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(54) Title: METHODS AND ALGORITHMS FOR CELL ENUMERATION IN A LOW-COST CYTOMETER

A

B

& (57) Abstract: The enumeration of cells in fluids by flow cytometry is widely used across many disciplines such as assessment
of leukocyte subsets in different bodily fluids or of bacterial contamination in environmental samples, food products and bodily
fluids. For many applications the cost, size and complexity of the instruments prevents wider use, for example, CD4 analysis in
HIV monitoring in resource-poor countries. The device, methods and algorithms (Fig. 1) disclosed herein largely overcome these
limitations and can be used in remote location. Briefly, this invention includes the techniques for labeling the fluorescent cells in
biological sample and counting the magnetically selected fluorescent cells in the biological sample.
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PCT/ US03/ 04468 METHODS AND ALGORI THVS FOR CELL ENUMERATI ON I N_A LENV
CYTOVETER Eri k Droog, Arjan Tibbe, Jan Greve, Dhanesh Gohel, AhiPNESR%
Terstappen 5 CROSS REFERENCE TO RELATED APPLI CATI ONS This application is a
non- pr ovi si onal applV\e@X 2003/069421 sAl31cotlllﬂdilﬂllﬁllllﬂlﬂllllﬂﬂilllllﬂlIEHHIHHIIHHHKJIHIIIIIIIMIﬂﬂllﬂllllﬂillland
pror+ty—tA—parts—ef—USPrevistonal—Apptteaten—No—66/ 35+ 170—
filed 14 Februar 2002 to FIELD OF THE | NVENTI ON This invention rel ates
general |y éLKOT%I {4 g\&ggo t M CACH o Bt Peip eliprtaiFatipfes) fhe ematily ‘H‘Efﬂgpg%hd
al gorithms'$ " m croscopic particles distributed ﬁ“g
di nensi onal plane The novel counti ng t ecdhmiaf H@Gﬂ@ﬁ@dﬁhhﬁheuW@rW#ﬂomeGmd
appllcaﬁ¢8mfo enunerating magnetically §@¥@ﬁ$§ﬂjf?ﬂ6 gg%@ﬁP'@%?P g afig begin-
conpl ex bi"8l BGTEET $FE¢TREns such as bl o888 By A5 HeSHSY Bf "driffiexpensi ve
cell cytonmeter. BACKGROUND OF THE | NVENTI ON The enuner ati on of absolute
| evel s of cells and their subsets in body fluids is of primary inportance
in determning the state of health of hunman beings and mammal s in 20
general. The prinmary anal ytical platformfor perform ng such analyses is
flow cytonetry in which the specinmen is either injected directly or after
prior enrichnment in rare cell analysis. Flow cytonetry and sim |l ar conpl ex
anal ytical systens remain |largely inaccessible for routine clinical use in
resour ce-poor countries due to high instrunent and reagents costs, l|lack of
techni cal support, |ack of robustness requiring frequent service, and the
need for AC 25 power. There is a clear need for sinpler, nore conpact and
| ess expensive systens al so operable with enmergency DC battery power and
preferably exhibiting conparable perfornmance characteristics. In addition
to the above-cited full sized flow cytonetry systens available from Becton
Di cki nson and Beckman-Coul ter, these vendors also sell scal ed down |ess
expensi ve 30 versions, which still suffer fromthe other cited
limtations. Simlar limtations apply to the conpact CyFlow(r) from Partec
GmH, (Munster, Germany) and to the Guava Personal Cytoneter (Burlingane,
CA). US Patent 6,097,485 (assigned to Integrated Wave Cui des, Brookings,
SD) discloses an ultra-mniature personal flow cytonmeter (pFCM clained to
be of |ower cost, but still exhibiting rather conplex, electronic
circuitry, optical designs, data 1 21 JUNE 2006 WD 03/069421 PCT/ US03/ 04468
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cytonetry systens do not neet the clear need for a truly sinple, conpact,
rugged, battery-operable and affordable cell analyzer. 5 Anbng the nunerous
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sui t abl bf Qr. Wi cian practices, bedside testing, or in open field

setti ndﬁg TUREy "and AIDS are the | eading cause of death in Africa and the
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Sout h Afri capy.: I , . t i ] et yet
been felt ﬁ%%iglggg*%%\ﬁ%rﬁeg%gg% gelgi %Tq@ 1ﬁ§{/0e&ﬂé§%&{yél?@ %Betf\?g?%egé%gbvert
synpt onBeth&dpeald aygdriimas f@rnuinsra?ion fimiabfm@pic mitidhesisteduted ina thamni | i es,
soci al systens, and pational growth and devel o nt . 0 adul t s who
cont ri Bimgnsien tpg’ﬁ?i gﬁ? poye) copdmedgiques are @ﬁbﬁﬁ%"%"ng%ﬂl}‘&ﬂ%{F@ nost
conmonl : f j ' [ aRvh iBlomEBSONS

i nf ect e%a%eglﬁﬁh%lﬁcs q%ﬁésggrg C%%? éé)gnnl%%%? %%nmaz)%;}g%{i?{set roviral a%ent S.
Howesv e rmednsef hi glexpesiveafellicytsreteregi nens  and the infrastructure needed to

nonitor their use have put these nedications beyond the 25 reach of nost
H V-infected persons. Although the price of these drugs has fallen, naking

treat meph cCRKGEREVD Ok YTHRINYENBONE! nunber of persons, infrastructures to
h

support the effective use of these nedications renmin inadequate_ and need
st r engt heni nbhe domsheticactfabsaletededueieells pndiheirsabseisdodody dpidsas ploses of

estimatin r.ognosi s .and pl.anni t her I NLCiak 10w how f ar
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of T-1I yrrgigocyt es, eventually leading to their depletion and he onset of
the varwbigh theppeeimeniis either itipeed AaedlyrraiteerRi@eEnrighmeman g5 celh g1A¥ES- cour se
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routine clinical use in resource-poor countries due to high instrument and reagents costs, lack

of technical support, lack of robustness requiring frequent service, and the need for AC
25  power. There is a clear need for simpler, more compact and less expensive systems also
operable with emergency DC battery power and preferably exhibiting comparable
performance characteristics.
| In addition to the above-cited full sized flow cytometry systems available from
Becton Dickinson and Beckman-Coulter, these vendors also sell scaled down less expensive
30  versions, which still suffer from the other cited limitations. Similar limitations apply to the
compact CyFlow® from Partec GmbH, (Munster, Germany) and to the Guava Personal
Cytometer (Burlingame, CA). US Patent 6,097,485 (assigned to Integrated Wave Guides,
Brookings, SD) discloses an ultra-miniature personal flow cytometer (pFCM) claimed to be

of lower cost, but still exhibiting rather complex, electronic circuitry, optical designs, data
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strat i fisvoBR4the @Ey oBinsPinicranthatisre ehpempledioiinin(ttbms ofinitial oost ahd yasterancd y
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| ess. 4. Maxi t test (including,chemgals, .antibodies. etc.) $1
or | owgPrinhtGTTB bR §biren gl qunten o e Touage Sui e a5 e
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essenti ol nt pplication in a resource-poor setting. 6. Use of
di gaposabl es Hidaret 8D bre. the teadingshusesif daath g Adtiespanddthe fawsth lsadieg gauseatons.

Thi s 0es no an _that di sposabl ns.__on shoul d,.be, devel o In a
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over e, by oML RESGADRE R RRLAR o b PR SRR o
2000 WhOSiras 94 BTV Redtht/oh 34:011#68ocidl systems, and national growth and development.
Young adults who contribute substantially to the countries' gross domestic product are most
commonly affected. The most effective intervention therapy for persons infected with HIV is
the use of a combination of antiretroviral agents. However, the high cost of these regimens
and the infrastructure needed to monitor their use have put these medications beyond the
25  reach of most HIV-infected persons. Although the price of these drugs has fallen, making
treatment a possibility for a greater number of persons, infrastructures to support the effective
use of these medications remain inadequate and need strengthening. To characterize disease
in an individual for purposes of estimating prognosis and planning therapy, clinicians need to
know how far the disease has progressed.
30 In HIV disease, currently this is most usefully indicated by the CD4 count. HIV
infects the CD4 positive subset of T-lymphocytes, eventually leading to their depletion and
the onset of the various opportunistic infections manifested in AIDS. During the course of

HIV infection, the number of CD4+ T-lymphocytes drops from the normal value of about



The invention described herein neets the criteria above. The invention uses
a CCD canera to imge sanples. (bject detection algorithns arzéj"ﬁgrzf’%r med
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Qbvi ously, this. does .not have a hi enou rqu ut to b n .effective
anal ys optrealsdaticat boinn Wit ove Dedertnges i e biSoReRaR Fostuat] b rf rat e
cyt ol ogisal TSRACT TROifhAsS tstéh@bdRNeSketdsaE exihi, hodel &, sieblegeb®BIV Thi s

systemrelies on a conplicdted neural network to process iInmages 10 of
cel | s Bewdcfaity steadytiot exypral yhits.e Eventyallst theoughathe vous gdias®iefpperdiasdj ects in

i mages,, i, require I nt., of ui ati I i nor e,
uman: A oS Senti LBl Fen EveLOTR Ptbl DR slF B PR BHLELSL
such a1 8sewEesspoRafistS inietiohS (el St FaitettinttBur(i ] 868 whikhevey Hagpss
sub-inmage pi xel counting algorithns for inmage analysis by usin

pr edet drat fdadt ArasievascantBupbresed to deternaine thepregiepiens of the HHY diseass art is
desi gn s._bench t. n 5y o SRR anal yzed
by a c?dr%@?lé[?orgbﬁlbg‘?fneaﬁﬁ{gé@%bglﬁ@tean 4§§1’flrrgrz§m§2%s l@gﬁﬁput er lz?iﬂgogln i maée
anal ysiapout detddni#ifg 22elefffiverdns aftherpy e waltasahe apponse tolésecapybed f or
analyzing in situ ﬁybri di zati on events in a hjological f,peci n., The
devifces in tBasedrpeithsidemandy thy fopwine desien cadtiaghesestablishrddar eingde. None
are 2 I r ailk E get. population within a
bi ol og8’5aﬁ%8€%g§?t?r@ntg%%%g%%@%ﬁﬁgg’%é% B%ﬁgkgﬁlgﬁg'none appear to be
polrtabl e or Bigherbthorosighhlise pavibteeiom THE s€2500nED4 Ufemetls/uhbleodidsit goed t o
rely on a desktop conputer_to control the m croscaope . canpera, and to
performi rrag‘glt?fﬁﬁ}’%ﬂ@ 185?35(9 iTRIRs A Gopmt ﬁ%?éﬁiani éﬁ{lg}gﬂ I%WE%Bﬁeéﬁﬁ%ny of
the difficuli] LT n t UVMARY, Ll ON
Thi s i nvent i%énse‘tzs‘as1 oﬁlngqciehké@l #Sg?ée%(raleﬁﬁtﬁ%[ hegélelilpr?% %g/ﬁl ts pregj(éﬁeg%“ﬂﬁgirlrg}(gyl\%

" Eaﬁygount ")advdested (see WHOMpAachere e tdsomioce poarseitongk). | Tiste lateshpsidelaral yti cal
met hods, image acquisition, and, data reductiqn al.gorithms for.the

det ecti on andraERuFBAterHHILY ﬁ‘%fb‘l‘fétheg%ﬁ’lgﬁ?’n} é’gﬁlt%él{"[“ﬁ? Ftragidy pfenss. or
particles ' VG, d;s 185 E;sh cently

| abel ed 8'5%%1%3% orﬁﬁgégﬁgeasra%g? B‘é}gi% |e§c?lfghg€lg¥g§nt/'c}%§l,s egﬁﬁaﬁgs a DNA
st ai ni ng dyeimpbnianicehérs nafnocytes erag bt high ¢ grogenfectibh withilB.nEB egdrdsdapl e

are | abel ed by | bation . wth no 0 nt i,bodi es conj ugated, t,Q..
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field 21 JUNE 2006 WO 03/ 069421 PCTI US03/ 04468

3. Cost price of hardware $1000 or less.

4, Maximum cost per test (including chemicals, antibodies etc.) $1 or lower. Flow
cytometry using generic reagents costs less than $1-2 per test.

5. Minimal amount of laboratory handling required. This is an essential point for

25 application in a resource-poor setting.

6. Use of disposables (cuvetes etc.) to avoid cleaning steps and for safety reasons. This
does not mean that disposable systems only should be developed. Ina very
resource-poor setting, disposables may be beyond the reach, and a cleanable chamber
might then be better. To prevent that “all” (disposables and blood) goes in the general

30 garbage or down the drain, it may be a good idea to include a simple sterilizing
system for disposables.

7. The overall system should be rugged and portable; have low power consumption (is

battery-operated) and have an automatic data registration.
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the difficulties that lie in the prior art.
25
SUMMARY OF THE INVENTION
This invention (sometimes referred to herein by its project name, “EasyCount”)
describes compact electronic optical instruments, analytical methods, image acquisition, and
data reduction algorithms for the detection and enumeration of magnetically labeled target
30  cells or particles. Using whole blood as an example, blood cells are fluorescently labeled
using one or more target specific fluorescent dyes, such as a DNA staining dye. The cells of
interest or target cells in the blood sample are labeled by incubation with monoclonal

antibodies conjugated to ferromagnetic particles. The sample is then placed into an

appropriate optical detection chamber or cuvet, which in turn is placed into a magnetic field
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be apparent to those’s In the art from 20 foll owi ng detailed
descr i pibsematiorogefaee of asarhple kbarnbperddeldfivedheight. Bk BFstDESCRMPTeanndrr THE

DRAW NGS. FI GURE 1: Schenati ¢ representatjons of tigal, and kLl up nation
arr angﬁ\?ﬁ{l%l?mfﬂ& o?%e, 0 SFB’I‘?@OII’ F‘%?Cﬁcg r?? Egéiﬁl%dsq‘r% u@g‘ae ﬁ’r? htehgélg gg}ll?ﬁ Icgguflﬁ?’roug h a
condensgiy.aré §@he Bbselvdtibs tSzieMerednowa, the X¥oRRiEFbh WehicH\thel BRYSre @ktrhdied
fluorescence of the cells is projected on and captured by a CCD canera. In

(B)15 t heanlbiegleterminetlwod HEDENbes of cellsaresgniatdheehsetvagan sudne camhpdaectn GURE
2: (A Magnetic gradient in th amber in.x- and z-direction. The x-
conpone‘??lng%t?edttﬂéﬁl%%éfaﬁ]é?‘l{lurpgerr?gégﬁsgliggﬁee§al?%?' Magnetically | abel ed white

bl ood cel | s PRy, odpVRIRSsidy hétBod rabdEmentdimhdycheiitrfob@kd asfolledsplaood cel |'s
nmove downwards. 30 FI GURE 3: The number of cells at the surface as a

funct i crmple frpmeviiieh one WPelddike te vestigats Band howimanyi wis PoRERCCHLYPHATE al
o 0 ShcklP GHRIER, BRI TR R, o BB K a OB,
avezoageacidinl the vahpleiis adied té tre sampten thraminoaragnéticOpadclasiabeled wath aliibénti2P06
Vo 03/ Ot%a?téldzigcrilzr)nciyatgss ’(c)h% gé%flt(}i/}s)e 17“r0m other cells in the sample are added to the sample. Cell
labeling can take place in the cuvet or chamber used for analysis, or is transferred to such
cuvet or chamber after sufficient time is allowed to permit cell labeling. The cuvet or
chamber is placed between two wedge-shaped magnets that are designed such that all
25  magnetically labeled cells move to the upper observation surface. The fluorescent label is
chosen such that it is excited by an LED and the fluorescence emitted by the cells at the
viewing surface is sufficient that the individual cells can be identified in the image captured
by a CCD camera. The algorithms applied to the image identify and enumerate each of the
objects or cells. Preferably the algorithm is programmed onto an embedded processor in the
30 CCD camera. Finally, the cell counts per microliter of sample are displayed on a LCD.
The cells are counted based on their fluorescence intensity difference with the
background. As excitation light source, LEDs are used which emission maximum of 470nm

that match the absorption spectrum of the fluorescent label. The emitted fluorescence is

imaged onto a CCD camera. Image analysis routines, hard coded inside the system determine



FI GURE 4: Enlarged views of typical cell inmages and their int nih{;%
profiles. Based on these inmages, it is assuned that a cell cgh A¥del ed
as a two wpmenedsonal Gaussi an spot. FIGURE 5: Threshol d | ecelusosiomes from
three cell images obtained fromthe canera. The counted nunber of cells

depends strongly on the chosen threshold |l evel. 5 FIGJURE 6: Cross-section
of the thenmmberaeitetlepresatteard(thetythe mmber efgsillaper writvoleme. The dgeddeprment GURE

7: Cross:ssectiap of .the filter.temlate h(x,.y] Co(x, y).= 8

Truncat ‘:?f(f e llgpgﬁlngsofg)r Pﬂ%’reoaﬁﬂ@éﬁloa%gd?Statrﬁ(iucﬁé B 11}&%@ Plg%qeéﬁlhn eglrﬂg s and
the finddeARRAAbN bR optitizafiod. €Dk adsBite®ih the breR&itiidventbn thefidurdticarthad dt h.
This error is negligible 10 for larger values_of Wo since then the area

under tdrditdteaibe pxaellpnt pesfoampncs|cpargaigiptigses descrippd howeirnefahly 8 Resul t  of
t he convol ution of .t signal f(x,y) with the filter tenplate h(x,y).
FI GJRE lirt?.xpﬁ%&%?l}gélc of the filter on Gaussian white noise. The filter
suppresses  (Ghe pArgichlailyadsirgaicbiicaptityor tid gdelint inkentiomis itsnaitiey bathus a
typical cell image before and after filtering, The éPﬁ)instant acggrognd
| evel ikeseangibioebBes!ldrielognandes 4 glinigal teo) i HeetiagnQelg of dirsrsg elidar dimgaer to

zero in Eihg 123 4 S FRfind e snthadRi cal cel |
i mages.a a %dlgg?@r%@f%&ﬁ%éP}ltnlggt?%ﬂgdﬁaﬁgﬁng%%%ﬁnt eg crel l's igs/ strongly
dependepiovizied biyehis oeation hreghd fiindtibeal simplictly)in défigrerugdedhess) cognpatinessi | t er
el ongates the plateau, of the threshold curves '

, Lt [ N
est &bl i 8 o [y SOWFRIRHS ANdUBLRY{aHY | levye) Py 51 PGS COERGEREYS: Li ne
trace fE&Weﬂtiérﬂ)}:&ﬁfnefc%lldeb{é@@@itﬁtcoﬁllgElfaﬁfeeﬂ%foﬁhﬁﬁc_%rch%ct%fi@tﬁb%; The@eatures
[ y enhanc Il h

Lapl aci an pre- ter strong n s the cells in the inage and the

mat chedard iniprovengty ebthe deviess daflilkis mmiestion, RkGupifiddlas commeshddindcal e¢lel curve
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r epr eseffefidd? An®@hlgbABin@thhiGAdy B &ivesTonellty ddeldfoRdipary ¥kilkis the art, and thus
are not in any way intended to be limiting of the scope of the invention. Accordingly, other
objects and advantages of the invention will be apparent to those skilled in the art from the

20  following detailed description, together with the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1: Schematic representations of optical and illumination arrangements. In

(A), light from an LED is focused on the sample through a condenser, a set of filters and a
25 10X objective. An image of the fluorescence of the cells is projected on and captured by a
CCD camera. In (B), the light of two LED’s is directly projected onto the sample.

FIGURE 2: (A) Magnetic gradient in the chamber in x- and z-direction. The x-
component of the gradient is negligible. (B) Magnetically labeled white blood cells move
upwards in the chamber, while unlabelled red blood cells move downwards.

30 FIGURE 3: The number of cells at the surface as a function of time for different cell
velocity distributions. The initial slope of the curves represents the average cell velocity: a.
Constant average cell velocity of 0.02 mm/sec, different values of 0. b. Different average cell

velocities, for a constant ¢ of 0.02 mm/sec.
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WO 03/ 089241 thedmagso3/ 04468 9 FI GURE 28: Counted nunber of cells vs.

expect ed numpeSURE P2 Tieshbi®1e¥ LS oF three typical cell images. (a). Before

20 filtering. The number of counted cells is strongly dependent on the chosen threshold level.
(b). After filtering. The filter elongates the plateau of the threshold curves, making it easier to
establish a predetermined threshold level for all images.

FIGURE 13: Line trace from a typical cell image at different filtering steps. The
Laplacian pre-filter strongly enhances the cells in the image and the matched filter suppresses

25 the noise.

FIGURE 14: Threshold level curve after application of the Laplacian pre-filter and
the matched filter. The effect of the filters is a longer horizontal plateau, which makes the
counting algorithm very robust.

FIGURE 15: Block diagram of the complete counting algorithm.

30 FIGURE 16: Cell images at different stages of the image-processing algorithm. (a)
Original cell image. (b) After the Laplacian prefilter. (c) After the matched filter. (d) After
thresholding.
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term nCUaﬁQ:Ya it hdef {RESRGEN fiRePinelcafirAets GhirRiegal , el ectronic,
mat hemati cal and statistical expressions used herein conformto
convent i onal Fi{sERIE @pt da calibrate the output signal from the LED, the photodiode was placed
in the sample plane and the radiant power was measured for different LED driving currents.
20  To measure the camera response to the known LED signal, the CCD camera was placed in
the sample plane and the average pixel intensity was measured.
FIGURE 23: Combinations of the integration time t and the power density M that
result in a certain signal-to-noise ratio.
FIGURE 24: Threshold level curves of 45 cell images, including 3 ‘zero’ images.
25  Based on these curves a valid threshold level interval between 100 and 150 was established.
FIGURE 25: Simulated cell images with different signal to noise ratios (SNR), which
were used to investigate the effect of SNR ratios on the counting accuracy. (a) SNR=3 (b)
SNR=10 and (c) SNR=20.
FIGURE 26: Threshold level curves of two simulated images. Note the resemblance
30  between these curves and the curves obtained from the real images in Figure 24.
FIGURE 27: Error percentage of cell counting as a function of the signal-to-noise

ratio of the simulated images. At the average signal-to-noise ratio in the real cell images

(SNR=20), the data show an error of approximately 2%.



definitions. 5 The terns "sanple" or "specinen" are interchang$$ﬁké %ged
herein and refer to biological material obtained fromtissue, q
fluid, boweoneéwow, blood, or other sources. A sanple camrCaluso3/4aed ude
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refers to the specificity o I nding reaction between the biospecific

| i gand w=0d4ospessiciwith a stagdand dewiation of k2 lenpusediforp callbiotpd of HetBirldi nant .
B e oon C R SRR o PRI R RS B 2
L o S SSLELL POy b U Canbamierel of o spec 1
(2) Omonocytes=lymphocytes=0 '
(b) Gmonocytes=0.02mm/sec; Gmonocytes=0.06mm/sec
FIGURE 35: Simulation and fit of N(t) of monocytes and lymphocytes for a
homogeneous distribution. Nimonucytes=400, Niymphocytes=000 Vmonocytes=0.07mmy/sec,
25 Viymphocytes=0.2mmy/sec. (2) Cmonocytes =0.002mm/sec, Giymphocytes=0.006
(b) Gmonocytes=0.02mm/sec, Gmonocytes=0.06mm/sec
FIGURE 36: N(t) and DN(t)/dt of monocytes and lymphocytes, with all cells starting
at the bottom of the chamber. Nmonucytes=400, Niymphocytes=600 Vmonocytes=0.07mm/sec,
Viymphoeytes=0.2mm/sec.
30 (@) Omonocytes=0.002mm/sec, Giymphocytes=0.006mm/sec

(b) Gmonocytes=0.02mm/sec, Gmonocytes=0.06mm/sec



The term "determ nant”, when used in reference to any of the f?ﬂ@%%&ﬁg
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collected by an objective and focused onto a CCD camera (EDC2000-N, Electrim Corp,
Princeton, NJ). This results in an image of 652x494 pixels, corresponding to a sample area of
25 0.55mm?, in which the cells appear as bright spots against a dark background.

Immunomagnetic Labeling

The term "specific binding pair" as used herein refers to molecules that have binding
affinity for each other to the substantial exclusion of other molecules or entities. Examples of
specific binding pairs include antigen-antibody, receptor-hormone, receptor-ligand, agonist-

30  antagonist, lectin-carbohydrate, nucleic acid (RNA or DNA) hybridizing sequences, Fc
receptor or mouse IgG-protein A, avidin-biotin, streptavidin-biotin and virus-receptor
interactions. The phrase "to the substantial exclusion of" refers to the specificity of the
binding reaction between the biospecific ligand or biospecific reagent and its corresponding

target determinant. Biospecific ligands and reagents have specific binding activity with
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PCT| USOHPoepr&ee substrates to convert, e.g., from non-light absorbing to light absorbing molecules,
or from non-fluorescent to fluorescent molecules.
The terms “magnetically responsive” and “magnetically labeled” are used
interchangeably herein, and refer to entities that have magnetic particles bound thereto. For
25  example, these magnetic labels may bind to the surface of cells present in a biological
specimen, or may bind to intracellular entities. In most of the embodiments described herein,
the magnetic particles bind specifically to members of the desired target population, to the
substantial exclusion of non-target entities. The term “magnetic manipulation” refers to
placing the biological specimen in a magnetic field gradient with the intent to separate
30  magnetically labeled entities from non-magnetically labeled entities. Magnetic manipulation
may also occur when a magnetic field gradient is generated around the biological specimen,
such as with an electromagnet.

To select and separate the target cells of interest, for example, from a whole blood

sample, they are immunomagnetically labeled with a target specific antibody conjugated to
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from the magnet and remixed by vortexing. This step is repeated twice more. The
quadrupole magnet delivers a radial magnetic gradient during the incubations, thus forcing

25  the magnetic particles to move laterally as bead chains that sweep through the sample before
, accumulating at the wall surface. This multiple forced migration of magnetic particles
increases the probability that the magnetic particles collide with or encounter the larger,
substantially immobile, cells as compared to mere diffusional or Brownian collision of the
magnetic particles and the target cells in the sample. Other magnetic configurations can be

30  used that homogenously sweep through the sample.

Sample chamber and magnet holder

As used herein, the term “observation surface” refers to an optically transparent wall

of the sample chamber. When a biological specimen is to be visually analyzed, it is
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the mag rIII‘%El iBCorgrE ) clye\g}th a>1/ iIEérnrafirrrllgg(gansetifzzg’c(i)onI;I of 13,700 Gauss (Crumax Magnetics Inc,
Elizabethtown, KT). The two pieces are mounted to form a 3mm gap between their faces that
are an angled 70° relative to the z-axis. This arrangement, depicted in Fig 2A and B, creates
a magnetic gradient inside the chamber, which is pointing in the z-direction and has a
20  negligible component in the x-direction. Therefore, the immunomagnetically-labeled cells
and unbound ferrofluid particles move in the vertical direction to the upper surface. The
imaged surface area correlates directly with the volume fraction underneath the imaged area
(Figure 2B). To obtain a representative and accurate number of cells per unit volume, it is
important that the cells are uniformly distributed and immobilized over the viewing surface,
25  which requires that the magnetic field conditions also are uniform over the full area of the
glass surface.
A further improvement to the magnetic arrangement described above was to “spring
load” the yoke assembly. This positions each sample cartridge into a repeatable location.
Because of this, the specimens that are being analyzed are always in focus in the Z-axis as
30  they are being imaged. This is extremely important for using the apparatus of the invention
as a fast analyzer because independent focusing for each sample cartridge is no longer
necessary. As the sample cartridges are manufactured with precision, the yoke assembly can

position every sample to always be in focus.
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This second order differential equation can be solved for a cell with initial position
y(0)=0 and initial velocity v(0)=0 as shown in (3):
M'({mVB, - M' mVB -M'g'  M'(mVB, —M'
oy = L (IVB, : g)exp(_&mRth VB, -M'g' _M'(n[VB, M'g)
(6znR) M 67znR (6znR) 3)
20

The mass and radius of the cell and the viscosity of the medium are given values. The
magnetic moment of the cell depends on the number of magnetic particles present on the cell
membrane and thus dependent on the type of antibody used for magnetic labeling. For the
calculation of the magnetic moment of the cells, a number of 100 magnetic particles per cell

25  has been assumed. The magnetic induction is determined by the material and the geometry of
the magnetic pales. The parameters used for the calculation of the forces acting on
magnetically labeled cells and their motion in the magnetic field are the cell radius, R, of 4

pm, the relative cell density, M’, of 77 kg/m3, the magnetic moment, m, of 9.32x 10t Am?,
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At a certain time t, the probability that a cell i has reached the surface, is given by (6):
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Vs = Yo,1) v, —v,)*
P surf > l’t P _L__’i_’ ) i’t ex i oS v
(V=Y Vo, )= { p Yo, O'\/— s J.ym p - i (6)

where yqur is the height of the chamber,
The distribution of cells in the sample can be assumed to be uniform, since the sample
is exposed to the magnetic field immediately after insertion in the chamber. For a large
25  population of cells, the expected number of cells (N) at the surface can be found by

integration of the individual probabilities P; for all the cells in the chamber given by (7):
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the gl ass surface of the chanber is collected by the objective, after

whi ch i efegatippered by a 550DF30 band-pass filter (Orega Optical) and
focysed onto a CCD camera (EDC2000-N, Electrim Corp, Princeton, NJ).
Figure | A shows the conventional epi-illum nation node. Figure 113 shows a

direct sj i Iprym nation gfsw/t he 30 viewing surface with one or nore LEDs
ina"f Fghth afarargerent; which provides sufficient excitai)on

ener gy, d me¥sbe a sinpleefPand | ess expensive illumnation node. Canera
The CCD used in this set-up (EDC2000-N, Electrim Corp, Princeton, NJ) has a
dynam c range of 0 - 30,000 electrons. The r.ms. (root nean square) of its

readout noi sethasampleddiiabeO@RiAMPR¥RNEMHRE aPGEIIUSOB A48, c_aﬂtﬁd%és\/tﬁﬂ by the

manuf acturer, is 20 electrons. No data are supplied concerning dark current
noi se af® shalhpwerimay ensblpeshomntpresepargtien times and ey eepultin thetanalysiane ba npye

R e e T o
t he 15 magagnaihly hbdldll possibiethemighdaty level of antigen expression or through non-
specific binding of the magnetic particles. However, these magnetically labeled non-target
entities are much less magnetically responsive than the target entities that are specifically
labeled. If the sample chamber were sized differently, these weaker magnetic entities would
not travel to the sample chamber’s observation surface, and would not contribute to “false
20  positive” counts.

Sample Clarity

To avoid introducing air bubbles into the viewing or image capture area of the sample
chamber, the magnet/chamber assembly was placed at about an 8° angle with respect to the
horizontal plane. The influence on cell count was then evaluated at angles of about 0, 10, 20

25 and 90 degrees. No significant differences were observed at the various elevation angles.
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shown. The |mages contain cells wth different k intensities. The nean
SNR i s flcF]V@lcgqnéq%p loy-peWwete high-brightness light emitting 0 es that can compete with

incandescent light sources and lasers. The advantages of using LEDs as light source are that

15  they are relatively compact and inexpensive, have a long lifetime, and are easily replaced.
The spectral power distribution of a LED is fairly narrow, with half-bandwidths of about 20
to 50nm, depending upon the substrate material. LEDs produce highly saturated, nearly
monochromatic light and are ideal for constructing the compact and inexpensive cytometer
devices of this invention.

20  Optics

The light from an LED is collected by a condenser lens with a focal distance of
27mm, passes a 455DF70 band-pass filter (Omega Optical Inc., Brattleboro, VT), reflected
by a 515DRLP dichroic mirror (Omega Optical) and focused at the back focal plane of a 10x,
0.25 NA objective (Nikon Corporation, Japan). This optical configuration results in a

25  homogeneous illumination of the sample area. The light emitted from the fluorescent cells
collected at the underside of the glass surface of the chamber is collected by the objective,
after which it is filtered by a 550DF30 band-pass filter (Omega Optical) and focused onto a
CCD camera (EDC2000-N, Electrim Corp, Princeton, NJ). Figure 1A shows the
conventional epi-illumination mode. Figure 1B shows a direct side illumination of the

30  viewing surface with one or more LEDs in a “floodlight” arrangement, which provides
sufficient excitation energy, and may be a simpler and less expensive illumination mode.
Camera

The CCD used in this set-up (EDC2000-N, Electrim Corp, Princeton, NJ) has a

dynamic range of 0 — 30,000 electrons. The r.m.s. (root mean square) of its readout noise, as
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Samples of cell images are presented in Figure 4A cell in the image can be modeled as a two-

dimensional Gaussian with a width, o, (equation (9):

15
_ x2 + 2
P(x.3) = exp{—(——;y—)] ©
O-P
The whole image f(x,y) with randomly distributed cells, including background and

noise signals, is described by the following model:

f(xay)=Co(xay)+Zcip(x_xi:y_yi)+n(x:y) (10)
20

where C; are the peak intensities of the cells. Cg represents a slowly varying background
level, which adds to the cells. This background signal is caused by free, unbound dye in the
sample and can slowly fluctuate as a result of inhomogeneous illumination. A stochastic
white noise component is modeled by the component n. Sources of noise include thermal and
25  readout noise from the CCD camera. Based on this model we can define the signal-to-noise

ratio (SNR) of cell i in the image:

Ci_C_O

O-n

SNR, = (11)
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Spot detection

As shown in Table 1, the signal-to-noise ratios (about 22) of the images are

surprisingly high and nearly constant over the full viewing area. This suggests that counting

of the cells could be accomplished with high specificity. The optimized method consists of

15

the application of a threshold to create a binary image in which cells get the value 1 (white),

background and noise gets the value 0 (black) and the “white” spots in the image are counted.

Obviously, the easiest way to count the cells is by using a preset threshold level, which is

constant for all images. In practice, however, this method was found to be very dependent on

the chosen threshold level. This is visualized in Figure 5, which contains curves that are



10 the quotient of the cell peak intensity and the standard d%Yilﬁ{tk,:2ﬁ& of
the noise: SNR, (14) Convolving the image with a tenpl ate h(x,yf |
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It can be shown by using the Schwart z20i nequality that the SNR is maxi m zed
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val ue of °A X,y %x,y) = 3 consta signal yields a zero value “after

filterithgre iwohBin leateaséshyldieve hande vihere thiv/slkiehm g telaxivyly flat.t Thig icvst ant
val ue. 10 Since Co(x,y) is the result of inhonbgeneous illum nation, DC
r entfral T€€@HO%GI so be performed by detennining the illumination profile and

subtracting tfe fn'ié?fglti/ REHTRIE df R lls. Dim fluorescent cells are just above noise

level, while the brighter cells have large signal to noise ratios, resulting in a gradually
decreasing number of counted cells at increasing threshold levels.
2. The presence of atypical artifacts such as bright (broken) pixels in the CCD camera.
15 The curve gradually decreases to zero as the threshold level increases to 255, the
maximum pixel intensity of the image. Figure 5 shows that only a narrow range is available
where a preset level results in an éccurate cell count. Furthermore, variations in {Sackground
intensity would shift the curves horizontally, thus making the cell count very dependent on
the chosen threshold level. Hence, a method is desired to make the counting more robust and
20 less dependent on the chosen threshold level. Therefore, it was necessary to develop methods
to elongate the plateau corresponding to the act)ual number of cells in Figure 5 and the
selected approach uses a matched filter algorithm to enhance the image prior to thresholding.
This algorithm was extended with a non-linear Laplacian prefiltering step to further improve
the cell counting process. It was also unexpected to observe that the following methods for
25  image analysis were extremely successful at discriminating individual cells when they
appeared close together in clusters.
Matched filter Algorithm

The matched filter algorithm calculates the correlation between the observed image
f(x,y) and a suitably chosen template h(x,y). The correlation is a measure of the similarity
30  between the template and the image. The correlation between the image f(x,y) and a h(x,y)

is calculated by convolving the two functions:



However, the fact that DC renoval can be acconplished si rrultar}W?Li.JsEl2 Wt h
the spatial filtering nakes it the preferred nethod. Co(Xx,Yy)
el i m nat edoas/oémry as the spatial frequencies of the baclkgrasnsioasse
sufficiently low, so that Co(x,y) is Zdpproximately constant 15 within the
area of the tenplate. The integrations of h and f are from-Wto W because
the tenplate ig=finite. In the followng calculations infinite integrals
will begésed =t q |diprdsivmané(d.mdétt ect of the (finite) matched(®)lter.
This introduces—-a truncation error. However as |long as W2cp, which is the
case as will be shown later, the error will be negligible because the area
under the Gaussian at 20 IxI>Wis relatively small. The error that is nade
by cal cThatomélatisif shoutdbe magigiiaddsat e pasitivms 0@ theacefls,Wtege:t enpl ate is shown
in Figure 8. Applying the matched filter h(x,y) on the imge f(x,y) yields
the filtered image g(x,y): 9(x,),)=lz(x,Y)(c).f(x,Y)=f
f[ Co+C p(x-~, ¥s&7) +n(x-~,y-g7)] h(~,rl)dedr7 (18) 2 25 The signal part of
g(x y) e ral i A of cell i can be witten as the pr oduct
aﬂ%‘m?‘ 252%1\% 38@%’%2%%/ 069421 4W2 2j ~ g3,1(0,0) = h g? y) f i
(x, y) =h(x, yl coc,, r7 =0) 81 (x, y) - E, f,", (x, y) (19)
Recogni zing that Eh 1/ 4W2 for Wk2ap, we can estimate the peak val ue of

T e T2 7oA RR gt el s oo pholif Se Mgt el oBPligly T, %"
-Co f f pidbablitigly-af ddunting 1rE£lge€’p@mﬁts thaZ areCho,t gbad celldf WhidhkeMp@Rse@ mathératically
in terms of signal-to-noise ratio (SNR). Both probabilities are monotonically decreasing
functions of the SNR. Hence, good detection requires maximizing SNR.
Ignoring for the moment the background, the SNR of spot i in the image is defined by

10  the quotient of the cell peak intensity and the standard deviation of the noise:

C,
SNR, ==L (14)

Q

Convolving the image with a template h(x,y) will change the SNR to:

C, [ [p(=x~)h(x, y)dxdy
SNR, = —=2=2 (15)

| o, \/ O]'O]‘hz (x, y)dxdy

—00—0

15
It can be shown by using the Schwartz inequality that the SNR is maximized when
h(x,y) = p(-x,-y). This means that the optimal template is simply the mirror image of the cell.
This is why the method is usually referred to and defined as matched filtering or template
matching. For our cell model, in the case without background signal, Cy(x,y), h(x,y) is
20  symmetrical and therefore equal to p(x,y):

1 2 + 2
h(%, 7| ¢y ) = 0) = jexp{— (’“—y—)} (%) e[-W, W] (16)
7Z'O'1J (e}

p
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where E;, is the average value of h(x,y|Co(x,y) = 0). A constant signal yields a zero value
after filtering, which can easily be shown by convolving h(x,y) with a constant value.

10 Since Cy(X,y) is the result of inhomogeneous illumination, DC removal can also be
performed by determining the illumination profile and subtracting it from the image f(x,y).
However, the fact that DC removal can be accomplished simultaneously with the spatial
filtering makes it the preferred method. Cy(x,y) will be eliminated as long as the spatial
frequencies of the background are sufficiently low, so that Co(x,y) is approximately constant

15  within the area of the template.

The integrations of h and f are from —W to W, because the template is finite. In the
following calculations infinite integrals will be used to approximate the effect of the (finite)
matched filter. This introduces a truncation error. However as long as W>2c;,, which is the
case as will be shown later, the error will be negligible because the area under the Gaussian at

20  |x|>W is relatively small. The error that is made by calculating infinite integrals while using
a finite template is shown in Figure 8.

Applying the matched filter h(x,y) on the image f(x,y) yields the filtered image g(x.,y):

g6 = h(xy)® fxy)= [ [[Co+Cipax—&,y—m+n(x-&y-mEmd&dn (18)

—00—00

25  The signal part of g(x,y) at the central position of cell i can be written as the dot product of £
and h:
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terrplate The trilbut om |xels at the border

tenpl ate \A%r Wg\%\éll Iﬁ;ﬁ(;t J é@ap, since they are C|@8 to zero.
Wien a 21 JUNE 2006 v\o‘bs”/ 069421 PCTI S03/ 04468 25 small tenplate is used,

| ess noise and artifacts will be filtered out. Enpirically, W4.5 was
found optimal for cel |7zd£t tio i Thi s resul 1s iﬁgz 9x9 pi xel tenplate.
Since W Q]i())+_€b - C, C.{l~——7r0";Ehjoi —

2 4 2 2 4w ‘

In Figure 9 the result of the convolution is presented. In this case, 6, =2 and W=4.5.
The maximum value of g is approximately 0.34 times the maximum of f as is expected from
the model. Negative side lobes appear as a result of the negative parts of the filter template.
The constant background of fis suppressed in g.
10 The noise is assumed stationary, signal-independent, white Gaussian noise with zero

expectation value. Its standard deviation G, after application of the filter can be written as:

a,,\/ 1w e maean =

—00—00

O',,\/ J‘ I|: 41 _ GXII{—Z(gZ +27]2)J_ ZEZ exp[ (§ )J_I_Eh :Idgdn ~ (21)
- - | O p7 ) o, O-p




cell 5
i mge. ThwoeBbeatl of the matched filter for WE4.5 and up 2CZ/US83/64368\N.
Notice that negative values are set Mo zero in Figure 11. Threshol ding

The filtered image is now ready for threshol ding, a necessary step, since
obj ect counfThaglteaduppitsyeshiee igh fiegn@ady icomponet wf thivaeess, théhbdy reduciiag
operation is applied on 10 g(x,y): gTH {1 g?to g<to O<to <255 (24) which
shoul d ¥hipas sttosvii ihdFigiet 19 WireonGhimsianadkitprmaiseds sindilithé befoiesand dfter fifedhgar
that the choice of tois crucial in the cell counting process. Too snall
to wi | | Thesteedaré devpfierafier dblering isch  f esp8raeoidancs to digmedali s, whereas a too
high to results i%l a ur%der(les,t,i mated or incorrect cell count. Performance
of the al gor FERSH ﬁ%ﬁg$f@6F1dﬂsWW@3tenplate -matching algorithmis
presegnted in Figure 12. Again the counted nunber of objects . in the inmage
is plotted against the threshold level. In this case, a 20 9x9 pi xel

tenpl ate was use Wt%?a]; 2. The filter was applied on three different cell

approxi mati on condition of the previous section is satisfied. fitﬁ%rﬁmﬂ IS
aline trace fromthe original and the filtered version of a tzyﬂ) g

i mages. The fi gOfes— that the threshold range, for which there are a
constan;$ nber f2céM’s| is longer than in the unfiltered case. Al so, the
curves Shifjteq to t E}| eft as a result of the DC renoval.Z%his is an

unexpect ed adya t ade si nke|t he pl at eau al ways has the sane starting point
regardl ess of thexmatkgnwtnd level in the original inmage. This discovery
makes it nuch easier t0 establish a predeterm ned threshold | evel that
is applicable to all inmages. Non-linear Laplacian prefilterin The threshold
curves presented in the previous section indicate that the counting
pr ocessfarsSVrRele Bafor filoing) SNR; + 0g/ ovasehtds fhielgagr indNivés: but still a
gradual decrease of the curves is observed at higher threshold |evels.
This is due to the fact that there is a significant 30 variance in cell
intensities in the image.2 The linear matched filter does not alter this
variance. One way|tlo fraf,tlher inprove the robustness of the algorithmis to
apply a pr %\b&teri G’Q"SW}ZI JUNE 2006 WD 03/069421 PCTI US03/ 04468 26

1

A=
SNR, .
2ol 47

10 In the case of op, =2 and W= 4.5, A=2.1, the gain in SNR is proportional to the width

(23)

of the Gaussian, c;,. It was observed that more noise tends to be filtered out when the width
of the Gaussian increases. Filtering the image with a matched filter thus was found to
enhance the signal-to-noise ratio. Additionally, the filter enhanced the detection because
objects that do not match the template, like isolated bright pixels, are effectively suppressed.

15  Algorithm parameters

Although the cells in the sample may be shaped and sized differently, all the cells in
the cell image are of similar shape and are approximately of equal size. This is due to the
magnification factor of the optical system, and the resultant influence of the point spread
function. Since the approximate width o, of the cells in the image is known, it can be

20  directly used in the matched filter algorithm. It has been shown in the previous section that
the filter performs best if it exactly matches the cell sizes. By visual inspection of several
cells in the cell images, an average value of 6,=2 has been determined. The final parameter
left to optimize is the width of the template window, W. The contribution of pixels at the

border of the template will have little effect, if W > 2o, since they are close to zero. When a



before the matched filtering, which reduces the variation in %i
intensities. This was acconplished by a Laplacian filter, t']Uthtzp%’ngl y
anplifieswodgeeden the image. It has the follow ng 5x5 kecmalsnzogesd - 1- 1- 1
-1-1-1-1-1 1-124-1-1(25) 1-1-1-1-1 1-26-1-1-1 5 This filter will strongly
enhance the cells in the image, and it increases the standard deviation of
t he noi small tkemidetd is tided, Ebﬂl@im:a:r&m&ﬂcglvi/i@lﬁelmtdngd app Bpmpigedllyl =43 tves . The
reason why this filter is. useful however, is that the sha{%]e of the cells

was f oufiind@ptigiehfos ol dstegtion. | Blis respbs et e, PigFldemRiBteantines Veardbe i s so
O P abprRitlar6 chRifbh B ARRHOR BLANPRhHANS] LV, 10 | evel of the i mage.
Ing t t

This i es t ter app er, e variance in intensities of
t he CeI s i Flglmdmt&nb,hme teacedtdm del dripitduad &mrf[lwred’rmrﬁby of heypseaireelpeak
intensity. The matched filter was again applied, but this ting to the

pref¥ 1 t Epegs. | Thegdlectroldhe matdrd dilter for Y=t epaee § 2% pehewn Nofige it 1egalys ght | y
i ncreas it only anplifies objects that "match' the
filter. v ugﬂggﬁ 1Jtg\ég}eo,1rr71151q1$:?%1?|fHa?to the filter, whereas the noise 15 is

| ar gel y Tafesholdtmgf r equency. Thi s |s observed in Figure 13 where a line trace

of the image three different eps i s presented. The fact fhat the
peaks are cli gsé&efﬁddnﬁg% 1S O3y lregd.‘é qréle&esftq%ilngpaemfcs&f%/n%pa §HCe RICRat ched

filter. v of the
Lapl aci S tetar Sab/ Ve fiudofiicd M GRND FppRy ot FirR pElau®RR 4B B0 0
restdti gg,yxomthe cells having nore or 20 |ess the sanme intensities.

Al t hough the threshold | evel curves of only three i mages are shown,
nunerous images have been anal yzed and the al gorithm was surprisingly found
to very robpst |gn>gll cases. Cell Counting Counting objects in binary

i mages igemaz{\,e kndwn net hod) < gasby inplemented with 25 softrpp)e.
Therefore onl¥ agbtief descripti ‘on of the counti ng al gorithm w be given:
1 The binary inmage is scanned, pixel-by-pixel (fromtop to bottomand |eft
toright). 2. Wien the scanning operator hits a pixel p with value 1, it is

assi gne I : fi 1
037 0aoas T BREl s Bt Sy Borh Pt 2@3’%@* Spd AREte bt 1o %JNE%%‘;?‘% %Vra%‘”c
whi ch hafg iatrueatiin theesll enarimgtpes@ss. i Too small ty will introduce objects not
15  corresponding to real cells, whereas a too high t, results in an underestimated or incorrect cell
count.

Performance of the algorithm

The effect of the template -matching algorithm is presented in Figure 12. Again the

counted number of objects in the image is plotted against the threshold level. In this case, a
20 9x9 pixel template was used with 6,=2. The filter was applied on three different cell images.

The figures show that the threshold range, for which there are a constant number of cells, is

longer than in the unfiltered case. Also, the curves have shifted to the left as a result of the

DC removal. This is an unexpected advantage since the plateau always has the same starting

point regardless of the background level in the original image. This discovery makes it much
25  easier to establish a predetermined threshold level that is applicable to all images.

Non-linear Laplacian prefiltering

The threshold curves presented in the previous section indicate that the counting
process is made more robust by the matched filter alone, but still a gradual decrease of the
curves is observed at higher threshold levels. This is due to the fact that there is a significant

30  variance in cell intensities in the image. The linear matched filter does not alter this variance.

One way to further improve the robustness of the algorithm is to apply a prefiltering step



the scan (i.e. the neighbors to the left of p, above p, and tg$|@@o upper
diagonal terns). Based on this information, the | abeling of SOEAPY as
fol | ows: woOfo3aéds2f our nei ghbors are 0, assign a new | abel pco/ysp3/edsse 5 if
only one neighbors has value 1, assig% its |label to p, else if one or nore
of the nei ghbors have value 1, assign one of the |abels top and nake a

not e t hiadfoteltte habwdled fidterihgewtiiob redacghthovsrision iegell uadmities. Ahtsevasconpl et i ng
a scan, a second pass i.s .performed. in which al] equivalent |abels are

r epl acetFSRMPHShAd Ryl pripery ﬁ{tﬂbgv?nqwon&ﬂméﬁm%]ﬁs PagrsIs ﬂtedmaggpﬁ hasties ¢ e
nunber gfi1ohe9 9kerpd:. I N the image. A schematic representation of the
conplete cell”counting algorithmis presented in Figure 15. After the first
convolution with the Laplacian filter, the image values are restricted to
val ues b?t en 0 and 355 (8-bit format). Then the matched filter is
applied.” alresul T negati ve val ues and val ues above 255 were observed
to occurl Fe -ilnagle was then scaled back to 8-bit fornmat to make it
conpati blie wi tda the ofriginal inmage and to enable 15 comnpari son @g)the
original aqq [_e_jillgred i mges. Figure 16 shows a typical unprocessed
cell imge, "as I} as the resulting dramatically inproved i mages after

di fferentl prlocdssilhg-lsteps of the cell counting process. These inaging
steps were surprising and unexpectedly highly effective in inproving the

i mage quality and resol ution, which are essential in the algorithns of the
present invefhisQiter 4311 ArBRLY bhfcd FHERJeﬁE & TM@E&IQ%EQ Qnd\{’ceﬁléfédsﬁs R stntigignat i ve

nmet hod for inage anal ysis was devel oped and applied as follows. After the

i mage hdsviggmmofabenoise dindSgh theaSR aleergasep pbghtly byhapplBog this G Sk reasnsor )

d d.j. i i ze i.s 1300x1030 pi xel s. The.optical
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(cells) against a |ess. bright background (white is 255, black is 0%. Thi s
i mage alrarlefithe impageo d hivimuies dhnt afien appiieg thadilieaghorariangs i mirapitiegef Biagl e
(kernel .10 ' region. . Wth..th rr nification, the
ker nel %‘gls?gge%cidéll'g : agg(gélgﬁlgvg%mr%m}aéegl}’ E[)hrﬁ3 S?%n%g) eig%?gg?'xel rectangl e

surroundi ng tTheniatshed fier wab aghe hpplEpdebuthis $ime thhike predittagea ilsggtmeess of
the outer area, w thout includin%ﬂthe kernel, is 30 cal culated. Next, the
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Figure 14 shows the threshold level curve after application of the Laplacian prefilter
and the matched filter. The plateau is now longer, resulting from the cells having more or
20  less the same intensities. Although the threshold level curves of only three images are
shown, numerous images have been analyzed and the algorithm was surprisingly found to
very robust in all cases.
Cell Counting |
Counting objects in binary images is a well-known method, easily implemented with
25  software. Therefore only a brief description of the counting algorithm will be given:
1. The binary image is scanned, pixel-by-pixel (from top to bottom and left to right).
2. When the scanning operator hits a pixel p with value 1, it is assigned a label. The first
p found gets label 1.



again. If the difference is larger than the threshold val ue a_new eyent
wi |l be found. Then, if the distance between the events is snéf FW%%an 7
pi xel s, tWe oBmevdevents belong to the sane object. The cemrCerises/od4be obj ect
is found by determning the pixels wfre 5 the difference between the
average intensities of the kernel region and outer region is |argest (best
fit). Singe Theopdrater efarhines the meighbelis od pr whichhavesalidudl Begi atebsnteteddn m ni num
di stance of _the cggnt r of _.an obj ect tg t he edgéﬁf ori zontal, and vertical)
of the i magethescam(ie. heneghbprsdp the lefhpd gy 2oy skt the fve HEPSTdiagenal i xel s
are not det eghady HibS ol tiGthdt® @qeﬁ)eﬂ'ﬁ% 8{"#) BEcIBLIREoRRS a few

advant ages over the previous 10 tenplate matching nethods. First, it

requi res | ess oonjfldliafononaghipevere (angidn amew Bbehtoge elsehe typi cal tenpl ate
mat ching al gorithm |l ooks at full Gaussian profiles of object shapes, tines
for drocessi ng anifiophyenepcchiors bas vahgds agfenits lbelto Rsplsty a deskt op

wor kstat i on. l_bowere Ine o \M&Qof" ﬁﬁ% n%i(#;%ﬂsf}fa%jv%lﬁm,l a%&ga%ﬁ% ﬁﬂh@% Ilsgrgy %nram (the
i nner rectangle ana6ut er  gar rodn ng area) 1S used, e analysi I'me is
a matter of m nut agke kbt thé hibslsafdie/isioneighbobaarpeqdioalemd 15 on a
processor that is internal to the SCD camera. Anot her l%enef,iﬂ t? tge
sinplified tARsrsQmBPIsHRS ASHY- aPefonA PATH 1 Berforated dp augh albequigplent labgls argnger
necessa oy j 1l ogl .1 ' s it
B L
analysi m the images i A gchentagicseprpientatied ofittehvoehplate atls cowmting algotithoh inot needi ng
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with its own application. One such interface allows the user to I'6ad an

i mage, Aadjaustult, négative paluasrenevayespboiol i Wetetobsérmed tonebctuhr Bshiolage mgs st eps,
obtai n thresho 5 rves and eval.uate the n er of cells in the .i.mage.
& hor LR SR P da B it TR GGt Eirapbihte B St rufeind vadetsd  AERUET ng
pr ogesstadpfisoMel tHetrBrindIRee the MREEd Mhdpds.| Ff%ﬁi% 1604 GRArtFpBalangrdceskdt | me
capturing of images fromthe canera. Initially, a desktop conputer was
requi r edelt mageotsenell ehibeireraliing drbmalicadly impraved rmages aifter differapiheroeessingn
appl i catjons. such.as cell counting in resource-poor settings, it i

oot er abee raBeE Bl sl TR Lo Qo To R S n el kbt suppl y
and ext apsilyvefeanput Bipriviaphiedaece aoslity ane asbluiopewhioh BRGssétiBDBShS| e
conmponent that maé?repl ace the conputer <currently used is a "snart

caner a, algprithms of the present iEEREPR with on-board integrated i nage processing
har gyar §; afshsOf L& Mo A SRR @ shoul d be able to performthe i mage
processrngﬂa%gmﬁég‘li@ms—aﬂgﬁoé%ﬁhe results to, for instance, a pal ntop
conput er or tAm stedliagive aletlibll fdtag2R06lyVIOW3/166A¢2H MdBpplsaBdsFdle8s. 29

After the image has been acquired (CCD camera equipped with a Sony ICX085AL sensor)

and stored in memory, the image size is 1300x1030 pixels. The optical arrangement allows
each pixel to represent a 6.7x6.7um area. Then, dedicated image analysis routines are

25  applied to find bright objects (cells) against a less bright background (white is 255, black is
0). This image analysis method relies on analyzing two regions, an inner rectangle (kernel)
and a surrounding region. With the current magnification, the kernel is 7x7 pixels and the
outer region is a 13x13 pixel rectangle surrounding the inner kernel rectangle.

First, the average brightness of the outer area, without including the kernel, is

30  calculated. Next, the average brightness of the kernel is calculated. These averages are
calculated for regions surrounding every pixel (center of the kernel identifies the pixel
number). Next, the average of the inner kernel area is subtracted from the average of the

outer area. If the difference is larger than the threshold value, an event has been found and is



di splay. Such smart digital caneras are currently connerciall; ?%%i“%ble.
They usually consist of a CCD and a digital signal processor LINGAP g
pr ogr ammiwgQ 08Med4emge processi ng tasks. When such a caner Crapshaesss t he
conputer, it is possible to use battexsi es as power supply for both the

| i ght source and the electronics. Al so, the physical dinensions and the
f oot pri rdconfedt Mbe apadgsiatres iSthes slsiftgd b ionapixiel; ané thecwdrages dhealonlbbdss,

t hereby enab] ] construction _of the c act apparatus .disclosed in this

nvent] BRI TRES5R SRISCE FERCYE DrghE el i oo ik Suln spect ra o
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SA, France) in conbination wwth a cooled CCD canera (Princeton Instrunents

I nc., Nbelongtdithd saroe object. Nihe. celitse ofriha objecbisdownd hysdetepmiipimgdhewixels avhgraat i ng
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vavel engidst 592aKmce Hke Ashe FRGMIMY e i DINTBGiAls, dlid Midighufidistgidesofol 1,
25, and 50mA. The neasuredq\;i%ectra show that LED 1 (NSPB500S, N chia Corp,

Japan) #ecentepobay abjedtge theveser (harizonishendyetical) efthe inpgeds 48 4R, = Urixehave
al nost tﬂggntgf)lpggerﬁggﬁerﬁjst Jf{;]?(rgﬁ%tr%eﬁéts&e{e%%d. Thi s suggests that although the

LEDs were obtaine om di rent conpani es, both contain the simlar

di odes. Vi sTals thédified tenglatb ynatdlinimethioy hasip oy bévantigss speahd @revions bot h
di odes are identical in 20 structure and shape. A spectral blue-shift from
470mn t rgats madehing metheds.o Fisstol arpiineg less compigationed ppwer anddiate rBesauss
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17. The epo l.ens_.in front of the diode collimates the |ight emtted by
the di odf&eR ep%lmwﬁfl%&] temRRAIF PP BRI L BT Teneet G & g1 PIERdEE A

condensgfea) ﬁgged 2R si A0 1Y mafreASRuRE FRae, @is dndfsisicaf be BRifdied
area of the diode at the back focal plane of a |l Ox objective wth an

ent nancenpypodessoinbhatfis HmamalwbileCCBsates. in a parallel beamillum nation of
t he sanpl e plane. The distance between the diode and, the_.epoxy.lens.is |ess
than the focﬁ’ln_ogﬂt?r Bf%etfgﬁ%éieéfmﬁ’]fﬁ%dvﬁ%@ﬁ?}e ’gch}ntgi ar]%or(%]ﬁmés W&g?ﬁeffiﬂéeam\gilh ual
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20  User Interface
In one emobdiment, the data from the processed images is evaluated through
conventional LabView user interfaces. Several other dedicated interfaces have been
developed, each with its own application. One such interface allows the user to load an
image, adjust filter parameters, perform filtering and thresholding steps, obtain threshold
25  curves and evaluate the number of cells in the image. Other user interfaces have been
developed for other purposes, including processing of multiple images, obtaining image
histograms and real-time capturing of images from the camera.
Initially, a desktop computer was required to process the images obtained from the
camera. However, in applications such as cell counting in resource-poor settings, it is preferable
30  to use a system, which does not depend on an AC power supply and extensive computer
knowledge, and is easily performed. A possible component that may replace the computer
currently used is a “smart camera,” i.e., a digital camera with on-board integrated image
processing hardware and software. Such a camera should be able to perform the image

processing algorithms and output the results to, for instance, a palmtop computer or to a digital



(26) where d is the distance between the epoxy |l ens and the C%”gﬁﬂ%&& | ens.
This results in the follow ng expression for the i mage dista ¢

bcondensewo ofBeHREx-d) / ca~densor bcoadensor b + d - f LED eamdsozorcd (27)
It follows fromequation 27 that bcomfenser will go to infinity if bLED+d =
fcondenser (=27 mm). By determ ning bcondenser at different values for d,
bLED wagisgixpeSuchmntaal digital canngtad ave b@rentl9 commerciedlyamhijabfrarZep tiamnlly ootsest var i ed
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| ost i ndiselosed ipfhisiBvertonobj ecti ve, outside the entrance pupil (Figure 18a).
2. BB << aobj: The diode inage is |like a point source. Light enters the
objective at large angles, but only light with small incident angles end
up in t Deuhimitidn@ffiviegyy Part of the light is lost in the sanple plane
(Figure_18b). It is not easy to establish an anal ytical expression for the
i |1 unmi nhighépowes j ci ency, since 20 we are dealing with an extended |ight
source, resu . of f - re
usell ai 1o opbSRifelnCbeed SRt oot EEps Weld Ab@led RRE{ HORSLARCET S, o
at t he(I3R4§0, dolpihainen Shdsana)ar tam@nsticnpsithh ocokledh &1GD cdmdrh¢Pdinaghdn, but t he

actual ampbunts _depends on the confjguration of the optical ¢ onent s.
Since afSEHEC)EiIRE! N%O&mwﬁbhmpgorai%i the fopgelEpPAioR 1s “%F&I%g%%@?% c
ray-trags o lﬁ%ﬁﬁﬁ%hfcﬁ@ifﬁ%étsqﬁé’ﬁtﬁgfg%t bt PlofiisCit oftBneECDrdglRey of the

illum nation. e source was nodeled™as a cirtcular disk wwth a di aneter of

2mm ( eqSpécttadlivdg Of a rkdve lsop mees estiltfer cahibratige € theswavetength scake. area and in
every direction. To cal cul ate the. efficiency, | ar.ge nber of .ra
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coul d pass through. 21 JUNE 2006 WO 03/069421 PCTI USO3/ 04468 31 The

ef fi ci ehitds, Ulvststhef, i(LH@chaxs alrhest therdage spéctradpharadtettisticeadhisguggrstsdhatpl e pl ane

divi ded af%l)fough the LEDs were obtained from different companies, both contain the similar diodes.

Visual inspection by microscopy supports this speculation: both diodes are identical in

20  structure and shape. A spectral blue-shift from 470nm to 467nm as well as a broadening of
the spectra is observed at increasing driving currents. This can be attributed to band filling of
localized states in the GaN material.

Illumination model

A schematic representation of the illumination optical pathways is shown in Figure

25 17. The epoxy lens in front of the diode collimates the light emitted by the diode chip. This
results in a beam with an emission angle of 15°. A condenser lens (f£=27mm, @ 30mm)
creates an image of the light-emitting area of the diode at the back focal plane of a 10x
objective with an entrance pupil as; of Smm, which results in a parallel beam illumination of
the sample plane. The distance between the diode and the epoxy lens is less than the focal

30  distance of this lens, resulting in a magnified virtual image of the diode in front of the epoxy
lens. Since the diode and epoxy lens are fixed in the LED housing, one can treat the
magnified and virtual image of the diode as the source object in the rest of this analysis. The

object distance of the next lens, the condenser lens, can be written as:
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of the algorithm is shown in Figure 19 where both the obst ruét & B¢s and
t he rays woaackésngl t he sanple plane are shown. It was obsecvamos/odbs gure 19
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det ection, enufmppatd olf,,.@nd reporting) is functioning properly.
Furthernore, these cartridges will be very useful for quality control and
inittal calibrations during instrunment production. A description of various
experi i [V . per f t-0~0nt 40 ze Qar 20 G cterize
Tho systaniops dieahE s MR 6. e SMRE B0k} 1B AR e i CPERD' T
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t he perfl9hiRNTRe GfilytgacarhdtBide bRRALHYS iwhilstalo@sdriin Memdesdoud @thninatidads pr evi ous
section_was tested and found to be highly effective. The experinents
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of e S I i T | trgrol 1, 1 scope or
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pr edi ct stuisions ben Beodibtnguiheéxper i ment was done. A 30 phot odi ode was pl aced
in front of the objective, at the sanple plane. A diaphragmrestricted the

iI'lum nat area on_the photodiode to a disk wth a diageter of 1.6 The
LED and !t H2B" €BAden ‘SPE%%“%Erl%mb‘Flégaé%erit e PRYFRGE PBB%P%glﬁ‘rOgﬁCBH%?H 0
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objective, and the size o IS I mge was varie rom -al no pi n- poi nt

source to 25ononfiiRd withig tiR00Gd WOVRS/ (6®REr,RaT dIF0Slight 468 tuBlY 138ten fresudft of

t he experinent i.s presented.in Figure wher he curve obtained from the
! %ed@?cglﬁﬁa?%s@ﬁmngﬁ IW@}%(%W@FF - experimental data. As was

r ay-f raci ng
predi ct ed BB’ << a,,: The diode image is like a point source. Light enters the objective at large

angles, but only light with small incident angles end up in the field of view. Part of
the light is lost in the sample plane (Figure 18b).
It is not easy to establish an analytical expression for the illumination efficiency, since
20  we are dealing with an extended light source, resulting in off-axis rays. Also, different
aperture stops are used at the epoxy lens, the objective entrance pupil and the field of view at
the sample plane. These aperture stops block part of the light, but the actual amounts
depends on the configuration of the optical components.
Since an analytical solution is difficult to obtain, a basic geometric ray-tracing
25  algorithm was developed to predict the efficiency of the illumination. The source was
modeled as a circular disk with a diameter of 2mm (equal to VV?). The source emits
homogeneously over its area and in every direction. To calculate the efficiency, a large
number of rays originating from the source were traced through the optical system, and at

every aperture stop it was checked whether the rays were obstructed or could pass through.
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Canera It is desirable to determne ‘the relationshi etween the input
si ghal oistrumenicanbedestéd . enspheadnsystenoiluhimat empipéicy dgiselior sdumeratiout put

signal (intensity.level i.n the 8-bit .i mage If 30.this.relationship is
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in the gadmy eomasadd atibiAliBRASHN @dingTheRshdny pffdubtien.pi Xel s in the digital
image. I'n case of a Ilinear canera response, the intensity |level of a pixel

in the imge can be described by: 21 JUNE 2006 WO 03/069421 PCTI US03/ 04468

33 pixel (P, ;). .= i + +C + (L) i ' t he
canbi a, . Poi & S 3lring ol o b BB orfiBa | iR
i nt egr athaictédizethe Bystént BRtedsiiK exgpbrngiits and héstiktmenBadgucamedsat ®nd n i s

shot noise, a function of o . i X .
determine the spectral characteristics of the light source, the optimal method of illumination
and the performance of CCD cameras. Furthermore, the performance of the image analysis
algorithms described in the previous section was tested and found to be highly effective. The
experiments described in the following examples are used to illustrate the capabilities of the

25  present invention. They are not intended to limit the scope or use.

Example 1
System Characterization
To evaluate the theoretical predictions, the following experiment was done. A
30 photodiode was placed in front of the objective, at the sample plane. A diaphragm restricted
the illuminated area on the photodiode to a disk with a diameter of 1.6 mm. The LED and the
condenser lens were placed in different configurations, so that an image of the diode chip was
created at the back focal plane of the objective, and the size of this image was varied from

almost a pin-point source to 25mm.
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The dark current and 5 readout noise paraneters are easily def I’lfHE%g by
coveri ng wbe3pesser a aperture and neasuring the average oRCpuiSozigosml of
all the pixels of the CCD. The relati®@nship between b and t is presented
in Figure 21. The dark noi se variance orb is also shown in the figure. It
i s obser vedThe aisuFiof theeexpdrimbuatis pleseraskimdjgud@20kwlne therturvecits@nédefrein
increased linearly with th inteqﬁati. n time, as is expected far t her mal

noi se, HNdANTHECTAA algoridup Is heamigeThe WidhsFrpraneual dag- ofs PARPTE Y From
the figyfeRimiar Aﬁlfgpthﬁﬁ VRRAPRIBER fof e $relof the findbet thebhabl (RAEpIAIHf AL

integration tines |longer than 20sec, the canera was saturated by noise. The
st andar theddydctive.obhof$haphef therdarcuneseantilesibe sudtongxepbcice dy the dgorghfunct i on

of the squa oot aof 15 e integration ti sin the distribution of
Cherhal SUFRLPF HREE rauss SIPTe iheisr i Buatinaah e ifgienty & THOMA o 21
unexpectreidintayShone desalt D kg abith st thé fRaenEntREHRY iPhhombLerlcbfs arieRamdency on
the integratiion time was found to be rather linear. The reason for this

f i ndi nginsieadraf hemogrneews andmtitculagy The raseliceflingl theymeddhend Hisiexpersmentegeeei n

t he cangr r electronics. . The standard deviation decreases, a >20 see,
ngai - aneteCu b RE RS Epal % B BB S VETrPRE BT Kyloihe ecei on
i s obt apmeshetedd) vl =3168Im andb,il.520 88%ind, 3the physidel difdEhsieng dfahggdtiup
paranmeter A, we needed to nmeasure the canera response to a_ known i nput

si ghal . allew these parpmetess, §a ey veere ghesen lin exleplp ditaineptimat dsiipafionr py

exposur I . we could derive A by estimating the slope of the
resulti%@%g%au t-l1ine curve. The standard |ight source of the set-up, a
bl ue LED, wa¥hesegdnifageneftatepaenl syyierh isdageralinddbyt neaghgpmecalibraton grid.
acconplish this, the D canmera was placed in the sanple plane _directly in
front off ﬁ? P@m%}fé& gvcg%(%im&v@ utlee Igeﬁ .O?T’ﬁé*’ M@ﬁrgﬁqfen@émm WA-ES%}]%I}% | ed
by varyi g V) t i 4 t he
i vi o iecege s WP SEBRER hére  siRIciR SRRl PTRE BB AGER

03/ 0594 albnPCThéJBME /a0ebd@Bhe Sdnplhplanatiplt & qntmeedinsthe ahager iat0ed thinf.st usi ng a

silicon photodi ode with known responsivity that was placed directly in

f ront ph’—&@m. Once this relationship was established, the pixel
intensity i npilemn@dabbiRg ¥é"ﬁﬁh€%_§1§ eQAuR3 a%afcld%\%hh@gi_gﬁ{ﬂ ihhBe Caw aferhover
of the LED light. Gey filters with a knowm attenuation factor were used

to attedbistséenahés ddpghddnt fondhe sameple EDlung thiat & luminaéeselys theyLEID apd elserwast he
canera fro etting sat,urated, To confi t he ass tion .that .the.c ra
carey KO Ahinene GO St piohefeR ' of el fiufit ot ofinit 86 shdSubR ! o,
(AG Wesluteedr aSampRaTOR daddoh 6RE86ledodl, Foeixaipld, AtHdihebiaaBe tWafB8dedThe
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to a final concentration of SpuM and the sample was placed in a wedge-shaped chamber. This

chamber was imaged at different positions, and the average intensities of the resulting images

were measured. The background signal was found to increase with depth to a depth of 4 to

Smm. At larger chamber depths, the background signal remained constant. This indicates
25  that the measurement depth is about 4mm, which coincidentally is the same as the depth of

the standard chambers that is normally used.

Camera

It is desirable to determine the relationship between the input signal of the camera (i.e.

photons from the sample plane) and the output signal (intensity level in the 8-bit image). If
30  this relationship is known, we can determine the fluorescence intensity of, for instance, cells

in the sample based on the measured intensity of the pixels in the digital image. In case of a

linear camera response, the intensity level of a pixel in the image can be described by:



(4.7 x 1014 P ixel + 8.1)t + 4.5(31) or 1x10 s IPixel -8.1t-

=2 ~Ter WOR3/069416 Si nce the characteristics of the canmer&Cwmiushs/edspect to

the sensitivity and noise are now def3i ned, the paraneters were used to

determ ne the m ninmumradi ant power that is required to yield a detectable

si gnal UnIKPQ)Enagmdrﬂhﬁ+5#@03I-to-noise ratio (SNR) for a m%By pi xel in

the image can be witten as: SNR= Isignal - lag = 4. 7x1014Pt-8

| si ~aar +620ise 4.7 x 1014Pt+(3.8t+0.8)2 20 (33) A single pixel in the

I mge receives light from1l. 7 in sanmpl e pl an so .t hat t
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and the power density as: 21 JUNE 2006 WO 03/ 069421 PCTI US037 04468 35 SNR
= 8x102Me-ifteptatidn fime. The unit of pixel intensity is DN (digital number). The dark current and

| i near rel ationship. The canera response can be witten as: 1%1' i\y;\ﬁ" =
§H1E 32) P

5  readout noise parameters are easily determined by covering the camera aperture and
measuring the average output signal of all the pixels of the CCD. The relationship between b
and t is presented in Figure 21. The dark noise variance 0y is also shown in the figure. It is
observed from Figure 21 that the average dark current noise level increased linearly with the
integration time, as is expected for thermal noise, and has an offset, due to the readout noise

10  of the camera. From the figure we derive the parameters:

b=81 t <20 sec (29)
c=4.5
At integration times longer than 20sec, the camera was saturated by noise. The
standard deviation of the dark current noise is expected to be a function of the square root of
15  the integration time, since the distribution of thermal electrons is a Poisson process.
However, the data in Figure 21 unexpectedly showed a slightly different behavior, and the
dependency on the integration time was found to be rather linear. The reason for this finding
remains unclear, but may it be caused by other noise sources in the camera or electronics.
The standard deviation decreases at t>20 sec, again due to saturation of the camera. For oy,

20 the following expression is obtained:

o,(t)=38t+0.8  £<20sec (30)

To determine the gain parameter A, we needed to measure the camera response to a
known input signal. If the input signal is controlled by either intensity or by exposure time,
25  we could derive A by estimating the slope of the resulting straight-line curve. The standard
light source of the set-up, a blue LED, was used to generate an input signal to the camera. To
accomplish this, the CCD camera was placed in the sample plane directly in front of the
objective (see Figure 22). The radiant power was controlled by varying the driving current to

the LED. The relationship between the driving current and the radiant power of the LED at
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of the rmeal :eru(j—ﬁa.g&‘is_jbj_s'_res[w]t ed in de values: lo = 110, (3&@)= 20, Co
= 50 and”X = 600. The sirul at ed i mges were then analyzed by the I mage
processi ng software. Figure 26 shows the threshold curves for two simulated
cell images: an 30 inmage wi thout cells and one with 600 cells. The

si gnal -t 0- noiSERe A HRrWAGstiOs oSthBchératvdtl REpect RAthe OGRSy A8 n6RB ale
observed in the figure, the shape of the threshold curves of the 21 JUNE
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single pixel in the image can be written as:

VR Lowa Ly 47x10%Pr-81-4.5
Vg + e 47x10% P +(3.8+0.8)°

noise

(33)

20
A single pixel in the image receives light from 1.7 um? in the sample plane, so that the

corresponding power density in the sample plane is:

P

REmIE [W/m?] (34)

25 We can write the relation between the signal-to-noise ratio and the power density as:
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signifiigntlﬁ Eetﬁeen different persons, and in sonme diseases this nunber
can dec CVehcrease dramatical ly. This means that in 21 JUNE 2006 WO
03/ 069421 PCf}, Qgg%%‘lﬁ@optﬁﬁal threshold level, 45 cell images with cell numbers ranging

from 7 cells/image to 1150 cells/image were analyzed and threshold curves were calculated.

15  Three images without cells were also analyzed. The result is presented in Figure 24. In the
figure, the valid threshold level range is indicated. The lower limit is determined by the
position where the zero images do not further contribute to the cell count, while the upper
limit is determined by the shape of the threshold curves, because of their gradual decay. To
control the signal-to-noise ratio in the images and to investigate the effect of the signal-to-

20  noise ratio on the counting accuracy, simulated images were used. The simulated cell images
consist of a known number of cells N with a normal intensity distribution with mean Iy and
standard deviation . The cells are modeled as two-dimensional Gaussians. The images also
have a constant background level Cy, a noise component n and a number of bright isolated
pixels similar the real cell images. A number of cell images were simulated with different

25  signal-to-noise ratios, varying from 1 to 25. Several of the simulated images are presented in
Figure 25 (SNR=3, SNR=10, SNR=20). The image parameters for the simulated images
were derived from the parameters of the real cell images. This resulted in de values: Io= 110,
0 =20, Cy=50 and N = 600. The simulated images were then analyzed by the image
processing software. Figure 26 shows the threshold curves for two simulated cell images: an

30  image without cells and one with 600 cells. The signal-to-noise ratio was 20, similar to the

real images. As can be observed in the figure, the shape of the threshold curves of the
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times (10 seconds each time). After standing for another 30 minutes, 5ul of 3mg/ml acridine

orange was added and the sample was diluted to a final volume of 2ml with Cell Buffer
(Immunicon Corp, comprised of mainly phosphate buffered saline or PBS) and a 320ul
aliquot of the sample was then inserted into the sample chamber. The chamber was capped

25  and immediately placed in the magnetic chamber holder. Three images were made of every
sample.

In an alternative mode, the sample chamber would consist of an uncapped cuvet,
bearing optically flat surfaces that can be oriented vertically rather than horizontally for
illumination with a horizontal light beam.

30  Linearity
The number of cells per ul of blood can vary significantly between different persons,

and in some diseases this number can decrease or increase dramatically. This means that in
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20  such a way that along the centerline of the chamber, the cells on a surface segment surface

originate from the fractional chamber volume below that surface segment. It is expected,
however, that there may be some variation in cell densities along the lateral position of the
chamber.
Additionally, there may also be variations when the sample is analyzed at different
25  surface positions or segments or in different types of chambers. In an ideal system, these
variations are subject to Poisson distribution statistics, and the variance will depend on the
number of counted cells. Other factors may also contribute to variations in the cell counts.
The distribution of cells in lateral positions was determined by taking four (partly
overlapping) images at different lateral positions or segments and calculating the moving
30  average of the number of cells. The result is presented in Figure 29. As can be observed
from the figure, there are indeed variations in the cell surface densities depending on the
lateral position on the surface. These variations do not appear to be significant as long as one
measures along the central line of the chamber. The variation in cell density on the surface

along the longitudinal line was also measured, by taking images at different positions along
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PCTI USO8 &nd the number of cells in the images was measured using the cell counting
software. The correlation between the counts on the cell analysis system and the counts on
the haematology analyser was calculated. The correlation between the two systems is
presented in Figure 30. The R* was 0.95 and the regression line had a slope of 0.98 when the
25  number of cells varied in the range of 100 and 15,000 cells/ul. The vertical error bars

represent the measuring errors as discussed in the previous experiment.

Example 3
CD4+ Cell Counting )
30 The number of CD4+ lymphocy;ces in 95% of all normal individuals fall between 355
to 1298cells/pl. In AIDS patients, a CD4 count of 500cells/pul is often used to initiate
antiretroviral therapy, a count of 200 CD4/pl is used to start prophylactic anti-microbial

treatment, a count of 100 CD4/pl is often associated with an increase in opportunistic
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Discrimination between CD4+ monocytes and lymphocytes based on differences in emissions

The CD4 marker is expressed on both monocytes and lymphocytes. Therefore, using

CD4 monoclonal antibodies for magnetic separation will result in the presence of both

20  monocytes and lymphocytes on the chamber surface. To obtain absolute counts of both cell
populations, it is possible to distinguish them on the basis of differences in staining with
acridine orange. Acridine orange, the dye also used in the total leukocyte count, is known to
be metachromatic. The dye shows a large shift in its emission spectrum when bound to
double-stranded (ds) versus single-stranded (ss) nucleic acids (Table 2). Acridine orange

25  binds to ds-nucleic acids by intercalation, and the intercalated form fluoresces green when
excited by blue light. The maximum absorption of acridine orange bound by intercalation to
DNA is at 500 to 506 nm and the emission is at 520 to 524 nm. Interaction of acridine
orange with ss-nucleic acids is a complex, multi-step process initiated by acridine orange
intercalation between neighboring bases, neutralization of the polymer charge by the cationic

30  dye, and subsequent condensation and agglomeration (precipitation; solute-to-solid state
transition) of the product. The absorption spectrum of acridine orange in these precipitated
products is blue-shifted compared to that of the intercalated acridine orange, with maximum

absorption ranging between 426-458nm, depending on the base composition of the nucleic
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CD45 antibody. After the 10 minutes collection inside the magnetic separator, an image of
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the chamber surface was made using a 455df30 band-pass filter. In this image only the
fluorescence of dye conjugated to the DNA content of the cells (which is also used for all
white blood cells) is detected.: Then another image was made using a 640df20 baﬁd—pass

20 filter, which was used to measure the RNA content in the cells. The first image was used to
locate the positions of all the cells, and these positions were stored in computer memory. In
the second image, the average pixel intensity due to the RNA content of the cells at all
positions was measured. Figure 32 shows a scatter plot obtained from a sample of
magnetically labeled CD4+ cells. The DNA content, measured as the average pixel intensity

25  of cells in the image of the green channel, is plotted against the RNA content, measured as

the average pixel intensity in the image of the red channel. Two populations can be
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all thege relations, are near, the.ratip o 1 shoul d renai
i‘lat were present in the Vofume under the 1mag:.3dO surface 8\10\5 prior to collection. Pngure 33

shows a typical time trace obtained in a total white blood cell count together with the result of
15 anon-linear least-square fitting algorithm is shown (dotted line). The average velocity of the
cells was estimated as vq=0.24 mm/sec, the standard deviation 0=0.21 mm/sec and the total
number of cells No=1113. Using this curve-fitting algorithm, it is possible to get an estimate
of the total number (cells/ul), even if not all the cells are sufficiently magnetic to reach the
surface. However, it must be noted that antigen expression (and thus the magnetic moment)
20  may differ for subpopulations of leukocytes and the model may not be strictly applicable to
all leukocyte populations without further refinements. When using monoclonal CD4+
antibodies to label the leukocytes magnetically, both CD4+ monocytes and lymphocytes are
labeled. Since only the CD4+ lymphocyte count is clinically relevant in monitoring the
progression of HIV-infection, methods are needed to distinguish the number of monocytes
25  and lymphocytes in the total CD4+ count. Because the CD4 antigen expression is different
on CD4+ monocytes and lymphocytes, the amount of magnetic labeling will also differ, thus
resulting in a lower magnetic moment and lower mean velocity for the labeled monocytes.
When counting the number of cells as a function of time, the number of monocytes and
lymphocytes can be deduced from the shape of the N(t) curve. The normal antigen density
30  on CD4+ lymphocytes is reported to be 47£14 x10%/cell, and 17+5 x10°/cell on CD4+
monocytes. Assuming that the same percentage of surface antigens on both monocytes and
lymphocytes are occupied and that both have similar weight and shape, the antigen density

can be related to their average collection rate. From earlier experiments, the average rate for



constant. The fitting algorithmis therefore nodified to al so ii}i éing a
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CD4+ | ynphocyNgs, [rom—rbnocyted are enhperdjed bel @) 1. differential

magnetic | oading wth ndgndkic particles of different sizes to enhance the
10 migration rates of CD4+ |ynphocytes; 2. optimzing the gap width in the
magneti c arrangenent and thus the magnetic field strength to increase the
di f f er ent i al Uingdh&gtadar@@viatigtmprmciyéredensity,ahé vtandand desdadayinglse rades iaddi ng
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where ysurfis the size of the chamber, v0 is the mean speed of the cells, ¢0 is the deviation,

20  and erf is the error function. This algorithm is based on the Newton iteration method. In
Figure 35 a (simulated) fit is shown, with vg, v1, oo and o; set as ‘known’, and N1 and N2 to
be estimated. However, in real measurements one cannot assumé that vy and v; are known
accurately, due to dependence of v on the viscosity of the biological sample, differences in
percentage of labeled surface antigens, and differences in the magnetic moment of the

25  magnetic particles. Assuming all these relations are linear, the ratio of vo/v; should remain
constant. The fitting algorithm is therefore modified to also estimating a viscosity constant
Cy, which is placed before vy, vi, 6o and o;. In figures 36, a simulation is shown with all
labeled cells starting at the bottom of the compartment. This can be done by reversing the
magnetic field for a sufficient time period. N1 and N2 can be estimated quite accurately from

30 the figure.



25 light passes through a condenser |ens, a 455DF 70 bandpass-fi“ﬁer and
Is reflected by a 515 DRLP dichroic mrror in the direction 8t 4 éo%arrpl e.
The condeweas/némas focuses the light on the back focal plramarsod/odubse
objective, resulting in parallel illu® nation of the sanmple. A
straightforward way to elimnate nost of the conponents is direct sanple

i | 1 um nat i onWhehepplyirteetht sgh¢ nadf-lihew chisBSittisg diethed; thy rgaudts extwdrabintedtet he

sanpl e. .The 30 pel.fornance . .co red to the evi ous, system can he affected
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Because the light is no longer focused, the illumnnation intensity is
| i mi t edGoyssianefunctionecain b¢ digtiaguistied at Iom; sige velEes,tthefuncior withenpéojedused

NSPB500S, Nichia.Corp., J ). h 1 JUNE 2006 03/069421 .
bCTI US0SPBRAROLE G BEIES By Rt 17 S5 SBE o QUi ST TR FRCensi ¢y
decr easggmintsaBp 26 ueedl(d.5ap@he of the LED axis. Assumng a Gaussian
intensity distribution, the normalized intensi té?di stribution function

1(0) for (Rethpr nsamsi ofghschiyninging(thy clpmiealbigslevint 4o lymphocyies frgmz 2 (39) The
factor gp the total |ight r (P/Ptot) projected onto a surface of size d
(m at g%na?ﬁ%saﬂssn&f?ﬁﬁpeﬂs@%% P- (er f(d In2))2 Poi 2011 2 (40) One can

al so define aifnesmaenaphoticllasding withasagietid H4XERB O] diffesnd pizestofenhamg thde
ratio between the intensity at the center to the intensity at the edge of
thel%urface.mlgrarl&mm%mﬁ@%/tb&nr&wﬁesz) 1 (0 = 0) p( 4/202°) 2 (41)

2. optimizing the gap width in the magnetic arrangement and thus the magnetic field
strength to increase the differential binding of CD4+ lymphocytes relative to
monocytes;

3. adding free CD4 Mab to help inhibit CD4-specific magnetic particles from binding

15 monocytes;

4, introducing non-magnetic beads that are specific for monocytes;

5. altering the antibody density on the magnetic capture particles to favor CD4+
lymphocytes; and

6. using an additional labeled CD45, e.g. anti CD45-fluorescein in combination with

20 CD45 magnetic capture and Acridine orange to enhance lymphocyte detection.

Example 4
Floodlight Direct Illumination
In a previously described embodiment, a LED generates the illumination light. The
25  light passes through a condenser lens, a 455DF 70 bandpass-filter, and is reflected by a 515
DRLP dichroic mirror in the direction of the sample. The condenser lens focuses the light on
the back focal plane of the objective, resulting in parallel illumination of the sample.
A straightforward way to eliminate most of the components is direct sample
illumination, where the light of two LEDs is directly projected onto the sample. The
30  performance compared to the previous system can be affected by a decrease in the intensity
and homogeneity of the illumination, and an increase in the background signal.

Illumination intensity and homogeneity

Because the light is no longer focused, the illumination intensity is limited by the

directivity of the LED. The LED that is currently used (NSPB500S, Nichia Corp., Japan) has



| ncreased background wi thout excitation filter A small porti o:} f the
emtted light of the LED (see figure 2.4) is in the spectral égll”&ﬁ% t he
emtted fwooseedence of acridine orange (AO . Wthout usi RgTAISODM4pRASS
filter, 20 illumnation light will betdetected as a background in the
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field at close range (<1 cm). Therefore, the optiml position is found
enpi fically, at -4mmfromthe surface. Two LEDs were used in this setup,
since this produy a nore honogeneous illum nation than a single LED.

Al'so, 21 39%26%2%23/11@@%@1 PCTI US03/ 04468 45 hi%gjer i 1'1umi nati on
intensity can bg r/gached. gDependi ng on the illum natidn’ required by the
appl i cation, rmr§ LEDs can;be used. To test the perfornmance of both nethods
of illumnation, they were tested using a solution of acridine orange and
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Uni ts aslistaticpUi{mj isom t he CCD canera, as a neasure of intensity, divided by
the electrical energy consunption [DU s/Joule]. Since this value is
depéfdent on the AO concentration in the sanple, it can only be used for
relative coppar,i soaa/hil':hgzm nimumintensity divided by the maxi num
intensity t;p'_at: (%éw in the image, indicated in %4@)4 uorescent sanple).
10 The maxifumintensity of the non-fluorescent sanple, indicated in DU s.
Tabl e 3: perfornmance “f " both types of illum nation

[l um nationEffici encyHonogeneit yBackgr ound

Type( DU s/ dpuka) 4661 BISHOQNM @ Rk 1D B TFRied, /1R, R¥hRgithé monat i on
Direct3.1* 1 0080.5%2 illumnation 15 The results are shown in Table 3

i ndi cat detween thhimtensity of dcyntant the mbeysiziat theadge oftheisigacef or bot h types of
illusination, while the background level is slightly higher (2 DU s

_10=06,,) _ ~d*1n(2)
7= 0=0 ( 41°0,° ) (41)

2

Increased background without excitation filter

A small portion of the emitted light of the LED (see figure 2.4) is in the spectral region of
the emitted fluorescence of acridine orange (AO). Without using a low-pass filter,

20  illumination light will be detected as a background in the fluorescent signal. A long-pass or
band-pass filter (central wavelength 550nm band pass 30nm used in the previous illumination
embodiment) can reduce this background. A 530nm longpass filter was found to be optimal
for the current illumination embodiment.

Implementation and testing

25 The mathematical treatment above assumes a homogeneous illumination field of the
LED, which is not very realistfc; the structure of the LED and the focusing properties of the
epoxy encapsulation produce a very irregular field at close range (<1 cm). Therefore, the
optimal position is found empirically, at ~4mm from the surface. Two LEDs were used in

this setup, since this produces a more homogeneous illumination than a single LED. Also,
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t he deyilbemingtionhi s| Efficésncyon pefiamaegeseisr at i onBaskgerndow ¢ conditions and
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fl uigs, for

e%éu?ts are shown in Table 3 indicate that the efficiency and homogeneity are
similar for both types of illumination, while the background level is slightly higher (2 DU’s
for the tested sample).

Other Embodiments

20 Further examples and applications of the algorithms and methods of this invention
enable accurate cell enumeration, in a compact, rugged and low—cost system that is suitable
for use in poor-resource settings. The performance of the system has been established in a
number of clinically relevant applications including the analysis of blood cells, but numerous
other applications can be envisioned. For example, as has been mentioned before, counting

25  bovine leukocytes in milk (somatic cell count) may be an important application. The analysis
of milk is currently performed by flow cytometry systems, requiring transport of the milk
samples to specialized laboratories, which is both expensive and time consuming. The
analyses described herein can be readily performed on-site, in a field setting, or in a

conventional laboratory.
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could then be added, such as a fluorescent polystyrene bead. As the magnetic particle-
analyte-detectable label complex is magnetically manipulated to the observation surface, the
instrument would be able to detect and enumerate the analyte.

10 The lack of fluidics or pumps, performance in sealed or sealable vessels and the
compactness of the devices of this invention permits operation under low—g conditions and in
confined spaces as prevail in space vessels and other extraterrestrial applications.

The preferred embodiments of the invention which incorporate these improvements,
as described previously have also been found, unexpectedly, to enable the invention to be

15 employed in many fields and applications additional to those cited above.

Other applications

The following lists some of the potential applications of the system.
Research:
e General cell counter of immunological defined subsets in fluids, for example
20 o cell viability,
o CD20,
o B-lymphocytes;
o CD3 T-lymphocytes;
o CD8 Suppressor T-lymphocytes,
25 o CD14 monocytes,
o CD83 dendritic cells
Hematology:
e Leukocyte Count (CD45)
e Granulocyte Count (CD15, monocytes differentiation based on lower antigen density)
30 o Left Shift (immature / mature granulocytes, based on CD64 antigen density)
e  Shift reticulocytes (CD71)
e Progenitor Cell Count (CD34)
e Progenitor Cell Count (CD34)



20 Wil e particul ar enbodi nents of the present invention have ??lﬁ{r% her ei n
illustrated and described, they are not intended to limt t h& 1A% on to
such di scwosswe42Changes and nodifications may be nade tRreraisn3/esaeds t her et o
within the scope of the following claffns. 25 21 JUNE 2006 WD 03/ 069421

PCT/ US03/ 04468 48 What we claimis: 1. A nethod for detecting and

enuner aBlogd bankingyet popul ation within a biol ogi cal specinen, said nethod

conpri si ng: obt ai ni ng, sai d hi.ol pgi cal speci men froma subject; b)

| abel i ng s&i ??W@@F&wgtﬁ?éﬂﬁis‘ﬁ@lwf‘?ﬁl_ %8i d bi ol ogi cal specinmen; ¢)

i sol ating $alpg0%é"ﬁ%l. &di {RhokLe géFilsgp?duggs acquiring an inmage of said
bi ol ogi cal specinen contal ni ng sai abel ed target population; and e)
anal yzi ng saiChrdiceggeulaoddedsect and enunerate said | abel ed target

popul ation. 2. The nethod of C aim 1, wherein nmenbers of said target ,
popuf at i on® caHdivaied ndatelgeqquat (CI302Pyhe et hod of G aim 2, wherein said cells

consi st of, Ci44 ﬁl%liélscell%'ouﬂ_ ﬂﬁk?od of Claiml1, wherein said | abeling step
conprises I nt Foduci ng a non-specific fluorescent dye to said biol ogical
speci me®Rhewtnatodogy: sai d dye | abel s menbers of said target population. 5.
The nethod of Claim4, wherein said dye is selected fromthe group

consi st i ng® ofCellcubgRthi jobt aspy@tesHoechst 33258, and Hoechst 33342. 6. The
met hod of ( gj rein said | abeling step conprises introducing

magneti c ba?%@c%%%svgg%ﬁ Bl e of specifically |abeling nmenbers of said target
popubat i one t Theousypgyant i al exclusion of non-target populations. 7. The
nmet hod of Caim6, wherein said magnetic particles are selected fromthe
group consi dteukecyds / Bpitlietin/aRB @ el pawitiic s@gymf/erimef | ui ds, nmagnetic

m crospheres,_ and. ferr.omagnetjc. dense particles. 8. The nethod of C aim 6,
wher ei n saTdB‘?ﬁ&ﬁ@tCioBmdBtsP‘%t‘ FCe specific for CD4 antigen. 9. The method
of C ai mp@iroMfaskigl:N sai d i solation step conprises magnetically mani pul ating
said nmagnetically | abel ed nenbers of said target population. 10. The net hod
of C ai m 9 \helogical waifesrermggriet i ¢ mani pul ati on results in positioning

me rs of .sgjd target popul ation adjacent to an observation surface. 11.
Thgqﬁet h%ﬁmﬂﬁjfu@‘ai m 10, wherein said observation surface is angled with

respect to, | egkitis in cows (leukocytes in milk)
Outer space programs:
e Clinical analysis
o Environmental analysis
20
While particular embodiments of the present invention have been herein illustrated
and described, they are not intended to limit the invention to such disclosure. Changes and

modifications may be made therein and thereto within the scope of the following claims.

25



to all ow bubbles to float away from said observation surface. _12.. The

nmet hod of Caim1l, wherein said inage acquiring step conpri sed! M%&“a CCD
canmera t ovoapvensel a digital inmage of said biological specipoenSod@u6sThe

met hod of Claim 12, wherein said anal48zi ng step conpri ses one or nore
algorithns to process said digital imge. 21 JUNE 2006 WD 03/ 069421

PCT/ US03/ 04468 49 14. The nethod of daim 13, wherein said one or nore

al gorithns are used to reduce the signal-to-noise ratio, said signals

cor r es P¥RREYRCIEE Sosi ti vel y | abel ed menbers of said target popul ation. 15.

The matlhog Réh&d R %t"e%tin%’%'lgl{ ?ﬁé&h& é)ﬂa‘r:ge? opRitforl RN U0 g REBpESARN] O

detect an enuner ate si sal d 's1 gna I ndi cating the preséence o
posi ti vel said aletdoddomgmisargs of said target popul ation. 16. The net hod of

daiml, g)ﬁhtei.n sai.g bilol.o i cal. sanple i sb.i |l um nated by a nethod
sel ected # e 5316 polegicdl sPEFimy R SOm & B{RI¢GY umi nati on,  di rect

LT um nat ppnabedibistidGarckd ﬁdﬁﬁidﬂi@hivﬁfhﬁ%dﬁﬂégi@@sg&ﬁﬁ%t -field illumnation.
17. The nethod of O aim 16, wherein the source of said illunmination is
sel ect ed €x osnlating saiyt labpled targétpopwigtio; LEDs, | asers, mercury arc |anps, and

quart z- halogen .l.anps. 18. The, nefhod, of Claim1,. .wher.ei i.d i mge

Tepr econtd) ACRAEAR EhorEess B VRoet Secmdt ol S bR Bre ™ O The

met hod of Clbilafién; aMaer ei n anal yzing said portioned i mage conprises
enunerating nenbers of said target popul ation and extrapolating the result
of said keowmalysingisaid image tegrteciand enwperatetspiddabsled wiget apPWpédst nen. 20, The
nmet hod ~of i P AT r risi . [ Wl s capabl e
of bt Aai R D5 eder CABBEE iR e G LB Bon B e BB PRARE C20

speci m3n. TRd mefHod oTel1higd2 ofhectiaisaid2Rlls vhsisebNCH4i-¢elid.cr obeads are specific
for CD14 antigen. 22. The nethod of Claim1, further conprising the step of
addi ng % r £be piethoded Glaig [, yassels spiddebeling stepwermprises inEpdypanmppei-grecii ¢

target po ' ccad ; ' : ' ' r :
by oapec 1 L ErERhe R sa oML climd, BhiBckaei M fibls Bl A%id e n
sai d anti heogitespaagospeci fic for CD4 antigen. 25. An apparatus for
detecting_and en ratin target, popul ation.wi thin a biological ...
speci nen, Tgﬁmﬁ@ﬁg&ﬁﬁﬁm&%wé? lyeay S"'i‘??t‘?‘ﬁr%t L1OHR AR ,gogfcrédlﬂ"eans

for acqui Bf'alﬁge dihd- 838258 )and GG B384y angenent capabl e of receiving a
sanpl e chanb&r containing said

6. The method of Claim 1, wherein said labeling step comprises introducing magnetic
particles capable of specifically labeling members of said target population to the
substantial exclusion of non-target populations.

7. The method of Claim 6, wherein said magnetic particles are selected from the group
consisting of colloidal nanoparticles, ferrofluids, magnetic microspheres, and
ferromagnetic dense particles.

8. The method of Claim 6, wherein said magnetic particles are specific for CD4 antigen.

9. The method of Claim 6, wherein said isolation step comprises magnetically manipulating
said magnetically labeled members of said target population.

10. The method of Claim 9, wherein said magnetic manipulation results in positioning
members of said target population adjacent to an observation surface.

11. The method of Claim 10, wherein said observation surface is angled with respect to level
to allow bubbles to float away from said observation surface.

12. The method of Claim 1, wherein said image acquiring step comprises using a CCD
camera to capture a digital image of said biological specimen.

13. The method of Claim 12, wherein said analyzing step comprises one or more algorithms

to process said digital image.



bi ol ogi cal speci nen, said magnet arrangenent further being ca ?il §(£§
allowi ng said sanple chanber to be illum nated and i naged,; d)l‘)! "%rz essor
for perfowoioagewaze or nore anal ytical algorithnms on said iPoagspi/eneds e) an
out put nmeans for displaying results. €1 JUNE 2006 WD 03/ 069421

PCT/ US03/ 04468 50 26. The apparatus of Caim25, wherein said illumnation
means i1l ThenwthotorfeClhingh3, velmreihisaid ondioodese alg@rithﬁts@rapwdrtamsﬂm@fhea ai m 26,
wher ei n saldllght em.tti gdl des emt.at, a centr veI E ﬁfl 470nm
26 The apsar ey issHats. s et gobrearncu tg PoRGyey A R by

sel ected ftdgfggp bPBlatigh.oUp consisting of a digital camera and a CCD caner a.
29. The app s of Claim25, wherein said sanple chanber has a

t r ansparsefhe mmlmd/faﬁ(ﬂalm 1%,1}1711163[@19 said@ne Phancap plgpathioes as¢ uEddp deted, angdher ei n

said nagnet arr I, S. coy .e of 05|t|on| ap&er in a
r epeat abl gnurﬁ?:r("}%‘rsg%”@ 8%19151188 cat]’flﬁ SISPISFSYE § uggos%t?\%lgla%%ggmee Er ein said
magneti c §515Qﬁg@tr@?mahbﬁnsports magnetically responsive nenbers of said
target population to said observation surface. 32. The apparatus _ of Caim

29, whelteThe saitlpdsefifplaim éh%{hﬁém seisl hiplgeical samme sdBpainataddy apethodt o al | ow
bubbl to fl X
dgt e C,? ;s n go%}ﬁ%}&gﬁfﬁ%w?%@mu BoR st%&«?fs &Y 1ﬁfnln§) tl%Hr(il Fﬂluiﬁ%?to bﬁln@] speci men,
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represent the entire biological specimen.

20. The method of Claim 1, further comprising the step of adding microbeads capable of
binding to non-target population entities present in said biological specimen.

21. The method of Claim 20, wherein said microbeads are specific for CD14 antigen.

22. The method of Claim 1, further comprising the step of adding free biospecific ligands that
are specific for members of said target population.

23. The method of Claim 22, wherein said free biospecific ligands are antibodies.

24. The method of Claim 23, wherein said antibodies are specific for CD4 antigen.

25. An apparatus for detecting and enumerating a target population within a biological

specimen, said apparatus comprising:

a) an illumination means;

b) ameans for acquiring an image;

¢) amagnet arrangement capable of receiving a sample chamber containing said
biological specimen, said magnet arrangement further being capable of allowing said
sample chamber to be illuminated and imaged;

d) aprocessor for performing one or more analytical algorithms on said image; and

e) an output means for displaying results.
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kit comprising

a) magnetic particles;

b) a non-specific fluorescent dye;

c) sample chambers; and

d) one or more suitable biological buffers.

34. The kit of Claim 33, wherein said magnetic particles are selected from the group
consisting of colloidal nanoparticles, ferrofluids, magnetic microspheres, and
ferromagnetic dense particles.

35. The kit of Claim 33, wherein said magnetic particles are capable of specifically binding
members of said target population.

36. The kit of Claim 35, wherein said magnetic particles are specific for CD4 antigen.

37. The kit of Claim 33, wherein one or more reagents are in a lyophilized form.

38. The kit of Claim 37, wherein said lyophilized reagents are contained within said sample
chamber.

39. The kit of Claim 33, wherein one or more reagents are in tablet form.

40. The kit of Claim 33, wherein said sample chamber has a transparent observation surface.

41. The kit of Claim 33, wherein said sample chamber is used as a collection device for said

biological specimen.
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52. The algorithmof Caim51, wherein step c) conprises: a) nmeasuring the
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wherein said threshol i's Iess t of a target entity.
53. The alcgBH$tIgAIGFrigingopanse, H Téﬁﬁ‘g%e%@ P%§3§§2 said digital image
| s pre-ij iRnethiQainl 35 RARS dolifpridin grﬁbr&bea&cuaﬁm 8} bdind4e néfiargétgor i t hm

of daim51, whereln said targe ities are selected fromthe group
consi sti n@opﬁlaﬁd)mmtftms@nttsblyt 1habldllmiogleallsgetam¢nf | uorescently | abel ed beads.

55. A dfor nal abI e fro n. H osi.tive patient

conpri m‘“ﬁ‘ kéto %éc‘?’n%éelﬂlsﬁ de’fog’gEisaﬁrﬁs%eﬁf&eﬁ?f bﬁsr}taoan Y8npl e chanber
b) non- @p%efm@&*dwmh 3D &Rt &)ﬁ{ﬂrﬁm Mreedi6hpbbifie tighad¥rha: A bfecHic fotior escent
cell dye: ~c) inmunonagneti cal ge l'ing + | eukocytes present in said
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48. The kit of Claim 33, further including a calibration chamber, said calibration chamber
comprising a normal sample chamber containing a known amount of fluorescent beads.

49, The kit of Claim 48, wherein said beads are embedded in a polymer matrix.

50. An portable apparatus for performing low-cost, remote cell analysis, said apparatus
comprising:

a) an illumination means;

b) a means for acquiring an image;

c) amagnet arrangement capable of receiving a sample chamber containing said
biological specimen, said magnet arrangement further being capable of allowing said
sample chamber to be illuminated and imaged;

d) aprocessor for performing one or more analytical algorithms on said image;

e) an output means for displaying results; and

f) arechargeable battery.

51. An algorithm for image analysis of target entities, comprising:
a) acquiring a digital image;
b) performing a template matching step on one or more regions of said digital image,
said template matching comprising:
i) converting said region of said digital image to a pattern;
ii) comparing the pattern of one region of said digital image to a template of a known
object, wherein said known object is selected to resemble said target entity; and
iii) counting the number of events where said region pattern is within a threshold of
matching said known object template;

c) determining if neighboring events are from the same target entity; and
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d) reporting the number of target entities.

The algorithm of Claim 51, wherein step ¢) comprises:

a) measuring the distance between said events; and

b) comparing the distance to a threshold, wherein said threshold is less than the typical
size of a target entity.

The algorithm of Claim 51, wherein before step b), said digital image is pre-filtered to

increase the signal-to-noise ratio.

The algorithm of Claim 51, wherein said target entities are selected from the group

consisting of fluorescently labeled cells and fluorescently labeled beads.

A method for analyzing a blood sample from an HIV positive patient comprising:

a) introducing blood from said patient into a sample chamber; |

b) non-specifically labeling cells in said blood sample with a fluorescent cell dye;

¢) immunomagnetically labeling CD4+ leukocytes present in said blood sample;

d) magnetically manipulating said immunomagnetically labeled CD4+ cells towards an
observation surface of said sample chamber;

e) acquiring an image of said blood sample; and

f) analyzing said image to detect and enumerate said CD4+ cell population.





