegtig dfian engideeriny prowtype mgitichaf batipeopabdtide néurdlr i n
sone ot her arrangenent on the.slide. an ex I a rality.of areas
sequential ly | oca?egﬁor I'Gid’ g%r%aéﬂﬁ?rﬁ%opgt‘ﬁ”%ndeﬂm ndplnlﬂy pre-mdlignant or

: malignant cell was attached to an output of less than 0.75. In order to provide a

margin of safety, classifier 420 only screens out images with an output of 0.65 or
less. Any image which is attached to an output greater than 0.65 is assumed to be
a suspect pre-malignant or malignant cell. For each of these suspect images, the
associated 128 x 128 pixel image centered around its centroid is retrieved from image
memory and displayed as one of a field of 64 such images on a high resolution output
monitor for final classification by a cytotechnologist. )

All images which are classified by classifier 420 to have an output of 0.65 or
less are assumed to be benign and are not displayed on the output monitor. During
testing of the above- described engineering prototype, it w;s found that classifier 420
consistently filtered out over 80% of the benign images sent to it by the output of
classifier 400. In other words, over 80% of the truly benign images which pass the
erosion/dilation and IOD screens of classifier 400 are assigned an output of less than
0.65 by classifier 420, leaving 20% of these images representing suspect benign or
pre-malignant and malignant cells to be finally classified by the tertiary classifier 440,
i.e., the cytotechnologist. _

As mentioned above, in an alternate embodiment the classifier 420 may be a
high level template matching or holographic imaging filter. It is possible to use these
filters in an efficient overall processing scheme because the object of interest has
already been identified by the low level feature extraction filter, classifier 400.

The overall operation of the cell classification system can be summarized with
reference to Figures 5 and 6. Figure 5 shows the screening of a typical Pap smear
which contains approximately 100,000 benign cells and other objects. Through



along the-slide.are viewed. Each such area will be designated hereinafter a
“macro-tile". Wien a particular nmacro-tile is located in the optical path
29, the camera 14 takes a picture thereof. The nacro-tile may be, for
exanple, 2nm by 2nmin size. In the inmage processor 20b, using an | SMAP
program or al gorithm avail abl e from ASPEX | ncorporated, New York, New York,
(iconic to symbolic mapper) the macro-tile is subdivided into sixteen areas
referred to below as "tiles" and a sharpness inage .and a gray scal e i mage
are made. These imges are used to determ ne whether there is and/or how
much there is of cellular material in the ggacro-tile. A histogram of the
absol ute value of the difference between such i mages may be used in the
focus function oferosion/diletiqnabdTOI? fltérs, tibepriarany classifierf460 will fltey ont@P % dfdhesd i de.
More particularly,.the val ue ] tdnpale 1 f.a 'sg’c%a&h ringti cs of
the macro-tile isdbﬁeé%b?xsglﬁg ??Ir?uxn??n’ggﬂdsolﬁy&bﬂé\ﬁ% g’tsjgﬂgessyve 3 by SFéazg'ssi an .
Li ltrati OES ar e nEdsifiend20; whichidn the fested asd mafeed embodiment emplaysa thtepfayeronce
etween the two i,S, . ' r{e b , oty
represents a sharb%ﬁ%gtg’g%ge a%%%ﬁ’ %‘egﬂfsglé&? %?Jt ’§°¥§iéé3§ lfggg.& nts’ot her
wor drs], a shar pnegmssingethpeimageseif appiroxdniatély 20Q residval objects deemed tochednast suspect
synthetically cr : | | gpegtjt RgkO2déd | € is
made. The gray sgogipgﬂ?m%a %a@g?r’huﬁti p e&g%%ﬁﬁgg m%{ofnr espogn‘gﬁfo thez(ljd
(rjespect ive til es cbfectstae assqmbled: &5 o tWpHbree figlds b 66 cobjegts #gchs c Fpeh pbject is

eterm ned accor dj 1 Is R Gl is ' ram
techni ques. |If a(r%&g?téd%ﬁtgqgls ﬁih?ﬁﬁ?‘ﬁ‘g“‘%@?ggﬁ?m (\A?ﬁoéﬁr;ﬁggpﬁggﬁt“bgiggct I ve.
tiles in the macroentered | asyund sthgbspspect celhriwsleus. d Tk destiary helsssifine 448y tthecul ar

tile is noted f Orcy{&egﬂﬁcian or cytologist, will then further screen the 200 objects to zero, since all

were benign. _

The screening of a Pap smear having 50 pathological cells plus the
approximately 100,000 cells and other objects (classified above) is shown in Figure
6. The primary classifier 400 will screen the slide down to 1050 cells (50
pathological cells and 1000 possibly patholdgical cells). The secondary classifier 420
will further screen these cells to 250 cells (S0 pathologic plus the 200 most suspect
benign cells). These 250 cells will then be screened by the tertiary human classifier
440 resulting in 50 cells being classified as pathological. -

The overall result ils that instead of examining 100,000 cells under the
microscope, the cytotechnologist examines 200 to 250 cells presented on a high
resolution color video screen, each screen containing 64 images, with the attention
of the cytotechnologist focused on inspection of the center of each of the 64 128 x
128 pixel images. '

In the preferred embodiment the invention is used to display images
representing the first 64 cells in the examined specimen which are most likely to be
malignant or premalignant, i.e., they have characteristics, features, etc., of known
malignant or premalignant cells. The actual number of images of cells, or number
of cells themselves, may be more or less than the preferred number of 64.

Moreover, according to the invention such images may be presented to the
cytotechnician one at a time, in an array of four, sixteen, or more or less images, and
those images may be presented at various levels of magnification, which further
facilitates and enhances accuracy of the tertiary classification.



17 known .to be typical of.a pathological cell. A tenplate matching or other
group processing algorithmcould be efficiently inplenmented in a parallel
di st ri buted processing network, for exanple. Another alternative secondary
classification enbodi ment is a hol.ographic image processor designed to.
perform group based classification. Referring to Figures 3A, 3B and 3C-a
fl ow di agram of the operation of the cell classification nmethod of the’
present invention is.outlined. Initialization of the system 10 is carried
out at block 199. During initialization the inmge processor 20b is
initialized so as to be ready to receive 4he first electronic information
‘representing the image received by the canera 14 and to process the inmage
i nformation. Al so thdhetimgge 2t imagésnbeing|streendd t may|aksoebé tpréspnted rtef beence

| ocat | on, SOMe! i GRS hithehOeASpfey Aled ERA o Akl Yhsrife QTR €1 20

can expect to know that the stage Ps at $ cation and can_ det er ni ne
future | ocati onscopdiiens fomwhigk thesarsening-is tbeing performed.oFor exempltl, df a slidejis

initialized, tO0GeideQcRb #QH sLda0n her.eqf : sition
to so that fut u?oguﬁgocatll?cgﬁfgi- gﬁ&d‘“ﬁ{ vem%anr-nfl)fgf [ ﬁer‘ze(l)l%’ %ﬂ%@bﬁeﬁ%@a pf rom
the initial honmehapigg ifeatusss.commen taeknosin types ofpathelagical qglls, isughi ascadlatgp, dark
conventional fashhkes. ' | ks ' 22
SRR, mH bR GeHalled Boi Fhény add BspiHR hdjfced! e Suspal Hnfide.

grabs the first sli omthe cassette 23 an nsports it'to

notori zed st age Qopsegendykasaboyytoteqhnician seresns c¢lkimpgesawhichabare deenvglassifiedibl e t o
find-the next sly seg ' - been
uggge rﬁﬁwmﬁ%e&mgy ahdsi sasigg,?ecg hk B@gg@%& D peliB%E

classified, a ne e 1S conveyed to the operator sunmng a slide
i s present, the asidecycide cemppsisomef spspect selt imagas avithadaovmprsr makignant ahd/om t he

f:lo'r ggl g t2 Ilg)n an g R cdiEhabd) PRiTBEdvRAs & CorERER Hsudl TEHERRE o Which4de) f OT
cytotechnician can consistently base his or her tertiary screening criteria. However,
it is equally useful to employ the side-by-side comparison feature when the human
classifier performs the initial or sole screening of the slide. ,

-The false negative rate of cytological screening is known te be a function of
the ratio of non-pathological to pathological objects which are visually fnspected on
a daily, continuous basis. The présent invention drastically reduces the number of
non- pathological objects which require inspection from 100,000 to 200- 250. In
addition, all suspect cell nuclei are pointed out to the examiner by their position in
the center of a 128 x 128 pixel rectangle. The result is 2 very much Jess fatigued
cytotechnologist and a very significant reduction in the false negative rate.

It is axiomatic of cytological screening that the detection of only one
premalignant or malignant cell in a specimen is sufficient to warrant a physician’s ~
further attention to the patieht from which the specimen was taken. The converse,
however, is not always true. The presence of only benign cells in a specimen does
not conclusively mean that a patient does not have o is not developing the precursors
of cervical cancer. For example, a pap smear may not have been performed
properly, and as a result the specimen may contain insufficient cellular matter for a
reliable test or may be void of the type of cellular matter in which cervical cancer
most often develops. Whether there is sufficient cellular matter to comprise a sample
size large enough to possibly constitute a reliable test specimen may be determined,
as described above, by an object count. A further method of determining the

] reliability of the test, which may or may not be used in conjunction with the object



future classification data. Cells not having barcodes or barcodes that are
not readable are rejected and the next slide is processed.(216). Next, the
general processor 20a commands the stage notor controller 35 and notors 33,
34 to nove the stage 24 and slide into the optical path 29 of the

m cr oscope system 12 for the |ow resolution pass (220). In the |ow"

resol uti on pass, the carriage 45 wilF nove the | ow resol uti on objective 30
into the optical path 29, and the autoiris 51 will automatically adjust the
lighting for the | ow résol ution objectlve2§225) A relatively quick scan of

the slide is then d fi he areas of j,de_havi L u ar
matter (230). Ifc‘f“ﬁg ?10 a?sg%r%g'} Eegprcsgﬁcu‘ff ':Rﬁ‘ﬁ ot typgsn%g(fequamt(kah anount

of matter for vabpedmeh.assification is found on the slide, then the slide

moani ngt ul test  ( 296) e LRt JrtR i bl Bl b PGl BRI TRED
of the next sli dmgmaymbégﬂh WitO @t sli'egt-hk;t eallsj rkaowmeishsnuammgreelllss éﬁ@quat e
O gL el b of i, AP bRGARI RS B AR R
out by the corrputegmnsylmlam ﬂﬂam&mlsmnarg'ursmhmmesei twoctell eypas mesl. Thet hat a
DL o) o7 BnEPehiBR o he e AR M S RACUEA s st S5 1™
ot her arr angenmenpregmant, fe. Sdrido\aries\smeng womanp| kb is in {hisurankitional efneabeceszn

sequentially | OC%RLWQ%%'&QQ%@%@%%E%* p&w%?%ﬁcgégggw& E?Apls%tagﬁcé/{hgv\ed

Each such area her ern
: malignant or premalignant cells developing within the transitional zone may not

extend down into the vagina until cervical cancer has reachéd its later stages, it is
critical that the pap smear swab contact not simply the vagina and lower areas of the
cervix, but that it contact the transitional zone further within the cervix. The area of
the cervix above the critical transitional zone, that area most proximate the uterus,’
is Iined with columnar cells, known in the cervix as endocervical cells.
Consequently, the presence of endocervical cells in the specimen indicates that the
~transitional zone, or squamo-columnar junétion was, in fact, .sa.mpled.

Since even benign endocervical cells have many features that a premalignant
or malignant cell possesses, the secondary classifier will éive these cells a ranking
relatively higher than most other benign cells. Accordingly, for a specimen having
no malignant or premalignant cells, the endocervical cells will be among the few
highest ranked cells, and most likely among the highest 64 ranked cells. For this
reason it is desirable that the classification device display the 64 highest ranked cells
(i.e., those cells determined by the invention to be the 64 most likely to be malignant
or premalignant) or other objects for inspection by a cytotechnician, even when those
cells are all ranked below that of a true premalignant or malignant cell. A trained
cytotechnician, can easily distinguish an endocervical cell from other benign or
malignant cells, and through the detection of at least one endocervical cell among the
displayed cells it will be readily apparent that the pap smear swab most likely
contacted the transitional zone of the cervix. Consei;uently, a second method of

_determining the reliability of the test is established. Further, in the absence of any
premalignant cells or malignant cells, since an endocervical cell will be displayed



When a particular macro-tile is | ocated in the optical path 29, the canera .
14 takes a picture thereof. The macro-tile may. be, for exanple, 2mm by 2mm
in size. 4n the inmage processor 20b, using an | SMAP program or al gorithm
avai |l abl e from ASPEX | ncor porated, ‘New York, New York, (iconic to synbolic *
mapper) the macro-tile is subdivided into sixteen areas referred to bel ow
as "tiles" and a sharpness inage and a gray scale inmage are nmade. These

i mages are used to determ ne whether. there is and/or how nmuch there is of
cellular material in the macro-tile. A histogramof the absolute value of
t he di fference between such images may be ug®d in the focus function of the
conputer 20 to determ ne focus for..the slide. More particularly, the
val ue of the opti cH°" %ﬁgﬁégﬁﬁﬁgﬁﬁ’éﬁyﬁ’f el ngﬁeﬁ‘é“HFsP%“ﬁaﬁ‘F 82‘?%1"]%8“’%5
made; and si nul t aneoidehtifyttiotest specimeias @degudiy ardl tha test Areliabletin aéry ditke tiiec nude
to provide a 5 by 5 Gaysian result.  The.difference .between %ﬂg.t .S taken
and is converted to abZ&&Pﬁf'ead\"/%{’l?%&haW @Wﬁ%r@%&ﬁ?’ghe&@ﬁﬁ? éi&gtrﬂiﬁg t hat
can be used for t hiefetions mayrbPascértinet.hSinceeatisithat are frfieatad by Sany if@tonss such
obtained for the macro- tile: and sy.ntheti call reate [ scal e map
that is the size oﬂsvmw{&?'e%fgx‘ﬁaﬂemWWé%%%ég?%r g’gﬁiﬂtti pl e
areas that corr espmnalignart fvell,r the pewhdarye classiftes wifl fahie thenc felativel) dighdhthan
increnental gray scale is .determ ned.accordin o_the.val ues i.n the

shar pess 1 mage. usTRB BT RS Pl SHF (IS i Al pregitigna 6wt s

hi st ogr am (whi ch rBptefore,nfor & @pgeintshi ideing nd premialignatitcormalignant tdlls) the infadiove a

threshold val ue, tHeNyl&uPdht LGlhf) vd lisflayed alotg e B sthbdhof nighest ranked
cells for review by cytotechnician. A skilled cytotechnician can then easily detect

these cells among the relatively few (64) displayed cells, analyze them closer, such
as by magnifying the image or comparing the infected cell to stored representations
of infected cells, if desired, and note the specimen as containing evidence of
infection.

. Consequently, it is apparent that even though the classification device of the
present invention may rank the specimen cells such that it usually may be determined
from the first few cells displayed whethér the specimen contains ‘pathological cells,
it may be advantageous that a cytotechnician examine all of the cells of the first
displayed screen of highest ranked cells to determine the reliability of the test and
whether there may be indications of certain infections in the specimén.

As will be evident to those of ordinary skill in the art, the presenf invention
overcomes all of the obstacles to practical automated cytological analysis inherent in
the prior art. This is achieved by the present invention’s unique combination of
feature extraction and template matching techniques. This combination of techniques
overcomes the requirement for image segmentation found in the prior art. In
addition, this combination of techniques overcomes the major obstacle of neural
networks and other computationally intensive template matching techniques for thc;.
analysis of complex images such as cervical smears. This is achieved by the fact that
the pﬁmary classifiers of the present invention resuli in an automatic centering of the
suspect cell nucleus in the input array of ﬁe neural network.

By simultaneously overcoming the requirement' for image segmentation and
also eqabﬁng the first practical utilization of neural networks for cytology, the present



21 the tertiary classification is performed by a person; that person
ordinarily is expected to be review ng i nages of several cells which the
primary and secondary classifications had deternmined to havé a relatively
hi gh probability of being malignant or pre-malignant. It is desirable that -
the person know that if the nunber -of cells being reviewed manually is zero
or is relatively Fow, that is due to the fact that the other cells are
healthy and not due to the fact that there were not enough cells to exam ne
in the specinmen. The processor 20a the&o perforns further primary feature
extraction classjfication on the segnent such as with an integrated optical
density (I ODJPVERHPBhes Fsulted jnsthe first pRACtcR)h pwematerFRelogicl srapeming FEstemy

al ternativel yhorpraaetdi inbeatiad Ihis BeenU8@kbnkeatsd 8§ Sdnf ¥nghdsdE AR M €S, such
as color or feat Uﬁys relating to DNA plojdy analysis, immunghistochem stry,
ully,

DNA hybri di zSHFSH Y251 Bap; ypearseyith QrarippRing pgopariaeobsyidat e certain
obj ects whi clellpORIRSAsd tRal thoRf td pébfomi tHivankIpEyWRitkiR tHe tinfe'pesed WypitaiyPat hol ogi ¢
cells, such as a alick cell nucleys which is _abnornally large in‘relation to
the rest of FIREumeg by completely manual examination: oThus, theHRqUP cambIation of ray v
cl assificati pehnifuedehbivdied 3 HePrater? Fiveatiaias akhicve® tHeadoal sTIveTwaRy stored in
RAM of the processor 20a 330%. | nﬁ obj ects. have_ been identified (335,
Fig. 30, cl &%i?fipea{%ﬁmﬁi%ﬁ autgmated, eytojegical clagsificafion( 295) . | dentifi ed
objects, i.e., elmfleva)ine hveRgA if ARNRSLD A hiedd D Pimalnh @@nitBideicdiave not
been elim nalt)ed by the | qw | evel &gasgjgi cation, .are transterred

y HWES

i ndi vi dual | %‘Wﬁ@ﬁ@&?ﬁé&ﬁeﬁﬁ?@r gicyeteghinicianchas almady, igpectsd - obj ect
cent L oi db_( 34£h):1.<:_1aI§mri*.-draemélr@ghonwasu_tnehF1 th devitd ﬂ:o@agsfa{@emﬁe&a@aabl d)focﬁé @ssi fi \?\ﬁ't i ﬁn
on the objects . in.accordance with i:ts previ ous compl'et.ed training i C

i s descri bedcyﬁ%‘?"gmf“ﬁ‘i‘c' B gHiagHenR, celis ich ‘E&oﬂ“%"’r B‘?‘?ﬁ&%ﬂ,mg‘% PEpele W Nt nay be
made at thi Sscpeehing. (and/ or possibly el sewhere in the process, as is

menti oned above) |:l_ﬁ_lo.determ' ne if the neduro_co uter 82 has _received a
sufficient nunberihe invention can be designed and trained to classify other objects not

expected to be found in a typical Pap smear. Such an object may be representative,

for example, of a herpes virus. '

The invention may also be used in classifying unexpected cells on a slide
which has previously been screened by a cytologist or cytotechnician on another
basis. One such instance is in the classification of a Pap smear taken for a
post-menc;pausal patiént. Such a smear shbuld not contain endometrial cells. Other
instances are screening for organisms, etc. Consequently, the slide will be analyzed
by a cytologist for the presence of endometrial cells or other organisms and then
screened by the invention for other unexpected cells or viruses, such as
malignant/pre-malignant cells or the herpes virus. - '

Another important feature of the present invention is the ability to provide
adaptive learning for the neural computer 82. Such adaptive technique enables the
neural computer 82 to be retrained or to be trained with additional information
representing additional or better defined cells of specified characteristics.
_Charactexistics of such cells may be those of malignant or pre- malignant cells; may
be those of benign cells; may be those of other types of cells or characteristics of
other types of matter expected to be found in samples intended for examination and

classification. Further, such adaptive training can be carried out in a laboratory or



of cells fromthe primary classifier to indicate a valid test. For objects
identified by the neuroconputer 82 as suspect (350), the color

represent ation of a suitable area surrounding the centroid is retrieved
fromdisk and transferred to the high resolution display board of the high
resol ution nonitor (355). Cells having a classification |less than the
threshol d | evel are discarded and the next centroid is obtained fromthe
general. processor (340) and classified (345). Wen it is determ ned that

all locations, tiles, on the displ ay boatd-are occupi ed (36), the 20 is
set.and procesg} e Sl d antin fte Sgreeni ng of

t hat segnent ( hoéfﬂﬁ@ ﬁ&.g flg&hhﬁ?%cfnog dlegﬁerﬂdr’] % g"lsmage of a
tile is obtai rmloyhgehemmnymmoﬁgﬂd, such waiting time shoul d be nininized
to mnimze the tigg. ide. .Prefera rocessing
of one or nore than ongfig?g or ﬁﬁ‘éﬁ??ﬁ ’Bveng?;l'}ﬁd gﬁ%{wﬁuhp |mage
processor 20b referentet tarﬂaplsmm,vﬂn ingergion lsmpglk:aué tamoitiany type gfreyiblogical bei ng

obt ai ned by t [ 4 c.oJ Qr gnhents .0 VI deo represent ation
of a segnent a e@%’%d%%"%p‘g 8‘835" 5 Eﬂf?)s%mﬁrﬁ%‘ Pleand that i mage
is passed to the image processor and digitizer 20b where the primry .
‘classification of the segnent begins. Initially, the inmge processor and
digitizer 20b perfornms an adaptive threshold operation on the video inage
to enhance the inmage contrast and elimnate noise fromthe background
(300).- This thresholded inmage is then down sanpled to a nanageabl e




—_—
di git'al representation (305) he i nage proeecessor and di-gitizer 20b can :
then perform erosion and n MI’ m At i on operations on the digital

i mage to separate the object o lmgﬁgﬂr (310. The nonochrone and
resultant filtered i mages are transffrmsedst'o RAM of the general processor
20a (315, 320). The erosion and dilation techniques are conventional inage
processing techni ques. They~elimnate the effect of overlapping cells in
whi ch dark areas on may appear due to the 32ncreased density of the overlap
rat her than due to enl arged or especi al Ia/ dark cell nuclei. It is usually
the darkened nuclei or large size nuclei LAIMS are detected duri ng the

| Int eg.r?ft ed optical dgﬁﬂ&iiﬁgla{rﬁ@@: eval uation nmade in the low | evel -
classification procedure described further below. The erqsion and dilation
t echni que al so enhancks t%ma@%p%@e@r@%%{mmx%fopfﬂgbg}gl|S<‘§ef§51,gitﬁ@ t he
“low level classifhhprisingtne #Epsp ect count al so nay be perforned at this
time to find out how many objects have Passed the erpsiqgn and dil ation.
That nunber of objects i's ahppr HXViRR AIE Paéb?fésgﬁﬁ%‘iagﬂ’e‘a’f“e‘i;he nunber of

obJ_ ects in _the speci men. b§ iscr_@kﬁg,'ga@pﬁa@ebhakhaiewl;east a m ni rum nunber of
objects be included in the specinpen, for, if the sangljdﬁ sjze is too small,
then the test may not pro@uce PrEHeIngGrdigitel represeniation, ofuch IMag%ip| ¢ ¢t est
results. The object count gpr oflgkg B8NS id eucH adigitalvirépestdiation tabedder e of t he
sanple may be taken at other times jn the described ‘groce

. ] . .S . Of
i nvention. As isdgmrecto Wagh fRehdpsRective object; as clargetruisficy fpore igﬂgrfﬂf"ﬁgn fo the
preferred embodi pRpfal jremilighail @F BAMgrak dell ehafl NiEa Epical@nign cell;

e) examining at least some of such objects ranked as having the

most characteristics more likely found in premalignant or malignant cell than in a
benign cell for the presence of a predeterined cell type; wherein the presence of at
least one cell of such predetermined cell type tends to indicate that the test is reliable.

2. The method of claim 1, wherein said step of ranking includes
jdentifying objects in such digital representation as likely to be premalignant or
malignant based on a detectable feature.

3. The method of claim 2, wherein said step of ranking further includes
using a neural computer apparatus to further classify such identified objects as likely
to be malignant or premalignant as a function of the training thereof. '

4, The method of claim 1, further including the step of displaying such
portion of such objects in man-readable form. -

5. The method of claim 1, wherein such predetermined cell type is an
endocervical cell. .

6. The method of claim 4, wherein said step of displaying includes
arranging each object in such portion of such objects in the order of its ranking.

7.  Themethod of claim 6, wherein said step of arranging includes
arranging such objects in a matrix format.

" 8. The method of claim 7, wherein said matrix format is an 8 by 8

9. A method of facilitating the determination of the presence of an

infection in a cytological specimen, comprising the steps of:
_ . S
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the tertiary classification; that—person ardinarily is expected to be
review ng i mages of several ich the primary and secondary '
classifications had det ern”mmmi”m” Mﬂl atively high probability of

bei ng malignant or pre-malign oL Ty ¢ i rabl e that the person know t hat
I f the nunber of cells being reviewed manually is zero or is relatively
lows that is due to the fact that the other cells are healthy and not due
to the fact that there were not enough cells to _exam ne in the specinmen.
The processor 20a then perfornms further pgimary feature extraction
classification on the segment such as with an integrated optical density
(10D) al gorithm (325). her Viewingrs|leasti pagtiof alcyiogichinspedimen; al t er nat i vel y or
additionally be used to gl asgi ures, such as color or
features relating to DNAlﬁpI o?ﬁ%ﬁgrﬁ‘ﬁggfﬁgsf‘am%%m stochem stry, DNA

hybri di zation, etc. Thes® fe&fdneingx dighialtrepsesenthtippraftsimbsimagn| at e certai n

obj ects whi ch possess fe(gt ur %Hnégd%%slc-% %W%M{éwﬁﬂgf%&eh Qmpﬁ%hol ogi c

cells, such as a dark cel'l nucl els I's abhor arge Tnrelation to
the rest of thedeg@s|to which eaehrespecive ebfech bysechamcteristios imforeclikely found ima y
classification @sicd SteddliRRARSdrThai | €3l calal gagued and stored in
RAM of the pr octggso?. 20a£}‘(a§3(§) ) _F_@F\Eﬁo@jﬂeig?sqﬁéagg%‘a"e%ﬁi dentified (335,
Fig. 3C), classificatiorf)begeramining atHeashsome of sycheotjects28iked a$ tavirgi the ed

obj ects, i.e., ﬁ&ggﬁﬁgﬁgﬁ&mﬂjﬁgfg 3 h'ngfc}-% f .t ' have not
been el i m nated bsy the low | evel ¢ ads%élg%; @%aet‘l 5 ,aﬂaorre lgar?ghééﬂrﬂae"dm 2

i ndi vi dual |y t deRigl celllor Sepmsence of esils having igdicationsiofiafectionound t he obj ect
centroid (340). Thep neufACRBRL SF Bam'é ! f Qk conday. ssification
on the objects in accordance WIbEt hits &’e&f‘%ﬁél %@ﬁ Iée}t%c?}ﬁg% gjllc?l‘lfd%sg whi ch

i s descri bed nuifeatifying epissts| ipvsucindigjtal taprdsentatioraks ikelpmo dbjpemialigmaontr may be

mede at this paendhilkoi: PesiBlereBhsewnere in the process, as is
menti oned above) d I 1

o_determ ne the neuroconputer 82 has
11.  The mgthod of claim 10, wherein said step of ranking further includes

using a neural computer appartus to further classify such identified objects as likely
to be malignant or premalignant as a function of the training thereof.

12. The method of claim 9, including the step of displaying such portion
of such objects in man-readable form.

13.  The method of claim 12, wherein said step of displaying includes
aﬁanging_ each object in such portion of such objects in the order of its ranking.

14. ~ The method of claim 13, wherein said step of arranging includes
arranging such objects in a matrix format.

15. The method of claim 14, wherein said matrix format is an 8 by 8
matrix. C =

Please add the following claims: i

16. A method of classifying a cytological Specimen or the like, comprising

classifying a cytological specimen containing a plurality of objects to
determine according to a ranking system those objects most likely to be representative
of a characteristic,

selecting a number of those objects according to ;v.uch ranking, and

displaying images of such selected objects.

17.  The method of claim 16, wherein such characteristic is that
representative of a malignant or premalignant cell. |
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recei ved a‘sufficient number of cells fromthe primary classifier to

I ndi cate a yalid test. Wed by the neurocorrputer 82 as
suspect (350), the color resentation of "a suitabl e area surrounding the
centroid is retrieved fr r"j@ Mmy, erred to the high resolution ?
di spl ay board of the hi g I,rm'“ or (355). Cells having a
classification |less than the thres’holsd l*evel are discarded and the next

centroid is- obtained fromthe general processor (340) and classified (345).
Wen it is determned that all locaticgs, tiles, on the display board are
occupi ed (360), the 24 classifier 420 is thus to generalize fromits
training process 1% s(foeawsiodiof plain d6,swieeimeaid gaiectingicompristieselegiingi mages to
which it was objecty B bk %%!tm%sﬁmr@a%a@ A2k e it &dje prior art
resides in the ta at each 1'mage préesented to e Secondary classifier
420 i's pre- c&wentthoughnneton mopy of sugh objdctsds nat ja snaligupnt erpremaligaantedlbi d of t he
suspect el | nucl s, -Rbiohuiol RCSAAPI] ViR BER 8L LAR Gkl gl on and | D
based filtration automatlca results In a centering of each suspect image
around its dapp\ea@mqf@mhmtmnmmtaﬂ enpts to utilize neural networks
and other high-1exg gﬁbﬁ&@of%m Mlerfa shch aPpeatafi® Simlﬁra?ré.%ce mage

p

recogni tion, dlfflcult as been encountered In consiste resenting the
classifier with tHe cdhermsthpdoof clgim i2fn fusthere including gthe | sigps pf Vé'éﬁubfon To use

an exanpl e fm&@@m#ﬁr BPLij&aL i on dommi n, backpropagation networks are

excel lent at readin |tten zi p code dlglts but have difficulty in
_ finding where the222| p Acoetbod of classifying acyiplagisplespecimen, GPBRASE | nvent i on

overcones this difetimth ¥ LsksihBRiok VB Bytflbgia specRibd- to determine those
objects in the specimen which are most likely to have the characteristics of

malignancy or premalignancy,
said performing a classification including ranking objects in such specimen
according to such characteristics whereby those objects most likely to be malignant
or premalignant are ranked closer to one end of the ranking spectrum and those
objects less likely to be malignant or premalignant are ranked closer to the qﬂier end
of the ranking spectrum, and -
selecting a number of objects for further classification as a function of such
ranking. h - .
23.- The method of claim 22, further comprising displaying images of such
selected objects to facilitate further classification by a person.
24. ° A method of classifying a cytologicél specimen to determine whether
~ malignant -or premalignant cells are included in such specimen, comprising
performing a visual inspection of the cytological specimen to determine the presence
of a malignant or premalignant cell, and rescreening such specimen by performing
the method of claim 22.
25.  Apparatus for classifying a cytological specimen, comprising
classifier means for classifying a cytological specimen,
said classifier means including means for ranking objects in such specimen
according to the likelihood of having a prescribed characteristic or condition,
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was stored around each
ifier 400. A 64 x 64

t hen conpressed using
this inmage is stil

the erosion/dilation
hundred of these

d non-benign cells were
. e, post-training

I'n an,engineering prototype, a 128 x 128 pixel inage
centroid which passed the low level filters of class
wi ndow, al so cen centroid, was
pi xel averagi ng t i mage. Not e that
centered on the s r*ﬂ'lil ﬁ’@ ﬂ mage whi ch passed
and 10D filters of A set of several

" pre-centered 24 x 24 pixel |nages of known benign an
used to train classifier 420. During feed-forward,
operati on,
encounter du
i mages to se
i mage.
feed-forward

presented w

ring its tra

| ect ﬂFﬁ

FW%OStg tr

er t

when cl assifier 420 |s presénted with neM/inages it did not
et pet
A f unghmatiey af smllvabjechgmostvmtel}{ ke hpiei sueh edscrived t dhatacteristic nar t hi s
ai ni ng phase of

t he trai

A A s

|ng set
3% he new

its operation, classifier 420 is
he sanme type of 24 x 24 pixel imges on which it

was trained. The&eemnmgmﬂMtEg&irﬂnrdm‘ﬁmedobsmch Mectedrvbjeuis.d of the suspect

nucl eus by c
tralnlng set

| assi
|nad{

Ser 400 ﬁg&ggu

.

to

APF8h

i.denti

L2 SHEFm

112

prepare the
ifier 420

w5 R e

far easier anldssﬁiutmnmnmmsenmrslfomdupm&mg siich aeleastydtifectsfof dansificationt he pri or

art. As note
image with a
of 0.9. Such
known pat hol
obj ects are

b BReL Bty

ifier 420 is trained to associate a known beni gn
1 and a known pat hol ogi cal inmage with an out put -

23. obTecmethadnfchinn 2%, vhewin seid classifisr readslisdudehimeswal | est

PR shp §

premalignant cell.

28.

U4, gl 5l RS

fro

Stics mﬁn

418 o Pligndl o' o7 11 1S

The method of claim 25, wherein cells having condition requiring

medical consideration may be included in such specimen, and wherein said classifier

means includes means for including in such ranking such cells having such condition,

whereby such cells having such condition may be included as selected objects.
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by successively adding back | ayers of . pixels to these objects, but they are
not dilated to the point where they are touching each other. The basic

oper ation3 of erosion and dilation can be found in several sources in the
prior art (e.g., Serra, J., "lmge Analysis and Mathemati cal Morphol ogy",
Academ c Press, 1982). Based on experience with an engi neering prototype,

it has been found that for every 1,000 ¥bjects found in a typical benign
Pap snear no nore than about 15 objects will pass the erosion/dilation
screen. These relatively few remai ning objects are then subjected by the
primary classifier 400 to an integrated optical density (10OD) screen.
Integrated optical density is the sumof the pixel grey values for each
object. Pre-malignant cells tend to possess |large dark nuclei. The |ICOD
threshold is, therefore, set to filter out any object which passes the
erosion/dilation screen but. which has an 10D which is above or below the
threshol d di splayed by a truly pre- malignant or malignant cell. For the 15
obj ects which passed the erosion/dilation screen, experience shows that no
nor e (Bhite: AMUTOMATERIGY TALOGIGAISSPROIMEN QDASSIFICATIONTSIYRTEM ARD METHOP: conbi ned
filtration of erosion/dilation and | OD reduces an input inmage of 1,000
objects to an output inmage of ten objects. The \ eebARsEPene]ic! ude

not only pre-nalignant and malign ith a
high integrated optical density [s$¥& of

| eucocytes and nucus. The task to :
di stinguish the pre-malignant a eyOt her obj ects.
For the engineering prototype, AGT 08t | 0%b NEwee al
network hosted on an Anza Pl us neur oconput er FRCYE =\ e% on

an | BM PC. The backpropagation network gyas'®xa
sever al RZ,_ 1{BARCODE

: é‘ f

_ 22, : 107
us oqg 00 _-106
Ha, &
e * o3 o1
Pt 121 f 122 102 24
7 el ! 20 - .
1B [OF CONTROL a8 i
| } [posiTiON
l“4o. | 3L
COMPUTER SYSTEM
) o= T === -=<]—-200
%_EARAGE LMICRO- 1
(57) Abstract

... - ‘An automated screening system (10) and method of cytological specimen classification in which classifiers (300, 320) are
utlh_zed in pe.rformance of the classification function. Also included is an automated microscope (12) and associated image pro-
cessing circuitry.
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hundred known beni gn and pre-malignant or nmalignant cells to associate a
benlgn |nage with a diagnosis of 0.1 and a non-benign inmge wth a
dlagn05|s of 0.9. In actual operation, the secondary classifier 420 is
presented with i nages passed to it by primary classifier 400. These are

| mages which nmay be simlar but are not identical to those used to train
.classifier 420. The task for secondary uzg'%classifier 420 iS thus to
generalize fromits training process to 3/ ssfully classify benign and
non-beni gn i mages to which it was not previously exposed. One maj or:
advant age of the present invention over the prior art resides in the fact
t hat each i nage presented to t econdary classifier 420 is pre-centered
by the primary cl assifier 402@ng; e dN\d\of the suspect cell nucleus.
This is acconplished because& & - {nd 1 OD based filtration
automatically results in a center| b of ‘sdeh\ suspeet jnage around its dark

centroid. In priog-—aLg gttenp |{I| auna\ = rks and ot her
hi gh-1evel tenplafg hi ng tp% ‘;a‘l é; iers <% mage recognition,

difficulty has be¢® iciuRere dEht |y prgsent®ng the classifier
with the centrmd‘gf t e re \ Chesi fi daten. To use an exanple
from anot her appl ' pﬁéo i, e- W‘@; on nat\yr are excel l ent at
readi ng handwritt g%l p3 dé—:J('B tsNb e difficl Yy Il I ng where
the zip code is o< ' ﬁu Th'e R esent qvent i qn\ ov

this

difficultyinthe8 in of ¢ 0 \ an,eng neer i. irg) RIS €, la 128 x
128 pi xel 1 mage was gt ored arouna QC ant rei d ichip | dw | evel
filters of classifi 64 x 6 nﬂ\ﬁ ]l sO "
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centered -around the sane centroid, was then conpressed using pixel
averaging to a 24 x 24 pixel image. Note that this image is still centered
on the sane |arge, dark, inmage which passed the erosion/dilation and | OD
filters of classifier 400. A set of several hundred of these pre-centered
24 x 24 pixel inmages of known beni gn and non-benign cells was used to train
classifier 420. During feed-forward, i.e., pogt traini ng operation, when
~classifier 420 is presented with new i mages Zdid not encounter during its
training it nust generalize'fromthe training set inmages to select the

di agnosti c category which &' Fely mat ches the new i mage. A fundanent al
advant age of the present §§% B'ég : éhe prior art is that during this
feed-forward, post-traini hf ié% operation, classifier 320 is

pr esent ed mnth precisely the anme type of 24 x 24 pixel imges on which it
was trained. These images ar so centered on_the_centroid of th uspect
nucl eus by classifier 400 in manner identical to that used to p are the
training set images. This_nmkes the generalization task of classifjer 420
far easier and t ENEXNTGRIBHE i~ t2@0 anything found in the prior
art. As noted a clasSTii ¢r 4Z0 1S trained to associate a known benign
i mge with an output of 0.1 ehd a known pathol ogi cal inage wth an out put
of 0.9. Such 25 outp NO fo PRINTTOPSOMERINDR @Fde of clertainty
that a cell is rormal o aaﬁsﬂnﬁf? T ESpe¢MESSAGE QM ECREEMSsiff i er 420 i s
then presented with new, Owxknowpscells, it genergllzes fromits trjaining

and attaches an jout put. t.o ths YEge. The cl OSNEND 205
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that-classifier 420 is able to categorize the unknown image into the benign
category, the closer i$'its feed-forward output equal to 0.1. Cbnversely
the nmore closely that an unknown i nage appears to classifier 420 to
resenbl e t he non-benign i mges of its tralnlng set, the closer is its feed
forward oeut put for that image equal to O. During testing of an

engi neering prototype in which a backpropaé? on neural network -was used
for classifier 420, it was found that no truly pre-nalignant.or -nalignant
cell was attached to an output of less than 0.75. In order tQ provide a
margi n of safety, clagﬁb ?L gﬁg only screens out inmages with an Qutput of
0.65 or less. Any inage 91 attached to an output greater than 0.65 is
assunmed to be a suspect e-mal i gnant or malignant cell. For ch]of these

suspect images, the ass ed ~128 X 7128 pi Xet Timaye Tehteredadroynd its
centroid is retrieved fr ntlnage menory and di spl ayed as one aljfield of
64 such inmages [0 u.t.\%;t monitor for final cll as$ification
by a cytotechn §§?@ hg J &Eﬂé chere classigged by clagsif{er 420 to
have an output of 0.65 og | ess are assunmed to be{beni gn and arle npt

di spl ayed on t Hemewerygia q-ud,qgﬂq% NeEND -PTchh apove- ldesgri bed
engi neering prctp@mnpuw| ORSC ass er consi gtenply

filtered out ove t he dqutput of
classifier 400. é benign ilmages whi ch
pass the erosion/dilat} er 400 arje agsigned an .

Egyer 80@6of the tru
) ? screens of cla
agslfler % of thgse j mages

out put of |ess than#. -
representing suspe&LOEAT BT &Ml 1 SR AntAN hefGnant cellls fo be
finally classified b he pertiary classifier| 440, i.e., the

cytotechnol ogi st. As ne ed above, in an ajternate enbodi ngnt [t he
classifier 420 may be a | evel tenplate ngtching or holograpmic | magi ng
filter. It is possible tp use these

SUM R, G AND B IMAGES IN PIPE TO MAKE A | 295,
MONOCHROME IMAGE o

4
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INP 300
IPE
| |
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filters in an efficient overall processing schene because the object of

i nterest has already been identified by the |ow |evel feature extraction
filter, classifier 400. The overall operation of the cell classification
systen1can be sunmarized with reference to Figures 5 and 6. Figure 5 shows
the screening of a typical Pap snear which contains approximtely 100, 000
benign cells and ot her objects. Through erosion/dilation and |1 CD
filters, the primary classifier 400 will fi r out. 99% of these objects,
passi ng approximately 1,000 objects to the secondary classifier 420.
Classifier 420, which in the tested and preferred enbodi nent enpl oys a
three-1ayer backpropagation n¢m«yﬁpn§§mprk in turn filters o §9% of

t hese 1,000 objects, passing thejinages of approximately 200 rfesifdual
obj ects deenmed to be nobst suspe of pat hology to the output nEﬂLEqr for
tertiary human inspection . ANpES ONObj ects are assenbl ed two to
three fields of 64 obje @ENKR%SF? ecT‘iS“pr‘e'se'nre'd"a'S‘a’@S x 128
pi xel inmage taken fromthe vi ut \t | assifier 400 and cent gried
around the suspect cell nucleus. |YE8e te$§$ary'classifier 440,- tlhg
cyt ot echni ci an or cytol ogi st, mt. then further screen the gbjjgcts to
zero, since all were benign. Th cr'eeni ng of A~ Pap snear ha v ng 30
pathol ogical cells plus the apprpxinmtely 100, 000 cells and gther igbjects

(classified ab tassi fijer 1400 wil |

screen the sl |§E NEX-FK% dﬁf /?@%RARF?%E%@( 24 ¢lls arld Jogd

possi bl y pat hé-eg-c= ccr. S S-e-c-oRdar-y—e QSS'LW' 420
340

" |CLASSIFICATION ON ANZA

\—345
RESULT
LESS THAN YES  _ _ _____ N
THRESHOLD ? (GOOD CELL)

350 NO(BADCELL) /399
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wi |1 further screen these cells to 250 cells (50 pathol ogic plus the 200
mbst suspect benign cells). These 250 cells wll then be screened by the
tertiary human classifier 440 resulting in 50 cells being classified as -
pat hol ogi cal . The overall result is that instead of exam ning 100,000 cells-.
under the m croscope, the cytotechnol ogi st exam nes 200 to 250 cells :
presented on a high resolution color video screen, each screen containing
64 images, with the attention of the cytotechnologlst focused on inspection
of the center of each of the 64 128 x 128 i mages. In the preferred
enbodi ment the invention is used to dlspla2§2§§ges representing the first
64 cells in the exam ned speci nen which are nost |ikely to be malignant or

premalignant, i.e., they have characteristics, features, etc., of known
mal i gnant or premalignant cells. The actual nunber of inmages of cells, or
nunber of cells thens@PVess y—he nore or |ess f n t E)preferred number
of 64. NbreoverlBagcoﬂﬁB @J_ |nvé on suchekﬁ7g may E&esented to

t he cytot echni tli nee—n of f S nore or
| ess i mages,  ASHOEMARKERL D5 REABER] AFLOBPY) IOARG pISK

magni fi cation, which fufther facilitates and enhances accufracy of the
tertiary classificatl L gggg or inmages being slcreened nay al so
be presented to the c'fnf LPLQH adiaceéni _exenp| ary i mages whi ch have
features distinctive of the condltlons forz@m(ﬂ1the screegning i s being

perforned. Fof exanple, iT AN BES! S
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being’SEféehéd for pre-malignant or malignant cells, one or nore stored
i mages having features conmmon to kmnown. types of pathological cells, such as
a.large, dark nucleus, may be recalled fromnmenory and di spl ayed adj acent

t he suspect imge. Consequently, as the cytotechnician screens cell inmages
whi ch have been classified by the primary and secondary cl assifiers as
suspect, he or she will be able to perf a side-by-side conparison of
suspect cell inages with a known pre- nall gnant and/or malignant cel

i mage. Thi's provides a convenient. visual reference from which the

cyt ot echni ci arAUTOMATEI ! t ' '

criteria. However, it ??gm%@E%%%Mng%ﬁﬁgﬁg'm%@

conpari son feature when the hunan ANBDMETHORerforms the initial or sole
screening of the slide. The fal se negative rate of cytol ogical screening is
known to be a function of the ratio of non-pathol ogical to pathol ogical

obj ects which are visually inspected on a daily, continuous basis. The
present ABSERAGH drastically reduces the nunber of non- pathol ogi cal

obj ect s MWHiaGtbmddt édréerins KRN f %eﬁQﬁ’&QQté 200 addi ti.on, all
suspect CE“] Tuc.l ei g}o%&g?%mgmgﬁ&to the e a%g%ééigggl%@%éidragsﬁggﬂqnol in
the cent¥pichclassifiss (300, @iai"e}m]*@@tl&rl’@ﬁ@mﬁfﬁﬁ of ¢he glessification, Eungtionc Als@s s
fati guedinchtied éxcamnatomatet ntibebseopea(lR) sddubddifted imdgePtoidssig iciiching, f al se
negativegpfatq. It is axiomatic of cytol ogical screening that the detection
of only ofre premal i gnant or malignant cell in a specinmen is sufficient to
warrant a physician's further attention to the patient fromwhich the

speci nen was taken. The converse, however, is not always true. The presence
of only benign cells in a specimen does not conclusively nean that a

pati ent does not have or is not devel oping the precursors of cervical
cancer. For exanple, a pap snear may not have been perforned properly, and
as a result the specinmen may contain insufficient cellular matter for a
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e

reliable test or may be void of the type of cellular matter in which
cervical cancer nost often devel ops. Wiether there is sufficient cellular

‘matter to conprise a sanple size |arge enough to possibly constitute a

reliable test specinen may be determ ned, as described above, by an obj ect
count. A further nethod of de h bjlity of the test, which
may or may not be used in con%%”g\/\#?ﬁ I{nr%éhgdsect 28 count, is by
ascertai ni ng This mvenasor aelatesc ¢o t eelln ctassification aygeanat padicslatly, tthe not
speci men.

ol s andrelf B Sl for thitbating P shbddandRoHIE of APREIRAR BRI AL
squam)us cel | ‘he emnamrbpﬁ@ Seedqal ﬁgle@rr@awhamft@els \rcﬁ@rred i@ a8 @eBapbigsthistthese
celnLt t g ﬁeglhag‘gc{béﬁmg t& \Atg Clusal Oé)éalmﬁa&ﬂing mhqcfa\rﬂhlgaﬁeﬁ i nfdﬂrlblﬁila"wsual

ju i es

| incti on esrinn tea peron,ot gy 81 e ABman iR 1 @@ne@ﬁp%mmcal
etc., andslidel i The tsnrthereforensuffers tﬁs)m a high falsermegative ratadue onthe edivmeind
squam)us Sloa neral ly devel ops first.
Si nce theﬁlﬁg}lﬁggér?ggi?%& @@3%433 f?*ha glt\ﬁ}fel oping within the
transitional Erm@teéby clé&nmmdmainomaltf@eau@glm cenvical smamau@lysm,ancer .
has reachgded nf;ﬁb&rmsthﬁ%a halve bePn Gt eborbA " Thile a%ﬁp&nﬁ;%@t 89¢h to

contact not sinp

cont act th%uilﬁ"&ﬁ%sﬁf‘iléﬁéﬁasgﬁiayfb&ﬁq% q&ﬁ%ﬁﬂn‘?t Bprite S ghe
cervix abm&ypia@llf fdunddialthé Pap simeaonTb circi@verit thé classiﬁcamatprmems tedated he
uterus; i g1 LaEdWht befi9) YLARISEE! :onolsi brdgrddfs © Bavd bel [RSIRGE VisCa!
monolayer preparation is a specially prepared smear in which the cervical cells are
- centrifuged and filtered so that only a single layer of cells results. Besides serious cell
preservation and cell transportation problems, the expense and time involved in the

monolayer preparation precludes its use as a population screening substitute for the Pap

smear. _
Even when limited to the non-overlapping cell images provided by the monolayer
preparation, prior art attempts at automated cytological classification have
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Consequently, the presence of endocervical cells in the specinen indicates
that the transitional zone, or squanob-columar junction was, in fact,

sanpl ed. Since even beni gn ‘endocervi cal ceIIs have many features that a
premal i gnant or nallgnant cel | possesse the secondary classifier wll

%LX&&P‘E;F{%? S P B e AR EPO T4 off IEEIRE ks | 5
endocer vi ekl ange|dpparatus| fore calmtfgmgh@ ledal@hemecmk@@wéiﬂgs toatht rmyet
l'ikel'y a”Bﬁ&aét@ﬁslﬁg ?Q%Séfﬁéln{saﬁgﬁéimﬁéﬂeéf I %%c )ﬁereason it is desirable

hose ool | s ABTBRHPHCRRL{ORHRYR, EWIOREY. (V9L NodoBen (163 nagry 219285

malt | ?naﬂt TANAKANEN ) mﬂt 9(t:EBESTP§]r;Jd91bB emﬁtemhteﬂ Cytarcllggi lsateexg)ng GSysfem fct)r

cyt ot ec n;ﬁ? %5:' Cﬁéeen i xﬁﬁge glsﬁl5 §ce?s R I afier 1€
prenal i gn r N & PaFne f/’tngt’e ¥ &h y8 ﬁcglag §}

di sti ngui gﬂnldnnamm fullyagutomhte darvinalotnear ahalpsisin 'Rhe thblﬁgnmnclu&sl, for and
through t ihe?the' SRS "ﬁH%%ier"éh iof! dr R hﬁg( $il ayed

cells it WI be readl ent t p’af) near swa
cont act edclapif I?Ir gives F‘I“@n%ﬂe‘”i’%ﬁ’?eo’éﬁ Of effestielyy g@tﬁgqrgsatlgnsgemg

et hod of belfeen M1 BEd t-he Wlﬂbh aﬂdidateyuﬁf dégiee tofShtypiealigt 8P th® Rpeeimet Ader

in the absence. of . any nt cells or malignant cells, since an

endocer vi CSETRIDEY b%qqtﬁgﬁg% @%P&}‘QB 29 anong the first 64 objects

di spl ayed if iOlinical Cheméstdy, iVolt Bk, Boe®i feue 198% pag&sol@dhhli%t Dumhaarfenlent ify

e e SR PGB kOl ot S R pbibhegl | ™

often automated mtelhgent microscopy", dlscloses an automated urmalys1s system in which
sediment particles in urine are automatically sorted into predetermined ranks
corresponding in size (based on the largest dimension) to cass, epithelial cells,
leukocytes, erythrocytes etc. .

US Patent No US-A-4 805 225 discloses a general purpose pattern recognition
method. . ;

US-A-4 700 298 discloses an image scanning system in which an automated
microscope identifies and tracks the location of specific cells in a live culture using
feature extraction techniques. | |

UK Patent Application Publication No. GB-A-2 093 586 discloses a fully
automated red blood cell analyser which, for a given sample, provides a count of the
number of cells of different shapes and infers from the distribution whether the sample is
normal or is indicative of certain blood deficiencies or diseases.

‘Toshiba Review (International Edition), No. 100, Nov-Dec 1975, 6-63; MASATO
Y. et al, "CYBEST-Automated Pap Smear Prescreener” further describes the fully
automated cytological classifier set out in the TANAKA et al publication cited above.

According to one aspect of the present invention there is provided a method of

classifying a cytological specimen for the presence of premalignant or malignant
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I nfections may be ascertained. Since cells that are irri tjatret—by—rrary
i nfections, such as venereal diseases, etc., also display rra(r% f t]&;
characteristics of a premalignant or malignant cell, thejsgc @r‘f}f 7
classifier will rank themrelatively hi¥her than benign, |nan-icritate
cells, while |lower .than truly premalignant or malignant ¢ells. Therefore,
for a spe%e:llﬁ*e%owl%ﬁﬁﬁ?ﬁéﬁal ignant or malignant cell s~the—+nfeectier
di sturbed celd)s vprotluging e digitay repeestntatibmypfet laasd payt toffi ¢hef spesimenc amkn of

Can then onsi Dy derriitfe & 8npiefbaded s hlicnl iinardichal pbietty B i gt © a0
cel |'s, anSPIesetalieny as| ddwnction pfthg opsigalang/er ylp@o!qgecax PhFactsFistics n?fag'&eng

t he i nf ecdtgebts; edsllikely @tby’lﬁdmﬁﬁgﬁm@ﬂhﬁ]i'mcgis-i nfected cells, if desired,
and note the ‘ﬁﬁfd nmen . as nt ar ni ng evi dence of infection. Consequently, it

C

i s apparent t$4{24 @ﬁdl“hglﬁgh the ciassification device of the present

i nventi on maytheastép oficompateir+basedc clabsificatioh inc¢ladesi assigaingl individnal babjects a
determn ' VQEJEL ' t ' Melolals ai ns
pat hol ogie%zﬁlé @@4 tsi’(i‘\thlmt‘Il %Eg’\g a vaﬁ%%@%ﬂ%x%ﬁg%gé@g{ogt@%hsﬁ%?ggﬁgx am ne

al | of tHadicates shayeaghrespactive obiestis sypremalignagthoromaligngatesl;r anked cell's to
det erm ne t heyrdeini tBktithé et infladésehb farftibr Weps BAr there may be indications

f tain infect| ' h . L) . ident to th f
o di mary ki 19" 10X Fgals ot a Piogbpe Jankiog sensividhabbiecs b erdir o5 § tuaction
obst aglhesof_c the prahet ass?nedum eaclt objectyaml selsctiag fendisplaya phralitgvf the objeetspr i or
art. S t | I QN all | | 0
feature ea}(é[cﬁlé@%] gﬁ@nﬁﬁ‘%n@? a@ @&@éﬁfné&%(?ﬁﬁfgu%@gq #ﬁ? ?@2%?%& anof
t echni querankedeobjeetessandhe requirenment for imge segnentation found in the
prior art. | n”de)ﬁfgt?iﬁﬂgfi%%hgescﬁ'}fﬂé 38166 objects Foi bW EnPHIFHEP Eﬁﬁiﬁéﬁ}oﬁm or

obst acl e of rks”and ot her conputationally Intensive tenplate
mat chi ng B%amAPEa®E. for the- :

According to another object of the present invention there is provided an apparatus
for classifying an cytological specimen'for the presence of premalignant or malignant
cells, comprising: i

a camera for obtaining an image of at least part of a cytological specimen;

means for producing a digital representation of the image; and

a computer-based classifier for classifying individual objects in the digital
representation, as a function of the optical and/or morphological characteristics of the
objects, as likely to be premalignant or malignant cells;

characterised in that:

the computer-based classifier is operative to assign individual objects a value lying
within a range of values which indicate the likelihood that such classification indicates
that each respective object is a premalignant or malignant cell;

and in that the apparatus includes:

a processor for ranking the individual objects in order as a function of the value
assighed to each object and selecting for display a plurality of the objects according to
the order, the plurality of selected objects being less than the number of ranked objects;
and

T

a display for displaying images of the selected objects for review and further
classification by an operator.

The invention thus provides a semi-automated cytological specimen classification
apparatus and method, whereby part of the cell classification procedure (the review and
further classification of the displayed images) is carried out by a human being.

——aa . .



anal ysi s of conplex images such as cervical snears. This is achieved by the
fact that the primary classifiers of the present invention result in an
automatic centering of the suspect cell nucleus in the input array of the
neural network. By sinmultaneously overc®ring the requirement for image
segnentation and al so enabling the first Qr ctical utiliza%hﬁn of nﬁural

networ ks for Y tBFOJFEIR hhe pieH e emi-auematady  means, thafnagt, §f fhe cmgthofs 5i g 4
cyt ol ogi caltorsgted anet parft of thehmethod Secarsied butbyearperisgnant or mal i gnant cel | s,
fo”p“ sing t'ﬁriﬁfifpa%cf}{d#g}o on@%ﬁrﬁ%&in{& ,athg!iﬁbéxﬁibnriﬁaﬁgése%%ﬁ NeiQdsifdlr

east part of t speci ;. and | pert’ormng _a, conput er-base -
cl assi fi claemetimey fﬁé‘)?ﬁﬁedi Quas aopTimerys classifierd prelmingry rtepylessifiit acytmlogiedl a
function @kcinied MAtd SbseqiRdl SbssifErNBOhSEthéslefGRA WCdsed seebhdety @iastifier) to

obj ect s,

it - ¢ heblarity {osccotiRn Bf R eyOREReL Preckaen SR bl he el gamiger for

i ndi vi duadubsdgjuent classificatioe | yi ng within a range of values which indicate
(D b L 0B dog 45 Tofl kel e e ik S IBPLORHI
the furt hisemetimps referred)to ahyp primary elassifipn cpreliminary rtantlassifyt aeyialegicaldual
00| S5 AL Sl o (S el @ et R s
Uhe pl ur Ay hodecpartiond ogm%ey'él%&ahapwég Stieret B the gL Gesten By
obj ect's; subskquent classification, and a tertiary classification (carried out by a human being) to
determine characteristics of or to classify those portions of the cytological specimen that
are selected by the subsequent classifier for further classification.
In one embodiment the primary classifier performs a low level morphological
feature screening function on the entire image while the secondary classifier performs a
high level pattern matching identification on those images not screened out by the
primary classifier.
In an embcdiment of the invention the primary classifier classifies specimens
according to size criteria and integrated optical density. |
In an embodiment the secondary classifier is a neural net.
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d) di spl ayi ng i nrages of the selected objects for review and further
classification by an operator. 2. . A nethod according to claim1, wherein
said step of selecting includes selecting at |east a m ni mum nunber of
objects for display regardl ess of whet h&r the ranki ng of an object is

reater than @Qr 3 a.pr | L: [ . - Jret. rgdin
'? oclaim 1, l\qlxlhg}rl S%%%Jgﬁgr’ts?gpﬁg@ﬁ%‘gggsgﬁlﬁghi Q%ﬁgeéer}eg%@éc_ ilgg&gt %%ea%t g
m ni mum riganspert eytolegicahsparémens baiween dBipeage docatinr and Al pXAMINAtiATEIOCRIOH g
~sufficient thgtaPh®elfmdt of BE QFAiROH I RrGRE |sydtRemaAke sdictRliaxess ob at he
absence of &reig%l:égnant or rigll nant. g‘fl s, and,the cell t%/pe ?{g@n%-oﬂe of
whi ch t he*¥i'e8 GCHREh @t JYRIGh RFessrib WASIEIIHIS PERT, GICH HBRIKLRY [Peigpe
I ndi cat eseithephutbh@titabt, semi-hutomayicdlly dremamiallgliidated. A net hod according
to claiml, aj . i [ i ' f E . _
- conput er - bas gﬂ& L&'F_]aeégsl?({dfﬁcig@i é%\%.?en\éﬁi\ﬁe ;ﬁls)H gcziﬁ%\lgicgﬁoﬁlgt??a Bﬁ%&%ﬁ@e 598‘9615%{%5 to
cl assi fy aitharized isan jartorized identifightiom dmmssoeiaedewithi the aspecimeng andnsuchon of

trai ni ng QfsstRBtie Ha§beGREVHES if 30APAdRhOzed IdentificARn iR holfduagdi ng to any
one of the precedi n%egj ai ns, i.ch is carried out on a sggm men conprising

endocer vi cal et gmbgdiment of e JAveltion  igpERyemsnigngre raviged ita anpioratedy
cl ai ms, WhARE6dcOps, dintludingp ferf exdinpid 66 AYmbrCOHLIBESEs contrdldi iﬁtaﬁdityf&ﬂn%%ed
ing to claim 6,

\%Ejereg}[ nI g%ﬁsﬂl%ﬁ%g%%ifrmﬁﬁgrkéﬁ%ﬁéga%%%ﬁ%]ﬁ%n%ﬁ%?(r)bj ects in a matrix
format. 8. Allhsseland otheraddantagasoand features, ofdmebasimenth of e presertdnwentions an
8 by 8  will become evident to those of ordinary skill in the art after having read the following
detailed description of the preferred embodiment.
It is noted here that the published articles cited herein are specifically incorporated
by reference. _
Moreover, it is noted here that the invention is described herein mainly with
Tespect to classification of cytological specimens in the form of a cervical smear, as
typically is done in connection with a Pap test. However, it will be appreciated that this
is but one example of the application of the principles of the invention which may be
used to classify other cytological specimens. |
In the annexed drawings:
Figure 1A is a schematic illustration of an automated cytological specimen
classification system embodying the invention;
Figure 1B is a schematic illustration of the automatic fine focus adjustment of the
system of Figure 1A;
Figure 2 is a block diagram of an automated cytological specimen screening device
in accordance with the present invention with particular emphasis on classification
components;
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33 9. A met hod according to claim 1, wherein said step of selecting

I ncl udes selecting at |east a m ni mum nunber of the highest ranked objects,
t he m ni num nunber being sufficient that objects representative of cells
havi ng i ndications of infection are disptayed in the absence of

premal i gnant mal i gnant, cel ls. 10, An apparatuys for classifying a
cyt ol ogi cal sﬁﬁ%i%ﬁ% 3 IShROsHHoned nite th m.!ﬁrewapqgr%l@alo?atﬁa#? gjﬁaa%gitpt%m s,

corpr i i nfpcused; anapnifiddoclectiimc Mage ahthe m@eoﬁéqhe alidé beiag viewdd. oThe camera
cytol ogic clen, ns. [ pradaucln el represent at.l on,.of._t he
I mage; angi af?%ﬁs. tgiﬁgﬁ@gdn%q%%g’l_ ﬁ%@?c’rpg‘ﬂt@% IS%{%%’%’?%? nvgéfiahﬁg r\l/rlgegﬁglll olbjf%rc't S
in the di giassificatiopr of dhe aellp rappaaring finnthei ivmaged arka ofdihe cedmeradimay be a
mor phol ogp&@h AfteBl dnd) charglf RAMRGBC datner#Ssdch KR! dnd thalle | ghant
or mal i gnant E:Icﬂgéi S; fhar ctc_er ng,ecghpn t hat ; tr% ’c%r(r:put err}_b'as?ed_b?[ggig’fl&gr S
oper at i veOti§r gausra.ablenii RFPYids suitahle informatipg i dhe SREGENG, tiig: nathitagey do &
Vﬁl ues V\ﬂb@’ﬁpﬁtéﬂi CcSuch gﬁ@el iskplefdrablg tepriseried Mycéleafsi:bili siphdle mlll}iﬂdidigtlﬁﬁ
that each_respect.i object is a.remalignant or nant cell; and in
that the B‘i?ﬁﬁﬁ%‘?@ﬁ%%é’@ceés%@g’@e ?%%?ut?ra%@{gﬂﬂ’gﬁghe i ndi vi dual obj ects
in order as alif theacdomputerfsystem 2(hh ummbes of) imaget proessing abg evaluatieh fmictions ng
for displ | fi Lect ' : ] r . .
plurali tya%f Bt ggqrieilgze?édf%qgeé%‘%léﬁbg%&ﬁﬁn@gﬁgﬁg?n{% gﬁ%ufr?brtg?@o gélénr?kg% t%mlect S;
and a di spresily kncateds mhsihehghqrﬁag eqypte; specimencapietialoty parferny armeanjngful and
f1 gr t Qﬁr CLRSsHiddtion! idnd e @Binéﬁ?lrélh.@_if%qaﬁén iR PdE 24 Udwa d&ve! diilgtibR &f ai m
o er e's&eénqgg,c g.rE:-) ’u tb% 3 %ls:lemo%ph% osgly Itliaart can be evaluated algorithmically. The
neurocomputer portion 82 of the computer system 20 provides the secondary
classification, doing a higher level filtration or screening based upon training of the
neurocomputer, e.g., as is disclosed in EP-A-0 336 608 (cited above) and the references
. mentioned above as well as according to the description presented herein. Electronic

image representations of cells which are classified by the primary and secondary

classifiers as being suspect are stored in the computer memory, in disk memory, or in
some other mass storage device for further (tertiary) classification by a person trained to
detect the truly abnormal cells. The locations of such suspect cells on the slide also
stored in the computer. Subsequently, when the tertiary classifier (technician) can
review the images of such suspect cells, they can be inspected or examined by viewing

such stored images on a video monitor; and the technician can make a final
determination as to whether each of such suspect cells is truly abnormal, e.g., malignant
or pre-malignant or otherwise of interest.

When the tertiary classifier finds such an abnormal cell, she or he may use a mouse
or some other device coupled to the computer 20a to point to such cell. Such cell then is
identified or is tagged (e.g., in software or an electronic data representation of such cell)
for convenient recall and redisplay for viewing and examination by a supervisor,

: patliblogist, etc. An  jmage of such cell may be printed
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includes a neural conputer apparatus for classifying objects as likely to
be nalignant or premalignant as a function of training of the neural
conputer apparatus. 12. An apparatus according to claim 10 or claim11,
wherei n the conputer-based cI assifier ihtludes a statistical classifier for

| t b d th
mor phol Sob P IRahE el o alpesPoBEisDeplcy & ol Eakie AheRibps EEPM rod
is: 1. Pm%tﬂgcﬁlg@iﬂlmctrbm effpiantly implenmenteddi mya eiralley distidigitedprosessagni ng
test, Conﬁgt{v%fl@gfc;rh&aﬁ‘fr?‘?@s Rfloth@r) alt?rnyﬁ\%v‘@&gmﬁgy c?%?fﬁcgt?tgld %fbﬂgl éﬁém O‘:{gl cal

speci men creat an I na
r gpr esent léﬁtipg)lﬁpblp IH38H Pm?a-‘ffer d@ﬂlgned tp DALY gfﬂJ}Peb?S@ﬂ ¢lassifigationli gi t al

represent at i ORefefsgs t® fFligLfi'es ?Ag £ ah® S@hcﬂ[bv@aﬁe{]brrérﬁsﬁle&%;%ﬁr&mne% | Sﬁ%lm
nd.in a

ol ¢ hartirRaR enpuyiBe s Siesine ifvetion B ftined Tagiahfationof the ayermr 1oy

obj ects rlam:ambdmthablmb 198 Durittg initialiastioty the imege I?mé&séﬁ 200 ¥ ihieIgbd b f a
| esence

D ot or | Ay B rely toRRBtve 16¢ st WoicBuRPflafibh preschffe bidCinfies rosev

pr edet er PhEE @g}qrat ?ﬁ@dtt@ rpa@cess:therﬂmagatleformmon halsocthe stage 124! mamklallze’d

The et hog plhceitds @ referent@db&itions 3bMeth P reddrrd ARFA"Y hbie! 1HER RN so that the

computer 20 can expect to know that the stage is at such location and can determine
future locations based on the home location. The robot handler 22 is initialized, too, to
place the various portions thereof in a home position to so that future locations and
movements thereof can be determined from the initial home position. The neural net
also is initialized in conventional fashion.

To begin operation, the robotic slide handler 22 grabs the first slide from the
cassette 23 and transports it to the motorized stage 24 (block 200). If the robotic slide
handler was unable to find the next slide, such as when all slides in the cassette 23 have
been classified, a message is conveyed to the operator (205). Assuming a slide is
present, the barcode reader 16 reads the barcode information from the slide (210) and
passes the information to general processor 20a (215) for correlation with future
classification data. Cells not having barcodes or barcodes that are not readable are
rejected and the next slide is processed (216). Next, the general processor 20a
commands the stage motor controller 35 and motors 33, 34 to move the stage 24 and
slide into the optical path 29 of the microscope system 12 for the low resolution pass
(220). ' .
In the low resolution pass, the carriage 45 will move the low resolution objective
30 into the optical path 29, and the autoiris 51 will automatically adjust the lighting for
the low resolution objective (225). A relatively quick scan of the slide is then made to
find the areas of the slide having cellular matter (230). If no areas having cellular matter
or an adequate amount of matter for valid classification are found on the slide, then the
slide is identified as containing insufficient cellular matter to perform a meaningful test
(235); the slide then may be rejected (240) and screening of the next slide may begin
(200). :

To determine whether there is adequate cellular material on the slide or at various
locations on the slide and also to determine the focus map for the slide, the following
may be cafried out by the computer system 20. First, a scan route is determined so that
a plurality of areas on the slide can be viewed sequentially. Such areas may be logg;tg_d_;__._..-------
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I dentifying objects in such digital representation as likely to be

premal i gnant or malignant based on a detectable feature. 3. The et hod
of claim2, wherein said step of ranking further includes using a neural
conput er apparatus to further cl assi fy Buch identified objects as likely to
be malignant or t .as upct n of the training thereof. .

The et holt & treieh ihe ity e dBec ot JBF lidH Seorsiropris et Blapeios i e
portion oflidsucAs aj eatpld, phmlrtgaﬂainéa's sequemtially locatei[h&ongaa fseq)enﬁn«: lpathm 1,

wher el n SMS{%%%%@E V\Lﬂl@@gdcﬁaéh E%( Pbg ﬁgs?yélﬁ : ng‘]l' r'a “rflacro- ulJ he

net hod of ¢ erei es arran ‘each

obj ect in sucWhesrtpasticwar maere- tdgjleza&cetednntheeommpatbﬂ% the easmra id.

Thggeg Bog% ?fcuﬁJeachéPeofS T\Ne%ﬁram@hﬁy%ee FfoPExaffﬁﬂlé‘nﬁrhﬁﬂbj( e dﬁ%mer " B gl
su j

i 1 oltage Brecesion 208, esthian ISMAP progianr plkerimiaiaiile SromASREX " ¢
det er m nalncorpogdted, hBlew ¥oek|cMeaf Y@rk | (ibori¢ ito rsyimbolic auipper)g thbahlaetmtilerrﬁn
oot e gt 5B e o MR e i e
r epr esent gray @calgﬁmagmareum@e These images are used to determine whether there is and/or
how much there is of cellular material in the macro-tile. A histogram of the absolute
value of the difference between such images may be used in the focus function of the
computer 20 to determine a focus map for the slide.

More particularly, the value of the optical transmission characteristics of the
macro-tile is made; and simultaneously two successive 3 by 3 Gaussian filtrations are
made to provide a 5 by S Gaussian result. The difference between the two is taken and
is converted to absolute value, which represents a sharpness image that can be used for
the focus map.

In other words, a sharpness image is obtained for the macro- tile; and a
synthetically created gray scale map that is the size of the macro-tile is made. The gray
scale map has multiple areas that correspond to the respective tiles of the macro-tile.

The incremental gray scale is determined according to the values in the sharpness image
using histogram techniques.

If any of the bins in the histogram (which represent respective tiles in the macro-
tile) is above a threshold value, then the particular tile is noted for high
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d) ranki ng objects in such digital representation based on the degree to
whi ch each respective object has characteristics nore likely found in a
typi cal premalignant or malignant cell E{an in a typical benign cell; e)
exanm ning at | east sone of such objects“ranked as having the nost

h t '
 beni g LE By Btk nts peHBndd bPa TR0 HAR heftbn SRUMNGN ckficied REM 1
10.  Th ebm@fvmangﬂm@geéuqﬁsegeramékwmcls mecprgnvéps apd sv=<amﬂarr5{gclasmﬂcaa@@ had

i denti fyi d&exﬂhh&ﬁosmva aﬁt&}itn/él;ghigﬁl rbwm%%eingqaamahﬂ dﬁeﬂuﬁé halidnt. It
premal i gn@d{ ant et ect,abl t hod

of ¢l ai m U s KOs it e Bkt i 15 PG sedeives el s o
conput er Rpoartmselatwe“lyu léowgethat isnduee foy theufabt thdetiiei dtherdcedibjaee healthy andkably t o

be ™! | GnA 1o, BBl e Ve d@ﬁotaenfﬁﬁﬂf%élﬁr}o%hdﬁﬁglﬁﬁ?e' efithepher eof . 12

The net ho ng such” portion of
such obj ects The peocessondn|then @pnfprnl% urthelrrpélmy gﬁu@femaatm classifigationei n

sai d st epopthetic oy et dsnﬁkuiﬂﬁh@gxﬁ&awpﬁam%ﬁﬂtwﬁmnteatlé&uﬁmc(szspr t0eg of

such objects r anki im, 13,
wher ei n s@@@?%&ag@?@?@ﬂﬁ F?EF‘EB’S %rr?dél%q m&@#@fy ased Aft 1 i x
format. I1features]hesueht haxd @blot! abm Féatursherelatingai @ MBNA X ploidyat anﬂysm, 8 by

Cytol ogr cmmEREiRnlRy, BNA BRI Cee. OThese Jefifid Beiiion Aaghitatd'0 °

speci nen isolateatemtaimgobjets swhach pgssess feasjixes typicallydaosmntorhe presest it pathologic

ranki ng sygsiseBdhiNRSE AR @Al michRS wHitk & dbnbAndlfy fERY BSERBh (Y the rest of the
cell. The centroids of objects identified by primary classification as being possibly
pathological -are catalogued and stored in RAM of the processor 20a (330). If no objects
have been identified (335, Fig. 3C), classification begins on the next segment (295).

Identified objects, i.e., electronic image representations of those which have not

been eliminated by the low level classification, are transferred individually to the
neurocomputer 82 as digital areas around the object centroid (340). The neurocomputer
82 will perform secondary classification on the objects in accordance with its previously
completed training which is described more fully below (345). Additionally, an object
count may be made at this point (and/or possibly elsewhere in the process, as is
mentioned above) to determine if the neurocomputer 82 has received a sufficient number
of cells from the primary cl_asSifier_to indicate a valid test. For objects identified by the
neurocomputer 82 as suspect (350), the color representation of a suitable area
surrounding the centroid is retrieved from disk and transferred to the high resolution
display board of the high resolution monitor (355). Cells having a classification less
than the threshold level are discarded and the next centroid is obtained from the general
processor (340) and classified (345). When it is determined that all locations, tiles, on
the display board are occupied (36), the
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of a characteristic, selecting a nunber of those objects accordi ng to such

ranki ng, and dlsplaylng i mages of - such sel ect ed obj ects. 17. The et hod
of claim 16, wherein such characteristic is that representative of a
mal i gnant or premalignant cell. 34 1B The net hod of claim 16, wherein

said sel ect| ng coraprl ses sel ecting those objects which are ranked nost

li kely t cclassifier 30 it tor epnesalize; framits dedining\prpeess HE ugscessillyr Clashily of

such obj esdnggn @ndrmin—l&:ﬂ‘@{ ingipesto Mhidhriewas e-tuoﬁﬁy lexpohad The nethod of

claim16, where suc aracter t|C|Rcue @1 g ce of a

mal i gnant or %?eeﬂl&ﬂr X?H &Py %prlor AFHESHES Hbhe© g?c 2?32 gnagﬂpé?%rnf‘?dsuch
appear ancte the seceundsry aqbqselélearﬂé B1pre-centesedrby hibd primaryaclessifisr 4Q0 tdmethe

| ¢! Ui NG:cliBid b &e%s%(ec% Y8 iuticled P AHEd RChcBathphisod Beaiiedl cARIGdibmioh%and A

met hod of_¢ aSSI g |ca speci men, nprising performng a
cl assi fi kPP bﬁsedf oR awegm&l Iysresulisiagp @e@m@gé}frﬁaﬁe susn@@émag? arquadiits t he

o ar ek s, gk gL s tragt 4, ey
Pn suc hgstﬁ@@Y% @B@ﬂgd |pﬁ§e %éaéélﬁ ?P b cAEP s {5908 Wﬂg’r e cht @gﬁbﬁ
nost | i kedngotmteded inakomgisterttlyo prasexting ﬂgnalamﬁaremmnﬂxedceﬂtmmbroft theonmgnd of
the ranki f@ﬂuif‘ﬁﬁmcfaﬂm’im& NOHQ use an example from another application domain,
backpropagation networks are excellent at reading handwritten zip code digits but have
- difficulty in finding where the zip code is on the envelope. The present invention
overcomes this difficulty in the domain of cytology.
In an engineering prototype, a 128 x 128 pixel image was stored around each
centroid which passed the low level filters of classifier 400. A 64 x 64 window, also
centered around the same centroid, was then compressed using pixel averaging to a 24 x
24 pixel image. Note that this image is still centered on the same large, dark, image
which passed the erosion/dilation and IOD filters of classifier 400. A set of several
hundred of these pre-centered 24 x 24 pixel images of known benign and non-benign
cells were used to train classifier 420. During feed-forward, i.e, pbst-training operation,
when classifier 420 is presénted with new images it did not encounter during its training
it must generalize from the training set images to select diagnostic category which most
closely matches the new image. A fundamental advantage over the prior art is that
during this feed-forward, post-training phase of its operation, classifier 420 is presented
with precisely the same type of 24 x 24 pixel images on which it was trained. These
images are also centered on the centroid of the suspect nucleus by classifier 400 in a
manner identical to that used to prepare the training set images. This makes the
generalization task of classifier 420 far easier and thus much more successful than
anything found in the prior art.
_ As noted above, classifier 420 is trained to associate a known benign image with an
output of 0.1 and a known pathological image with an output of 0.9. Such
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objects less likely to be malignant or prenalignant—are ranked closer to
the other end of the ranking spectrum and sel ezm’ nunber of objects

ng a
for further classification as a function of suc !Qlﬂuamnﬂmungeog]etegfg

of claim 22, further conprising displayBdg i mag I

to facilitgte further classification by a person. A’ net had of

cl assifyi a’énscyt ol ogi cal specinen to determ ne whether malignant -or
premal i gnant del | $\ amethodcbfideassifpinguah cphpidinspeciomanr ifst Ndie PpFckcel B a

visual in ' o] : ' to determ ne the presence of
a mali gna??&%%ligglrglét?mé@rl 1?‘%?%‘%%“ gééﬁf F&@hﬂaﬁég{gﬁ%ﬁioﬁg such speci men by :
per forni ng t h@) mePrslICHE adigiteh represargation ofmp deast past obthe sperime;yandy a

Cylo 0gica’ SBPC! BRHTorriAgN datiterMaASP bladshicallBR BF irdd¥idfl SbNclin Ve Jisital

obj oct S | FERIGERALERC PhrToaEk B (i DREh ARk SIUHBRIGUGH SHRMTAIsHopIa8dbe | bed
objects i T _

char act er iobjects, as likelndo be premalignaft oraaslipnhaycelle)l ecting according to rank at

| east a m ni Hgﬁﬁr of.a plurality of such objects nost |ikely to have
such prescri g‘gﬂé@:@ racc:ltlgrﬂll%tic or condition, and neans for facilitating

further classilie stepiafncamputercbased |classifidatiny exclules 26signing Hadinvighiab dbjettsca ai m
25, wher eyRiug dyitlg VRS a'rahgd CvdlhdsAWhieH ilditdtd e likelihood that such classification
indicates that each respective object is a premalignant or malignant cell;

and in that the method includes the further steps of:

c) by means of a processor, ranking the individual objects in order as a function
of the value assigned to each object and selecting for display a plurality of the objects
according to the order, the plurality of selected objects being less than the number of
ranked objects; and _ |

d) displaying images of the selected objects for review and further classification
by an operator.

2. A method according to claim 1, wherein said step of selecting includes
selecting at least a minimum number of objects for display regardless of whether the
ranking of an object is greater than or less than a prescribed likelihood.

3. A method according to claim 1, wherein said step of selecting includes
selecting at least a minimum number of the highest ranked objects, the minimum number
being sufficient that objects of a predetermined cell type are displayed in the absence of
premalignant or malignant cells, and the cell type being one of which the presence in the
display of at least one cell of that cell type indicates that the test is likely to be reliable.

4. A method according to claim 1, claim 2 or claim 3, wherein said step of
performing a computer-based classification includes using a neural computer apparatus to
classify objects as likely to be malignant or premalignant as a function of training of the
neural computer apparatus.

5. A method according to any one of the preceding claims, which is carried out
on a specimen comprising endocervical cells. _

6. A method according to any one of the preceding claims, wherein said step of
displaying includes arranging each selected object in the order of its ranking.

7. A method according to claim 6, wherein said step of arranging includes
arranging the objects in a matrix format. '

8. A method according to claim 7, wherein the matrix format is an 8 by 8
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‘classification conpri ses neans for displaying such Iected o ects for
classification by visual inspection. 27. The met hﬁﬁl I UIﬁherel n
said classifier neans includes nmeans for ranklng su ing to
characteristics indicative of a naligna or prenallgnant ceII The

met hod of clajm 2 l]s, h v:n 0 U|r|n |ca
conS|derat|oﬁbhaygb8%QH@ ﬁﬁ@@ﬁPﬁ‘Qu pecWﬁ%ﬁ %ﬂg er8i Y §gﬁg ggg?fler
means i nc$elettingmbleast 4 mrinimum ouimher ofnthe highestaamiadgobiects; the Migintvay inngbeuich
condi ti Onpe; )’x‘%%ﬁﬂ’i&fexﬁ%ﬁ& 65jeLE RAEkatfCEr GAR Vi idtRoatiBRs 0P Ghitdsh 3fe

selected o
dlsplayed in the absence of premalignant or malignant cells.

10. An apparatus for classifying a cytological specimen for the presence of
premalignant or malignant cells, comprising:

a camera for obtaining an image of at least part of a cytological specimen;

means for producing a digital representation of the image; and

a computer-based classifier for classifying individual objects in the dlgltal
representation, as a function of the optical and/or morphological characteristics of the
objects, as likely to be premalignant or malignant cells;

characterised in that: ,

the computer-based classifier is operative to assign individual objects a value lying

 within a range of values which indicate the likelihood that such classification indicates
that each respective object is a premalignant or malignant cell;

and in that the apparatus includes:

a processor for ranking the individual objects in order as a function of the value
assigned to each object and selecting for display a plurality of the objects according to |
the order, the plurality of selected objects being less than the number of ranked objects;
and

a display for displaying images of the selected objects for review and further
classification by an operator.

11. An apparatus according to claim 10, wherein the computer-based classifier
includes a neural computer apparatus for classifying objects as likely to be malignant or
premalignant as a function of training of the neural computer apparatus.

12.  An apparatus according to claim 10 or claim 11, wherein the computer-based
classifier includes a statistical classifier for classifying objects as likely to be malignant
or premalignant based on the morphological characteristics of the objects.
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34

- AUTOMATED CYTOLOGICAL SPECIMEN CLASSIFICATION SYSTEM
AND METHOD

ABSTRACT

An automated screening system (10) and method of cytological specimen classification in
which classifiers (300, 320) are utilized in performance of the classification function. Also
included is an automated microscope (12) and associated image processing circuitry.

Fig. 1A
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