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The enumeration of absolute levels of cells and their subsets in body fluids is of
primary importance in determining the state of health of human beings and mammals in
20 general. The primary analytical platform for performing such analyses is flow cytometry in
which the specimen is either injected directly or after prior enrichment in rare cell analysis.
Flow cytometry and similar complex analytical systems remain largely inaccessible for
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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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
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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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deﬂ%ed herein. Furthermore, none appear to be portable or high throughput devices. These

instruments are designed to rely on a desktop computer to control the microscope and
camera, and to perform image analysis algorithms. The present invention overcomes many of
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



WO 03/ 069421 PCT/ US03/04468 5 gradient that selectively causes the
magnetically | abeled cells to nove towards the upper observation surface
of the chapiwawes4The target cells are collected and i mobi PCTA$03/04468
substantially uniformy on the opticably transparent surface of the
chanber. A segnent of this surface and the | abeled target cells thereon
are il |guadierdtten sbigctinsineausés thasnagnetinstle lateisdsoells tgymove iavardsihe dppdes) .

Subsequent | the.li emtied i_ndi vi;dual aptured by
a CCD (Oi’ﬁgyééoncsélﬂ%f:%aplﬁfg&%@??n !@%éﬁrg?‘ r?&%l%a%ccé@?‘ét?&%%‘ﬁ%%‘gg%‘f processi ng
et hodsybstaithlighaaoihinen the BpedalyGahbparés vinged dfake inthesy Atsegmenst ofi scl osed
herein, are used to count the nunber of captured light-emtting cells. The

dat a oubisgurface anddhe labplad targetrellntherepngea illvarinaieq by megncoinneos moge LER:

saml e j.n, th I i . . i s i Fer e
e S

i nmu nOf‘ﬁlgigsrl@CDC(ghzirge balqﬂé@dbﬁ?)] Blok¢ldmage Mt%mliﬂ’tidﬁi methodgmpd@stingmet®ds,he
upper gl ass observation surface of. a sanpl e chanber of a defjned i ght.
The sysepigosims SP%ﬁ%WISeégoréLus SESteR&S éﬁPﬂ’é‘gﬁ) heremy HEdseto %HHQ face

of a def] k-DRe gh Lie
obser vg{%ﬁg ngaﬁglﬁegglgﬁf%%ﬂvﬁ?é]%ﬁg' gg?lt}?rt% r&? F@gﬁmwﬁﬁ%el%ﬁ(gtcgﬂg@?%gggrce e%)(%rr act ed
15 can therdlgtesfithé semablandtht khamberbard Wiimatdlly to the esgimtl secinimm. obser vat i on

surface can be dié(%étl%{ converted to.the absol.ute nui%ger f cells in the
samdl e. Bri &Pn§embiimsht qfifhe Bresenf NP RISIRIEGHAERPOWANMOL per f or med as

foll Owsi%nrfﬁmoﬁ?a %t?cgfl?%’ﬂe‘f@@li &lls B3R YRHOE blddesahipid t’&‘&%\%%s: tB@hfperiglaed how many

cells of a speci ype are present is acquired. uorescent probe that

| abel s dhistrveedd surface af b saepleshaoberaif pidefinedodightc The sustew dopnts e wuplste i s

added tq. the sanple.. | no net.ic particles |abele i th Loentity

t hat di@&FﬁﬁPW&%é’ntﬂPﬁ ggm%‘&agg‘??}b@a‘? P0 mdtipied g, Pios ﬂﬂe?ﬂ%aghg §%€’F§E%I%ﬂééradded
to the §RAMPLof thebbservABAIrEHI6n ERKnbAMEhBNBESnd RothRehiChiRtcens areRatrheed used
for analysis, or is transferred to such cuvet or chanber after sufficient

tine i scaalbedigtetminedpad the nuseber of a¢llsinregnt attike ehppotation suidengrage be diegilyaced
bet ween_t wo dge- shaped. magnet hat., a signed such that all 25
magnet i%oglvlf?/&ftgg@? g%sogug? f““slmﬁ%'\?efsc{ﬂttl)s ]tnﬁ}e’e %agnpéeig observation surface. The

fl uorescent BAbRY), ons of GRASEIY Hethdd emBbdients nBXsd feefbriyd anfdllclsamd t he
fluorescence emtted by the cells at the viewi ng surface is sufficient

that t HempiRITomovkiFh eaf weulddikere invgstigatq if agd PﬁWtIW_@YI o5 6 & BRRCEICHIPE B & CCD
caner a bﬁ,%;c}gt al a%aﬁilrﬁ? R f%?lélelfs&&q @egagag RS gt b Yo\ BRUAB hALIGIceach of

the o S or ce éra al'gorithmis programed-onto an
enbeddestipiobhe sanpleiinadded t8theGeRpteafamnoriagattiopartities kbtled evithrat logeity

mcroliter_ of sanple . are displayed on a LCD. The ce are counte ased
on { hei MariEFGBERERTES P4l RS Tof fPeraele Hh@gﬁmﬂﬂtaﬁ%aé%ﬁéﬁ &W&W@P@- /@ﬂP

excit at,Af:dol hELS ' WSSl O { Onm

t hat matltal gﬂﬂ%%ﬂg%%y%%ﬁgrﬁ speg?élﬁcrlﬁggl? grt %H? {;ku%rm s%éﬁ{lls @gééfleﬂéarﬁis equn' tted
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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
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DRAW NGRe1id! (eiiE ods pre¢lIeABihirEsoufRlRoe dbwdittiens of optical and illum nation
arrangenents. In (A), light froman LED is focused on the sanple through a

condtenser, altgeto xfurfdersteodsanshappeeciars! thatthessj disaovenes, mrpcepiggaceorith the

fl uorescence of th |ls,.is oj ect ed,.on tur ra. In
(B " ¢ hERRRE ors oty SRyt o Rk ity Al DR ARRtees Bt ciepphaly 2o
2: (A Meeyak bed slpadileid thitinkbe eNaIBRIA Byone-ofdndinarydkilE@tthesrt, ahidehus
conponent of the gradient is negligible. (B) Magnetically | abeled white

bl ood catelnot by Waspinended fobe Heitegaiihe scopppf BieunyeRben) agcordmeby. 888! cel | s
nove dowp I 0 I -
Funct | ofbrisang ad et Drug iR WIREE plectifiut Pl sillfs BHBL SRR AR, |
sl ope ofolldwEng detudsl despripiiarn) tepetiiee wathehagspeadéd cluimhsoci ty: a.  Const ant
average cell velocity of 0.02 mmisec, different values of a. b. D fferent
average cell velocities, for a constant or of 0.02 mi sec.

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.



WO 03/ 069421 PCT/ US03/ 04468 7 FIGURE 4: Enlarged views of typical cell
images and their intensity profiles. Based on these images, it is assuned
that a ceWb osaep4be nodel ed as a two di mensi onal Gaussi an PEEIUSO3/GH4EIRE 5:
Threshol d | evel curves fromthree cell inmages obtained fromthe canera.
The counted nunber of cells depends strongly on the chosen threshold |evel.

5 FI GURE 6: EIGYREskcEnlarged viewseofriymiealicell emagesmpil sheir intonsiy profifes. Basegl at e

has zerq_.average. Fl GQRE 7- 0 seGti t id. .

0, vi Co S st 3abingdd ot 5 AETP R byt ol B BTE P ot s
of infinite FIGEREN:STBshold kel dutvdseias shrod cdlhigndges bithinke fipheghe cadsraa
function of the filter wwdth. This error is negligible 10 for |arger

val ues &he ppunted peBberid gelldepspdssstipnakyron the clpsga dirgshoidlevel at j vel y snal |

f : > 3 ' t - ' ' £,

Wi t hg ;(h)é) fil e?%@%és'%%)".f Q{ﬁ ‘%&ﬁ%\@#ﬁfé&%ﬁ&tﬂgﬁe@ %&?lialstzgs )c/))n
Gaussi aaveshigd. e noi se. The filter suppresses 15 the noise significantly.

FI GURE 11: Li race froma typical cell | e hefore and after filtering.
The _constanh: ?(ggi{@giogms‘ﬁ%@’é’?w@%@%F@g@é@’gﬁaﬁp{i@’)?@ﬁll s are enhanced.
Negative val F?G[J@Ee&s?ﬁmgée’cfolnzﬁf& é‘y ithRluk to AR riiniftthRe | £hd evel

curves of three typica I mages. (a). Before 20 filtering. “The nunber
of countledinents afshsfitarighylate pea dewxtionnf thedilchvsdth. This eshoilsdeglegible. (b) .

After filtering. The. filter elongates the plateau of the threshol urves,
mkihg for et Bitugyot Wt sifa St B Senuicer e St Berbltely Svel g
i mages. >k GURE 13: Line trace froma typical cell imge at different

filtering steps. The Laplacian pre-filter strongly enhances the cells in
t he i mage an&IGH&E it Besdt dfithe eanvelwion of thessigmb f(xfye widi the filtey iRt 4:
Threshoi1 l.evel curve after application of the Laplacian pre-filter and

t he mat “filter. The effect of the filters is a | onger horizontal

pl at eau, whi GIGUREEH):t Tig: efft6f the diliRl 80 Gahdiianveliive g The fiftki@dpbrebSes Bl ock
di agram of the conplete counting algorithm 30 FIGURE 16: Cell i mages at

di f fer efhte npisggegnifeantlye i mage- processing algorithm (a) Oiginal cell
e () Mt oLl Bl R ol PR 1 (0
constant background level is suppressed and the cells are enhanced. Negative values are set to
zero in the image. (

FIGURE 12: Threshold level curves 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.



8 FIGURE 17: Schematic representation of the optical system The LED chip
W' ,as seen fromthe epoxy lens, is inaged at the back focal plane of a

| Ox obj ecwDwa/o6xesul ting in a parallel beamill um nati onPpefi/uSh&0aespl e
plane. FIGURE 18: Two limting situatBons for the size of BB. (a) BB is
much larger 5 than the entrance pupil of the objective. (note: incident
angl es are $HiGURRDG Sbl@ﬁMaticsepremntati«mtﬁﬂnbeomihel wystemaride Ipﬁlbic]n)) VYhds BB is

very snal | uItln |nalar m st at the
voro o Ben e TReeae dead i mged FiuhS BRI e St A oz titiet Bl | hese
two i it 1RObERN HiundiRRon ﬁtﬁ'yﬁ%lﬂ@ laesual i zation of the geonetric

ray-tracing algorithm The red rays are 10 obstructed rays, the green rays
remai n WI t hiFIGURE 18:eToodimiting witeationk éorgherpireohBBhe(a) TR is rn@lchtlﬁtrgér nunber

of rLays ss thrqu d |l um_nat pey (1 mage
not to ﬁg)egﬁﬁcﬁﬁﬁﬁl gr}‘eég% ?VE’EEH }f ”&Cé{leis&?gl%%rer%’la d%g%t S8 ®ini nat i on
ef fi ci egddd theleflardce JubR). (@@B@ fig Qe sh@llf RYultn@ 6 HGr@ 1gah dlbmtefr hel

experinental values are in good agreenent with the 15 val ues predl cted by

t he al dight isHest aFthelsrmpieiplang dynagpéimed Vakse dprdB B Bifeihededromaathicsnbedeethe dar k
current i fr. nmera. At longer integration tinmes the camera gets
sat uratﬂé t%ﬁagﬂ&g%%g&fng%al i brate the output signal fromthe LED, the

phot odi ode VRGURRICed Vidualikdidnd i @oﬁ{emi@ragﬁchcﬁdgalg@ﬁh@nlrh@mdeayms
measured for different LED drivjng currents. = 20 To nmeasure the_canera

r esifonbstracted EyRiBasTecErRYSiTgHam Withia tscield gfuiew didke mplenlaps Thehe sanpl e

pl ane DRAGUE &Hﬂg nati ons
of theaf?%%lgg?%@‘%;&??%@h élrsl%{h:r pctgv}(\r/e gn5| t\iI ﬁlﬂ gﬂl&@gguﬁ écertal n
si gnal -ﬂo@tmmalaag ratio. FIGURE 24: Threshold | evel curves of 45 cell imges,

including 3 25 Based on these rves av I| reshol d
| evel int er\ll:alﬁbg@ %ég% @Gn%ifﬁﬁll‘%% fg@%“@%‘ﬂ BF natiqg, tgtﬂﬁ Gt ed
cell i r@%ﬁoffﬂtwmg' t&&ﬂge@goﬁﬂhﬁﬁ%e Efepé}ﬁﬁé@alrvamegﬁre(ﬁ@&d ag&%erﬁéhtwme;gg to

investigate the effect of "SNR rati os on the counting accuracy. (a)
(b)1s SNRhﬂe@md;ht@@byﬂWg@thﬁl GURE 26: Threshold | evel curves of two

sinmul ated i te the resenbl anc 0 .bet we se curves

curvee obt ai AT O fiYEBE AFIF ARy a8 < PgaRe Shie Bt seE B Aotys SR te'®

per centagrrfAtd8 der GRUALIADLASs helcHmetd Qs Qturbfed. si gnal -t o- noise ratio of

the sinul ated |rr1§1]:9t2:El At the average signal-to-noise ratio in the real cell
e

i mges ( SNFEZY Toarkbratedhe antput signal dfonaherldi.rthe phofodioge wes pla¢d9421

PCT/ USO3/ 194§€:1§I§3p16 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%.



9 FI GURE 28: Counted nunber of cells vs. expected nunber of cells. The
systemis linear up to about 1500 cells/image (sl ope=0.98, R2=0.99). At

hi gher ceWbodeemieties the cell count is underestinmated bpcrhsoygsstem The
error increases at |lower cell densiti®&s due to the |ow sanple size. 5

FI GURE 29: Nunber of cells/image at different lateral positions of the
chanber surFHEEREAR: tCuanedgmsnbef of tedls vur dxpeeed hembed df cdBn sThesydteor Bases.

The nmagpets are desigpned . jn su a t half between. t he nagnets
the cel IEBUREo FROHDSH0 %E@%ﬁ%&%e@@% 1%%:30-%95r Aeighep fetl detigin the e
absol ut gy e E'ﬂﬂﬁ)éfe@tirﬁ@%ﬂtg?l%ﬁé YRR L Tk B GaseS ¥PIbRRH B1PadRRie PSR hE )

hemat ol ogy anal yzer. ope ‘of 0.97 wt . was found for 10 cell
count s lomngpinmpge $icem 100 cel I s/1 to 16,000 cells/|I. FIGJURE 31: Correl ation

of the CM c n the.i i ng syst.em t he rese i hvention and
{1 ovt eyt omet PEUBAY S bt o6 T rotage it el s Biod B e EDep

Scat t er gpkRb. Ak (HRNAIZELHH BB burfReIHS cdINVEnSRPHERbasks) TIR) higRePAEt AbGenad ihh
CD4- 1 abel ed magnetic particles. Two different clusters represent CD4+

| ynphocsuchs: wapthathalbreydyetween the agreetg the cEilipountrigawsbiccurée. nunber of cell's

in the inmage ot al it | 0 el Th g dto
the data whi EL@%EL?IR)‘E e@orfemﬂg)ﬁ’ 5\8‘3?63‘3 ¢ eokmggqﬂgécl}??/ccﬁl\}lggg&fﬁxﬁieﬁ}ﬂ Sag%:n ith a
st andar glysgiy had iheSyehe2®HRmdblawindmbeet. & siapeet 0.97 aitalR’ef 0P whi FdimdHoEURE

34: N(t) of nonocytes and |ynphocytes for a_honbgeneous distribution. 20
Nno#tyt edll equpifyrbgipg Eons by C%ﬂ%&%@@@@% sec; N ynphocytes 0.06nmi sec

(a) 6nonocyt 0 =0 ( Q%rgflt £

6nonocyt esO. 8@9@?@2 %ﬁgﬁ@%ﬁ%@?ﬁuﬁﬂgﬁ{%ﬁ&an ?I%{Iﬁ)ﬁfggﬁﬁ ?%Steé? Ot;r%lﬁocyt es and
| ynphocypieesnt firendom amdewegtidndtis hiidlyuid nging thaBIN Teydoest@SBtendl ynphocyt es
600 Vnonocytes Q. O7/mmi sec, 25 N hocytes O 2mm sec. (a) rmnocytdes,

=0. oozt secFIGVRERHo Sreter plggd N ppn %Yréwtfé%@@m s separdted with

6mD“OCy@%QaQéEﬁé%ﬁtﬁ%&%w&‘ﬁﬁkr&ﬂ@l (4 %e{gfé%eﬁfcmw&t@@%d

| ynphocytes, w starting at the bottom of tHhe ‘chanber.
Nnoniicy head@es. Nl ynphocyt es 600 Vnonocytes 0. 07mi sec,

Vi h . 30 G Q. mm SeC, )
G ee BIGHB RS dific e s RpIect) el PeImres it adelrl Bhise Bt sec vo
03/ 069423 BCH UBRSHAAAS s TR e BIEHGER B M Fy o FHERRIGED

vo=0.24 mm/sec with a standard deviation of 6=0.21 mm/sec for a cell total of Ng=1113.

FIGURE 34: N(t) of monocytes and lymphocytes for a homogeneous distribution.
20 Nmoncytes=Niymphocytes=00, Vmonocytes=0.2MM/SEC; Viymphocytes=0.06mm/sec
(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 technical term nology with reference to biological, clinical,
electronic, mathematical and statistical expressions used herein conform
t o converwDon@bd4g1 accepted definitions. 5 The terns "sanpiCe’usos/odsspeci nen”
are interchangeably used herein and r®fer to biological material obtained
fromtissue, spinal fluid, bone marrow, blood, or other sources. A sanple
can al sSOETAJLEIEDESGRIPIION O THE, PREFERRED EVMBORIMENY'S ypi cal exanpl e
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bact er i @athbaféal aM @RSt cx#ERI0NE ak 1RrSiBRBABEAIY cOivehRoddllya@esant es. For
exanpl e, cells can be human red bl ood cells (RBC) and white bl ood cell

(WBC) pdgdinitaerisons, cancer, or other abnormal cells. The terns "target" or
"target popwyl ationi refers .herein.to biological. entities of, I rest that
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El ectrim Corp, . Princeton, ), . This results in.an i e of 652x494 pi xel s,
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bri ght spebs ReRvEEIAnIAEI 0P aHYE. OBRversdlyTTHRIRE FEd-fardeBDEH nda-tdiaer t erm
“specific binding pair" as used herein refers to nolecules that have .

bi nthi ngporafldtion’” iy useskhegein mefet toeantitios pissens irha bimbagicl sgecthers iatrmastthot her

nol ecul elvg).ort ﬁ tities. Exanples of specific binding pairs include

ant i gen§ S B ﬁ’f/‘,an?lé(ﬁlé‘pt or - hormone, receptor-1ligand, agonist 30 antagoni st,
| ecti n- gadtamedioat e, nucleic acid (RNA or DNA) hybridi zi ng sequences, Fc
receptor or nouse IgGprotein A avidin-biotin, streptavidin-biotin and
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by a light emitting diode with a central wavelength of 470nm (NSPB500S, Nichia Corp.,

Japan):. The light emitted from the fluor-labeled cells at the inner surface of the chamber is

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



relatively high affinity for their target determ nant, yet may al so exhibit
a low |l evel of non- specific binding with substantially less affinity to
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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



12 magnetic particles, ferrofluids or superparamagnetic particles, as
disclosed in US patents 5,579,531 and 5,698,271 and US application

10/ 208, 9390 0sacd32pf whi ch are incorporated by reference remaisni/oflibe
magnetic particles are typically about2 180nmin diameter and consist of a
magnetic iron oxide core surrounded by a first polyneric layer to which
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CD45 nonocl onal anti body can be used that bihds substantially speci fically

to all [Feuorgptec mpepialsafirersmple nidkel, b)tfemdlas anfrrger siieg of e to dbabkfiimgean

reacti op can, be conducte test t 5 V|a S and an al i quot
transfe’;?é’(ﬁ‘ll agytcﬁ@tegé‘ Péedcﬁéﬁﬁgpetlcﬂlabl?ez a‘;g?tfe ¥he chanber itself can
be used for iFpGubalAEVOindASCIER s KRtk BRI otk &éhv%'ﬂ%kt re%agamn ghe
unbound non- maghetic materials are readlgﬁ removable in fhe su nat ants

af t @0 mglyeetsidic rscwpmrapn targetTolls mapalsode igtlien dfabé! adsifief tbua@tl
t ar get ceI | s on r{_Buse rrq%snetl ¢ incubation or in- field incubati on
(PCT/ US agtt corporated by reference herein). To 20

acconpl i sh t !Fblsexahhﬁe sathelcells 8f ittt ated th@tdtzmedk@g%@tpopumﬁéﬁ affatileikiody@ t est
tube, and pl aced brlefl i nsi de a quadrupol e hla% radi ent magnetic

separ at %H@Bﬁlqmbw@tboelwsa@h@ vspdghatdindssubsiantially sperifically tg alj deukgggte
'rrg;‘r’]reg"’g%ﬁg%%@% gﬂeﬁélggc(?)r? % e‘rﬂé cr%{ 1%8.{551 gr;ljegé?wh cal %? %Eﬁ%‘éﬁe‘& m&fs{){ﬁ'béi"rﬁ

quads upelags mwm@thquﬂ ﬂra&sf@reﬂ t6 &ﬂd Alnpiegnaiber. ,grtaﬁa@vﬁly,dhé thgnbehéself can
i ncubations, thus forcing 25 the magnetic particles to nove laterally as

bead chhp Heed fonincybatigns© smghert Wéu@amﬁ W ﬂ@éqbeuerOOabclihw@tqun@nam- the wal |

surface, Thlsrrutlpefo e artlc es i ncr >ases
She. or o SR <Fs fsRfe Foafhab Bap A b RS RREE Sl B &R he
| ar ger, enlsdhlas hﬁghd:tiﬂ lbueuﬂ@“afﬂmbﬁcy &Qhﬂgét @fls 0AOPal @@ thapneBE thctbdtfodsr aal or
Browni an col li st on of 2é)anetl c particles and the target cells in the

sanpl e. fieldiapubetign éE‘PM«ESﬂWQ fravhigh s @W%@t@@YJ§3‘Geﬁcﬁé}Ff¢ang@enousl y
S1sh B0 05, ATl ARy OB LRI L s
t he sanptiefly haideer qua\tﬁ‘lgi@leﬁln@h—%r@@mﬁaha@m sepafatms(}]t(ﬁv[s}enmgﬁeﬁ dUB paznal y z ed :
s 5,186,827; 5,466,574; 5,641.072, incorporated by reference herein) after which it is removed
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



WO 03/ 069421 PCT/ US03/ 04468 13 necessary for the target popul ation to be
adj acent to the observation surface. This allows the optical arrangenent
to cl earlwofieoeszon the target population in order to proPcadasano€egurat e
anal ysis. Once the nenbers of the target popul ati on have been magnetically
| abel ed, they can be manipulated to the observation surface for visual
anal ysi seceSsafhforchataogat papuatidretortmqudicent ty theeolisatvdtion hateeebdbis aflowsitleus| y
described. (5,985,153: 6,136, 182; / US02/ 04124, ich are.each

i ncor poPatevéé apsngetten %arfyeﬁogﬁl%ﬂn e SR body
of i Nnepndi B Neh& e dbmbets df tife thrS8Ppob@RGEATha e Weth Bqagnaﬁaagmabe&ap@ae ively.
It has an optically transparent planar top surface of Pyrekx glass (7740
Pyr ex( r ¥an igomanipylatedt te theaohsenvation Sufavadey) visusdendlgsiseal abl e, if required, by

10 ans of re bl e .pl cap. The | e ¢chanber. i hown (Fig 2
o opoeg Tn ik AR 5 P Pag R yPREnAREaS s SRR ReLic By RBRBel P Theam
However (5,985, 843; & 1341 182 ePCTAUS0MMBH 104, WERh @fe dueH listods el aéfereade biiempped

detection chanber or other suitable sanple cuvet wth tﬂe magneti c hol der
or i ent edh¢ehambei|coysigpf ¢ rwldaddiody 9é imeodineamsions BOXi2zont &My. The magnetic
chanber . ke | LN . I .tiened 15
chanbe ABNEIEN B NRR, S SpBRLI T Do gy SRR | Al bened L
A g e S e R i
fordda Swangefe isaranebls plugsap. {Hhesempleznhamberis showm(ligd) poented ixthoe to t he
z-axis. This.grrangenen depicted inN:. Fig 2A and B, creates. a netic

o aa enbomr A E FREBTRBhingr PR Eitendiahh Bt BONs Yo, B SRR e hORRRRY o

20 negl dedigh @osliReMBR0dAR ahh@cappdl deetiicnchatdber 6f Gther suithle sample cuvet
i mmunomagnetical l y-1abel ed cells  and unbound ferrofluid particles nove in
t he ver tittighe gagetic hpdderericpied yepsicplly and thedightrbram priejediharizoptadly. ar ea

corr el at es dihecidoheltl i iPLYREUTR AL AL AEARDCRI TRIRTi@eE2

(Figure 2B). aln a representative and accurate nunber o

uni ti5 volumebelot thes topi afpeninaapnetihipdle pieees Alhk pokereden iafeomade/ofiiNeldyimbmhed and
i nmobi | i?%eq% over_the, view ng surface, .25 whic requiées t hat the pmagnetic
field cHraitaronalley whihapntgiet pagrcigeion ¢fel 35 1HO Capse SComaxMagnghigs ics ur f ace.

A furt hesi hyonoyarem, The HepiEBane! | Gl o v 0
"spring 1IZo]:;aHg['E' t he y%ke %é@é%lb y%él' ?gﬁgggﬁ ons %ﬁ‘%?@gﬁﬁ%@?ﬁr?f%%gﬂ nto
a r epeabsiineangbddt(’ oelativeBedheizexisf This sranpéeergpéapictedm FigRA ardeB oeecatep

anal yzed are al way i

in f t he .Z-axis. 30 .t hey. bei i d.
This i soaREeHeEIRLERKE e OSSR heouppaatinr Brete SHIEM i on as a

f asto anabyzablcResPURG iNHRBENHRMon | TRUSHRE, thOImBBrEnSARALALCARIEd 848 1S noO
| onger necessary. As the sanple cartridges are manufactured with
preci si end unbmang dksothsid patiiclesarove ip g teriaenl direstionda s wpeoswfagayThee in
focus. 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.



WO 03/ 069421 PCT/ US03/04468 14 Cell dynamics in the chanber Since it is
critical that all the cells in the sanple are nagnetically collected, it is
i mport antwo®3kemaaa t he ti me needed for the cells to arrivePat/usagoqes | ecti on
surface. The notion of an i mmunomagnetically-1abeled cell, placed in the
magnetic field, is dependent on 5 the total force, F, exerted on the cell.
Thi s f oCek diysargicy éntheyche@bati on (1): Rota] = Im VB - M g - 6nci7v (1) The
total force iis the result. of tgee gnetic force, the_graviﬁati nal force
and the vi sSBs ildf sgtieditha alljthe gatisdn Biespmply R magpetiqadly oA e%ﬁ#éfic monent
magni tu Rﬂﬂﬁ’ ! 1.Cyt | MO i e mass of
t he cel ﬁ@n&%}agg t e%nglggnlg? &%ﬁ@%%o&ﬂ&/ﬂf‘eél@&@ge%%ﬁgd#ﬁ% tgﬁssél%ﬁ'?lr}ﬁ%mi ch the
cel | i snstispefidednmgnomagieticgialabelad icelhallacad iethenmagoetic fighieis ddpeaglehborce i s

estimated by Stokes |aw,. where n is the viscosity of the medium R is the
cel I° rH&itg lgﬁﬂe’ ’F§GITW@I\;E?8%1PtJ§hIB%°rPT@ gi‘éqqst?y%/qll’éa%ﬁaespondi ng equation
of notion in the y- direction for a cell is expressed by equation (2): 15
M d2z +6 r7RdY=Im VBy-M g dt dt (2) This second order differenti al

equati om,ogzpsn;rﬂ)‘éBsdI{\'/gd&npv acell with initial position y(O=Q@iand initial
velocity v(O =0 as shown in (3): Y(t) M(ImVBy -Mg)ex67C/7Rt +I m VBy
-Mg't-M(mVBy -Mg) .v() - 6ir R2 pCM ) 67r77R 6,ri R 2 (3) 20 The
mass and radius of the cell and e viscosity of the nedium are, given

val ues. The Tﬁﬁé‘ﬁ%ﬁ"&"eﬁﬁ%@lﬁ?Of{tﬂ‘éméé??uccfl@f?@n@@ %Vlﬁaﬂgnﬂg%%ﬁn%%enagneti c
particl I i AghdiiuRoHERGRARRLAOS thE Bell XRE Of
ant i bod?l%lﬁ@gg&?%?orﬁgg%gtﬁ%sc%% g"ﬁ%’?ﬁ%{g% ta%(laét ca(I)cuI atron of the ?mgneti C
mometit  Bfis theemegidelis induchiondddi ische 4A6s oftheetll mipwrthé mlassofparequeklenP5 has
been assuped. The magneti.c .induction is determined by.the mater.ial..and the
Geonet r JOURE QFHE srapdn Mg PESE Rdsns e P e utitionn SeHEoBHP EUTEY | on o
the forgas BedliDestRiatedBERRKES B, WheADE]saHe Gﬁbéﬁ?@f%érﬂ%iﬁmmtibﬂﬁden the
magnetic field are the cell radius, R of 4 m fhe relative cell density,
M, of valikggndsy istthevetagineefthe adhehie comespindinggyuation af mation indhe 37 069421

PCT/ USOG{ 04458+ 42611 is expressed by equation (2):

15
’ A2y dy .
M=+ 6mR— = ImVB, - M'g 2)
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 péles. 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
um, the relative cell density, M, of 77 kg/m’, the magnetic moment, m, of 9.32x10* Am?,



the viscosity of blood plasma, g, of 1.8X10-3 Pa and the magnetic gradient,

V B, ranges from 250 Gauss/mm at the bottomto 400 Gauss/mm at the top of

t he chanbwo,03a6md2he | ower value 1is used in the cal cul ati @es/usShs/osequati on

(3), it can be calculated that a cell1sreaches its termnal velocity within

a few mcroseconds. The velocity of a cell, vi, in the chanber is 5

t her ef otle vemam olbyd plasma,antof 1@ D0 RS hyd tHeena@le‘oc gtadienf, \ABesingeditpands on
magnet i c present on the cell Si nc not
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di stri byt an 1

t dev E
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t he posidaisAtid phrfidls HRRGEHRSH tiRd celll suBrate. Cﬁﬁc&%t%l'c%ﬂ@ﬂa@&hé é@me éfntof)é) = Yo, t
+ vtt (4) The probability that the cell has reached the surface of the

chanber densitigsfon nymbenoigntige®s an thelr awdaceheherevalibey dstribyigoncia|the nurpler|odt t er

|sastochat|c det er m.ned oL on 5 f . .2\
et BRI SR AbE R SR VeI R ortlc S0 TR belofiBh BERHEAA £V 0 L

cel | i B@obﬁl@ﬁb@df tR 1ﬁ thief chafbet Sandevieprebintddy a #Emlal (ﬁﬁtnbuY%n Rfith¥@edn t) =P
(Y.s.rf Yo,i ) Vi >t ,Yo,t,t vt - vo) 2 exp - 2u667 Yuf YO| 6

() Wher §619§1§Y:f"04 andystandast dyrviation o o @tpariisilar cqﬂ\eﬂ b stmplsuvittomitisd pesdtion | n
the Sagﬁ%,t Ing%g}ofe%ﬁ& H@gﬁgpe %%g@h&%épat ﬁ{n@‘%%aﬁﬂg %?@' S exposed to

the ma ter 1nser onlnt For a large
25 popul ation of ceI | s, the expected nunber of cells (N) at the surface can
be found b integration of the individual probabilities Pi for all the
cells im(t%e}tahawﬁer given by (7): WD 03/069421 PCT/ US03/ 04468 (#

The probability that the cell has reached the surface of the chamber is a function of
15  time and the velocity of the cell. The latter is a stochastic parameter determined by a normal

distribution (5):

_ _ 1 _(Vi—vo)2
P, =v,) _GJ;CXP( 7 j (5)

At a certain time t, the probability that a cell i has reached the surface, is given by (6):
20

o Oy =20 v = ve)”
P- 1] :t P ma 2 3 4 'Jt (28 A v
,(y, ysurf yOz ) { ¢ ')0” O"\/—— J. P~ 0‘2 (6)

Tsurf Y0,
1

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):



N Ysurf N Ysurf co (v - V) 2 Nt) =of P(Yr = Ysurf )dyo = No "" f f
exp - 6 2 vdy0 (7) Ysurf O Ysurf 6 O YSUf -YO where No is the total
nunber ofwoaBloev4pr esent in the sanple. The expected nunbePCofUSOBD4468
present at the surface as a function ®f time for a given cell population
(No = 500), is plotted in Figure 3 wherein the different curves represent 5
different velgci’twy distributions. 3bn Hsgure 3a, thg ayerage cell velocity
VO IS C(N‘($)=:1nﬁt?— b (v, 6 § f erdept= for alegp[:uegjdﬂz‘ﬁn 'g(pre(t% , ais
kept constantwand different avepageveell yyelocitiesfare/used. It should be
observed that the initial slope of the curves corresponds to the average
cell velocities in the chanber and, in fact, equation (8) follows fromthe
solution of equation 7: 10 dN(t) Novo dt Ys,uf or t <<Ysurf (8) Oher
sanpl e ghanrhey isdesiog suRbe: Srielis hREEH idthe\Bhiple, FOr exanple, cartridges that
are shall ower may enabl e shorter separation tinmes and may result in the
anal ysi s to Bbemppeastedsrninder pfecllsf presemt tbthg etrfaetas kifesctiontof tiaws foregivehser ved

that non-target.entjti t.hat .beco 15 net | cal | abel ed ossi bly

b ough ST bRPERiSR b D) gR AR L Lt SRORH 48 GHA O oSS ReTh ncl ng of
t he sragngtdrént Reloki H%&ibdd@ﬂ@v_ﬁlrFiFﬁﬂé%?th%g&ﬁgé 681 ValodiBPg!isCor3Rnt, haf get
entities are nuch |l ess magnetically responsive than the target entities

t hat ar diffgpdivilugafary are abrsl. dd Figure 8hev ssdiept eonstaahdret diflereat avezage cell

di fferept,)y.,..thes ker netic tities,. | d ot travel to the sanple

chanber "SodtgtATarrdnt SfinBE08 i he vABKE o Bl S Brgedute'Gy

posi ti vehe avetapt Sell Helapities fd e chymBe@ aad dh dadt dquatibic({S) ol ws Horahesoltivn0 t he

viewi ng or inmage capture area of the sanple chanber, the nmagnet/chanber

assenbl 9f e@atiBRdced at about an 8 angle with respect to the horizontal

pl arllg. The influence on cell count was then evaluated at angles of about O,

10, 20 25 and 90 degrees. No significant differences were observed at the

vari ous Cgp\lr(e)\/atNOQ,(r)l angl es. MO 03/ 069421 PCT/ US03/ 04468 17 I magi hg system
—r——  fort<<——— : (8)

dt y surf vO +o

Other sample chamber designs are envisioned as well. For example, cartridges that
are shallower may enable shorter separation times and may result in the analysis to be more
selective of the target entities. It has been observed that non-target entities that become

15 magnetically labeled, possibly through low 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.



Fl uorescent staining of |eukocytes In order to nake the nucleated cells
detectable, the sanple is stained with acridine orange (AQ Mol ecul ar
Probes, 1wWo0.03/0684gene, OR), a vital dye that stains the nueCEusosb44b8 ve 5
cells as well as several constituentsl7of the cytoplasm Acridine orange has
its absorption peak at 490mm, and emts at 520nm when bound to DNA. O her
f | uor eshaagingyestemsuch as Hoechst 33258, and Hoechst 33342 may be used. In

general . any fluorescent dye that non-specifically stains cells,

cyt opl a%%‘é%%%ﬁﬁ%@ﬁt erial, or the nucleus itself can be used.
These dyes affodief BMhad thOplGERENcAR deRRBLRD BRI shinpld is YARRAGAM acii@fe * 10 In
general, illumnation in fluorescence mcroscopy is achieved by nercury are

or quastrnghéAOgieldcalap Froties, InonBugdner OBG.apyitad vipe thas staime the mclrwa of live | aser s
are used . for illumnation. wever, recent advances in sem conduct or
Fechhor U vl 3 SRPH s Sh G Rty ASHCaare R gR BRGNS

l'i ght  exi490hAQ aft QHRS ait IPBanCRACEIIRE RS DMA NOthed SROELSEHE B ed, huliitas FUeeEgs and
| asers. The advantages of using LEDs as |ight source are that 15 they are

rel at i v&3358¢ ambHeechaniB 343 engyehesised, Ithasnsrad, anyrilporgseentidye thag nen-spast ly

I T I ' j i f [ irl , With
P20 E BP0 R R BB bR b B e ¢
mat er i allyeslakbeef@taikddRrdih g9t nonsepketifidtie@dresb@aidyys.” nonochromatic |ight and

are ideal for constructing the conpact and i nexpensive cytonmeter devices
of this i nveht gwsralifuminglien imAuoleseeRee MEGATCARY ISEAShieyed BY MSETBY 2150Ta

condens : it fRC | 7 nd- pass
il ter fagoiiodn i, RBmelh T AGR Qutenty ke BERAGR B ARANAL ABD

di chr oi fdluminstoon. (H¥veger, Cpéanc advanagsdnfsemicoaduddr tedimobmpyihakoteat tpthene of a
10x, 0.25 NA objective (N k Cor por gtjon, Japan). This optical .

conf i gufisislmenée ]%%P?Werahggﬂﬁ%ﬂ%é% %lﬁsenilft}nﬁrﬁ??fiﬁsiﬂ%ﬂﬁ Cgt CUAREIS Withl e ar ea.
The lig Je e t i de of
(he gl o e B e e e ol Bt REPS s BkhelGrevagendy

whi ¢h i theiysird reldtiselycbonypaat HEODEGEnEantapas $orfg lifteme  Dupgacdgy iredddedand

focused_pnt o CCD canera. (E =N, . El ectri m.Cor Pringeto

i gur o TRC SRS HE! RGP o oen g Jesrsrcheat v raben s P40y Shows
direct g 5tﬁ1rﬂ1,|de?éﬂdi‘@é Wh 06 stiGate3RatiBVI DO & RS 1Y Bat@R€dOhed¥BF € LEDs
ina "floodlight" arrangenent, which provides sufficient excitation

ener gy, mendchrapatielightsindpreidealrfdr castruetiqgshe compadt RodineapérsivereytianeterCaner a
The CCDduVseéj c;fnlixitshivsenéet -up (EDC2000-N, Electrim Corp, Princeton, NJ) has a
dynam c ?éﬁﬁe G915 g2 9%000 el ectrons. The r.ms. (root nean square) of its
readout Opgicse, as WO 03/ 069421 PCT/ US03/ 04468 18

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



given by the manufacturer, is 20 electrons. No data are supplied concerning
dark current noise and anplifier noise. The inage is retrieved fromthe
canmera bywewmBwemer and stored in a conputer nenory as 8- IpCI/UBhFo4468Qges.

| mage Processing and Analysis 5 Al gori8t hns were devel oped to count the
cells in the imges obtained fromthe optical system First, a nodel is

pr esent giden by thesmanufecttitee, ic 80 klectrage No drtreare sapphstlisotcerming slprcktcurmet ection

|nthe|mae5|31troduc Initiall 0 hms were pe oned on
" qeskt BRSO EBHATRII TR e R TS SrSa kY S o g Skl

[ nbeddegc%gﬁt%ﬁl@ﬁloyy L8 BittTe im&kdg. canera to anal yze the inmages. 10 | nage
Model In this system fluorescently |abeled cells are |ocated at random

posi ti ohgaﬁeereﬂssmh-aﬂthnam_ﬁne These cells are inaged as spots covering
about 20-50 xel A .

pre S“Ié nted in tﬁms XV&E erve[r%gg %‘ﬁé&}%ﬁ,@l%@?@g@ tgu% i D%ﬁ%%lblé?lﬁémﬁ tl?ercﬁa’ucal

di mensi Wb@ém Ritsish addel i Ipr@eﬁtfedt&desaﬁbe( the¢eall irages 9 Therd, % MétkodForspex pl- (x2
+Y¥2) 2 6 P (9) The vvholelmagef|([ i wi th randomy distributed é%kls

i ncl udi Ageeicidg terimengsn e heduceds inghalls these algenthmyuere Wf forpedi o 3

nodel : the
peak i n%engatfnl) e‘gno plioﬁgd ?nﬁﬁl%éoéﬁ%g}%ggétn@{s&ggé?%ﬁ?y va WE%S% a &g{tgﬁnd
level , O tanastdso iimlydeahe @hdges. Thi s background signal is caused by free,
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dimensional Gaussian with a width, o, (equation (9):
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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:
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SNR, = (11)



19 where 6n is the standard devi ati on of the noise conponent n. The inmage
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i mges. P8O oBhes2pur pose, 10 i mages were anal yzed, whi ch reprissant4ocs ypi cal
i mges obtained 5 by the instrunment.9n Table 1, the inage paraneters for
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10
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
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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:



9g(Q0) =J Jf(-~-77)h(~,i1)d~dg (13) 5 Good detection of cells neans |ow
probability of mssing real cells and low probability of counting imge
poi nts t D oanev4apt real cells. This is expressed mat hemaPCEAISNY 04468 t er ns
of signal-to-noise ratio (SNR). Both Yrobabilities are nonotonically
decreasing functions of the SNR Hence, good detection requires maxi m zing
SNR. lIgnoring for the nonent the background, the SNR of spot i in the imge
i s defi @48 Dy J.lﬁf(txhef,q’uﬁﬁhéﬁw)d}fdn he cel|l peak intensity and tfl&)standard
deviation of tternoise: SNR;, = C 6,1 Convolving the image with a tenplate
h(x,y) will change the SNRto: SNRI =f f p(-x,-y)h(x, y)dxdy -00-CO 611 1
f f h2(x,Y)dxdy -00-00 15 (14) (15) It can be shown by using the Schwart z

i nequal iThy coirelbtiérhshoBNRbe maxigized a el pdrétions b theyells; wlfere:, - y) . Thi s means

that the optimal tenplate is sinply the mrror imge of the cell. This is
why the method is usually referred to and defined as matched filtering or
tenplate matchi,ng. For our cell nodel, in the case w thout background

si gnal , =Y)., Y (ES Jeymetrical and therefore equal tpp(x,y):
h(x, y Ig@%ow(XiiggL(i 3)7% (gsq)ag;z )I'6 p P (x2 +y2) (x, Y) E [-@VQV\I 6 P
(16) WO 03/069421 PCT/ US03/ 04468 22 where the volune under the Gaussian is
normalized to unity. A cross-section of the tenplate

5 Good detection of cells means low probability of missing real cells and low
probability of counting image points that are not real cells. This is expressed mathematically
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)

n

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

C, [ [p(=x=y)h(x, y)dxdy
SNR, = —==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):

(x> +y?)
2

p

1
h(x,y|c,xn=0)= p exp{— } (x,y)e[-W,W] (16)

p



is presented in Figure 6. In order to elimnate the influence of the slowy
varyi ng background |evel Co(x,y), DC renoval is required. This can be

achi eved w9 onoegsal i zing the tenplate 5 h(x,y) in such a wR¢TiUsas/04468 has a
zero average value (see Figure 7). W2/ 1 h(x, y) = h(x, y 1 c0 (x, r) = 0)
- AW J $h(x, y I ¢, (x, y) = 0)dxdy -W-W1 2 exp (x2+y2)| E WN M 6P (17)
where Eh is the average value of h(x,ylCo(x,y) = 0). A constant signal

yields a,zerpo val ue fter filterin Al can easily be.sh
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Co( x; be e ong a e spati Tequenci es of the
background are sufficiently low, so that Co(x,y) is approxi mtely constant

15 within the area of the terrp:Wate. The integrations of h and f are from-W
to W because the tenplate ibk |j1 e. In the , follow ng cal cul ati ons
infinitz"??‘ﬁs&fkﬁi%'%xiy]:“béWd[ 8E’éﬁﬂ)ﬁ6‘x’i)ﬁ§)td§d3f he effect of the (finite)
mat ched filter. This introduces”d truncation error. However as F@gg as
We26p, whigh ig the +ggge as will be shown later, the error wl e

negl i gi 5t = 6% rda unfen)eleHussi an at 20 IxI>Wis relatively
smal | . Th&%err thd¢ id made by calculating infinite integrals while using

afinite tenplate is shown in Figure 8. Applying the matched filter h(x,y)
on the imuge f(x,y) yields the filtered imge g(x,y): 00 Wg(x, y) = h(x,

Y) 0 (herd/B; i3 the RlcFEFaRISGT R, T|CHKTN0) A cddkdd ipnd[)iflas'd z&b&hue00- 00 -

2 - 1: (x9y) }E[ 25 The signal part of g(x,y) at the certral position of

cell i efer blikermg whinh cas easily hothopmdyuenvelfing h(zyd whth agOne3nioedr2 1

PCT/I (%J S03/ 044%§nce o(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:



gs,; (0,0) =h(x, y) f ,1(x, y) =h(x, yl co(x, y) =0 f ,i (x,y) -
Eh fs,i (x, Y) (19) Recognizing that Eh 1/ 4W2 for W-2ap, we can estimte
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with zero pectation value. Its standard deviation a" after application
of the filter can be witten as: a-" ,I f f h2(~, 71)d~d~7 = ~I 00-00 WW f
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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




PPPP2~d)7 (21) L2156n 4W2J WO 03/069421 PCT/ US03/ 04468 24 The
filter suppresses the high frequency conponent of the noise, thereby
reduci ng W0 03/06%9Ri s i s shown in Figure 10 where Gaussi an ROTIES03046% | S
simul ated before and after filtering.24 The standard devi ation after
filtering is 0.17 a, in accordance to the nodel. Hence, the SNR for cell
i's now G TE&Rkersubpi®Bses ZheiMBh ZretoerdYRdmpaant b the\lbzeptheRbf eeductigd er i ng,
SNR; = C | 6n and thus the gain in SNR is: ASNRI SNRO 1 - 1 2TroP2 4W
(23) lOThIS i$ Stovaiadigire 1P whePe Gaabsith whife, nodseds imutl#ted fefiore amil &SteRfiltering.
proportional to the width of the Gaussian, 6p. It was observed that nore
noi se t Shgistandard deviptioneatiey filisringscth 11 Aie: iRiagedidanse to e madRlsi an i ncr eases.
Filtering th%gl mag %2 egr]:a\t.ched. filter thus was found to enhance the
si gnal -t 0- nof'SB%% &G " ANt i1dhBPYy, the filter enhanced the detection
becayise objects that do not match the tenplate, |ike isolated bright
pi xel s, are effectively suppressed. 15 Algorithm paranmeters Although the
cells in the sanTle Ry be shaped and sized differently, all the cells in
the cell inmage &tle-o | ar shape and are approximtely of equal size.

is i ﬁﬂ@n fication factor of the optical system and the

Thi s |s§?wﬁe to t
resulta nfTu point spread function. Since the ap@%m mat e
width 6p of the celll s |n]t&e image is known, it can be 20 directly used in

the matched fityezzaf goythm 1t has been shown in the previous section
t hat

for W>2c,,. Before filtering, SNR;= C;/ o, and thus the gain in SNR is:

1 7o)
SNR, 2 4w?
=R, 23)
0 11
27o;, AW
10 In the case of op, =2 and W= 4.5, A=2.1, the gain in SNR is proportional to the width

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



the filter perforns best if it exactly matches the cell sizes. By visual

i nspection of several cells in the cell images, an average value of ayp 2
has been wetmnetisned. The final paraneter |left to optim zeCrasoierses dt h of
the tenplate wi ndow, W The contri but35on of pixels at the border of the
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cl ear that t oice of tois the cell counting process. Too
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al goditlgm,yys presented in Flgure 12. Agai n the counted nunber of objects
inthe imge is plotted against the threshold level. In this case, a 20
9x9 pixel tenplate was used with ap 2. The filter was applied on three
different cel g&g?s The figures show that the threshold range, for which
there aquaz%ons nunber af<gekbss is longer than in the unfigytered
case. Al'so, the &uttes have shifted to the left as a result of the DC
renoval . This is an unexpected advantage since the plateau al ways has the
sane starting poi nt regardl ess of the background level in the original
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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



curves i s observed at higher threshold levels. This is due to the fact that
there is a significant 30 variance in cell intensities in the imge. The

| i near newoladeds2l t er does not alter this variance. One Ray/uso3/64458 her

i nprove the robustness of the algorit¥®mis to apply a prefiltering step WO
03/ 069421 PCT/ US03/ 04468 26 before the matched filtering, which reduces
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This fikhRkiNg 55 &honal y enhance the cells in the image, and it |ncreases
the standard ~deviation of the noise. Indeed, the SNR decreases slightly by
applying this filter. The reason why this filter is useful, however, is

t hat the sh%pe of the cells was found to remain nore or |ess unaltered

and the &nﬁ1|f|cat¥on is so high that nost cells clip onto the highest
intensity X3 l-evetl oflthe image. This inplies that after applying the
filter, tthejvayi ance-in intensities of the cells is reduced, i.@s5)all cells
have apprOX|nateI tgg sane peak intensity. The matched filter wasS again

appl i ed, 1but thls to the prefiltered image. The nmatched filter

ext ract st hd cel Isl frbmthe slightly increased noise level, because it only
anplifies objects that "match' the filter. The cells are mat ched to the
filtdr, whereas the noise 15 is | argely of high frequency. This is observed

in Figure 13TwhatiRrvill isﬁ@n%& %ﬁﬁar@é tieR115 (FPEE iRbge, bRd B8ndbisk R andh@PS 1 S
presented. The fact that the peaks are clipped did not really affect the

per f or mdendetiorf ofithenoiae.chndded, ithe 8NR derigases Slllghtl{yhbW\EDPﬂYmg titis E8¢ro| Thelreasoh

curve after,.a Ilcatl of the. ci.an nd the matched filter.
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|rrages are shown, nunerous inmages have been analyzed and the al gorit mvvas

sur p? i siavgl §f theimaze: o his,snglies ol sfter apphiing Beddter, trevariagse i infrsibonpf thag
obj ects iy, 1?%@5% %HﬁFéel ssna@e ﬂr"%‘l‘ﬁ{c}‘%@r. p%ﬁa%ﬂy 2 ﬁﬁ%}ﬁes}’tg' nmpl emented with

25 software 51 & on ounting algorithm
wi |l be givelhe matchae fﬂﬁeﬂ%yagdfﬁgpplieﬂ, bahis eithe toitkeprefijteret ihgd fTRM top to

bottom giggchleg fﬁtlte;[ gxt;aic?s%n)a cells from the slightly increased noise level, because it only
amplifies objects that ‘match’ the filter. The cells are matched to the filter, whereas the noise
15 is largely of high frequency. This is observed in Figure 13 where a line trace of the image at
three different steps is presented. The fact that the peaks are clipped did not really affect the
performance of the matched filter.
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.



2. Wen the scanning operator hits a pixel p with value 1, it is assigned a
| abel . The first p found gets |label 1. WO 03/069421 PCT/ US03/ 04468 27 3.
The oper aworo3essei nes t he nei ghbors of p, which have al r eedy/usezou468
encountered in the scan (i.e. the nelighbors to the left of p, above p, and
the two upper diagonal terns). Based on this information, the | abeling of
p occurs & Th¢ bpwstor exdmiaksd the meighbeds g bpwhichhevdalreadgibgen encoentetedbirl t o p,
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represent ati on %of Hgdy epgstightorelas valus inessign B3 9BFL P Bnflse presented in
Figure 15. Afte fi | g | i : I fi i mage
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Anal ysis An alternative netho or image analysis was devel oped and applied
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0). Thi gcli iveags, ameel 83 Bemequliing drampiéeallynimareied anagestafier didgrashprocassitignner
rect angl ker nel an urropndi ng r.egi.on. Wth the curren
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cal cul aplkegrithiesaef the presepfdRveglonr i ght ness of the kernel is cal cul ated. These

i“é?%g?egi@élﬁied“f’égﬁ@%t@tl\ﬁgtclflqﬂéAn%ﬁis%”s surroundi ng every pixel (center of the

An alternative method for image analysis was developed and applied as follows.

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



nunber). Next, the average of the inner kernel area is subtracted fromthe
average of the outer area. If the difference is larger than the threshold
val ue, arweweant94bhrns been found and is WO 03/ 069421 PCT/ US@8TIS45814628
recorded. The analysis area is then si8ifted by one pixel, and the averages
are calculated again. If the difference is larger than the threshold val ue
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obt ai ne 1 ons as cell counting
in rzesor‘uj’seﬁl-_nmﬁrc settings, it is preferable 30 to use a system which does
not depend on an AC power supply and extensive conputer know edge, and is
easi |y perf odifge emobdmentthe piche ProsatsedEyages iy adliataddhroygbut er

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



currently used is a "smart canera,” i.e., a digital canmera wth on-board
integrated i mage processing hardware and software. Such a canera shoul d be
abl e t o pwofoate4sthe i nage processing algorithms and out pRCTHUSe3/eEstil ts to,
for instance, a palntop conputer or t2 a digital WO 03/069421

PCT/ US03/ 04468 29 display. Such smart digital caneras are currently
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treat 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:



magni fied and virtual image of the diode as the source object in the rest
of this analysis. The object distance of the next |ens, the condenser

| ens, carwbasmsddt en as: WO 03/ 069421 PCT/ US03/ 04468 30 YcCaarsdgewes = bLED
+ d (26) where d is the distance betww®en the epoxy | ens and the condenser

|l ens. This results in the follow ng expression for the inmage di stance
bcondenser,. |ED cend ensor d cottdensor b + d- f LED cot:densor(26)(27) It
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confined W t hi d.phed +ifglgo0f view. However, part of the light is actually
lost in front of 15 the objective, outside the entrance pupil (Figure 18a).
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obj ecti e t only:dight: wth. ILly L RCi dent ﬁg@;es end
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ray- t r asiturgion barebegdistinduisheds devel oped to predict the efficiency of the
illum nation. The source was

1. BB’ >>ag,;: The diode image is much larger than the entrance pupil of the objective and
incident angles are small. This implies that all the light entering the objective is
confined within the field of view. However, part of the light is actually lost in front of

15 the objective, outside the entrance pupil (Figure 18a).

2. BB’ <<ag,: 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.



nodel ed as a circular disk wth a dianeter of 2nm (equal to W ). The
source emts honbgeneously over its area and in every direction. To
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descr i bgghalith chiteolfagll igwhING1i6X%a0RY &frirdy ifstHaasht peoduktisist rate the capabl lities
of the 25 present invention. They are not intended to limt the scope or

use. Exanple 1 System Characterization To evaluate the theoretical

predictions, & MdO8 GioGX Bel iRk 1¥8f e A€ wefd performed to optimize and

20  characterize the system. Extensive experiments and measurements were carried out to

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.



30 phot odi ode was placed in front of the objective, at the sanple plane. A
di aphragmrestricted the illum nated area on the photodiode to a disk with
a di anet ewOaB/049481 nm The LED and the condenser |ens wer @Cplusoseh4b$
different configurations, so that an 3nage of the diode chip was created
at the back focal plane of the objective, and the size of this inmage was
vari ed from Thé nsslt ofl the exppdineadt is preseeed m Bligomn 20Wh 08 {16l obRGn¢dIS0B/ 04468
32 The result of tpe experinment is $re. epnted in Figure ﬁg wher e .t he .curve
obt ai netePGHFRCIRA @I BORIIIR 1S A1ONG. (PRI ¥ Hhiie SXRSTIRFRESE AS Wi Piedicha bY
exper i MaRtaAdorfRhlan HFMAS aRlSMsGbEE RY thd 18 G tBOTthidd Bt R HRRFSIARplaNEbEE Was
found for the size of the imge at the back focal plane of the objective.
The shaphe abjective The stepe of thelruee: tebamiyes thasiteatiopmeetlicted By ite alperithingor i t hm
5 except _for.large values of BB , where the experinment shows an efficiency
of *af mostecpbios HeEg i Bes E0P B e P BT Firast SRR A ATEIRALY DMOTPRAEY | ght
sour ce ThisiAdOBEIHE REAU Of AL SIHAL tBe rdalEfiRaduRE i RRBABPERYEs Aikq@bfeCul ar

The results of both the nodel and the experinment agree both show ng that

t he opt instgied phhermogaecowrand circalam Tipresulinet hadla thezpeldal ghd thetreperiment @grasy
paraneters, .veon [ = a ondenser= M. T hy.si .

G rone SRD sBiP RRABRIRE aprte IR Ry PRCICSREY Tk SR B B Mllowing o,
order t parahiettirs) vQRLds el 46inirh uAd BRfl.QN+ 83 MBgNTHd staisicandifieasiorgst the satupon of
the optical systemis determned by imging a calibration grid. The

spaéf ngalbew thse gaiametess, 3 Ry were chprenfin ardgr tsx okfpig\gpigal HewEpaios. 0. 65nm x

0. 85mMm nifiddBod MB0E size is 494x652 pixels, hence a single pixel

corresp {61 71n2 in the sanple 15 plane. The total area of the sanple
pl ane that i Theoaniaifvatobyf thhepiicagestés iOdd&rmimd] biMnesingearealibrat@nipriel. Fr ee

and unbgound dye in the sanppl e causes background signal in CCD canmer a.
Thi's si §Haﬁp4°§1go<&“5%ﬁa%ﬁﬂs S/ Hae. s Do fidd 9o Vs Ehestore-o by {%gg%ﬂ # t he
LED andual; Sa i : . 0ptd [W=1-¥ anpl e.
ooy i RRe¥ERe U RDRac. RSBl p@ueRel S b nifed

Ox dilution of
wholle bpboe, Thetotaaacrpdfthe sanpled phue thrat igmntwseddrdibe image ia 0F5Smam’.

concenttation of SIYI and the sanple was placed in a wedge-shaped chanber.
Thi s ph&@%ﬂ\ﬁﬁ%"—(‘%ed at different positions, and the average
intensities @leetdh@ diddhd HWin HBISSplVRLSS rae@a%k%&qnd I%ﬂalbiﬁQKQC@‘D“QarﬁérQ.”m
was found to increase with depth to a depth, of to mm At | arger chanber

dept hs, Thisesignat kgdepgnderdiogrih¢ saraplaivebune that isailivminpigdsby thi Ll @sd 2Botwiet t he
dept h ofoun8°Beekntpf B AT bri e, GO ST i L ot B8 Thytel
despg ablelubhe ek eimbRetINR dilgtish bPWablelbBRL, e Xahipee, hBRdihe St@Bekvadhdddde
canera g(; a (faihal concentration of SuM 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:



photons fromthe sanple plane) and the output signal (intensity level in
the 8-bit inage). If 30 this relationship is known, we can determ ne the

fl uor escewoasiostsensity of , for instance, cells in the sampirasShasads on t he
measured intensity of the pixels in t3%e digital imge. In case of a linear
canmera response, the intensity level of a pixel in the inmge can be

descri bed ky,s)WR3/ 068424 +RA@)/ USO3/ 04468 33 | pixel (P, t) = @Bpixelt +
bt + ¢ + n(t) (28) where Ais the gain of the canmera, Ppixei is the radiant
power over the pixel area, t is the integration tine, b is the dark
current, c is.the readout noise and i s.shot noise, a.function of the

i nt egr alheis A isie gqilli‘e‘%ﬁlilﬁ %a%ﬁrraagﬁpx@ is tgﬁf@’@}t P9WF%°‘ﬁ’Qlﬂfedﬁ’léataé?a’ ﬂﬁﬁﬁ%r ). The
dark cuidiefhid¥ing, ¥ RIAOUALRAIES, PRI BIRLALS: AL A it K6l loREN RS of
covering the canera aperture and neasuring the average output signal of

al |t hetlpiiekmtioh tinkee TEDnitlifepixa ineistyshDY (digited snmber) ahle darksuperizadt ed
in Figure 21. The dar% noi se %ariance nthe figure. It is

e o ;
obset velFAPYMOBCRaF NS @fnast Hé‘etﬁ{}(@]ﬂlﬁggy équz%m(sggp?s E%FVQP! I8P "P&YRI i ncreased

l'i near | yneWbilrihotth€ averidS@itpttisfihat 181 the pidels SHRECTEA TiY reli6hiship bét@eseb and
has an offset,” due to the readout noise 10 of the canera. Fromthe figure

we deri wed t hergsanteddn Bigyre B8The darkaoie varianee os écalgogiowst injthg Bggrrat Itdsh ti mes

doviat 1 OB RN i 2T AT NR HBraed Botl QB P B Sncr ke BLADAOAE

squar e [fedra@dn dibeldd6s exee@idabl BRrhdl Misesanddts bhefidets tid touhe @adaft noiser mal
el ectrons Is a Poisson process. However, the data in Figure 21

unexpecpéthegasimnddon e fighte We deriiedhe parapelesvi or, 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 canmgragar electronics. The standard devi ati on decreases at t>20 sec,
again due {q saturati orf 806¢fe canera. For 6b, 20 the foll owi nZ%xpression

S
i s obtaiied” 66 W= 3.8t + 0.8 t < 20 sec (30) To determ ne the gain

paranmeter A, we needed to neasure the canera response to a known input
signal. If the input signal is controlled by either intensity or by
exposur e ti meé\t ibgration tuled laheer then A04pe, the tchmata) wiap saheatedl bpooisé. The

resultin trai ght.-1i curve. The .standar i.ght . source. of the set-up,

bl ue. L e dsdation P G irehioke REaropLie ot EREMETPhsdusf RBLof P

accqapl isdintdatationtthise, Sede GRMERLUESH O AGREh] lechbies 18 8MRiSoRpAREssdi rectly in

front of the objective (see Figure 22). The radi ant power was controlled

by var yitiyavhe thirdaga ingFigurerZdrnexpectedie shompd amhightly diffarenidehpyireened®a t he

driving dgf)gnrdgr%y c?nnt%etin ggrﬁggﬁ e PR1E nd tfo t}quthléFEne%. 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 0y,

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



WO 03/ 069421 PCT/ US03/ 04468 34 the sanple plane was calibrated first using
a silicon photodi ode with known responsivity that was placed directly in
front of wbasobjsecti ve. Once this relationship was establ ipshamsp3/o43es pi xel
intensity in the CCD i nage was neasur¥®d as a function of the radiant power
of the LED light. Gey filters with a knowm attenuation factor were used
to att etheatmpiehdarsi wasdalibraved fitseudimDa sificdin photodiodnwitb daawy respopsieiethat t he

f i ted, T fi h ti t it
cat put. SPoRaPed feRByet aonTas pY e, Qi il TR Y i, BE SGRITT o,
(AO  Wagerdfifth 83 CC #MRESwANR B 2 Xunétidi SR Fadidit pewatdfake LEDERht. The

result was indeed a l|inear relationship. The camera response can _be
wr i t t enGaey, filtgys withi adelowa gtengationifoatar wptexused to Gtenyate thessignad fropsthe LiiDe| - 8.

It -_ 4.5 Ppixer = 2.1 x 10 t 1 A ' t LStics of
the andPitacoeradyde Pt gnt it s b bifte SRR AP REERRT 7 e
par anmet gastheRafetSQApitQigal Ricriafs linerlyriviththeintepdateont tirhe) \watyetsbiation $AO)
required to yield a detectable signal in the image. The signal-tao-noise

ratio (BRRysHHs agamplayidanrrdat diferepinfageajiondapesp dhgrptliappsiadeedpr =

I signal .- _1hg=.. 1014Pt-8.1t-4.5 1 sig"Q + 6 vise 4.7 x 1014 Pt + (3.8t
+0.8) 2 Eﬂea(rg%fm%lsél ngle pixel in the imge receives light from1.7 n2 in

t he sanfhecghaneespsnsd duatbetvditencsr r espondi ng power density in the sanple
plane is: M= P 12 [WnR] 1.7 x 10-12 (34) 25 W can wite the relation
bet Ween the signal -to-noise ratio and the power density as: WO 03/069421

PCTIUSOY 044087.304 p,,,, +8.1)t + 4.5 31)

pixel

or

I, —8.1t—45
=2.1x107"% 22 z W] (32)

P

pixel

15 Since the characteristics of the camera with respect to the sensitivity and noise are
now defined, the parameters were used to determine the minimum radiant power that is
required to yield a detectable signal in the image. The signal-to-noise ratio (SNR) for a

single pixel in the image can be written as:

VR Lowa Ly 47x10%Pr-81-4.5

Vit + e AT 104 Pt +(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:



SNR 8x102M -8.1t-4.5 8x 102M+ (3.8t + 0.8) 2 (35) Figure 23 shows the
conbinations of Mand t required to yield signal-to-noise ratios of SNR=3,
SNR=5 andwBNR6da21 | mage analysis 5 It has been shown that PCRaISh3/h4468 s
applied to the inages result in a rob¥st counting algorithm which are not
significantly dependent on the threshold |level. To ensure that the
algorithm perforrg el 1in43l 1 situations, a |large nunber of inages with

di ff er eflMRr0 —oF—certs—vere anal yzed. To further investigdBe)the
accuracy and §t‘<é%i]|ﬂift*§3-§f+9i§é i mge processing steps, sinulated cell
i mges were used. The simulated images resenble the real cell imges 10

obtained fromthe CCD canera, but their properties are known. Analysis of

both the reafigand3 gHoRd!tA EsnbiRARS OFBKESd { feqRiediobli€ld sniPloekdisd faloopt i mal
threshold | evel. Threshold | evel To determ ne the optimal threshold |evel,

45 cel | of SdRE3, SWRAS ard SNRedBers ranging from 7 cells/inmage to 1150
cells/i rge ver e anal yzed and threshold curves were calculated. 15 Three
i mages lls were al so analyzed. The result is presented in Figure

24. 4 n the fitgus Beenthowviahdtdhd Arasapplebd tevied intagegeesls id Nebbastc@dntiddie | ower
limt is determ ned by"the  _position where the zero_ inages do not further

cont ri bugerithe, prhech-ap ot yerificanily; dependrat op erthreshold deviek Toamgwgithad dhgyy t he
shape o I T i\l trol
The i onghifint PRERR LI aliSyp RES L BER AN oF RS W HBERN miPherBF

t he si gedls-were 2Minaids o Aatther iavestigate tlodaicuragy and sinbitiyy ofsthenirhagegatotassigg s

were used. The sinulated cell i ge}s1 co siﬁét of a kn%s{vn nunber,, of cells N
with a viepsraImulaedrell images Bters wisti dhe winuiatad dRages resspbleths ferd pell HRRECSt i on
a. Jhe t u-als L Q: i EN i I
e R i s S tia b A U o
bri ght sisollatdtnages xekss § possitde td sedect dwloptieial thireshgbblevel. nunber of cel |

i mages re slld | ated with different 25 signal-to-noise ratios, varying
from1 M\?@ ral of the simulated inmages are presented in Figure 25

(SNR=3, SNR=1{detehiRmdGhe offtiiRall tHROIHIORHRNRERER iﬁlﬁ’%es_tvﬂ& &lIMtnMetfrahpRges
were derived fromthe paraneters of the real cell inmages. This resulted in

de val ufiem 7 eells/image to bl 50 c2lls/inGge=v&e analpized andgb@sholt euyesrveest catruiatedyes

tor & noR Bregapot STt G HRRRe B AR s Bd! SiRKSel bt P IR 1 '

and onefigiilelthe Qi€ erbshold teeelsrb%ﬂﬁls idd3cdI&. SEnd 18ivePliMRSs d&ernsingd bythet 0 t he
real images. As can be observed in the fiqure, the shape of the threshold

curves Dbésitiorewhmedizy 089 anageedy/ngsHzihen a@aribyge to the cell count, while the upper
limit is determined by the shape of the threshold curves, because of their gradual decay. To

Fal

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



sinmulated images is simlar to the shape of the real inage curves in Figure
24. The sinulated imges were anal yzed to eval uate the performance of the
count i ng wbgoaneabm The detection error was defined as: @ocontSeslomassrber of
cells - Nl Error =* 100% N 5 (36) Hégure 27 shows the results for four
different threshold levels: 80, 100, 120 and 140. The error decreases wth
i ncr eassinyla¢dyinadges &-similaetortbt stope Dhitheseajimbge ouves indigue i2d. The sinailated|

cell images is typically 20. These findin denonstrat e .t hat.. base n
Chese sPEaprEATLEAL Y efihie fEeroT g e! froests f el Prechifgof
expect egrdOvRelcFipedhs:2% 10 Exanple 2 Total white bl ood cell counting

| sol ated white blood cells were spiked into a | eukocyte-depleted red cell
concentrate 15 at known | eukocyte concentrations, which ranged from5 to
30,000 cells/A. The s | es re then processed according to the

fol | owi Rg, t.at Ao K’ﬂé’?’ggofg‘iﬁ”é\é\"ﬁy Ogsotocol. To 1001 of EDTA (36)
anti-coaqgul ated whole yood in a 12x/75mm gl ass tube, 201 100/ m

bioti nyl ated CD45 nonocl onal anti bodi es were added. After 30 m nutes of
i ncubation at room tenperature, 101 of 0.4ng/m streptavidin-ferrofluid

was added. T relgi,@?o%?s'rﬁé f‘esﬁ?érgo%g%%ﬁ{iﬁg%tﬂre%ﬂ&id@%ls%o,al(dd% SRODRY. | €

quadr upol e ( nmmuni co three tinmes (10 seconds each
tine). At erosderdsesgwitlo inceaasingaigndDtornaise @sip. The kigodl-tBrmiseirate i e meal

or ange . added and the s I s diluted to a, final volune of 2 W th
Cel | Bu\é\ﬁg’tmag(é? W@ﬁ»ﬁf‘bﬁﬁge%@% g@’aoﬁsrtraﬁea&’ﬂﬁ’ Paﬁﬂd’%ﬁ%s?ém&‘ﬂhﬂf‘@}se ®sal i ne
or PBS) R 1848 bOR iRfcchiEy RAPL&edRShE ARt baiserted into the sanple
chanber? éI;'Iﬂde cﬁan%%erﬁlv(\)/as C 6pecg 25yand ime'redi ately placed in the magnetic
chamber hol der. Three i nages were nade of every sanple. In an alternative
node, the sanple chanber woul d consist of an uncapped cuvet, bearing
optically flat surfaces that can beEgimprizd vertically rather than

hori zontally for illumnation with a horizontal |ight beam 30 Lineari The
nunber of cells per A of bl'Eefal white blpod cellggnptingnt |y bet ween different

Lo, o R SRR R S R st R

15  at known leukocyte concentrations, which ranged from 5 to 30,000 cells/ul. The samples

were then processed according to the following total leukocyte selection protocol. To 100ul
of EDTA anti-coagulated whole blood in a 12x75mm glass tube, 20ul 100p/ml biotinylated
CD45 monoclonal antibodies were added. After 30 minutes of incubation at room
temperature, 10l of 0.4mg/ml streptavidin-ferrofluid was added. Then, the sample was

20 placed in and out of a HGMS magnetic quadrupole (QMS13, Immunicon® Corp., PA) three
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



37 sone applications, a range of at |east three orders of magnitude can be
expected. The performance of the systemw th respect to linearity over a
wi de rangwoaB/obmekocyte concentrations needed to be eval raragobgu4neasuri ng
bl ood sanples with known nunbers of 37eukocytes. 5 The result of an

associ ated experinent is presented in Figure 28. A slope of 0.90 (R2=0.99)
was obssmmyeehplithiiens) avange of et lshwdlree huderseafimagnithds ea hedixpgetetheThtr ee

devi ant asure ts at the highest..cel.l concen tions,.0 out 1500
ool 1 of i peERRAEE PR By R Sl SRR E SO PRaE B eBboBRE N &7 e
l'ine si gatickhig@ink Yiebddte 88 @Faltifte@bP EncaR ity K160d sahipdes witl RAGvERlMbBérk BRge can

thus be regarded as the upper limt at which the systemperforns 10
accur at Bufocyf®fe error bars increase significantly at |ow nunbers of cells

per inmage th t . -1t .G ol tdpe system
The %Iensi ty gﬁe E%ﬁtsokglga%sﬁgla{se@\r%?g%ﬁéﬁ%ts}s glgegéerggdo%@%g eggl %tl r?%fgfo 'gibhe bl ood
sanpl e. (R¥=0199% vappbeexvedt Ehis e sope gtowarnhefesslebf mcluditgthe tigaapdvdarits known,
the dilution can be_increased or decreased. in order_to yie an .qQpti.nmum
sur f aceMEBTITCHEHS At the hmﬁéﬁ,wg?%réﬂ?wfabw#&ﬁ CPlauEe iﬁths%e 5N dRiR | | er
than 1, .t; oY | Sdid: : iot h

Lt ot PRR 2 aMRaeT HUAEEE oP edfll ARl i bttt IR e 0 00} ot

sur f ace 1 pfsedlisomages camthgebe redRepied dsi dichippet ymit Bhehrobphoslystanb pénferynsof a cel |
count corres onﬁi@1 to tBe variance in the nlurrber of fﬁfl hs counted when a
sampl e PRCUFElYu e §TPE PUS ARGFaPe SEREIGHRIN 2L 10w gthersRfostls BeF 1Mesg WS gned i n

20 suchgatiNeihel1BRtr BhRRE H e Bhbt BEhekytha. aRauBRlty JflRElICAIhSs PR
surface segnent surface ori'ginate Tromthe fractional "chanber vol une bel ow

t hat suisftased setheshlution of the tdagbsanypds. Ifthewpperximateatoncdndnatiomaicedlls is dree
variation i,n.cell densi.ties along the | ateral siti,on of .the chanber.
Addi 1 oy i< Ereame SRR «n 82 uereied S &efinefitBirstddngtond Plonfilffzca a
di ff er eplrfacd2eB UEhHES HAGdVet, Qltfoe Pic GIAATRThGo0¢anhék K dnlBleLiHantlypRs oOf
chanbers. In an ideal s%/stem these variations are subject to Poisson

di st§ i buinisnm pembenafeslls/ phihat ¢aa beapovated avithi 4 statipsigalpgcwacy pe<S’austwut of
count ed e f S so contrihute to variations in the cell
counts. lgﬁ'ﬁ‘ielfséﬁtls?lﬂg%l}?&?ﬁﬁ% e F@J? %osﬁtg%%elrsgﬁg eg'si tions was determ ned by

t aki ng Repfodtidilityy overl appi ng) inmages at different |ateral positions or
segnents and cal cul ati n,?qthe nmoving 30 average of the nunber of cells. The

result is prdbemnsedycbityRfraceilgounscostespads shihsvprancerip dha umeber p§erlls
there a i | at.i: i it | es: ing:on the
ot or af LR REC YRR RSeied RGAENY, THE bRGRLHAR it ARRIENRY
si gt f i swdhta wsy thatgloag tlenentani@safiths cladndieg, thé eeltsent a airface segnoit slnéacehanber .

The variatjon in cell density on the surfac al ong the | ongitudinal |ine
was al s8"REASHFEY th;@aqt@ieﬁ#r}avﬁﬁ@%@uw Befor BRI ePIoOh sl 4 GRECIOD

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



WO 03/ 069421 PCT/ US03/ 04468 38 this line. This variation was about 5%
conpared to the expected value of 3% for the Poisson statistics. The

hi gher vawoDasioem2pf 5% may be caused by an initial heterogemaisyo4abs cel | s
in the sanple, inaccuracies in the c¥#anber dinmensions, |ack of honpbgeneity
in magnetic configuration or by the inmage analysis itself. 5 Accuracy In

t hi s exhisrlineehjs tdnatiac eas abgut 6%, tichmpsiedite thevixpected sgdue of 3% foethe Posgen i ng

was eval uated_by .correl.atin e cell counts of.1 ifferent blood sanples
Lot he SEEeO oo WEB T BoR Shivarebare TSRO By L hErireghibigr e e B8
EDTA- anfahpk0 gehéb@hsids [ B0 EhHand! @ehsi@fF) 126k bf Edirﬁdi@en@ﬁ% iembgneter e col | ected
and anal yses were performed on the same day. From each 10 sanple an aliquot
was t akeenfiguratianat Yy ihe image agalpus tiselif. f f er ent i al  haemat ol ogy anal yser

(Syssrrexécrx) SE 9500, Sysnex(r) Corp., Long Gove, IL) and an aliquot for
analysi 2%he descri bed system To 100l of EDTA anti-coagul ated whol e

bl di | 75m l be, 40| 509/ M bi.oti | at ed,,CD45. | |
ot bot cq vl Bl ey theAcack e Sl M ekt S EV B Sper at ur e,
251 of Quafiidy hfetRing\thabdt ntd 141 Hrrwast lﬁg&ﬁghmlﬂ&et&thééatﬁ bBafREBYE was

placed in and out of the magnetic quadrupole (QV5S 13, |nmmunicon Corp., PA)
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20  After 10 minutes, three images were made at different positions on the surface of the

chamber, and 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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t he base cqnposition of the nuclejc WO 03/06942 / USO3/ 04468
populerlrt}?ons, it is possible to distinguish them on ‘ﬁqeobasis o% dft)”gences ign stzﬁmng 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



40 acid. The em ssion of acridine orange in these conpl exes al so varies,
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excitation (nm (nm AO (nonomer) 1192525 AO ds DNA502488 520-524
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CD45 anti body. Afte € 10 nkput es colfggction insixesise magnetic
separator, an i nagat®talatetle chanber surface was made using a 455df 30
band-pass filter. In this inmage only the fluorescence of dye conjugated to
the DNA content oPAQ#eDRE} | s %"4%;3' s ﬁlgso used f&ro gM whi t e bl ood
cells) is detecte re&gﬁgt g?ot!‘\l “'Thage s made using a 640df 20 band- pass
20 filter, which S“ised to freasure the RNA content in the cells. The
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lymphocytes, although the concentration of the dye is also critical to obtain accurate

differentiation. Therefore, the emission of acridine orange in the range of about 630-644nm

10  is expected to be larger in monocytes than in lymphocytes. The following experiment was
performed to investigate whether CD4+ monocytes and lymphocytes could be counted
separately using a single labeling step by making use of the metachromaticity of acridine
orange and the difference in RNA content of the two subpopulations of cells. The same
labeling protocol was used as for total white blood cell counting, but now anti-CD4

15 monoclonal antibodies were used to label the CD4+ lymphocytes and monocytes instead of
CD45 antibody. After the 10 minutes collection inside the magnetic separator, an image of
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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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
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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 assume 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.
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is showmm with all |abeled cells starting at the bottom of the conpartnent.
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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
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One can also define a homogeneity-factor H as H= I(6=0,,¢)/1(6=0), defining the ratio
between the intensity at the center to the intensity at the edge of the surface.
15

_10=0,) _  ~dInC)
“Tie=0) T2 ) (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 realistic; 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,



A smal |

spectral

portion of the emtted |ight of the LED (see figure 2.4)

regi on of

is in the

the emtted fluorescence of acridine orange (AO.

Wt hout w&wDrgoev4bow pass filter,

a background in the fluorescent signals.
(central

20 il lum nation |ight w PCThS0slet4est ed as

A | ong- pass or

band- pass filter
wavel engt h 550nm band pass 30nmused in the previous illum nation

enbodi miigher daminathiciatenkity cdieledgachedd DepelaBimnon theriipagmtibn kdqaireddy teound

to be optinal,

f or

the current

illum nati on enbodi nent.

| mpl enent ati on and

t est i ng APBlicAHEN RPN 63 D Ysedt nent above assunmes a honpgeneous

iIIuninationﬁg

of the

positio

Phi

in

LED an

fou

Ve

Ly

sl

EivERg

i cal

e Saxfirado i ised

RS T

ertdihantEDd bot hfehhdds oPAfuntiBiton! BRY wikré festeli RGinglar uCt ur e

cusi ng properties of the

_epoxy éencapsul ation produce
a very isplutignlofincridied drange eddsron-Anoresqent, absorbing lsampleo de bothimeethodst theal

§

el i

used
n a

singl e liERs Alofiut HELORE 0FTH SdmEE T4 dF8S4sUAAG BnteASit) IBARIA tyl the!Bleb@ichion

intensity can be reached.

Dependi ng on t

he ill

um natl on requl red

by the

appl i catenengy consuenntiodd DEEs/Jondel.sHce this vabustis depengentionrthaAsbcareettiondet hods

of
a non-f

driven ahe hBRinfunlBaten

illu

th
ca

] nat i

sl it

P

i

By

usi n

ec P

intensity,

a. solution.of acridine .ar e and
e R A
th R CRINTeRREH thdini8] indfca@\% [Theorbstebesanpie)Di gi t al
Units as output fromthe CCD canera, as a neasure of

di vi ded by

t he 181 eckheimanimuaniategsity ohba mprifbarasesyt samplg) apicaipgPUsi s val ue is

dependent on the AO concentration in the sanmple, it can only be used for
relativ arison. The mini mumintensity divided by the maxi mum
i nt ensi ?{fﬁ’?ﬂgtp?@g‘?ﬂﬁﬁ’d’f{gﬁ% haes ﬂgaﬁ{mlinﬁé?%at ed in % (Fluorescent sanple).
10 The paxdmum-intepsity of the - ) —+ndicated in DU s.
Tabl e 3:1lpwigagpranceEdicigneyn typdlonggentituni natBaskeround
|11 umi nakipenEs fi ci en@Wishiogknei t (BaiokgrestiHY Yy pey®dU s/ Joul €) (1 mi n/ | max*
100% | gvel (DU s) Epi 3.1*1080.2%0 illuni nati onDWisect3.1*1080.5%2
i Il umi ra@pion 15 The|8asudts are |So@%n in Tabl e B indicate {hat the
ef fi ci entymaadohonogeneity are |simlar for both types of jllum nation,
whi | e tiRgi.backgrounfslieys 1S Slligghltely higher (5 DU s Tor|the tested
sanpl €)|jijumination
15 The results 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.



O her Enbodi nents 20 Further exanples and applications of the algorithns
and nethods of this invention enable accurate cell enuneration, in a
conpact, woggee4and | ow cost systemthat is suitable for PA¥asnso4468
poor-resource settings. The performanse of the system has been established
in a nunber of clinically relevant applications including the analysis of
bl ood cel | s, Hhuthenbnoedlyukfined pplicatppisiiccodadetection of baeernidlsfupgaldind Firel

exanpl e, as has. heen nenti.oned before,. counting 25 boyine | eukpc in
LB R R R S R R P
m Ik i's cghlbls8MDelcpumed bothed sk of tR¥neHoasBad ¥gSHSn®IGT thik @kenfibBy hsiagspor t
of the mlk sanples to specialized |aboratories, which is both expensive

and t i mappwsate figresthret stamiak yeagentde The Fysiam onld be el foeperéaming fagter f or med

on-site, in a fiel ettin r.in n i |. . 3/ 069421
per usodmialar e ti L M Bl § BepFROETRHSRPRLS BREh ARV st LT on
of bact aisedfor nhdpnend 1adBkng isinailar te tHehRGROE deBeribedavscedls. Andatedtshle lbdtler
supplies, and air sanples. Objects other than cells can also be counted by

the systcamiddhen pradhednaied aandlugresernt pRstysmeterd Prhernrgistippaticleng
apPr OPT 18hKd-aHAGARE Bkl S5 AbIBk f&%@%ﬂ&n ariJlaR 30 818 AU Eri s i) md of
as S SIS. or ex

per f ormng I Munoassay ana arrpl%(té, a magnetic particle
speci f i dndtnmmeann wanRl iy #ble oudaeddend erseaerbtethamgivge ¢ | abeling, simlar to

t he net hods ?ﬁfecri b(?ef fqr cells. A detectable 1 bel uld then tLe added,
suchlas a fI udKrdade ﬂ‘tig}C;‘/Q’E DYERR PREgAnangg I raledhy sealalle gessel apd the
analyt e c@%&ﬁ%@% o tﬁ@{?ﬁ’wéﬁ%@ﬁw’eﬁh%&t‘s %géljg%?ﬁrﬁime?%ﬁ LiRidnB8nd in

observat i surface, e instrunent e to detect and enunerate
t he analophfinedlfpadéreasimmewailoh spaagivibssets amd gpharesiratpeestoalmppbieations.seal ed or

seal abl e vessgls and the, conpactness of.the .devices of this Invention
permts. oper sl GHOHHAR T IOHTE PEohHdI PSRRI AR e i os BRI ey ai |
i N Spaces\R&EHed psordly RIve X RER FhAA! filekbe ARy t6 2hAKIB $he ihbéhtidheb BE T ed
enbodi nent s of tﬁe i nvention which incorporate these inprovenents, as

desclsi besgnpeysd ioueany feddscang appligssions addienal tmbwpeciteddibpye.t o enabl e t he

i nventi tto be. 1::1L05 enpl oyed in many fields and applications additional to
t hose ciﬁggr—%%@\%—né. her applications The following |ists sonme of the

potential appthclbRif @ iohe SHtEE poentifRaSFladEBAs S0he Bystémner al cel |
counter of inmunol ogi cal defined subsets in fluids, for exanple o cell

vi abi | i tResearch:

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)



o CD20, o B-lynphocytes; o CD3 T-lynphocytes; o CD8 Suppressor

T-1 ynphocytes, o CD 14 nonocytes, o CD83 dendritic cells Hematol ogy:
Leukocyt ewGmans94¢CD45) G anul ocyte Count (CD 15, nonocyt @sTdishd/erent i ati on
based on | ower antigen density) 30 47eft Shift (immture / mature

granul ocytes, based on CD64 antigen density) Shift reticul ocytes (CD71)

Pr ogeni tBdpodedokingyunt ( CD34) Progenitor Cell Count (CD34) WD 03/069421

PCT/ US03/ 044 . 47 Bl ood, banking: . Residual |eukocytes in red blood cell
bags Progeni e&ﬁ“&@ﬁ%‘&é’@ﬁﬂﬂf%ﬁ%‘&%ﬁﬁ%g s products  Cardiovascul ar

di sease: 5, %&ééﬁ%?@elp&ﬁﬁﬁln%ul&%%%m@gmﬁ@s Endot helial cell count (CD

146) Rheumatology: Cell subsets In joint aspirates I nf ecti ous di seases:
10 CD4 CountCafdibvisculaediseasgt e / Epithelial / RBC cell count in sputum/
urine Bacteria count in sputum/ urine Environnental: Bi ol ogi cal

war f &re agbnttctiveted glateletgqugt €Do3Mstitis in cows (I eukocytes in milk)
Quter spacg H{nﬁg{h%ﬁﬁl:cellgohﬂtj(%ﬁm%?al ysis Environnental analysis 20

Rheumatology:
e Cell subsets in joint aspirates
e Infectious diseases:
10 e CD4 Count (HIV)
e Leukocyte / Epithelial / RBC cell count in sputum / urine
e Bacteria count in sputum / urine
Environmental:
e Biological warfare agents
15 Agriculture:
e Mastitis 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



VWil e particul ar enbodi ments of the present invention have been herein
illustrated and described, they are not intended to limt the invention to
such di scwogamned42Changes and nodifications may be made tIr€raisn3/edaes t her et o
within the scope of the follow ng clasns. 25 WD 03/069421 PCT/ US03/ 04468
48 What we claimis: 1. A nethod for detecting and enunerating a target
popul ation wi thin a biological specimen, said method conprising: a)

obt ai ni sai d bi ol ogi cal specinmen froma subj ect; b) |abeling said target
popul awg?’f"ﬁﬁ‘fﬁlﬁhlssal d biol ogi cal specinen; c) i sol ati ng said | abel ed

target 1DOR%@:hb<ber ?ecﬁﬁ bhd EREn@id ﬁge%o@ﬁmbnbmua%@lb RREHEARR,

containing sald | abe arget pop tion; and e) analyzing said inage to
det ect anshiénethedabeysaing: | abel ed target popul ation. 2. The nmethod of daim

1, wherei nbers af .said tar ul ati.on consists of cells. 3. The

net hod of 2 %@F%lﬁg S@H&?@Pﬁcgﬁpgm@@ﬁ%g‘m&%ﬁ%}? D& of CD4+ cells. 4. The net hod
of O aimig 1%&% RANEEY tﬁ)(ﬂﬁﬁtioﬁ@wﬁﬁﬁ@alﬁgiﬂ%gu@ﬁ%pé&ﬁé@dum ng a non-specific
quorescent dye o sai d bi ol ogi cal specinen, wherein sai d dye | abel s

menbers of) Jetlating midylabelpd frrpeltpopnlatien; The method of O aim 4, wherein said

dye is selected fraom.the Up, CoNs tin echst
Shoss. ant rsaLHE SSuans: SR EOREHT e By ol M MR G eel T onel f ng
step conpri sRpulatibfi;adidci ng magnetic particles capable of specifically

| abel i ng nenbers of said tar&@t popul ation to the substantial exclusion of
non-t ar ge@) poplyzagisaifsimage torfe¢and saumerat saidipbelediiregad pAPYalien- nragnet i ¢

particl é ﬁle ld%%kﬁ?l&( g,gx%etrgﬁﬁ ngt{n%é?s oi%ﬁﬂﬂa?%ét ggptﬁgtlcgloéoingfsg%lf cells.

nanopar erro IC MCros rromag netic dense

parti cl3eSTtheﬂHaﬁ dfﬂlblmlz Qf/héﬁélﬁlsmdﬁ:,elly\b@fsﬁt Bfemd cetigneti c partl cles are
specific for CD4 antigen. 9. The nethod of Caim®6, wherein said isplation
step cdnpf %Wbﬁa&gﬁ&lal@ah ‘Vh%ﬁlsﬂﬁllﬁﬁqhﬁg step LOFPRSEF AP EUaRg/2 NeibalssHiorenber s

of said tggel.np t%téaﬂf'moljogwairﬁj%c gget%in %@Hﬁ@ I%belg"ﬂfeﬁrﬁiefb SRl magnetic

mani pul ation results i n positionin ers sal d target population
adj acent tapgamopidstsvat i on surface. 11. The method of C aim 10, wherein

ts 2| ](cj | ggﬁfe at | %r})&rsﬁt% %%? 6,‘@2]%(% tsla’ yg'{ﬁh Fgesgde r})mtt e ér%\ﬁg lconstls(%m%lolfgg\ﬁ 1Hg bl es

orange, Hoechst 33258, and Hoechst 33342.

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.



12. The method of Caiml1l, wherein said inmage acquiring step conprises
using a CCD canera to capture a digital image of said biological specinen.
13. The meoDhodewtl Cl ai m 12, wherein said anal yzi ng step cecprissgei46he or
nore algorithns to process said digi4al inmage. WO 03/069421 PCT/ US03/ 04468
49 14. The nethod of Claim 13, wherein said one or nore algorithnms are used
t 0 r eduble Thhenetisidyptallaino 1 hoviseeinatidone vaimbrs algmathmscoe nesslgo mefiuag theo

itively, |abel ed mepb f said target popul ati 15, The pethod of
G ai m 12, er i seaeio.oe Sor s Ju e b eV e UgembrEe g °

enuner at eta?r%&%bﬁl,aﬁ@@i d signals indicating the presence of positively
| abel ed nenbers of said target population. 16. The nethod of Claiml1l,
wher ei nl% Zihd nisitiidoefi Glaim § Ampheseinsaid|ongor mere algprithmsmse Hendl to delieelcadd f rom

h taiconf @aim amphiacinsaxl g msrealzngiiee Hisd |
1 unk nat oy Sers o St P ARGne reedoh SF bttt 1Bk MR 157

Cl aim 16, sg{aegrggtrp Qruispurce of said illumnation is selected fromthe

group consisting of LEDs, |asers, nercury arc | agﬁs, .and quart z- hal ogen
| anps. 16 Thymesthast offelatm 1 owhereinsaidfielogical sainle ispHuminagss ysemedod known
portion of it i.ol oqgi.- I - - HREG . Of i.m 18,

wher ei n aﬁ%}F(rf}g(ii %réhgtzllal?&? 661 rcg)lg%%@%g (?ﬂ?‘é e ﬂ@%}r%ah%g’e%l;%ﬁuner g?‘?‘ﬁlgOﬁn‘@ r?ber s of

sai d t ar geflurppBtb@bndverticdd bexhi- Agdidirmingtibthe result of said known portion
represent the entire biological specimen.. 20. The,neﬁho%{ﬁc;rﬂg‘?ai m 1,
(5]

to [

f ur t her 1o dmgmathorhok (lein d apvhsrendhs seyren o giuillyminalionps selefe %g to
non-tar ge 4 J: hEi i i I 1 imen. 21. The
rothod of B ot pEREDY S ARERERY R, Aad R ABRRRTa ant | gen.
22. Thelgrdthbkancihdd 6F @laim 1, wheretrheaid immyp rémesegtstaimosingmroén aittie bgalf r ee

bi ospecific¢c |ligands that are specific for nenbers of said target

popul at i oR10l9giCalsRECIMERhod of O ai m 22, wherein said free biospecific

l'i gands;qir ' t @R Ao B FBEPRY sBfd hBd2RagdOShfiRs SRirflerati
ant i bod}%ﬁgﬁgétg%ggﬁ¢%émf1§? cH4 antlityge%.S 25. An appg‘cr’yat'usﬁ:‘lo? det ergtlrilgng and
enumer at i mgenabdrapfeid ogadpeapilatonandrxtrapolbiing thgireslt of spid dinawn pogaindo

apparatus conprising;. a). an.i|lumnation neans; b) a means for acquiring an
i mge; c) rgpr%ﬁﬁ}e_egﬁfeg%}@@ {Sp(?&ﬁ‘éegf e of receiving a sanple chanber _
cont ai NhMIrhedhéthoPbOEREHh A2 Fur§RE 6 HRking M GtopRAAEEina MiiadBesR Rhpdbls dther bei ng
capabl e of allow ng said T _
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.



sanpl e chanber to be illum nated and i maged; d) a processor for performng
one or nore analytical algorithns on said inage; and e€) an output neans
for displagiodgeresul ts. WO 03/ 069421 PCT/ US03/ 04468 50 2@CTNse3/appar at us
of Claim 25, wherein said illumnati o neans is one or nore light emtting
di odes. 27. The apparatus of C aim 26, wherein said light emtting di odes
em t at26 Themppahtus vACHImPGt Whakirsadhilundgationheeaap paomst arsnat lightdémitte
wherein said i mage acquiring nmeans is selected fromthe group consisting
of a digi f9%%anera and a CCD camera. 29. The apparatus of O ai m 25,

wher ei 5 &gind 255FLE £ 0BRSS, HRtSreth Joi PRSIRAER WASRE YAkt £ ceftedlf ace. 30. The
appar at us of aim 29, wherein said magnet arrangenent is capabl e of

posi ti oni mgvelsagiti of 4iPme. chanber in a repeatable, accurate position. 31.

The app us of Claim29,,wWherein said nmagnet.ic_arran nt, .t rapsports
mmgnet | a1 Aepuaiis AL A Ere b i G tg Bt GRFRR £ btls

observat i @hopltiohisEng 2a dighsl AR AdusCaD &hk4n 29, wherein said sanple
chanber is angled with resQl%ect to level to allow bubbles to float away

f rom sa?® Thbseparains oh ClaimiZdc wheg said saneple ehangear higs p HENPALPIEARIPEHPA NG a

t ar get DOEH} ctei on within a biological specinen, said kit conprising a)
magnetic particles; b) a non-specific fluorescent dye; c¢) sanple chanbers;

and d) 3Thefapparh@s 0Tl 29, hhele@giddinagudthansgendeht isldapatie bf pésitidrangn 33,
wherein said nagnetic particles are selected fromthe group consisting of
col | oi dal SpidifapRlechamber infadiepestable. geCUIAtg PREFIPB i cr ospheres, and

fer r OMBgNElGo0RNSE PRIITILS e seldPalidiicHbrhahd FnsthRTSI ALY

magnetic par es are capable of specifically ng “nenbe

t ar get popedpahsionmedibersdfgaiditirgef pdpukation 3dsaidvbbseevationaindaceagnet i ¢ particl es
are specific for CD4 antigen. 37. The kit of Caim 33 erein opne or nore
r eagent £-dé 2PPRTAIE Ph Eﬂﬂlmgzz‘)e&fhf@ﬂl}ﬁau_é@w#ﬁ ghager i SRelc] WA DR R sal d

| yophi || 244 a1 §9800ISs & fock AREALORIAM UboRafBh duReP! ¢ chamber. 39. The kit
of Claim 33, wherein one or re reagents are in tablet form

33. A kit for detecting and enumerating a target population within a biological specimen, said
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.



40. The kit of Caim 33, wherein said sanple chanber has a transparent
observation surface. 41. The kit of C aim 33, wherein said sanple chanber
i s used awoa3paidbecti on device for said biological speci FER/USHNAE 069421
PCT/ US03/ 04468 51 42. The kit of O alm 33, wherein said non-specific
fluorescent dye is selected fromthe group consisting of acridine orange,
Hoechst 4336t afttaikods; helierda 34id nod3pedifie flubtesadnt QY aisrselddted ffuomt thergroup

conpri sing m.crobeads ,capabl e of bindi t on:tar popul ation entities
present i r?og%{?tﬂlg&?f&_%ﬂﬁn@QFa@ﬁeﬁP?Fgﬁt%ggg’ afﬁﬁ‘?ﬁcpsj[gi?gg'ai m 43, wherein said
m cr obegdsrian® §RAGin b5, {iRherBnmbisABindRbeadsoapdtle ok bindRHg t6hdhMargs. further

conprising free biospecific |igands that are specific for nmenbers of said
t ar get popebealatiomentitées pidsentkintsaidfbigdbgicah spscimeher ei n sai d free biospecific

| i gands  ar, ntibqdi e 47.. The kit .of . Cl aim4 in.said antibodies
are speé‘?fﬁ’@%@%&’% _W]beé?f.n_sﬁ’gm%f’f??e (ilstar%ispeéff?ﬁ @f@ﬁfwgﬂér i ncluding a
cal i brags ofheQedH@him 38 frB&! doﬂﬁﬁish%"fré‘e"tﬂé@b@éiﬁc@i%ﬁﬁﬁsl thhtlge spedfficel sanpl e
chanber cont ai ni nfg a known anount of fluorescent beads. 49. The kit of

Cl ai m 48, m¢mbass of ssad thrgrs papulatien.enbedded in a pol ymer matrix. 50. An

port abl r.at for,.perform | Qu- 3 t L alysis, said
appar at g@'%ﬁﬂ%ﬁ@?%:A'S’a‘?heggmiSﬁﬂﬁﬁe%é?sﬁgglhﬁé%ﬁgg a% &Z"Jlﬂr?ggér%'s for acquiring

an i NMage7. The lat MEUBRH 46/ Wikdtegianeidantidpdibd gre@bedific Bir\GIamigeanpl e chanber
containingrsahd biplogical specinen, said nagget arranqgnent further being
capabl e4®fThe kibeh (Flging 33 furtheriprladiag arpabbratign gambar spidealibgetionshpmaged: d) a
processor f rf ) nalk vt i I L d s.mage;

) an out R esEle itk afte Char SoRARNE 4 b Rl o b ey
51. An a9 dritei kihefl Claim ¥Bpgkerainahidsbeadodre teatbgédedaintai golyeser mainpri si ng:  a)
acquiring a digital inmge; b) performng a tenplate matching step on one or
nore regions of said digital inage, said tenplate nmatching conprising: i)
convertkRg i i i ol r Bid hi aring
Che. pat o ara BB, e ke R i bR o

obj ect, whengirisingai d known object is selected to resenble said target
entity; an i counting the nunber of events where said region pattern
is within? PRIGEHEEEmCDS;

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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| abel i 3. €Y #1gbfthR 67 CRSMP 1S $Bblein befoidisebp) ol digital igiageis pradiietddctal | y
mani pul ati ng sai d i mmunonmagnetjcally | abel ed CD4+ cells towards an
obser vat i Bisresge thesignst-tasppige B8ipl e chanber; e) acquiring an i mage of said

bl 00d_ SR E:1o8fith br BiHSA Qe Shid HRESE hidBH EGKe A EAAPLBLE Sal d CD4*

cel |l popul
consisting of fluorescently labeled cells and fluorescently labeled beads.

55. 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.



