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current biof e pric oneter typic
increases with its measurenment precision and the nunber of different
measurements it is capable of pedE&HNIGAL FHEGR cytoneters are
typically used to identify and count particles with specific
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varied applications throughout the life sciences including clinical diagnostics and
immunology, protein and nucleic acid detection, hematology, and oncology.
Commercially-available instruments range from complex laboratory systems that
may be configured for a wide range of measurements to low-cost bench top

15  systems with more limited capabilities. In the current biotechnology market, the
price of a flow cytometer typically increases with its measurement precision and the

number of different measuremenits it is capable of performing.

Flow cytometers are typically used to identify and count particles with
specific characteristics in a fluid sample. As used herein, the term “particles” refers
20 to, for example, latex spheres, bacteria, viruses, DNA fragments, cells, molecules,
or constituents of whole blood. Particles may scatter excitation light directly or
fluoresce when illuminated by light of an appropriate wavelength. In many cases,
the fluorescent emission properties are optimized for specific measurements by
attaching probe molecules to the entire particles or to microscopic structures within

25 the particles.

In a typical flow cytometer, a particle-containing sample fluid flows through

an excitation volume where the particles are illuminated by a focused light source.
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value. A fir erivative o t to tinme ov
measur enent wi ndow i s cal cul at ed. I n one enbodi nent, the
velocity of a particle passing throS§MMARYXcitation volune is

cal cul at ed usi n% the first derivative of the pul se. The neasured
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the parti % Which particles in a fluid pass through an excitation volume of an electromagnetic
20 radiation and interact with the electromagnetic radiation to generate signals in the
form of pulses. [n the method, a time-dependent puise indicative of the
characteristics of one or more particles passing through the excitation volume of the
electromagnetic radiation is generated. A measurement window is determined by
selecting a portion of the pulse with a starting point and an ending point above a
25 predetermined value. A first derivative of the pulse with respect to time over the

measurement window is calculated.

In one embodiment, the velocity of a particle passing through an excitation
volume is calculated using the first derivative of the pulse. The measured value of

the pulse is then corrected using the calculated velocity of the particle.
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0 In one aspect, the invention provides an apparatus for analyzing particles.

The apparatus comprises a capillary tube, a source of light, an optical system
directing an electromagnetic radiation from the source of light to the capillary tube
forming an excitation volume in the capillary tube, means for causing particles in a
fluid to pass through the excitation volume in which the particles interact with the

25 electromagnetic radiation to scatter light and/or emit fluorescent light, means for
detecting the fluorescent light in the forms of pulses, and means for calculating a
first derivative of the fluorescent light pulse with respect to time over a
measurement window.

BRIEF DESCRIPTION CF THE DRAWINGS

30 These and various other features and advantages of the present invention
will become better understood upon reading of the following detailed description in
3
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schemati c MO 208 H31Bng a flow cell in a sheath flow cytRGRYE7TORTE
1B is a schematic illustrating a flowcell in a capillary flow

cyt onet er ; CHRIGLOD with the achempanying drmmg%ammw%ammed@éws IpEowigett
fl ow condigdon Jvﬁer%'f | ow cytoneter; FIG 3 is a schematic
illustrating a sheath flow cytoneter system FIG 4A is a plot
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exci tation vol Urle. bafiepschemetoildsipaling @ fleweet ér 8 shealfilflow evioinstes;

pl ot representing a doublet pul se produced when portions of a first
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first and second particle are sinultaneously illumnated; FIG 5 is a
pl ot i 19 ustrat ifg. Eheasehemabnibsipatingtawiationary samivhafles canditipaut & dbe
15si zes; cvtom ‘_,G 6 is aplot illustrating the rel ationship between
pul se shapé’s SRE ‘particle velocities; FIG 7 is a block diagram
of an electronic systemthat may be used to inplenent the nethod of

t he i nventi on; F2GFB@G a&chamatipilostratinigues siexth figwacytometedeysterdent

signal and a first derivative of the tinme dependent signal when a

single particl Gf:le.eﬁ‘ﬂ i§ 3 pilcltlré'ggpegé\]itﬁ%;single pulses produced when a first particle
leaves an excitation volume before a second particle enters;

10 FIG. 4B is a plot representing a doublet pulse produced when pof‘tions of a

first and second particle are simultaneously illuminated;

FIG. 4C is a plot representing a doublet pulse produced when large portions
of a first and second particle are simultaneously illuminated:;

FIG. 5 is a plot illustrating the relationship between pulse shapes and particle

15  sizes;

FIG. 6 is a plot illustrating the relationship between pulse shapes and particle
velocities;

FIG. 7 is a block diagram of an electronic system that may be used to

implement the method of the invention;

20 FIG. 8 is a plot illustrating a time dependent signal and a first derivative of
the time dependent signal when a single particle bead is illuminated;

FIG. 9 is a plot illustrating a time dependent signal and a first derivative of
the time dependent signal when two particle beads are simultaneously illuminated;

FIG. 10 is schematic illustrating two particles passing through a capillary flow
25 cell having two excitation volumes;
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EVMBODI MENTS Vari ous enbodi nents of the invention are descri bed

her ei naf t €OrgCHPN pe¢sdiaade ong ermwdimgifrafdhe presenbinvantinn; @eted t hat
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i nventi on. Thegoare not I ntended as an exhaustive description of the
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enbodi mrent and can be practice nments of the
i nvention. 20FI GS. 1A-1B schematically illustrate representative flow
cells for two Marignseamboginentaef theanvendioniase deserinas hergingfienwith he

met hod of | AV L ARrakn ' . a
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conjunction with a particular embodiment of the Invention is not necessarily limited
to that embodiment and can be practiced in any other embodiments of the

invention.

20 FIGS. 1A-1B schematically illustrate representative flow cells for two
cytometer systems that can be used to implement the method of the invention. In a
sheath flow cell 10 shown in FIG. 1A, a sheath fluid enters the cell 10 through a
pressurized inlet 12 and a sample fluid containing particles is injected into the cell
10 through a pressurized nozzle 14 (core injector). Between the cell inner wall and

25 core injector 14 is formed a sheath fluid volume 16. In the region between the
nozzle tip 18 and the excitation volume 19, the diameter of the cell 10 is gradually
decreased in order to increase the velocity of the sheath fluid and decrease the
sample fluid diameter. By way of example, the diameter of the sample fluid near
the excitation volume 19 is between 5 to 50 microns while the diameter of the

30 sheath fluid is equal to the cell diameter. By way of example, the flow cell has a
5



decreased in order to increase the velocity of the sheath fluid and
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the portion 0O L contai ning the excitation volunme. In a
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cell, 1p5art icles traveli n%

cytometer systems, the flow velocity is adjusted to create a smooth laminar flow in
the region of the cell containing the excitation volume and the radial velocity
dependence is approximately parabolic. In a sheath flow cell, the sample fluid is
confined to a narrow region surrounding the cell axis, thus effectively minimizing the
variation in particle velocity. In contrast, in a capillary flow cell, particles traveling

20 near the wall have a much smaller velocity than those traveling near the center of
the cell, as illustrated in FIG. 2. By way of example, the velocities of the particles
traveling at appreciable distance from the axis of a 100 micron square capillary
cytometer flow cell are approximately 33% of the velocities of the particles traveling

near the axis.

25 A sheath flow cell uses a small, centrally-located excitation volume. With a
laser excitation source of fixed output power, the light intensity in a sheath flow cell
is significantly greater than the intensity in a capillary flow instrument where the
excitation volume fills the entire cell. [n addition, the contribution of scattering and
refraction from the cell walls is minimal and constant in magnitude in a sheath flow

30 cell. Ina capillary instrument, wall effects may be significant and vary in magnitude
with the position of the emitting particle with respect to the cell axis.
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fromthe excitation wavel eng
excitation volume 38 via several physical processes including fluorescence

20 excitation, absorption, small-angle scattering, and large-angle scattering. Particles
may be identified and counted by measuring the wavelength, amplitude, duration
and shape of the light pulses that are generated when they are illuminated by the

excitation beam.

Scattered excitation light typically has an angular distribution that is
25 determined by the size and shape of the scattering particles and is collected at
large angles (>45 degrees) and small angles (<10 degrees) to the excitation beam
propagation axis. Fluorescent light is typically emitted into all solid angles and is
collected at large angles to the excitation beam propagation direction.

A maximum signal-to-noise ratio may be obtained by examining the
30 fluorescent and scattered light pulses against a dark background. In large angle
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15  focusing optical system 53A and 53B are used to focus fluorescent light of first and
second wavelength into fluorescence detector 50A and 50B respectively. One or
more optical bandpass filters 52A, 52B, 52C may be placed between the excitation
volume 38 and the detectors 46, 50A, 50B, to restrict the wavelengths reaching the

detectors.

20 Fluorescent light is commonly emitted by probe molecules such as organic
dye molecuies that are attached to certain particles or specific structures within
certain particles before they are introduced into the flow. Probe molecules are
typically strong absorbers of excitation light that efficiently convert absorbed light
energy to fluorescent emission. A red shift (or Stokes shift) of the fluorescent light

25  wavelength with respect to the excitation light wavelength allows the fluorescent
light to be separated from the excitation light with a conventional transmission filter
or grating. Fluorescent photons are typically emitted within a few nanoseconds
after the absorption of a photon from the excitation beam. This delay is short
compared to the time required for a particle to travel through the excitation volume

30 in a typical flow cytometer.
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of the forpgkdligcatter detector 58. A bandpass filter 60 may be
inserted betweenn the excitation volune 38 and the forward scatter

detector 58 to transmt light at the excitation wavel ength 15and
bl ock 1ight atLighhBvisgagenemrtadky the iluminated particles are separated according

to emission angle and wavelength. Separation according to emission angle is
accomplished by placing lenses with well-defined collection apertures at different

25 angles with respect to the propagation of the excitation beam. Wavelength
separation may be accomplished by passing the pulses through a series of
dielectric bandpass and/or edge filters.

After collection and color separation, light pulses are converted to analog
electronic pulses by photomultipliers or photodiodes. A data acquisition system
30 converts the analog signals to digital data for subsequent analysis by a digital
signal processor or computer.
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In the |dea case unanni guous
t he charaGmeMMEmnmﬂﬂné t he detector pul ses that are generated during
an event. In certain sanples, for exanple, it is possible to count

e o BB B e P AR b TR 5™
scat t er i ngysinggtetsscanl e qlidiltatively similar to sheath flow instruments. The sample fluid
20 is illuminated by a focused light source in an excitation volume and the light pulses
that are emitted and scattered by the sample particles are collected by small and
large angle optical systems that separate light puises according to wavelength and
direct them to detectors. Because of the inherent simplicity of capillary cytometer
flow cells, they are easier to build and align than sheath flow instruments.
25 However, the comparatively large cross section of the excitation volume in capillary

flow instruments limits their measurement accuracy.

In both sheath and capillary flow cytometers, particles may be counted by
comparing the shape of the detector pulses to predetermined criteria. In some
cases, particles may be counted when the pulse height exceeds a threshold value.

30 [n others, plots of pulse height and width or area may be used to identify and count
different particle types. Factors that may cause errors during the particle
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common measurements where reductions in measurement accuracy are

acceptable.

20 According to Shapiro (Practical Flow Cytometry, 4™ Edition, Wiley, Hoboken,
2003), “the measurement precision of a cytometer is routinely characierized by
accumulating a distribution of measured values of fluorescence or light scattering
intensities from ‘nearly identical particles’ and computing the coefficient of variation
(CV), which, expressed as a percentage, is 100 times the standard deviation for the

25 measurement divided by the arithmetic mean, or average.” Smaller CVs are
associated with increased accuracy.

In a typical measurement, the count is increased when the amplitude of a
pulse from a detector exceeds a predetermined threshold value. Variations in the
pulse amplitudes produced by identical particles lead to counting errors and an

30 undesirable increase of the CV for a measurement. CVs in prior art capillary
cytometers typically exceed those of sheath flow instruments because of their
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In certain samples, cells, cellular fragments and other debris may clump
together to form aggregates. These aggregates typically have dimensions that are
25 different from the dimensions of the particles of interest. In a sheath flow cytometer
in which particles pass through the excitation volume with approximately the same
velocity, the pulse width is strongly correlated to particle size as illustrated in FIG. 5.
Thus, doublets and aggregate pulses may be identified and eliminated from
analysis using the pulse and area/width techniques as described in Wersto et al.,
30 Cytometry 46:296-306 (2001}, the disclosure of which is incorporated herein by

reference for general information. This type of analysis cannot however be
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In some embodiments, the derivatives of the pulses produced when sample
particles flow through an excitation volume in a flow cytometer are computed in real
time using numerical techniques. When the cytometer is operated within typical
ranges of particle concentration and volume flow rate, particle velocities may be

25 calculated from the derivatives and used to correct individual pulse shapes so they
closely approximate those in a uniform velocity flow. Calculated velocities may also
be used to uniquely identify the pulses produced by a single particle as it flows
through a capillary instrument with multiple excitation volumes. In some
embodiments, the number of zero-crossings in the calculated derivative of a pulse

30 may be used to differentiate between doublet and singlet pulses.
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fl ow cytoneter. TefI |IIaryrowcytoneter
Funct i<Onalm®y e&'ks °Hﬁ°f &%ﬁ'@l@@qa%l‘%ﬂ‘eﬂ%@% -ogy and conponents

that are well-known in the el ectronic and digital signal processing
art. The ADC 76 may, for example, digitize the signals at a sampling rate of 40

kHz with a resolution of 16 bits. Interleaved digita!l data from the ADC 76 may be
stored in the memory of a microcomputer 78. By way of example, the
microprocessor may be an Eden 1 GHz Processor with 512 megabytes of random

25 access memory. A FIFO buffer 80 and direct memory access moduie (DMA) 82
may be used to efficiently multiplex the data transfer process with other processes
that are concurrently performed by the microcomputer 78.

Digital data from the computer memory (not shown), that may include
operating parameters for the other instrument components 84, detector voltage
30 settings and gain settings for the forward scattering detector programmable
amplifier and other programmable amplifiers, is transported from the computer
14



15Referring to FIG 7, light pul ses are received by a detector 72,
generating electronic signals that are anplified by a progranmabl e
gai n anpl i WOepsgMer1g r ansported by the anal og out put buPCTAURH7AFLT61

analog to digital converter (ADC) 76. The anal og bus 74 may al so
carry si gnaegofy tona bearsrdeseger 86 and digitecinputéoutgyt (Pi@3buifer 88 by a DIO

t ransducer r I . ,
20"y cary fbufidihe EARG ol e O M odtreEPPE EmpiiE BRI et i)
ADC 76 naygontrot setiaggioe otriir gotrippaehisars sgniatem dite BIG duffkr 88 to AtEidual
40 kHz wth a resolution of 16 bits. Inter|eaved digital data from
the ADC 7ENSEYTBE CSTEHREN R ATAOHENII SBP2LS SfF eBEBIRUTER S5 By vy
of exampl erarispertad oY e DIG HBGDOTBhdBoad HeIelmEifleBeocessor wi th
512 nmegabytes of random 25 access nenory. A FIFO buffer 80 and direct

menory access dul e (DVA) 82 may be used to efficiently nultiplex
the data transf 'Bﬁeﬂé@‘é‘%‘? ﬁﬁﬁ#%gerﬁeaarfmgseé%om%{tthﬁﬂacr@mew A8l y

per formed dhy dd1hidA el M BusErs Sone for eackniddsttedigdnidt@M B Ray of

conput er menory (not shown), that i ncl ude operating pardneters

t

for the otex@mpiedhe dﬁ’@wﬁorﬁdh@dﬂfgﬁmm%maxdbe stared in@bingtee detntedeavadys
d oai ) ' ) .

oot P71 or st ofRermBlvel e G R Soditie BEteB- S Rl SR PHEREIRAE

conput®r Ibufferdd 2008/ 042718PCT/ US2007/ 079761 nenory to a board
decoder 86 and digital input/output (DIO buffer 88 by a DI O bus 90

di'gital contror uueryBb P! S s b aiasiie K oo iBidicBled Bala neFishy
buf f er 88 filters indiude @xandi 1éstupsaemiing wwpzse kters thabdreoval bitiowel inthgpabs
are generated from dat an?@q%ﬁﬁ%orted. by the BI 0] bu§ 90 tq the Boaid

Decode modifiTél gECessing a F§ QYIS RBEOVES e RO UONPGIVERT FERISS:

by the m GmprREBWsBMati8n an thedsedkVafid, eAYednidhighieliensy nois@fejé&ion.
each neasured paraneter. By way of exanple, the data fromthe

detector 72 rra;i_ be suﬁored in.a single, de-interleaved buffer.

Al terrdtivel y, 1QFPPYREINSEBIAIYALS 2 dtses BIFSATHGMBRE Wingpwdnay be
addi ti onalgeliRéy bl @efermining the dﬁﬁ’!ntﬁw,‘th@ﬂatiﬁa'dfbﬁke‘iﬁtefh¥iﬂ} fé)athb?eak
applied to the de-interleaved data. Suitable filters include 8x and
16x upsanpMeRgty iswaHastorg predetermingd value. wEhe dediualive isthengaluladed for

signal pr %%@ﬁ?iiafhgp(ﬂﬁltwiﬂﬁﬂqmsfmmdcﬁ&s provi de inproved interpolation
es,

bet ween sanp I nproved estimation of the peak val ue, and sone
hi gh-frequency noise rejection. 15To calcul ate the derivative of a
pul se, a nmeasuf@msiationof doswdemuative may be performed by the microprocessor 78

20  using any prior art numerical technigue that is both fast and stable in the presence
of the noise signals commonly generated by flow cytometer detectors. For
example, the derivative may be caiculated using the Savitsky-Golay method as
described in “Smoothing and Differentiation of Data by Simplified Least Squares
Procedures,” Abraham Savitzky and Marcel J.E. Golay, Analytical Chemistry, 36,

25 pp. 1627-1639 (1964), the disclosure of which is incorporated herein by reference
in its entirety. This method sequentially performs a local polynomial regression
around each data point in the derivative buffer and uses the polynomial fit to
estimate the first derivative of the original signal. It combines data smoothing (via
the regression) with a derivative estimation filter.

15



defined by determ ning the points where the ratio of pulse intensity
to the peak intensity is equal to a predeterm ned val ue. The
deri vati vewoatedfgerigal cul ated for each data point w t hi BCTYFH28) 7{9Teo W,

Cal cul ation of the derivative may be performed by the m croprocessor
78 20usi ng any fariexemple, afqpeint Savitakgdbolayikert(hab) was beedinf cosobinatibn

7l ow oyt onbbEp SGEPEAEEL selipolifuifrd’  FulaERRkn RFRE Fhfdawara

cal cul at echmifmmatélﬁoﬁaweeiebkm@écayy mdmﬁaﬁgsmﬁwm)@l@eréu s&ﬁwghialﬂﬂ

Ao aham SARBEY BRI fodttsh Elpyt EtbEy Te 4B W ol obe st
25pp.  ¥627cal@pdidnk Pkt dats Peintd 1519' ﬂﬁa‘%e%oﬁfi c%%‘ﬁoh%sb@@@faoﬁdlﬁfs@w the

herein by reference in its entlre%%yi_bT i's method sequenti al

per for s’ dhirdealculaspy nepd daterrejnts ftcarushscated deriative yaEUﬁé forralk dada
derivativ ogr;ﬁfsz\ﬁlrhir?‘g r hif&d %Eéﬂﬁﬁcﬁﬂ %ﬁrpgowwé% {iﬁ%bd}@& e er*&‘?d%far st

derivativ e original signha I'nes snDot I'ng (Via
t he regr egxiinta)weke réiriavetbfromahe de-isfetleawad iopuf buffeeand thresulis of the
2008/ 04271 PCT{ U82q07/ 79761 a 9-point

St L oo g tve Bl E8 e 1n 2 deryafte SURIPRGTe S " Th s second

degree polynom al (k=2). A value proportional to the derivative at a
speci fioc data paGn8 llm:aﬂfamala:pmaﬂe ehla[m/am@quient/ahtaﬂelgulsmhmégd gonmguted in

dered set d b fol |

DB6. " Ta2- Broglass Y brk aBasdiment GEne nedter s ut PR, e Bk siepgagent

data poi ntﬁ_fr@ And tiefiseaeinetiva bt tHeatin @ Bepaffbri dlgnapRbrt @roauééa by e
cu

third cal atlon used data points 3-11 etc., until scaled derivative

val ues f orfoRiyard ggatieriiss ghaengj fid W%’%Y@G‘étmﬁéﬂa‘é%iaélﬂ fsem &ruapendow
were Comuﬁé%ﬁnolbﬁlé‘ét In@atl-"?a & Salitsing. Bl ér\oe'Y eé’ref thghé hRd &ending points

de-interl eaved | nput buff and the results of ivative
cal cultét i dhatdhedetectar S&Gﬂﬁﬁi‘%&% aevresﬂt;mesmjﬂﬂ@fel Tbepdsewidth is deflned

illustrat

accor danc%%tﬁ?%#e?gn%fe%@ﬁ-t %gﬁ er{‘?he |én%\£1§ &o%?'vﬁﬁ@?%g%g&étﬁ |rre
dependent ceirgivEnt avittl thdpulse sginatieraxinmirmye of the time dependent
signal were produced by the forward scattering channel of a capillary

Cal 1 ormi o 11 SR RO ool EY Rt HEE R ARG TR L orsp R Tlhorica

det ect or snegthedis for eakaiztiag piefist detivatise dloeh b@ﬁg&ﬂal ddtaesepulrsgwradtivel s
defined by the. difference between T1 and T2, d[21 is the first
der i v&Pi v@%danewas%%rwﬁtwq w3y herrprarimalfd ysing altgnptve ayrgarigal

Maxi mim  techniques with suitable speed, accuracy and stability.

In some embodiments, the particle velocity may be calculated from the
derivative data in a measurement window defined for example by the V4 intensity
points of the pulse. Maximum and minimum values of the derivative in the

25 measurement window are identified and the particle velocity estimated from the
following equation:

p=2t
P

where V is equal to the particle velocity, « is the maximum value of the derivative

a = max[( Abs(derivative)], Abs is the absolute value function, k is a scaling factor

16



The Savitsky-Golay filter is but one of a |arge nunber of suitable
nunerical methods for calculating the first derivative froma digital
data set. WO280%@eNati ve 20 enbodi nents, the derivati vePGTays2hig/079761
approxi mated using alternative nunerical techniques with suitable
speed, accthehdspendd ot stisipeiafyhe excitation Iases beameand & isding pulse height. For
particle velocity may be cal cul-ated fromthe derivative data in a

measur emens aah 8w ISRk bags, f o exahl g, iétELW‘?s tHeM B PRI bf YrePiamh STRE

t he pul se. Maxi mum and m ni mum val ues o e derivative in the
25measurenent wi ndow.are identified and th igle velocity

cot | mat ed TR AFLSY BT FBRIGH ERELErBReregL0 DB eemeiies Bglskiorathame
particle VéiteRed Mbdukatd Shelpifsdshdpanditisuaivahtdgleus & talalilbeg from an

=max[ (Abs(derivative)],. s is the absolute val ue function, ko_l s a
scal i nd f RMesATe qislerbBtyDmeXiTeeTY DEDDEY/ 10 ZoTefertasembediment tis shape

of the excitation | aser beam andAgS(' _hg Hﬁ e height. For r a
Gaussi an | c@iatbd dnonkthe folwula: WML d2owgelirhthefe eteembeam
The 4 above applies for particles small QCorrpared to the BW Sonetines

noi se or oither method8fdralicuiamdubat e the pul se shape and it is
advant ageous to calculate q froman 5 average of derivative maxi ma

and mnima. In a preferred enbodinent, a is Abs(max)-Abs(m n)
calculated fromthe fornula: a = 2. However, there are many
DERIVATIVE-BASED VELOCITY CORRECTION FOR PULSE AND AREA/WIDTH

10 CALCULATIONS

Flow cytometers are often used for DNA cell cycle analysis. In this
measurement, the relative fraction of sample cells in the G1, S, and G2+M phases
of the cell cycle are determined by staining them with a DNA-specific dye and
passing them through the excitation volume of a flow cytometer. The size and

15 amount of DNA in the nucleus of a given particle is dependent on its cell cycle
stage and, hence, the pulses produced by particles in different stages have
different shapes. Pulses may be analyzed according to their amplitude, area, and
width using well-known techniques as described in Wersto et al., “Doublet
Discrimination in DNA Cell-Cycle Analysis,” Cytometry 46:296-306 (2001), the

20 disclosure of which is incorporated herein by reference in its entirety. Alternative
techniques for pulse shape analysis are described in U.S. Patent Nos. 4,021,117
and 3,938,038, the disclosures of which are incorporated herein by reference in
their entirety. Collectively, the prior art electronic and numerical signal processing
techniques for pulse shape analysis in sheath flow cytometers will be described as

25 “pulse and area/width techniques.”

The accuracy of cell cycle measurements is degraded when the sample
contains a non-zero concentration of aggregate particles that have an excess of
DNA material. In sheath flow cytometers, aggregate pulses may be identified using
pulse and area/width techniques. These techniques rely on the fact that

17



ot her nethods for cal culating a. DERI VATI VE- BASED VELCCI TY
CORRECTI ON FOR PULSE AND AREA/ WI DTH t o CALCULATI ONS Fl ow cytoneters
are often WOSHIFHR7TIBNA cel |l cycle analysis. In this neaddilesirt79%he
relative fraction of sanple cells in the GL, S, and &+M phases of

t he cel |l cgagdregaies tynicallytiane¢izep andaPNA@nauntsthat are difforent Fpacsingle
dye and r ion volume of a flow

cgtomet ef%@ﬁgﬂgﬁé@%‘g S%ﬁ%rréggﬁ Sélfb% I n the nucleus of a given
particle is dependent on its cell cycle stage and, hence, the pul ses
produced by paritiacshesith fb\MicWOﬂr@wytsystmg,e'se&m\remdhfocémeﬂ asth syidth .may be

i, h d width
usi g wel | TR ARERBARI e LA bl Bt b I arc ittt he
Di scri g nahs&rbdam @Mc@ﬁétbn@&d)@tyAﬂﬂbycspﬂlaryw@mhfeyerﬂr&&;%ﬂa@@elocny

2001 t he 20di scl osure |ncor orated herein b i ref erence
(2OPEL" ont'§ cabyion Slential fiolnte cRR heupilsn BUF<n & biie) sAOHo% oS

descri bed fof‘ekér%lepﬂiee\féﬁod\!?%f tHe st é%t%n@ﬁé#‘tléleg gP@@oné Bird of the

di scl osures of are | ncorpor ated herein rence in hei r
entirety. GGy T%P@frflclteﬁéavghn@ﬂearrme@laédiaryoaw% B@ﬁldill'ﬁ@ ﬁﬁduva@th ofi gnal

Gyt omat er S7or LB AIGES 23 S RAoR g BPRE CAFink Yool B AR o i e fom

The actour dbg flof toké bxisycl e rreasurenents i s degraded when the sanple
contains a non-zero concentration of aggregate particles that have an

may be 1 dent | 1 A s SRSE e QLRI M EL B AREL Hh ol e

t echni quespariidly nay dealtalatedtfran the/derRR0I8E Gﬂﬂlélpﬁﬂﬁréh&ﬂmﬁrﬂaleéﬁépe

aggregat e i ca have .si,zes nd that are dj

ot o7 noiey Be Felacll-PtSciE At Aonpebn S eisTody Ropgefiat has B&T |,
a sheath fepfyr@pt ofeipLYsesaa e aﬁﬁig«ﬁw a@agttﬁe @cﬁnv%rnﬂénﬁflﬁjls}@ i nay be
made directly fromthe individual pulses because the cells are

passi n§ t FAreR/YAdth RechsliGUes: Efé‘éﬁnaa{socaaf@a ethehe apalysisiafyhe yelogity-corrected
capillary éﬂd@@ aﬁ‘rgtceﬁraa%bte Tt&‘ﬁwlogérotb'cé?rll@d mb@%hbwssof% HH&&thgu%"es in a

radi al tance fromthe ca axi s pi ca capi
system  sheath flow instrument.

Velocity correction may be simply accomplished by multiplying the values of
the width and area of a given pulse by the calculated particle velocity. For
20 example, the uncorrected pulse width is determined by measuring the temporal
width of the calculation window (time between the 1/4 max points of the input pulse)
and the area determined by integrating the uncorrected intensity data over the
calculation window. Velocity correction to both values is accomplished by
multiplying the uncorrected data by the calculated velogity.

25 DERIVATIVE-BASED DOUBLET DISCRIMINATION

Due to the comparatively large cross sectional area of the flow tube in a
typical capillary fiow cytometer, there is often a non-zero probability of
simultaneously illuminating more than one sample particle at a time. FIG. 8 is a
plot of a detector signal and first derivative of the detector signal generated by an

30 isolated single particle. FIG. 9 is a plot of a detector signal and the first derivative
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for exanple, the velocity of the nost distant particles nmay be one
third of the velocity of the particle traveling near the capillary
axi s, and WO deried dt h of i ndi vi dual pul ses are strorRfiTyUdeIsmient
on the radial distance of the particle from 10the fl ow tube axis.

Usi ng t he afdhedietectorsignal that masgenkemied by tiesimiltenedwni|luminatios lod bira y
of the parﬁ%rﬁ&?smy be cal culated fromthe derivative of the pul se
and the particle shape may be velocity-corrected accordingly. Once
the velocity correction has been perforned, the pul ses may be

anal yzed usi ng THeereporseatetive sgnajsuih $dGaddénd F3Gad e@rapdiduced blyra fpnesrd

Errors associated with.the anal,ysis of the velpcity-correcte ul ses
e oottt fistetlo 85 SapTRREN fyPheletrardiebE dm Shias Teeadonis
pul ses § n [acsmRdidmib] Aedrmsie coRBIing Guava Chéek®Bbids was ersitddorGuas be
si nply acconpl }hed by multjplying the values of the width and area

of & gi verCRHRAC SBYS PHe PrONIdEY as @ BoprantipRdiunseesent peadsysognsiRdpl e,
the uncorr dHeeARatBIL R dggwﬁﬁti?‘éﬁag's'?ﬁ& B/ dIR8E 44 {18 4 Bead SIBURIon

wi dth of the calculation wn _ bet'ween t max point's o
t he i nput Qilinewn cendentrafionr daedhration efdde isindletteaddaubiey puises are the

uncor r ect el Ahe0pLi e s e FALAUI Y Qe DALY LA iekrola

correction'to ues i's accomnp pryin

uncor r@ct ethedéerivatiye tigealsadrasd zdre dt eetlo aiaximurd anBERINWATH VEeriaaSBbthe
DOUBLET DI SCRI M NATI ON . e to t conmpatcatively.|large cross
sect onal SIS 5% AR Hresimgsddt e doublet BREL aBidedding daip-crossings
cyt onmet er ,ark htieted 2, PfFIEN 82aR@ R, 28 hdZ LRFIG! Dt Yn B rafd N drAREAUEORE
i1lumnating nore than one sanple particle at atinme. FIG 8 is a

plot of a 'hd? BkQ BArtisiesaae IkAUNAtRd Simiiancpusly.be slerivalyequged ivexracieml
gener at ed 1Ry 20b $5H-3f Gfles wﬂgh@n ﬁ%a{hb' rﬁjn%v%'ﬂf SimAtaneoBslPiRimiRbted

detector signal and the first derivative
2008/ 0427 IBPETI#JS2007/ 079761 of the detector signal that was

generated by the sinmultaneous illum nation of two particles.

The represent aty i | : ;
forward scatt etrdog@%ezgﬁ@%ﬁ@ét%u@g&m%?@%ﬁ%ﬁtecy %\@nél;,[ é?ﬁr@tﬂf&%ﬁ%{g&%ﬁg@e of
f r om Guava@nTisphinumlisryiissg thid techniq@as of iherinwantian sadmleteroomnaitind ngmBeavfa

concent 1 atBiF S MEoPLLATln S BeabRBRIIETA Hreter Sodt Gttt 4B 5 fRo,

use, the beedanddgubletsdidvat®ed to yield a bead suspensi on of known
concentration. The duration of the singlet and doubl et pul ses are the

glr Lfsg{z%tn ﬁre egﬁg?@gpnattibgly}é&%ﬁet%%ls%%dan?sir\?@gp pLEIQe?s a rt])%l ssep%ita?gg bge}
calculating the maximum derivative value and the width for each pulse. For a given
particle size, the maximum derivative of the rising edge of a singlet pulse and the
width of the singlet pulse scale with velocity in such a way that the ratio of the two
parameters is approximately independent of the particle velocity. In the case of
25 doublet pulses, however, the rising edge derivative varies with velacity in much the
same way as with singlet pulses but the pulsewidth is increased over the singlet
case by an amount proportional {o the separation between the two particles in the
direction of the flow. Therefore, doublet and singlet pulses may be identified by
calculating the pulsewidth to maximum derivative ratio. Singlet pulses correspond
30 to pulsewidth-to-derivative ratios that are smaller than a predetermined doublet

threshold value. Real-time derivative calculations according to the present invention
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10 The derivative signals cross zero at each maxi mum and m ni mum -
once for the singlet pulse and three tinmes for the doublet pulse. The
deri vati vewogp@/drd8si ngs are labeled Z1 in FIG 8, and®CZys2@z/o#Ten Z3
in FIG 9. In the rare event that nore than two particles are

i |1 umi nat gvay bewsedne calstiipie theenadmurayalve ofingriaading-edgp detivativiecand
Cross zer

11 o nat age PsEhidbEe0aE Bio Bad o AEEa n@WEHh LBIBRLEY sngle
separ at ed gaysezal cul ating the derivative of an input pulse using the
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h
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In ca ererresure nt emaeon heh gy d

ror 6 o VRITRETET (HESTe EnfHict ARLEAMSY, SiiSpruBabl honEvinedBotte
emtted i nuseddha mnv@mronemamlamﬁowcmnﬁéter whag! tﬂerp@ﬁtdle:{/@otut}ﬂ"s a
produces them In _a sheath flow i nstru’nsnt 15where all particles

travel at SHBPY BX1GHAD OF §istanicediare NfFaRdllary axishdn Lt hest ser@dnendiPee
acconpl | ShegLiRY BPbIpaRitid i PaibEAvdeAx ARIAPINRGS Ivaridld A1 the

time between different excitation vol umes. For exanple, the ri'sing
edge of tN@rgigase, Germrdet isavhigh wvpparticles ®aps aa@xgwnﬂeﬂﬁm@iw@yemﬁ

be used tQsthdBalRIes thVel §akAstRidih ction in

FIG. 10 is a schematic illustration of two particles traveling through a
capillary flow cell with two excitation volumes. Particle No. 1 travels near the wall of
the capillary tube at a first velocity while Particle No. 2 travels near the axis at a
second velocity that is substantially greater than the first. In the illustration, Particle
30 No. 1 fravels through the first excitation volume before Particle No. 2, but the faster
moving Particle No. 2 overtakes and passes Particle No. 1 as they flow between
20



downst ream excitation volunmes in such a way that the pul ses generated
by the 20 triggering particle are identified and recorded. This
approach howeeNeV4ey not be used in a conventional capiBRATAFSPOU7IOFN61
cytometer where the particle velocity is a strong function of
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i os doatine a5 Eavels Rihahifle BLAHHSa ettt ot By Fraiplee
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cal cul at e Jehsity oF f4d t‘i‘@?@ﬁn%ﬁpm&b' HeSr8Bability ol FH"@SIFE@FQ@Q@OF #ﬁ@cédrﬁ@ly
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20 zones. If the rising edge of a pulse in the first excitation volume triggers a
measurement window in a second excitation volume that is wide enough to include
all possible transit times between the first and second excitation volumes, pulses
produced during the window with approximately equal derivative values (velocities)
may be deemed to be generated by the same particle.

25 EXAMPLE 1

This example illustrates velocity correction of area and width data in
accordance with the present invention. FIGS. 11A-11B illustrate uncorrected area
and width data from a capillary cytometer, EasyCyte®, available from Guava
Technologies. This data was generated by passing mammalian cells that were

30 stained with the nuclear DNA stain, propidium iodide (P1) through the instrument at
an average volume flow rate of 125 pl/sec. '
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particles D'@A@bﬁ{eﬁfseﬂtdlﬁér@g@&agé the cell cycle, the width data in
FIG 11B should be sharply pea ed and the area data in FIG 11A

shoul d 10 have a gual itative formshowi ng DNA contents in different

st ages!d Becaus&!®hel PorlePahoy @qrw@%@atﬁmf&@ﬁ e 18RaAEfteareadinvel unme
Wi th diff %Idféﬂ};\és rQ&Lr rcﬂrc? g prh?&t%‘ﬁ%?c‘rﬁg htS Ao &hQIr am

in FIG 1 e sh
velocity-corrected W|dth data in FIG 12B is a narrow, well-defined peak and the
histogram of the velocity-corrected area data in FIG. 12A qualitatively shows the
cycle stages. The velocity corrected data of FIGS. 12A-12B may subsequently be
20 analyzed using the techniques of Wersto ef al. to eliminate doublet and aggregate-

generated pulses.

It will be obvious to those skilled in the flow cytometry art that the real time
calculation of derivatives and particle velocities according to this invention may be
used for applications other than those detailed in this disclosure. Furthermore, it is

25  obvious that the derivative may be calculated using a wide range of numerical
techniques without deviating the spirit of the invention. For example, the invention
may be practiced by using forms of the Savitsky—Golay filter corresponding to
polynomial fits of higher degree and/or the use of more data points per calculation
as described in “Smoothing and Differentiation of Data by Simplified Least Squares

30 Procedures,” Abraham Savitzky and Marcel J.E. Golay, Analytical Chemistry, 36,
pp- 1627-1639 (1964).
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t he uncorrected area histogramin FIG 11Ais not in a qualitative
formshow ng DNA contents in different stages. 15FI GS. 12A-12B show
corrected WOtZ8084H2BE GS. 11A- 11B after real -ti me vel oci tRCIEG20EHTI76h
according to the present invention. The hi stogram of the
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t hose det afarekinglipnsykrown ital efagironies RpF 819N8f piosessing Bl B@Y behat
t he deri vatd j ; i c G

{ ochn; quecSalRp TGRS Aol B kR aRREIE L IRIIARL of e
exanpl e, tdigitdl atnt Thenvanioushategiranit carepongnisigiaydef ousedofithirnthe flow

Savi t sky- i I t. i fl of hi_gher

door o andbehs MGELrERt HECARLUARRIT HBSh s eblbsg ol eHafible, the
descrifged ADC/GQo0aM argl Mittoprotéssoe idrictibhoshedn DAk IS, FymS) bplhoubed in
Least Squ%res 30 ProF%gpres," Abr aham S thé and rcel .% ol ay,
Anal yt i cal'VeReRRES Fleckignicphasyigshat a5 §pygeal)y. sep@ste from each otheran
2008/ 0427 Xtipke b ddpRP/IGW 8yinet&iose skilled in the digital data
processing or flow cytonetry arts will realize that the invention may
al so be practiced using electronic conponents that are different than
those showmn in FIG 7. In particular, the calculation of the pul se
derivative may be perfornmed by a dedicated digital signal processing
circuit that is 5 controlled by a mcroprocessor or alternative
control unit. Nunmerous conponent conbinations, known to the digital

el ectronics and signal processing art, may be used to convert the
anal og signals to digital data and cal cul ate the derivative of the
digital data. The various el ectronic conponents may be housed within
the flow cytonetry instrunment or connected to it using appropriate
cabl es. For exanple, the 10 ADC/CI O Card and M croprocessor functions
shown in FIG 7 may be housed in two separate el ectronic chassis that
are physically separate fromeach other and froma capillary flow
cytonmeter. 24 What is clained is:
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1. A nethod of analyzing pulses froma flow cytoneter in which
particles in a fluid pass through an excitation volune of an

el ectromagnetic radiation and interact with the el ectromagnetic
radiation to generate signals in the hgrmof pul ses, the nethod
conprising the steps of: generating a tinme-dependent pul se

i ndicative of the characteristics of one or nore particles passing

t hr ough tvineat RxRirtaatis:on vol unme of the el ectromagnetic radiation;
determ ning a neasurenent w ndow by selecting a portion of the pul se
with a starting point and an endi ng point above a predeternined

val ue; 1 A ragihed ff a04vaig9 aulsesifiom adewicytamiieein ahich pastigiaslincefluid pdss

re|Spe§:t ttt@oaghrm e%{@fcntm@m%e&tw&ﬁ@ﬁugnwcnmon 8tfnteract with fedl cul ating a
vel ocity
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where V isiepeefual to the particle velocity, ais the maxi mum val ue of

the derivati V@e@ﬁf(ﬁ@f& G rﬁ@-ﬁé&ﬁﬁén\’ﬁnée\'f@datwe%?%e cﬁarﬁa&s@&%%ﬂéto‘? m\éfﬂg ue

function is a scaling factor. The
met hod oParg‘f]%i‘” pr?lsi”q tﬁr O\Rz?ﬁ % e’f"ﬁ%m? | ‘ﬁ‘é’“eﬂ‘g‘ﬁ PP adiioge ner at ed from
| i ght scat t er detgmifing hweasnement wirgioe bp aglédticd @ sortiontod tha ptisangithva $tirtiighe

electronsam@ﬁa@nEQmm%bn@axw@ﬁ m@ﬁéﬁh@gvgﬂgough the excitation vol une.
3. The net hod nme- dependent pul se is

generated fr oﬁfi(??ulla\?l'(’ﬁ %E]gé%e\éaﬂm Of&‘?eougﬁ@’ '“?)Fesﬁ’ﬁ?”@ ls Py§r dfedreasyiemeiict i ng
wi th theweHegtenomagnetic radi ati on when passing through the
excitation VOJ:éJHE?a{Ing évelﬁ@of%ﬂﬁggle(ﬁssﬂg%r% tﬁé"ex\é(ﬂa‘tﬁ*\' using the fi F‘ISt

ti me- dependent enerated by passing particle rough t
eXC|tat|§ NWHFdﬁ@tWﬂdkwwgﬁFWW8ﬁy flow cytoneter. 5. The nethod of
claiml in which the determ nation of the measurement w ndow is
carried out by determ ning a r@tLprf an anplitude at the starting or
endi ng point of the pulse portion o an anplitude at a peak of the
pul se above a predeterm ned value. 25 6. The method of claiml
further conprising identifying a point in the pulse having an

appr ﬁx' malte Z@fiefe V& d4Bal® tnk PSHidd VeRkeity 8 id t@tbMRurh DeiCAte\RrRtive Peak
in e pul s

max[(Abs(derlvatwe)], Abs is the absolute value function, P is the pulse height, and k is a
scaling factor.

2. The method of claim 1 in which the time-dependent pulse is generated from light
scattering of the one or more particles interacting with the electromagnetic radiation when
passing through the excitation volume.

3. The method of claim 1 in which the time-dependent pulse is generated from fluorescence
of the one or more particles inferacting with the electromagnetic radiation when passing through
the excitation volume.

4, The methad of claim 1 in which the time-dependent pulse is generated by passing
particles through the excitation volume in a capillary flow cytometer.

5. The method of claim 1 in which the determination of the measurement window is carried
out by determining a ratio of an amplitude at the starting or ending point of the pulse portion to an
amplitude at a peak of the pulse above a predetermined value.



7. The nethod of claim1 further conprising identifying a maxi num of
the first derivative, calculating a ratio of the identified maxi num
to the wwdth of the pulse portion, and differentiating a singlet from
a doubl et using the calculated ratio.,- 8. The nethod of claim1l
further conprising identifying the nurﬁ)er of points within the
measur enent w ndow havi ng an approxi mate zero value of the first
derivative indicative of the nunber of particles that interact with
the excitatiop radjation a sane tinme. 9. The nethod of claim1l in
whtch k. Po. cateinabate Bpm g parae Eenlios bR HREIPANH BT 1 he
el ect r omagmedmate reaclvate othe firsl Gerivaiveriatlibatre of a peakinytize migepul ses from a
capillary flow cytoneter in which particles in a fluid pass through
an excitation_volune of an el ectromagnetic radi ati on beam and .

[ nt er act Twi ¢ h MBI £ BiTHGTREL PSR HER oM SR o et GYPL

t he f or nadulapng Sesio ofttheidengitidiookxtamptoitis width bitee silepertiof, and differentiating a
generati E\le?(%%%%o%&%ﬂ?% cﬂ&ﬂleﬁgd Lpgli cative of the characteristics
of a partitcle passing through the excitation volune in the capillary
flow cytoneter; determ ning a neasurenent w ndow by selecting a
portion af thehephetiseel ofchitn fustieaedniprigingidemityingnick rambend poigts potkimtheabove
a pr e~d.et %E%%x%ﬁ%ntm%%hayin an a r&ﬁ%?e%e‘;ﬂgﬁl@ OYt‘ﬂia Hst d%f’ivattipee?ntﬁ?&gtﬁ ofwt! on
i ncl udi ng e w dth, hei g%t (ﬂp area of the pulse portion; calculating
a first uEmeveftreidepihatinferagyits hesqipfianfadatiah pte 8808t to time over
t he measurenment w ndow;, cal culating a velocity of the particle
passing ghro Liat. ing the calculated first
deri vati%/'e; ﬁ%rﬁ&%d%%@gr'b g@%’?’%@ﬁ"égﬁ% sured val ue of the pul se
portion using the calculated velocity of the particle; wherein the
velocity is calculated fromthe f&}(lﬁbﬁ‘ ng equation: V= a.k 26

where Vis equal to the particke tty, a is the maxi num val ue of
t he derivative. a=max[ (Abs(derivati @e)] , Abs is the absolute val ue
function, P is the pulse height, and k is a scaling factor. 11. The
met hod of cl averdBwiigthetier hidkh df Siecikram=ghed rinjatiok - Nre- BW 4 where
BWis the 1/e2 width of the el ectromagnetic radiation.

10. A method of analyzing pulses from a capillary flow cytometer in which particles in a fluid
pass through an excitation volume of an electromagnetic radiation beam and interact with the
electromagnetic radiation to generate signals in the form of pulses, the method comprising the
steps of;

generating a time-dependent pulse indicative of the characteristics of a particle passing
through the excitation volume in the capillary flow cytometer; determining a measurement window
by selecting a portion of the pulse with a starting point and an ending point above a
predetermined value;

measuring a value of the pulse portion including the width, height or area of the pulse
portion; calculating a first derivative of the pulse amplitude with respect o time over the
measurement window; calculating a velocity of the particle passing through the excitation volume
by using the calculated first derivative; and

correcting the measured value of the pulse portion using the calculated velocity of the

particle; wherein the velocity is calculated from the following equation:



12. The method of claim 10 in which the correction of the neasured
value is carried out by multiplying the neasured val ue by the
corrected velocity of the particle.

26

where V is equal to the particle velocity, a is the maximum value of the derivative .
o=max[{Abs(derivative)], Abs is the absolute value function, P is the pulse height, and k is a

scaling factor.

11. The method of claim 10 in which k is calculated by:
p_NeoBW
4

where BW is the 1/e2 width of the electromagnetic radiation.

12. The method of claim 10 in which the correction of the measured value is carried out by

multiplying the measured value by the corrected velocity of the particle.



