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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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20 cases, most of the CD4 counts are in the less than 200-400 range.

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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20  capable of detecting and enumerating a target population within a biological specimen as

defined 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
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cuvet or chamber after sufficient time is allowed to permit cell labeling. The cuvet or
chamber is placed between two wedge-shaped magnets that are designed such that all
25  magnetically labeled cells move to the upper observation surface. The fluorescent label is
chosen such that it is excited by an LED and the fluorescence emitted by the cells at the
viewing surface is sufficient that the individual cells can be identified in the image captured
by a CCD camera. The algorithms applied to the image identify and enumerate each of the
objects or cells. Preferably the algorithm is programmed onto an embedded processor in the
30 CCD camera. Finally, the cell counts per microliter of sample are displayed on a LCD.
The cells are counted based on their fluorescence intensity difference with the
background. As excitation light source, LEDs are used which emission maximum of 470nm
that match the absorption spectrum of the fluorescent label. The emitted fluorescence is

imaged onto a CCD camera. Image analysis routines, hard coded inside the system determine
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BRIEF DESCRIPTION OF THE DRAWINGS

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

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

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

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

velocities, for a constant ¢ of 0.02 mm/sec.
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FI GURE 3%y Threshold | evel curves of three typical cell inages. (a). Before
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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.



FI GURE 15: Bl ock di agram of the conplete counting algorithm 30 FlI GURE 16:
Cell images at different stages of the inage-processing algorithm (a)

Ori gi nal welososarage. (b) After the Laplacian prefilter. (®CTASIE044b$e
matched filter. (d) After thresholdifg. WO 03/069421 PCT/US03/ 04468 8
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FIGURE 22: To calibrate the output signal from the LED, the photodiode was placed
in the sample plane and the radiant power was measured for different LED driving currents.
20  To measure the camera response to the known LED signal, the CCD camera was placed in
the sample plane and the average pixel intensity was measured.
FIGURE 23: Combinations of the integration time t and the power density M that
result in a certain signal-to-noise ratio.
FIGURE 24: Threshold level curves of 45 cell images, including 3 ‘zero’ images.
25  Based on these curves a valid threshold level interval between 100 and 150 was established.
FIGURE 25: Simulated cell images with different signal to noise ratios (SNR), which
were used to investigate the effect of SNR ratios on the counting accuracy. (a) SNR=3 (b)
SNR=10 and (c) SNR=20.
FIGURE 26: Threshold level curves of two simulated images. Note the resemblance
30  between these curves and the curves obtained from the real images in Figure 24.
FIGURE 27: Error percentage of cell counting as a function of the signal-to-noise
ratio of the simulated images. At the average signal-to-noise ratio in the real cell images

(SNR=20), the data show an error of approximately 2%.
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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 Vionocytes=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
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name, “EasyCount”) are shown in Figures 1. The imaging part of the apparatus is based on an

20  epi-illumination fluorescence microscope. The surface of the sample chamber is illuminated
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
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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
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i ncubat baeBy ifsides quadaipote high—gradient magnetic separator (HGMS) magnet (US patents
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
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(Figure 2B). To obtain a representative and accurate nunber of cells per
uni t vokudrenbdundiferrofluid particles move in the vertical direction to the upper surface. The
imaged surface area correlates directly with the volume fraction underneath the imaged area
(Figure 2B). To obtain a representative and accurate number of cells per unit volume, it is
important that the cells are uniformly distributed and immobilized over the viewing surface,
25  which requires that the magnetic field conditions also are uniform over the full area of the
glass surface.
A further improvement to the magnetic arrangement described above was to “spring
load” the yoke assembly. This positions each sample cartridge into a repeatable location.
Because of this, the specimens that are being analyzed are always in focus in the Z-axis as
30  they are being imaged. This is extremely important for using the apparatus of the invention
as a fast analyzer because independent focusing for each sample cartridge is no longer
necessary. As the sample cartridges are manufactured with precision, the yoke assembly can

position every sample to always be in focus.
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This second order differential equation can be solved for a cell with initial position
y(0)=0 and initial velocity v(0)=0 as shown in (3):
M'({mVB, - M' VB -M'g' M'(mVB,-M'
oy = L (IVB, M) exp(_ 671R t}r]ml ,~M'g' M'(mVB, 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

pm, the relative cell density, M’, of 77 kg/m3, the magnetic moment, m, of 9.32x 10t Am?,
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At a certain time t, the probability that a cell i has reached the surface, is given by (6):
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)
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where yqur is the height of the chamber,
The distribution of cells in the sample can be assumed to be uniform, since the sample
is exposed to the magnetic field immediately after insertion in the chamber. For a large
25  population of cells, the expected number of cells (N) at the surface can be found by
integration of the individual probabilities P; for all the cells in the chamber given by (7):
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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.
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20  Optics
The light from an LED is collected by a condenser lens with a focal distance of
27mm, passes a 455DF70 band-pass filter (Omega Optical Inc., Brattleboro, VT), reflected
by a 515DRLP dichroic mirror (Omega Optical) and focused at the back focal plane of a 10x,
0.25 NA objective (Nikon Corporation, Japan). This optical configuration results in a
25  homogeneous illumination of the sample area. The light emitted from the fluorescent cells
collected at the underside of the glass surface of the chamber is collected by the objective,
after which it is filtered by a 550DF30 band-pass filter (Omega Optical) and focused onto a
CCD camera (EDC2000-N, Electrim Corp, Princeton, NJ). Figure 1A shows the
conventional epi-illumination mode. Figure 1B shows a direct side illumination of the
30  viewing surface with one or more LEDs in a “floodlight” arrangement, which provides
sufficient excitation energy, and may be a simpler and less expensive illumination mode.
Camera
The CCD used in this set-up (EDC2000-N, Electrim Corp, Princeton, NJ) has a

dynamic range of 0 — 30,000 electrons. The r.m.s. (root mean square) of its readout noise, as
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The whole image f(x,y) with randomly distributed cells, including background and

noise signals, is described by the following model:

f:3) = Co(63) + 2, Cop(x =%, = y,) + 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:

C, -G,

O-n

SNR, = (11)
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i nclude thermal and 25 readout noise fromthe CCD canera. Based on this
nodel we weansgdefsene the signal-to-noise ratio (SNR) of c@CIr/usos/mashe
imge: SNRR _ C - CO (11) 6n WO 03/169421 PCT/ US03/ 04468 19 where 6n is
t he standard devi ation of the noise conponent n. The i mage nodel contains
parameters that can be estimated by analyzing existing cell images. For

t hi s purpose, re. an zed, which represent typical inmages

obt ai ney1% ‘b)}s cg’ﬁegt*’r1 %@no?ﬁy jeeOMPONFY 1y mage paranmeters for the 10
test inages gf 1I§%V¥Hode-[lagm'afﬁ§ GranfeRil ﬁfaf‘czﬁleéé e%tlﬂ%ﬁé&@'afnfatﬁfzﬁ@tex%ﬁ cell
intensities. an SNR1s the signal-to-noise ratio of the cell that
has t hemaa@s aﬁa qhssqiurpmueemslmqges werdrmlalyza@;evhﬁﬂatﬂpeesmnt tpimglanpgesaoistived from
10 t cel | S er. of image ce G mean a,,
rears SN i B a g Babl® foths imBecypdiissaiet GedOest magfS s iyl 8B 3 g 7
4 470 1%1?21 9 contdindR119 with dZﬁ"greﬂ aﬂ@ntgns?tlé?so The n@eaﬁ@l\ﬂi?sgché@lgﬁal&ojn%is% 7 320
99 43 2.8 20.0 8 611 109 49 2. 396 104 46 2.8 20.7 10 426 110 47
2.5 25.Qatmrﬂmg@llabatmaﬁ@wemgzmealmt@pﬁylméleemag@n As shovvn in Table 1,

t he signal -to-noise ratios (about 22) of the inmages are surprisingly high
and nearly constant over the full view ng area. This suggests that counting
of the cells could i shed th hi g The optim zed

met hod consi sts of ?8 @ ﬁg‘sw’eaﬁtm ryfrom {hﬁygé%l ?}f’c‘BXgﬁseate a binary
image in which cells get the value 1 (white),

number of]
image cells mean C; | mean Cy | mean g, | mean SNR
1 800 99 51 2.5 19.2
2 932 114 53 3.5 17.4
3 631 131 60 3 23.7
4 470 127 59 3.4 20.0
5 737 130 48 2.7 304
6 261 129 56 3.8 19.2
7 320 99 43 2.8 20.0
8 611 109 49 2.5 24.0
9 396 104 46 2.8 20.7
10 426 110 47 2.5 25.2
Average, 558 115 51 3 22

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



background and noi se gets the value 0 (black) and the "white" spots in the
i mge are counted. Cbviously, the easiest way to count the cells is by
usi ng a pweawedhr eshol d | evel, which is constant for al IPCrsgesi46d n
practice, however, this method was fo¥nd to be very dependent on the
chosen threshold level. This is visualized in Figure 5, which contains
curves ddfaked as thriMBoBBle08ThRes PCHEIISDBYR 4468 theainakest iofi eolirded otjeas fnod cell eveI
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have | athge: isoglyal liﬂlﬁedhﬂirsdiofcblbvﬂ%ngeeﬁhdré thmplamaﬁlgfeBadualbzlﬂat mm Hedsi ng
nunber of counted cells at increasing threshold levels. 2. The presence of
at yHi cal®s#f ffact s such as bright (broken) pixels in the CCD canera. 15

The curve 19@14%&4&@@2&&%&% otf@he%p@.t %antda%résbé o0 Qegﬁvﬁwe% gases to

255, the maxi nmum pi intensity o I mage | gure at only a
narr ow r angelevsl, ahie It]adﬁmghtmﬂeha/eﬂmgsetgnhbmeiomeersmdst ssultingn agcadually cel |

count. Furthernore, variations ackgr ound woul d shift the
curves horiz ?ﬁ%ﬂs}r@numh?éoﬁ&%“ﬁ@nﬁﬁé F‘ieaﬁ%ﬂ{res&‘@[“ieﬁéfyendent on the
chosen thresiipl elséﬁé%'of afé’%ﬂﬁ?art@ac’%%u'@f?gs bﬁ%O‘%ﬁﬂok&‘P) JiRel IRk [T caHAI N9

nore robust and 20 | ess dependent on the chosen threshold | evel. Therefore,
it Was necldssarye gr@d@élveleomamttmws as th@ thteshald {evet hlerqals@tteéﬁidbtrespond| ng

to the actual er o in F the, selected approach uses a
at ched TR DAL BRI PeammEncLebise ShoRdotsanbr S Stk FeR o HAnge Thi s
al gorit Wﬁéﬂéﬁspr@gﬁ eREERsd i ad a@&ﬁat%lceﬂ’ eéuﬂfealﬂhﬁﬁérﬁi%r@ rafihtidBih BQck%Tr@ﬁldt 0
further inprove the cell counting process. It was al so unexpected to

obser veintnaity toald Siift g svgvesdionsarialy thussmaliag theagtiopuitsvoRe depeagdent oftel y
puccee Bl IhRSTIAR] A PR B OSBRI BREHERS
cal gul aleesdépradan ohehatliosen hetsherletdle TabS ey dtlwhdB@Rssary 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:



f(x,y) and a suitably chosen tenplate h(x,y). The correlation is a nmeasure
of the simlarity 30 between the tenplate and the inmage. The correl ation
bet ween tWe mmegel f (x,y) and a h(x,y) is calculated by cearalsed/nget he two
functions: WD 03/069421 PCT/ US03/ 04468 21 g(x,y)=J Jf(x-~y-i7)h(~,i)d~dq
(12) '0 0, -00-CO The correl ation should be maxi m zed at the positions of
the cells, where: 0' g(0 0) J ff(-~-77)h(~,i7)d~dg (13) 5 Good

det ect i (Xr(xof)TeJ.IJ.lfs(xrrefan’s-WM ﬁbdxfﬁdbl lity of missing real cells GRd | ow
probability of-=eounting inmage points that are not real cells. This is
expressed mathematically in terns of signal-to-noise ratio (SNR). Both
probabilities are nonotonically decreasing functions of the SNR Hence,
good defThetomelati@nshoubbbamukimizédd N sitiognof thegeeflorwlidie nonent t he
background, the SNR of spot i in the inmage is defined by 10 the quotient
of the cell peak intensity and the standard deviation of the noise: SNR =
C (14 6 1 Copvolving the inage with a tenplate h(x,y) will change the
SNR to: o(8\p) 8 A Ahx, y)dxdy SNRI = -00-00 (15) 6,

h2f (x, Y) ) g{ﬂtt %a%b()gms)ﬁl)gv\ﬁ by using the Schwartz inequali té” hat the
SNR i s maxi mzed when h(x,y) p(-x,-y). This means that the optinmal
tenplate is sinply the mrror image of the cell.. This is Wny the nmethod is

usual ly refeﬁo% R854 gelfs%e%n?f o% ﬁ 6flnt1%§1 Egea‘l)cel & mat chi ng.
e iR P ﬂ@o X, Y),

For Our cell e case kg roun h(x,y)
is 20 sysfﬁ&bilitﬁ af coaumting ﬁlﬁﬁ@ 1SUigts ﬁﬁiﬂafe Iio(D repn!l Kell’s) Thls?ls%xbﬁexse?d 1i1atliﬁhatlca)ly = 0)
= 12 exp - (X2 + (%, V). V\(\IIS_R P 6 p WO 03/069421 )
PCT/ USOH sams gf signal-to- nmse ratlo SNR). Both probablhtles 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):

h(x,y|c,xn=0)= 5 exp{— (x—;zy—)} (x,y)el[-W,W] (16)

P p



22 where the volune under the Gaussian is normalized to unity. A
cross-section of the tenplate is presented in Figure 6. In order to

el i mi nat ewDha/069321 uence of the slowly varyi ng background PCEwsh3/@aéx,y), DC
removal is required. This can be achi®ved by normalizing the tenplate 5
h(x,y) in such a way that it has a zero average val ue (see Fi gure 7). WW1
h(x, y) = h(x, y I Q0 ( 0) - 4W J jh(x, y I c, = 0)dxdy -W

the ééiwiﬂﬁﬁ%éva%mﬁw%f% jorgplhac iy V%tc‘fgﬁsgﬁgtorwft‘i?d i, o

val ue & fr8dentdd 1h$5ﬁ%ﬁ@6 Hhofder ERgliinstel e REUSHRAWT thy sI6RTVRryinp Badkgrovhd W t h

a constant val ue Si nce CO(X@(iv)) IS the result of inhonobgeneous

i 11 uni néavebQo(xpl Perpmaryaldareqaired Bais cyrbe anhigsgd by neandizingihgderpplate
N t t f Ho ,
Itheuéna(r:]?)%@qub%{ nﬁvaagl@ggrgt [)Zggaccgar%%a]‘{tg$ ﬁ]ﬁ% It@%gougryy\)/vlth t\r/]vgver

spatial filtering makes it the preferred nethod. Co(x,y) wll be
elimnated as |ong as the spatl aI frequencies of the background are

suffici ow, so tha Con pr oxi ely constant 15 within the
area of%’gﬁ’éxte}h(ﬁi)ék @™ ITH gE/eIth ’bﬁzg)&”ﬁogﬁ? f are from-Wto W because
the tenplate is finite. In the’W‘tWoIIovm ng cal cul ati ons |nf|n|te 7ptegrals
will be used tq gpproyiytate the effect of the (finite) nmatched l ter

Thi s i ntfodué tifan et¥ob E[FBwllder as |1 ong as We26p, which is the
case as WfP be shofm Idter, the error will be negligible because the area

under the Gaussian at 20 IxI >Wis relatively small. The error that is nade
by calculating infinite integrals while using a finite tenplate is shown

in Fi guimeR EAR %é’é@aéeh%ld%f%@gldo?é $Hes O)h(A c%fﬁstaﬁft‘ sfgﬁl@l }h@lﬁgﬁ z&@ﬂﬁa}@e yields

the filtered 1 mage g(Xx, y
f [ Co+Ci pftre Blfaringy yhrgincan eysilyrhg sin@wpm')@ﬂdqlv(ngi})(x,y%5/1thtaecogstgmta~talmrt of

ot 19 and h UG ORLRIE e obenanaste BBt aTC sl Sy lo BT
Y) = h( Yerf¥rmhed®y deternyihing tB9 illubnindtion*profile and Ehbtractifig 1t fiofm th)imag®¥(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:



Recogni zing that Eh 1/ 4W2 for Wk2ap, we can estimate the peak val ue of
cell i after filtering: C2+ 2 WW2+ 2 gs,1(0,0) =02 f f exp 2~ ~d77 + '
2 f f expwodo@d42+-d77 7r 6P -W-WG6P 71 UP -W-W6P W W WCWURe3/@468 CO f f
Ehd~dq - C1 f f Eh exp 2~ d~dr7 (20) 2>-WW-W-97 p2 2 di CO+ 2 - CO+
AN2 & =C. (- _go- pEhJ C 24w Tap 5 1In Figure 9 the result of the
convol u;gl 10,00 s /gr o9 &4, 1) Mty ke, 6a$L9) «3, (%, 2 -akfige )ﬂ;#(x}y‘,a The1pmxi num
value of ‘g is approxinmately 0.34 tinmes the maxi mumoff as is expected from
the nodel . Negative side |obes appear as a result of the negative parts of
the filter tenplate. The canstant background off i\@ﬁfpreéﬁed ing. 10
The noi Becqgsizinghaek sté‘ﬂWoﬁ%FrW> - ipfalicsiipie dlpra et celaiastan noi se
W th Zefﬁ 1_g(pect ation value. Its standard deviation a" after application
of the fITtef can be witten as: all f f h2( ,17)d~d77 = an f f 6 4 7r 2
exp - 2 (26 172) 2Eh exp - (26772) + E~2 ~d r7 (21) -W-WPppP1 1
an L22 4W2 WO 03/ 069421 / US03/.04468 24 The filter suppresses the hi gh

frequency conponeglt the abws;é %{éﬂeret@ r:id’ )ERE &2 4’ d%a:cfe?hown in
i

Fi gure 20. e et oRe”
filtering. The” s Iaﬁ’dﬂ’rd ewaﬁtl n after f”l Fteri ng |s ®.1Y a, in accordance
to the nodel. Hence the SNR for cell i isnow 51 ,CCP2 C 2 4W
W W 2 2
+
j jE,,dgdn c | [& exp{ ] i }dédn (20)
W W W - Op

C. o o
= CO F—t = C0+~——P;—Ci :Ci[l—ﬂ-a;‘EthCi l_ 1;
2 aw 2 2 4w

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

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

a,,\/ 1w e maean =

—00—00

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




SNRL _ (22) 1 _ 1 6n P 4W for W2ap. Before filtering, SNR;, = C | o and
thus the gain in SNRis: |11 7t6P A=SNR, _ 2 4W2 SNRO (23) 1 2Tro o p 4W)
10 I n thewoasmemti up = 2 and W= 4.5, A=2.1, the gain in SRRTIESpo@porti onal
to the wdth of the Gaussian, 6p. |t24was observed that nore noise tends to
be filtered out when the width of the Gaussian increases. Filtering the

i mage w th aThatitbedppidsiesithd high fiwgserico wbthpbient eftieiwese] therebiy gedhicirigar Noi se
ratio. Additionally, the filter enhanced the detection because objects

t hat doThstis stetvahintfigure dOpViateGatdsiea wiste ratiseds biniugéted peford and aditee filtering.
effectively suppressed. 15 Algorithm paranmeters Although the cells in the
sanpl e HhYSteadasd dpdatiomaftaifiliesngis §.&f entinpccqiipncerie theappdeli n - the cel |

i mge are of _simlar e and are approximately of equal size. This is due
to the mgnfip%fl}e&ﬁﬁg&@wn?‘ﬁe optical system and the resultant

i nflyence of the point spread function. Since the approximate width 6p of
the cells in the image is known, it can be 20 directly used in the matched
filter algorithm({t h#s)been shown in the previous section that the
filter perforns es{——i—f%it exactly matches the cell sizes. By visual

i nspecti of se etacells in the cell i mges, an average val ue of ayp 2
has bee term . nal paraneter |left to optimze is tH#e)wi dth of
the tenplate w dow. W._The contribution of pi xel s at the border of the
tenplate will h vmd—j)ttzimz ffect, if W> 26p, since they are close to zero.
When a WO 03/069421 PCT/ USO3/ 04468 25 small tenplate is used, |ess noise
and artifacts will be filtered out. Enpirically, W4.5 was found opti nal
for cell detection. This results in a 9x9 pixel tenplate. Since W2ap, the
appr oxi flatWoog dbfbtd filterimg, SNB; 9 CeAd oaisl thactheqnin i SNR issfi ed. Figure 11 is
aline trace fromthe original and the filtered version of a typical cell 5
i mge. The effect of the matched filter for We4.5 and 6p = 2 i s shown.
Notice that negative vaI2 es are set to zero in Figure 11. Threshol di ng
The filtered irrage(ils nawjready for thresholding, a necessary step, since

obj ect 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



counting can only be perforned in binary inmages. The foll ow ng operation is
applied on 10 g(x,y): 9TH=1 g >to 0 <to < 255 (24) 0 g <t0 which
shoul d separanedsehe cells fromthe background and the noi ®ET/USH3HE6E] ear
that the choice of to is crucial in 25he cell counting process. Too snall

to wll introduce objects not 15 corresponding to real cells, whereas a too
high to sme]s]; tdrgdatens aseduledensisd ambdratherwillibedilteeat owe IEhnpirioa]lyt W=He§ Was mance
of the orgl effect of the tenplate -matchi Qrith

pr esent & piﬂrr@ﬂ?%% defegipth g resulitiit e -hRixeIdPma o 1@9& At i mge

O L b (e, <, 20 91

tenpl ate s applied onthree different cell
i mges. The figyue &b issahﬁm ﬂrdttatfrdlhﬂlddr@@ahditheaﬁiwed Yasionloif a ytitedcell are a
constant nunber of cell ger than in the unfiltered case. Al so, the
cur ves HERES. oFheratiegt glcthe ﬁ@tqhéfiﬁltagfoa Wesarnd g =this shoynr Begouihat nagplve s an
unexpec pl ateau al ways has the same starting point
regar dl gg@egﬁ\é‘%ﬁ&ﬂ%r gro%’hgq?evel in the original imge. This discovery
makes i ThmshbidRfy easi er to establish a predeterm ned threshold | evel that

i's applicabl tq all near pl aci an prefiltering, The
threshol d cur \he%ltﬁ@sl@wg 6 oy 1oRgy quémeﬁeé&g&& RESRSROTERSICE RBIECE he
countin t but
StiT1 RS Gl o e ool f Sl I8 R RE kiR BrfRfon Ol
levéds. gbhys 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 inprove the robustness of the algorithm
is to apply %@ Ltering step WO 03/069421 PCT/US03/ 04468 26 before the
mat ched 4.J, |:t?l’l n vhi ch reduces, £hesvariation in cell intensi t'zeg. Thi s
was accorrpl @hed v a Lapl aci an fil ter, which strongly anplifies edges in
the image. It has:the follow ng 5x5 kernel: -1 -1-1-1-1 -1 -1-1-1 -1
-1-124-1-1¢(25 -1-1-12-1-1-1-1-1-1-1 5

which should separate the cells from the background and the noise. It is clear that the choice
of ty is crucial in the cell counting process. Too small ty will introduce objects not

15  corresponding to real cells, whereas a too high t, results in an underestimated or incorrect cell
count.

Performance of the algorithm

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

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

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

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

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

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

Non-linear Laplacian prefiltering

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

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

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



This filter will strongly enhance the cells in the image, and it increases
the standard deviation of the noise. Indeed, the SNR decreases slightly by
appl yi ng wbiog/oéd4bt er. The reason why this filter is usef ®CI/Usowiemes , is
that the shape of the cells was found6to remain nore or |ess unaltered,
and the anplification is so high that nost cells clip onto the highest

i nt ensi bafoidht maedhedffiltehiag, winigk rediibéssthe npdiates it kell iraérns@tiesafipisywasg t he
filter, the yarignce_in intensities of the | s.is.reduced, |.e. _all

cel I's haRremRHPRa L B lgeinh Blien Whichstion taéﬁ‘é&’lce? Sdzevdn R EHEl 1506 B s
agai n apfilowgft sPHkerhfi s time to the prefiltered imge. The matched filter
extracts the Tells fromthe slightly increased noise |evel, because it only
anplifies objects that "match' the filter. The cells are matched to the
filter, whereas the npise 15 is largely of high frequency. This is observed
in Figufé 13 mﬁefélaffine trace of the image at three different steps is
present ed. -The-If act that the peaks are clipped did not really affect the
per f or mance.jofy4t her mat ched filter. Figure 14 shows the threshol @5 evel
curve after applicatipn of the Laplacian prefilter and the matched filter.
The plateau is now | onger, resulting fromthe cells having nore or 20 |ess
t he sanmeli ntlensli t¥lest1 Al t hough the threshold | evel curves of only three

i mges are shown, nunerous inmages have been anal yzed and the al gorithm was
surp?isingly found to very robust in all cases. Cell Counting Counting

obj ects in birfarite: FAARGohSy 3niRick HENQNS iRk hedse, 8RS itliMcrba%RS #RBMNEAG AW t h
25 software. Therefore only a brief description of the counting algorithm

wi | | bedeyigtéon oftthe Toige.bIndaed; thedBlyB desresssashightly by amlyibg this kber. (Fhegmasoop to

bottom and J.eft to ri . 2. n the scanni ng..operator, hits.a pixe
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03/ 0694%:ks RETeHI0 3 A GSpIRTafion Hhe HARAHA B OXMEINESb iR ghahhessitpl D,
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| ef 40 of lgyel efifbg Engge. alds mpics ent afpreappliiing tedllter.ithe Harjanceisiatensitics pf Be

i nf ormat,| el f g 0 1 | four neighbors
are 0, gélgﬁqaﬁédgg%dé\%gl %ILQEIQIS?’ 8V§?Spgr§glg§ a@ |ﬂ¥e Jgh%ﬁ%%%ént%nesl hbors has val ue 1,

assign its | ahematchef fillel $@s agdin apslied] burahie tidde thhke pretiblediagwaVEheval ue 1,
assign one of the labels to p.and nmke a note_that the |abels of the two
nei ghbof@tched fiiguexteactshe colis faom éaghighily mpreased nofse evelsbessyseihenlyi s
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Now, the S corresponds to the nunber regions
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.



10 in the inmage. A schematic representation of the conplete cell counting
algorithmis presented in Figure 15. After the first convolution with the
Lapl aci arwDioBbexs21 t he i mage values are restricted to val me3/uses/oaeh 0 and
255 (8-bit format). Then the matched ¥iilter is applied. As a result,
negative val ues and val ues above 255 were observed to occur. The inmage was
t hen scal éd Whe kpdrato8 exdrhintothemeighbomai e, Whichdmmﬁl’rdmkiy beert éncohetediigi nal

i mge and to_enabl i nd the filter i mages.

1 co ri son of |naI d
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dramati cal | yd-fpy cﬁgd bH@&@ﬁqt@ﬁﬁa‘%{ondﬂthlﬁeﬁﬂ %86&5}%@%110%395 of the cell
counti ng process ese i magi ng steps were rising and unexpectedly
hi ghly effectiwe ifiull fopr neighigprs e Q, mwgmannWlﬁmlmqﬂekesolut|on whi ch are

essential in the aI orithnms, _of the present |nvent|on 20 Sinplified
Tenpf at e Mat chihgifAmdy 9as seighboss has,iahie k @ssig kolabelde b flée anal ysi s was
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caner a equi pped witte ST st of BiEsiskpbTad Put TRAS e The BERR 18RRI P, 50
i mge size is 1306k03@ofm t;heﬂthe labbls ofitie toa@l nedghbarsgeeeqiivalehtows each pi xel
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These averages are calculated for regions surrounding every pixel (center
of the RKemamreduli, degative vekics aml Pilwasl aboveidbewpre ahestved toheccan eleegma@E wake i nner

k | t 1 1
ST Ty o et 3pdidd BAtR D RE Rt R hR O ich B cufttel Bl Biach bRy an
i's Y 0348p8kdh oPEY I Q44 6 fildBed RS eBigut Ry Q@Wsh&yﬁlcﬂrlﬁﬁrdcésshben

shifted bg one pixel, and the averages are cal cul ated al n.
di f f er epelbimage| %ﬁr‘g@ﬂ ag tbariie&uﬁ@lg dremehelly iparayed anpgsy aét@é eyging prd@@SSirtm nd.

cvent s BEPOT e ST RATARTEER, e BB bl e Rrbifihof RESRTAY oy

det er m highty ¢fifetipe neinq)rw@g ¢he ndgb qualith fa8d essoritios] wkieh atd e saial mghe
intensitjes of the kernel gl on and outer region is largest (best fit).
Si nce tﬁ@0§FWQﬁ‘th%H@S§ﬁﬁ¥W Blng region is 13x13 pixels, the m ni mum

di Stzﬁncguﬁéhﬁédhf’elg@ﬁ%gg g_ﬂ‘!n%%gipi sfct to the edge (horizontal and vertical)
= .. Events present in the first 7 pixels

ar e not det edmerdternative 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



This nodified tenplate matchi ng net hod has a few advant ages over the
previous 10 tenplate matching nmethods. First, it requires |ess

conput at iwpaB/ogaaer and tinme. Because the typical tenpl aPeTRSITM46])

al gorithm | ooks at full Gaussian profi8l es of object shapes, tines for
processing an image are on the order of an hour using a desktop
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require proce a| ne omt camer a
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preferable 30.to a stem, .whi.ch not depend on,an AC power supply
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conpone Qfeas ﬁ%edﬂ‘%ﬂe ﬁ@a@ys@sc@mE e, ﬁl@ﬁﬁlﬁf‘?ﬁmut%k” F@r@ﬁér}’th}ésa@ﬂ aﬂsi% cén be PBftérmed
canmera, " 1i. digital canera with on-board integrated i mage ~processing

har dfvar enarmiocsaesotr\b}mtes in8uodl ta theaEPaasgkoul d be able to performthe image

processi ng al or|t nd_.ou t.the result for,ins almop
conput er or Fﬁli“iiﬁlto Sﬁg};’ﬁ@%ﬁp (541D M&%&%@mﬁh’&%ﬁr%ﬁf IS¢ h

smart  dingiléler ﬁ@d@@sfa@y" Ph&sifiplified hlevh A REREMyAleinovey B dkaffufid ndREYs Hsual |y
consist of a CCD and a digital signal processor allow ng progranm ng of

i mge preompsish Hy kearst segivhiorthe swreonngdingangion. rTéptr%cblégom Weanabisisuines using | s
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the ele ron i'ONng eprOtpl‘Int of the
appao at WsebIntgfgegni fi cantly reduced in the process, t her eby enabl i ng
comstruction of (e CRTRaCt R AL peSSLERS A Sl o
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



[l'lum nation efficiency Light source 10 The em ssion spectra of two
different LEDs were neasured using a nonochromator (HR460, Jobin Yvon SA
France) iwowmomti4nnti on with a cool ed CCD camera (Princet oRCTIUsS3/044n%nt S

I nc., Monnmouth Junction, NJ). The nom¥chromator is equipped with a grating
of 1200 lines/mm which diffracts the LED Iight and projects it onto the
CCD cangisplay. Sphchiaal digitahemmerfs ae maeantly aommesialyyeithbleco rThegsuaklacommst of t he
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470nm t disdlesdrim gds ipwentionas a broadeni ng of the spectra is observed at

i ncreasing driving currents. This can be attributed to band filling of

| ocal i zed states in the GaN material. Illum nation nodel A schematic

r epr eseM@himiodfeffiieney | um nation optical pathways is shown in Figure 25
17. The_epoxy lens in front of the diode collimtes the light emtted by
the di ob&ghépQUCe This results in a beamw th an enission angle of 15. A

congenser le = -6, i i L d N
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of the_sanple plane, The djstanc etween the di ode and the .epoxy.lens is
ess' ¢ RERCERETORG) VSRl WREROD N nTES FoRechtpBat £ i i HeoApHPeq
virtual of !i@(ﬂ)?lirfé%/rﬁﬁ?wﬁicﬁ‘i’iﬁfeﬂagts%ﬁﬁﬂED_q{ghft B8l FIREEYs it bRBShe SCMF&nidhg di ode and

epoxy lens are fixed int ED housing, one tan treat the nmagnified and
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where dghy iRe1EDST ANSEBRRISVBEELiA (82 pamg LeDNEERT( 1 ben6; AndERS@hati@@s. This
results in the follow ng expression for the inmge distance bcondenser:
bcondengsd., UBlemsmny W ¥ lrnyn dbmesh the( samie spectrakpharactetisticEDTbisrstggestsrthat

although the LEDs were obtained from different companies, both contain the similar diodes.

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

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

localized states in the GaN material.

Illumination model

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

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

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

object distance of the next lens, the condenser lens, can be written as:



51t follows fromequation 27 that bcondenser will go to infinity if bLED+d
= fcondenser (=27 mm). By determ ni ng bcondenser at different values for d,
bLED was wpansgsent al |y found to be 19 nm The only par arerarsoyeube vari ed
whi | st conserving honogeneous illumn®ion is BB, the size of the diode
image in front of the objective. To maximze the light intensity at 10 the
sanpl e plane,=bt.,Hsl necessary to deternmne the optinal value fo@6BB . Two
limting situations can be distinguished: 1. BB >> aobj: The di ode inmage
is much larger than the entrance pupil of the objective and incident

angles are small . .This inplies that all t |ight enteri t he abjective is
cont | nedgahp s fistrsebd Ve GrsaoBusuid Go safiehs® et THyimaatyss Lo Ty

| ost i ngdifohg Sfprdeidd®r BRI ifRkE YRtanedbslde:t he entrance pupil (Figure 18a).
2. BB << aobj: 'The diode image is |ike a point source. Light enters the
objective at large angles, but only light with small incident angles end
up in the fielcz of \g’%w Part of the light is lost in the sanple plane

(Fi gure[;l::%Léélep,)w.:l{7LEDaL A prdggsy to establish an anal yti cal express@qgl for the
i Ilumination ebfici®ndy..si nce 20 we are dealing with an extended |ight
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 . erture. : arty of the L but the
ot ual LBIBYE RS BalBEy s SIPLORSRBABP SRR DL L Ol 21
Since an analytjcal .solution is.egifficult to . qgbtain, a Si net.ri

oot 1 aci ng. BYlelRniRE Koregere u0iel Gthds D00 S bR e PRPEISTETRED B

i 11 um naoingn. ThEenlSGaraeetvad bevReed auilascodsding hoalogehcdkis Whinfingid iamet er  of
2mm (equal to VW ). The source emts honogeneously over its area and in

every dBBactbe size of thectipdaimage in Fentafithe plygetive. o mpymizethadight igtensifyaf

ori gj naty 0 . o t L. il and at
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coul d paisstiohs carghe divihixhe69421 PCT/ US03/ 04468 31 The efficiency was
defined as the nunber of rays that reached the sanple plane divided by the

total a ,of rays leaying the epoxy lens of the LED. A visuali.zation of
the al gor ﬁ%‘lﬁw e SHRRHIONTITBASS It BIUEH AFa eATGF FuFHsS BB Pﬁﬁfé’gﬁcﬂy‘%m&ﬁd the
rays 1 eachi ngnd i SRITBI e RANS THRIIMpBBONAY ol IheEht AREGHY R chitcfiliyr e 19
that the maximum anglie of the light ‘rays fromthe 5 LED 1s determ ned by

t he epoxy | enspfimddvithiathesietd ob Viewh dlowgyer.araet diltockgd i$ actfiallyriostoh fioheof
objective. Furthernore, s rays end out sj the field of view at the
san'gge pl ane%Eh dectivey Qﬂﬁlﬁgﬁie %8??61%1’@2&)%%?35& cul ated for different

si zes ob, BBR: <3, 0Mhd @bdBRhagelif BkOPbEHE 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.



di stance vcondenser and the inmage di stance boondenser were varied. There is
i ndeed an optimal value for BB, where the illumnation is the brightest
and this wptosmessei s found at BBB = 4 10 mm Calibration @amtusosigees
Cali bration sanpl e chanbers contai ni @ known amounts of synthetic
fluorescent beads have been produced and shown to be detectable b% the
syst eni ThoehicieThe ses defiadads the mamberod raysvhat trérshed the samplegdateeddivided bpol yner
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and t he _performance of CCD caneras. Furthernore, the performnce of the
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System Characterization To evaluate the theoretical predictions, the

f ol Fowi A§lexperi nent was done. A 30 photodi ode was placed in front of the
obj ecti tég#ibﬁi?ﬁ @g%ﬁa?I e plane. A diaphragmrestricted the illum nated
area on e photodiode to a disk with a diameter of 1.6 mm The LED and the
condenser | efislimetien pdrapledhambetis témainmg lknomhi agaouats afisynthsc flheresa@nt | nage of

the di hi d.at the back | pl ject | d
the si SBo hes B8R iR 80G Bartmiorteafrioctzbitio: P talisr oD JBhREeE! L8mm
WO 03/ 06i9ArerOhalc WROBERM 46D edRd iﬁf&%o&ﬂ?ﬁ?'ﬁgtﬁi BYemaXne thd¥e RhrtiigzeR RS ent ed

in Figure 20 where the curve obtaine om the'ray-tracing algorithmis
shown t bigitent cantble tesdted xapevrieraeit sistegatibuminstiomoppcs detecen, lgpumetation,

Focal  pRRhERr e o St lPectUhesBom: WEREc i MICur fRIEsGhtol® *2°

si tuati gilalfty edited @dd witibinalidlagiond dlhg iBsttueaRprddctib@r ge val ues of BB,

where the experinment shows an efficiency of alnost zero. This may be the

result of the fact that the real light source is inhonbgeneous and square

st ead of MABEEARRHEAR06! bittifents TEivb B Wardforkihla t6pREngNd ¢ he
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.



both showi ng that the optinmal value for BB is 4nmm This was realized using
the following paraneters, veondenser = 46mm and bcondenser = 83mm The
physi cal wDmmed4ens of the set-up 10 all ow t hese paranet eP€T/s503/04368 wer e
chosen in order to obtain optimal ill3m nation. Magnification The

magni fication of the optical systemis determ ned by inmaging a calibration
grid. The sjaetasgltof thehmxpetimentiis piSentéd n@lgﬂ'ﬂe@OfWMrdt}&fcuWeeabt:iiaed fiemef or e

0.65mm x 0.85mm and the i size is,.494x652 . pi xel s, nce i ngl.e pixel
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and unbound dye i n the sanple causes a background signal in the caner a.
Thi s si thealbjdctivele phaslene ob thetduevestasguhtdes/ibk ﬂmttohaxredlsted by tlei edg@rethmby t he

LED and al s s faund depend ontheotlc ertle t he sanpl e.
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20  volume for a sample of 10x dilution of whole blood, for example, acridine orange was added

to a final concentration of SpuM and the sample was placed in a wedge-shaped chamber. This

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

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

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

the standard chambers that is normally used.

Camera

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

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

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

linear camera response, the intensity level of a pixel in the image can be described by:
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dependency on the integration time was found to be rather linear. The reason for this finding
remains unclear, but may it be caused by other noise sources in the camera or electronics.
The standard deviation decreases at t>20 sec, again due to saturation of the camera. For 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
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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:
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figure, the valid threshold level range is indicated. The lower limit is determined by the

position where the zero images do not further contribute to the cell count, while the upper
limit is determined by the shape of the threshold curves, because of their gradual decay. To
control the signal-to-noise ratio in the images and to investigate the effect of the signal-to-

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

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

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

real images. As can be observed in the figure, the shape of the threshold curves of the



15 at known | eukocyte concentrations, which ranged from5 to 30, 000
cells/Al. The sanples were then processed according to the follow ng total
| eukocyt eweaBmeet4ebn protocol. To 1001 of EDTA anti - coagulparamowimabe bl ood
in a 12x75mm gl ass tube, 201 100/ m bi6otinyl ated CD45 nonocl onal

antibodi es were added. After 30 m nutes of incubation at room tenperature,
101 of Smieyécrimages eptimilatonhd ﬁrapobfthedea/l/amag@mes imtfegure e Tha sigidatpds 20

Corp. . PR et Ls P dE As R ou et 1 AR COEhl HY SR 8o ner

30 m nu&@@rwglde@ﬁlﬁgg/m acridine orange was added and the sanple was
diluted to a final volune of 2ml with Cell Buffer (Inmunicon Corp,

conpri sed of mainly phosphate buffered saline or PBS) and a 3201 aliquot
of the sanpl eqwas t hen |n Zle nto t he sanpl e chanber. The chanber was
capped 25 |G |”é‘f”é?le</0 elfssd’ he magnetic chanber hol derggyhree

i mages vvere ‘made of evayy sanpl e In an al ternative node, the sarrpl e
chanber woul d consi st of an uncapped cuvet, bearing optically flat
surfaces that can be oriented verti caIIy rather than horizont ally for
I11um nati OnF}gg}é]Z’ﬁsﬂB%s tﬂgfgsﬁft For 9 o %%ht tﬁfésﬁ%}ﬂ? els: §beldﬁuw5ncpf4(f3€| | 5
per Al of blo can var S|gn| Icantly tween erent’ persons,

sonme di Thasesr ddar@sasmminlemcmmngetgmhmenalse iatior &ae elgdalamatcnseahﬂlqm thh ﬂ‘@l rreans
that in 03/ 069421 Us03/ 68 37 sone icatio range at

| east tﬁ%lf’énat&eﬁlﬁr@plﬁ? igé} 1‘??8%"@1%3 demayieals %gplb “ﬁE‘?SFé FRARQns et he
system %Bﬂhﬂe@é%ﬁ% lg%céds ﬁéctc ra@ ?srex%eé”feﬂi?o b&duat 4o, | eukocyte
concentrations nee eva measuri ng bl ood sanples with known
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presented in Figure 28. A slope of 0.90 (R2=0.99) was observed. This |ow
sl ope shows the result of includi ngekivapld® ee deviant neasurenents at the
hi ghest cell concentrations of about 1500 cells/image. |If these high data
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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
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bl oed i sudhl 2wZHthanalghg fise denteeline of the chamber, the cells on a surface segment surface

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

along the longitudinal line was also measured, by taking images at different positions along
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the sample chamber. After capping the chamber, it was directly into the magnetic holder.
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



obt ai ned nunber (cells/pl) at 5 different chanber |ocations. The
correlation coefficient R= 0.96, the slope was 1.15 wth an intercept of
53 i ndi cawprgiosdaat the is nmethod of the present inventi onPCOUSHBA46DT €
cells than the reference nethod. The 39data are plotted in Figure 31.
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(i nt er c@igki@ehation between CD4+ monocvtes and lymphocytes based on differences in emissions

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

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

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

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

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

absorption ranging between 426-458nm, depending on the base composition of the nucleic
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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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all Iéukocyte populations without further refinemients. When using monoclonal CD4+

antibodies to label the leukocytes magnetically, both CD4+ monocytes and lymphocytes are
labeled. Since only the CD4+ lymphocyte count is clinically relevant in monitoring the
progression of HIV-infection, methods are needed to distinguish the number of monocytes
25  and lymphocytes in the total CD4+ count. Because the CD4 antigen expression is different
on CD4+ monocytes and lymphocytes, the amount of magnetic labeling will also differ, thus
resulting in a lower magnetic moment and lower mean velocity for the labeled monocytes.
When counting the number of cells as a function of time, the number of monocytes and
lymphocytes can be deduced from the shape of the N(t) curve. The normal antigen density
30  on CD4+ lymphocytes is reported to be 47£14 x10%/cell, and 17+5 x10°/cell on CD4+
monocytes. Assuming that the same percentage of surface antigens on both monocytes and
lymphocytes are occupied and that both have similar weight and shape, the antigen density

can be related to their average collection rate. From earlier experiments, the average rate for
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where ysurfis the size of the chamber, v0 is the mean speed of the cells, ¢0 is the deviation,

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

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

30 the figure.
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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
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2

Increased background without excitation filter

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

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

Implementation and testing

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

this setup, since this produces a more homogeneous illumination than a single LED. Also,
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21% he anal ysis of blood cells,

but nuner ous

ot her

applications can

eekimpsy integaip pthe agnHleraseqnt saraplei ipdisatedés BLES. counting 25

count) nay be an inportant

appl i catj.qn. ,The .anal ysi f mlk. s currently performed by flow cytonmetry
syst ens T*’ﬁ’@% P?rﬁ‘ér‘{'?'i s"j&’r"?h bypes Hgllﬁﬁ"iul?a{lg'érrpl es to specialized
| abor at ories—which| . } nd—time-—consum-ng—JIhe anal yses
descri Hdduméagpn capEfficionsydi | y | SRQECRYIEY on- sjiBackeraynd fi el d setting, or
in a dofpentional |é@ddsdosley. WImiB/lossA00'BCTews03/ 04468 46 Furt her
broadl y| defined app|ications inglude detection @U¥ncterial, fungal and
viral |mgihogens in|hared’s or anigeEls, water sjugplies, and|air sanples.
hj ect § Bhkefatibhan cells can aljso be counted by the system of the nethods
and al gayj s of Thgg=i@venti on gpysetisi Nng 12
illumination
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.



appropriate fluorescent staining reagents. The system woul d be ideal for
performng fast 5 i nmunoassay anal ysis. For exanple, a nagnetic particle
speci fi c wornaeo4anal yte coul d be wused for magnetic | abel iPeg/Uusss/omabgar to
t he met hods described for cells. A detéectable |abel could then be added,
such as a fluorescent polystyrene bead. As the nmagnetic particle-

anal yt e- det edi‘lmﬂhbxebﬂoa@lgl deﬁoa@am)hcatsonmgdedq dm‘tdtlgbnméhaqt@mdt Mgalcanﬂweral
observatl n surf_aPH n truge u d.be ablf (;[f1 a} 18 rrerate
t he anal®t@ss4y™ 8@58&&“8?13 S WAHT WPPhFs: 5 Y sepe efso T %‘é?

seal abl @ai @RS BeTodited b ehe SRRRASIAE HRtHds bﬁtﬁal@@ﬂthﬁﬁ%f@lﬁls aﬁueaubmwu@mgm
permts operation under |owg conditions and in confined spaces as prevail
i n spaca@ppepsiatesupiescontirtainiag reageits s dbe pystam Hopld beidpalifar per gfagh r ed

enbodi nept s DM i.on ch I r as
dESCSI béﬁmbugl assé}ﬁslilaly% veoraeixa%ké% a%%%tgdgf rﬁ%lggé) g?ﬂrgﬁ ? enabFd bet he

i nventi aed ﬁ)rbﬁagn&ﬁ)c Ripli0Yy, e tnild? t@&mynéth@dsd&s@Mda‘pmdu@atAl dnsctatdeliabelonal to
t hose cited above. O her applications The follow ng lists some of the

pot ent i &ukIBeR bapddsdssush a ﬁ@@%?‘@ﬁpo yRysmshend. Asirapagneigpprticlant er of
| mmunol ngh%/?ﬁl d&&ﬁé A esypc?tﬁ}g%gﬁs[}‘n %/ﬂéhgﬁ 8]!% pﬁé@%ﬂg @o@er@aﬁ@d Lur¥c@he 1 LY,

o CD20,
T-1 ynphonsttwﬁcntwbﬁldbmléltb dadvevd apd exmmerat@lﬂ%ardtdgrtdrl tic ceI I s Henat ol ogy:

Leukocyt e Count G anul oc te Count tes differentiation
based on | owetbed mwé@ﬁgr PYyDS, J, gerfomappe &%@Pﬂeﬁﬁr ST Soseliaps: e

granul o hﬁ% ﬂﬁ%% [& Al
Pr ogeni ?gr ﬁng%%gg%@@e%%fﬁﬁg %Df'rgrggtém orma) Téﬁbﬁ ﬁncfe(?tldvf; &ﬁv%tgo%/s (%69421

PCT/ US03o0fd&Bspadds asBiromil 1basp$nen@sselm1shodilmlextraukosiyal@phmtmel bl ood cel |
bags

The preferred embodiments of the invention which incorporate these improvements,
as described previously have also been found, unexpectedly, to enable the invention to be
15 employed in many fields and applications additional to those cited above.

Other applications

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



Progenitor cell count in |eukopheresis products Car di ovascul ar di sease: 5
Activated platel et count (CD62P) Endot helial cell count (CD 146)

Rheunat ol wow3/06%@21 | subsets in joint aspirates | nf ecti orsTdiSsgases: 10
CD4 Count (HV) Leukocyte / Epitheli€l / RBC cell count in sputum/ urine
Bacteria count in sputum/ urine Environnental: Bi ol ogi cal warfare agents

15 Agri &lpedipankingvhstitis in cows (leukocytes in milk) Quter space
progranms: Cjni nal ysi.s viro ntal analysis 20 While particul ar
enbodi nent% Jf°s dl’cfgf lﬁﬁlé(?é(i/ﬁg 1] ?‘?‘{)?P been herein illustrated and
descri bed, o t b2Yoi®r BAf cduitt gﬂgﬁgbequgregﬂs@gd&ge invention to such disclosure.
Changes and nodifications may be nade therein and thereto within the scope
of the fol+¢oWandiovdsmiiasdisedseMD 03/ 069421 PCT/ US03/ 04468 48 What we claim

is: 1. A nethod for detecting and enunmerating a target population within a
bi ol &gi cal ® spEdivated platelgy W“ﬁg(%@z@orrpri sing: a) obtaining said biological
specinmen fro I ; (:CTﬂ ing said target population within said

bi ol ogi cal sprﬁer@fﬁnl\l:éﬁl;ﬂe&y)coppsno at ?'r|612) said | abel ed target popul ation; d)

acqui ri Rheamaiod®gye of said biol ogi cal speci nen containing said | abel ed
target popul ation; and e) analyzing said inage to detect and enunerate
sai d | abel &d Gl gbeethHBIQiiesmies2. The method of Caim 1, wherein menbers

of said ta g%fegg&%l(ﬁgeiag& consists of cells.
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



3. The method of Caim2, wherein said cells consist of CD4+ cells. 4. The
met hod of Caim1l, wherein said | abeling step conprises introducing a

non- speciWoam3/o644eor escent dye to sai d bi ol ogi cal speci menPCrEsogI4acsal d dye
| abel s nenbers of said target popul a8i on. 5. The nmethod of C aim 4,
wherein said dye is selected fromthe group consisting of acridine orange,
Hoechst 33258, and Hoechst 33342. 6. The method of Caim1l, wherein said

| abel i ng step conprises introduci ng magnetic particles capable of

speci fiCaHIWE ¢laBelsi ng menbers of said target population to the substantia

excl usi;onGh .G f&rQl'éﬂs%ﬁn% %gdéérﬁﬁﬁé?ﬁlﬁlg o targel ?oﬁmﬁtmgwﬁﬁing 7618 Ral PRERRLN sai d

magnetic particles are s ted fromthe group consisting of coll oidal
nanopart i sdiésetifodrooofdrisings, magnetic ni crospheres, and ferronmagnetic dense
particles. 8b The net39ﬂ>of f]aLn16, mherq}ntsaid magnetic particles are
speci fi c PorPoENg sHidfioeigal SpRemeRipny2 §¥2Ie4tai m 6, wherein said isol ation
step conppy 9esu1ABAMAtthiGRt hopulRidhReitiah k08 biciedich Rpaiathcal | y | abel ed menbers
of said ta)rget ggpul atlfggnl%%lo. The net hod o?gd alm9, wherein said magnetic
mani pul at €onselang seid lahelod sargétaopnigtionenber s of said target popul ation

adj acent to an .observation.surf.ace. 11. The hod of:. ( wherein
oo & obs eP D AEMARE B RS DLt SRR o fieo i BElRSe Mg ey DL 0001 e
to float a pﬁragah;saaidd observation surface. 12. The nmethod of Claiml,

wherein said image acquiring step conprises using a CCD canera to capture
a di gi t al ©) riaglyziee sais iinage & exjeeand sparsraiefaidiigbelat rgat pABEalEM. O ai m 12,

R L . R T
13, whey eThe griiddoTE10in PDwkeréihgeid dellssomise ofi€Bd+Hoolls.educe t he

signal -to-noise ratio,. said signals corresponding to positively |abel ed
menber ¢ ol he giethodiof (Jaim bopareifisad laheling sisp cORIDRISES HFroeycang? 190-SRGH %I n
sai d one | gOrd 0 . igyal s, said
o anal s i SRRy B PRI TBICRICE YREh G0 ElRE L ARLS R TRRALR ST
target popuwgatpopulatidi. The nmethod of Claim 1, wherein said biologica

camle J Sl LA AoLed By, 3 Ethod, sel ccted [romine ocoup coneieting, of
bri ght - fi gldlgl IH4exh&af30 88 - 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.



17. The method of Cl aim 16, wherein the source of said illumnation is
selected fromthe group consisting of LEDs, l|lasers, nercury arc |anps, and
guart z- hawogemedsanps. 18. The nethod of Claim 1, wherein arasoseges
represents a known portion of the tot®l biological specinmen. 19. The

met hod of Cl aim 18, wherein analyzing said portioned i mage conpri ses

enuner at4. Te nrenderfClafim $3, whdreingeitl ope purer¢ algorthtsexe nseddd seduagthehe resul t
of said kno ortion.to . represent the.entire biolqgical specipen, 20. The
met hod of SR “‘ﬁfrﬂlsefrﬁ?‘?’ﬁélrd %%W%r‘?oﬁeﬁ%o“sﬁhg tgtPQﬁltlg?lyé%%:lﬁﬁlaang‘?rf‘)ngad% capabl e
of  bindi pg ét%ogglgﬁg@r get population entities present in said biological
speci nen. 2%. The met hod of C aim 20, wherein said mcrobeads are specific
for CDIW.dTheimptimd XClainh &2 reldreiat said ook gk more algorithimsrare vegshtp detset ade st ep of

09 11 S BLOTRRSI Sl b ORRY e BB i 0y BRPRA gl

bi ospeci f isgidhargenbpuitienant i bodi es. 24, The method of C aim 23, wherein
said anti bodies are specific for CD4 anti 25. _An_apparatus _for

en. _
det ect i Hy Thaatheshef Glaimd, whergingaid hi@}@@ioa&amplw&lﬂuwwe@i By agpthad

speci nen, _sali t C L S1 Q8 A LU ' NSH1; a nmeans
for acqui P ?Ql %‘g%%‘%ﬁtég ;&&C%gpl ﬁ%gé@? e%ﬁ?%ﬁ"%ledr‘#é’ht &Pf:éé}gg u‘li’ﬁéln%ffo%f g%ltlacﬁ%i ng a
sanpl e chanl@gihateni@i Vdrtich] daiight-fiéltd dlhaginaddn.speci men, sai d magnet

arrangenent further being capable of allow ng said  sanple chanber to be
i 11 um nb%-éréleéwdh?%fg%}mg?ﬂa FPEBe suies ofsapliippynatiag 1htrdectd i?if*éhe

anal yti cal__al gor itk (PYo BN : J r di splaying
resul ts. WO au"é‘%%ﬁ‘%"%?%é%ﬁ%ﬁ%‘%ﬁ E&g l%ﬁs’%ﬁgag%gégrl%t sq?)rﬁ)% ai m 25,

wher ei n1&dihd mdthethofi@laimn, wheres dasd mnge oeprasents d kngphstn moriion ofthe tdalodes. 27.
The apparatus of C aim 26, wherein said |light emtting diodes emt at a
central WRIGEIEHFPECIBIEN470nm 28. The apparatus of C aim 25, wherein said

i mage acg|ul.i [ t : ; F S i t al
caner a e BARTESASIAR 19EhAGLR LSl poph QIR RBS s PRl ol ¢
chanber hasenabdrs ahsychtaeget popdetioradndonxtrapelafizgthe r&lt ofseiddppanaod®ndd C ai m

29, wherein said_magnet..arrangenent i s capable of positionin
’ represent the e%gre bio oglcapspemmen. P P 9

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

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

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

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

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

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

specimen, said apparatus comprising:

a) an illumination means;

b) ameans for acquiring an image;

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

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

e) an output means for displaying results.



said sanpl e chanber in a repeatable, accurate position. 31. The apparatus
of Claim?29, wherein said nmagnetic arrangenent transports magnetically
responsi Weormtraes of said target population to said obser¢attisososos f ace.
32. The apparatus of C aim 29, whereid® said sanple chanber is angled with
respect to level to allow bubbles to float away from sai d observation

sur f ace26. The appdeatis bOC admt2Sc whegiresad Blomieatmni mena it @regetmqre pightgmigingni t hi n
a bi ol ogi 1% specinmen, said kit conprising a) nagnetic particles; b) a
non- speci 19de8| yor escent dye; c¢) sanple chanbers; and d) one or nore

sui tablgy @h@laﬁﬂdr%ﬂé oPelhSr%, whbreinled kgt eafitt %hcﬁﬂe@%mﬂ"ﬁi‘ﬁrc@ht@als ai d magnetic
particles are selected fromthe group ~consisting of coll oidal

nanopart i estavslengtbrof §70mhds, magnetic m crospheres, and ferronagnetic dense

parti cl 35. The Ki.t. of aim 33 erein said manet tlc s are
Capabl e gaetee Py e Fhethisid Bt it rERRL o BoBRrRr R 567 e
kit of O aidip3e ns1\é’ﬁ&@g@ﬂ§d%ﬁaldsaﬂﬁﬁaﬂﬁid§cgﬁwahfehﬁs are specific for 4

anti gen. 37 The kit of aim 33, wherein one or nore reagents are in a

| yophi 12% ddefapparrtug gf Clra 2%, wheteingaid sanaie chimahesihas 8 HrespaLeahAbervasian
reagents are cont ained within said sanple chanber. 39. The kit of Caim
33, whereinone or nore reagents are in tablet form 40. The kit of Claim
33, Whe3®iThe $ppatatnaop Cisimnbaerchasidumhpinapangoniend ks@psidt odpositisifiage.  41.
The kit of Claim 33, wherein said sanple chanber is used as a collection
devi ce foBaidgrapleshameg @aﬂreﬁi?é%hlwﬁcurvtemelﬂ%wzl PCT/ US03/ 04468 51 42.
The ki t,of f | ect ed
fromt h3e10 1}h(gugb£%§olggfs &%w@gfgg} r%%gdg%néé)rﬂaﬁ %gﬁ{aeggh%caﬁgechst
33342. 43 respoasike memﬂae@cmsmﬂagetfpuphlwbnmsmd bbselmgatmmuﬁbmds capabl e of

bi ndi t t t t bi ol o
apeci it e apiraing of CHRRGba Pipeied: Sth e i CATEET 1 SAEUERE PSR i ¢ 1 or
CD 14 ant iygeflow $36b1Z00 didk %yﬁlo n%a@&sewﬁ&b%f&enp“ sing free biospecific

| i gands that are specif ers of said target population. 46. The
kit of C aim45, wherei n sai d free biospecific ligands are anti bodi es.

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.



47. The kit of Caim46, wherein said antibodies are specific for C4
antigen. 48. The kit of Caim33, further including a calibration chanber,
sai d cal iwpasioemzchanber conprising a normal sanpl e chaniper/usonoassi ng a
known anount of fluorescent beads. 43. The kit of C aim 48, wherein said
beads are enbedded in a polynmer matrix. 50. An portable apparatus for
per f or M JHe e afd@dhim Bkmdtweinehiki mnapydfis flusmscenh ppaisatiested donpthe group.  a)

an illum nati.on neans; ns_fo uirin Lpage; c) a magnet
arr angerrer?Pn%%tH%féiCHthF@E@g\? 8‘?0&3%{9@3&3‘1“61@%%33%33 -ai ni ng said
bi ol ogi @ﬁ'mmﬂ@&m §@Iﬂnﬁ&%ﬁ$prﬁfngaﬂlgﬁdﬁe5&s dapEBIB8Y bid@indGo GaRakbe: Of

all owi ng said  sanple chanber to be”illum nated and i maged; d) a processor
for perforpmpuﬂgu(mentcttesmsenianahrylthl@laglcall pesimehns on sai d i mage; €) an

out put s.fo IS ying result L battery 51. An
al gori t%ﬁ?ﬁ’ﬁ ’i‘#ﬁfg@mgﬁi %ﬁg?nﬁ?ﬁtlﬁﬁcﬁo@?a rﬁril‘ l?eé’f @6&%& “-"a) acquiring
a di gi t a4 THEBGE (hinP 93 ffaﬁmmnﬁ)risﬁgm@twogmﬁblhrgancfsttﬁ@t RO s Oor NOT €
regions of said digital imge, tenpl ate matching conprising: i)

convert i ngngabats ofe@uwargﬁtpgamlatlm gital inmage to a pattern; ii) conparing

t he pat f. on, of. sai ate of a known
obj ect, 5@;[3}@311%&;@%11 gl?.fo er%‘lr)lj gdtdfrl sbqésg)?élgtc g%g’?os a(r%%g%ntgqrggéssal d target

enti ty; 4@anthe lif 4f)Clen A6, Wigertinaalduikibodied are \spedific Mdre Sl&igénr egi on pattern
iswithin a threshold of mat chi ng sai d_ known obg ct .tenpl ate;

det er mi A8.rcheikit ofeilgim a3, ﬁblgh@r\/léﬁlﬂl@lngraé?ahbl@ﬁp’ﬂ Rlansbetesaidry) at@ﬁt‘ﬁhﬁ‘?‘beran 4 WO
03/ 069421 t
s ity A e e =

di st anceg9 bEielgest Glaim 48 vehdrsin saittbdadls e rpheddegl ihheoliméranatext o a t hr eshol d,

wherein said threshold is |l ess than the typical size of a target entity.
53. The algorithmof C aim51, wherein before step b), said digital inmage

R T T R T e T

comprising:

a) an illumination means;

b) a means for acquiring an image;

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

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

e) an output means for displaying results; and

f) arechargeable battery.

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

c) determining if neighboring events are from the same target entity; and



consisting of fluorescently | abeled cells and fluorescently | abel ed beads.
55. A nethod for analyzing a blood sanple froman H'V positive patient
conpri si ryo 03@y94ent r oduci ng bl ood from said patient into &Cyarspd/etd6hanber ;
b) non-specifically labeling cells in2said blood sanple with a fluorescent
cell dye; «c¢) immunomagnetically |abeling CD4+ | eukocytes present in said
bl ood sami] eppdjingrﬁwmhmlof;argmwh@hiﬂsati ng sai d i munonmagnetically | abel ed
CD4+ ceg tovvar fC b§ei ﬁtlon surface of said sanple chanber; e)
acqui riY FOHFTSFRPSEOMINEE ) anal yzi ng said i mage to

det ect ang) %ﬁéﬂﬁﬁflﬁ’é %eiﬁét%%ﬁwé‘eﬁ'sbd@@%%ﬂ@n
b) comparing the distance to a threshold, wherein said threshold is less than the typical

size of a target entity.
53. The algorithm of Claim 51, wherein before step b), said digital image is pre-filtered to
increase the signal-to-noise ratio.
54, The algorithm of Claim 51, wherein said target entities are selected from the group

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.



