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EVALUATION OF MULTI-PEAK EVENTS USING A FLOW CYTOMETER

CROSS-REFERENCE TO RELATED APPLICATION(S)
0661 This application is being filed on July 20, 2015, as 2 PCT International Patent
application and claims priority to U.S. Patent Application Serial No. 62/034,002 filed on

August 6, 2014, the disclosure of which is incorporated herein by reference in its entirety.

BACKGROUND
{6082) Flow cytometers operate to evaluate the contents of a sample. Typically the
sample 18 passed through a fluid nozzle which aligns the particles within the sample mto
roughly a single file line. The particles are then injected into a fluid sircam. A laser beam
thaminates the particles, which generates radiated light including forward scattered light,
side scattered light, back scattered light, and fhuorescent light. That radiated light can then

be detected and avalyzed to determine one or more characteristics of the particles.

SUMMARY
[6683] In general terms, this disclosure is directed to a flow cytometer. In one
possible configuration and by nou-limiting cxample, the flow cytometer operates to
wdentify and evaluate multi-peak events, such as to provide more accurate characterization
of particles. Various aspects are described in this disclosure, which include, but are not
fimited to, the following aspects.
{6084} One aspect is a method of characterizing particies using a flow cytometer, the
method comprising: passing one or more particles in a fluid stream through a Hght beam of
the flow cytometer; detecting radiated light as the one or more particles in a fluid stream
pass through the light beam and generating a waveform based on the detected radiated
light; determining that the waveform is a multi-peak waveform; and characterizing the one
or more particles by evaluating the multi-peak waveform to distinguish between a single
particle and multiple particles.
{6085} Another aspect is a flow cytometer comprising: a fluid nozzle configured to
generate a fluid stream, wherein the fluid stream includes particles therein; a light source
configured to generate a light beam to illuminate the fluid stream and the particles; a
detector configured to detect radiated light from the fiuid stream and to generate

waveforms associated with the particles; and at least one processing device configured to;
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identify multi-peak waveforms; evaluate the multi-peak waveforms to identify at lcast
some of the multi-peak wavetorms as being associated with single particles, and at least
other of the multi-peak waveforms as being associated with multiple particles; and
characterize the particles as being cither single particles or multiple particles based on the
evaluation.

{8086} A further aspect is a flow cytometer comprising: a light source that generates a
light beam and is arranged to illuminate a fluid streany a detector that detects light
radiated from the fluid stream afier iHumination by the light source and gencrates an
output signal; at least one processing device that executes a multi-peak evaluation engine
to: evaluate the ootput signal and to identify a multi-peak event; and characterize the

muiti-peak cvent as a single ovent.

BRIEF DESCRIPTION OF THE DRAWINGS
{6087} FIG. 1 is 3 schematic block diagram illustrating an cxampic of a flow
cytometer.
B FIG. 2 (including FIGS. 2A-2D) 15 a diagram depicting exemplary waveforms
generated by one or more detectors of the flow cytometer shown in FIG. 1, and illostrating
examples of nulti-peak events.
{0069 F1G. 3 is a flow chart illustrating an cxample method of operating a flow
cytometer.
{8016} FIG. 4 is a flow chart illustrating an example of a setup operation of the
method shown in FIG. 3.
{6011) FIG. § iHustrates a portion of the example flow cytometer shown m FIG. |
{6312} FIG. 6 13 a plot of an example waveform detected upon the passage of a beam
through a light beam of the flow cytometer shown in FIG. 1.
0013} FI1G. 7 is a flow chart iHllustrating an example of the acquire operation of the
method shown in FIG. 3.
{8014} FIG. 8 is a flow chart iHlustrating an example of an operation of detecting one
or more particles using the flow cytometer shown in FIG. L
16015} FIG. 915 a tlow chart tHustrating an example of an operation of evaluating for a
muliti-peak event.
[0816] FIG. 11} is a flow chart illustrating a method of evaloating a multi-peak cvent

using a valley analysis.
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16017} FIG. 111s a diagram Ulustrating an example of a gently curved valley between
adjacent peaks of & multi-peak waveform,

[G018] FIG 12 is a diagram illustrating an example of a pointed valley between
adjacent peaks of a multi-peak waveform.

{0019 FIG. 13 is a flow chart illustrating a method of evaluating 8 multi-peak event
using a mukltiple channel analysis.

16026} FIG. 14 illosirates waveforms generated by multiple channels of detectors of a

flow cytometer, such as the flow cytometer shown in FIG. 1

DETAILED DESCRIPTION
j00621] Yarious embodiments will be described in detail with reference to the
drawings, whercin like reference mumerals represent like parts and assemblies throughout
the several views. Reference to various emboediments does not Hmit the scope of the
claims attached hereto. Additionally, auy examples set forth in this specification are not
intended to be Hmiting and merely set forth some of the many possible embodiments for
the appended claims.
{6022} FIG. 1 s a schematic block diagram llustrating an example of a flow
cytometer 100, In this example, the flow cytometer includes a sample source 102, a fluid
source 104, a fluid nozzie 106, a light source 108, detectors 110 {such as including
detectors 110A, 1108, and 1100), a particle analyzer 112 including a multi-peak
evaluation engine 114, a sorting system 116 tnchuding 8 sort controller 118 and sorting
plates 120 and 122, and containers 124 (such as including containers 124A, 124B, and
124C, for example). The thid nozzie 106 gencrates a fluid stream 126 containing
particles 128 therein, and the Hght source 108 generates a light beam 130, Radiated Light
132 is generated when the light beam 130 intersects the fluid stream 126 and particles 128
contained therein, Other embodiments of the flow cytometer 100 include more, fower, ot
different components than the example tllustrated in FIG. 1
{8023} The sample soarce 102 is the source of the sample that is provided to the flow
cytometer for analysis. The sample includes the individual particles 128 that are
illaovinated by the light bears 130 and analyzed by the particle analyzer. A wide variety of
different types of samples can be analyzed by the flow cytometer. Several examples of
types of samples include blood, semen, sputum, interstitial fluid, cercbrospinal fivid, cell

culture, seawater, and drinking water. The sample may be in the form of a prepared

s
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sample, such as fysed blood, labeled particles in suspension, immumnoglobulin-labeled
cells, or DNA-stained cells, achieved commonly by adding reagents and performing
protocols as commonly known in the art. Examples of types of particies inchude beads,
blood cells, sperm cells, epithelial cells, cancer cells, viruses, bacteria, yeast, plankton,
microparticles {e.g., from plasma membrane of cells), and mitochondria. The sample
seurce 102 can inchide one or more containers, such as test tubes, that hold the sample to
be analyzed. A fhuid transfer system is provided in some cmbodiments, such as to aspirate
the samiple from the container and deliver the sample to the fluid nozzie 106,

{6024 The sample 1s typically injected into a sheath fhid within the flow cytometer,
which is provided by a sheath fluid source 104, An exampic of a sheath fluid is saline.
An example of the floid source 104 is a container storing saline therein, and a fluid
transfor system operable to deliver the sheath fluid from the fluid source 104 to the fluid
nozzie 106.

{0025] In some embodiments a fluid nozzle 106 is provided to generate the floid
stream 126 and to inject the particles 128 of the sampie into the fluid stream. An cxample
of a flnid nozzle 106 15 a flow cell. The fluid nozzle 106 typically includes an aperture
having a size selected to at least be larger than the sizes of particles of interest in the
sample, but small enough to arrange the particies into a narrow stream. Ideally the
particles arc arranged in a single file or near single file arrangement so that a single
particle, or a small number of particles (e.g., 1-3), can be passed through the hight beam
130 at a ime. In some embodiments the particles are focused using hydrodynamic,
acoustic, or magnetic forces.

{826} A light source 108 (which, as discussed herein, can inchide one or more light
sources} generates at least one light beam that is directed toward the fhad stream 126,
Examples of Hght sources 1% inclade a laser and an arc lamp. In some embodiments the
tight beam 130 passes through an optics asserbly, such as te focus the light beam onto the
fluid stream 126, In some embodiments the light beam is a laser beam.

180271 The light beam 130 from the light soarce 108 intersects the fluid stream 126.
The particles 128 contained in the light beam 130 disturb the light beam 130 and generate
radiated light 132, The type and pattern of radiated Hight 132 depends upon the tvpe and
size of the particles 128, but the radiated hight 132 can include forward scattered hight, side

scattered light, back scattered light, as well as fluorescent light (which occurs when light
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rays are absorbed and reemitted by the particle, which is detectable by the corresponding
change in wavelength (ie., color) of the light rays).

[00628] Cme or more detectors 110 are provided o detect radiated Hght 132, In this
example, the detectors 110 include a detector 110A arranged to detect forward scatter and
florescence, a detector 1108 arranged to detect side scatter and florescence, and detector
110C arranged to detect back scatter and florescence. One example of a detector 110 s a
photomultiplier.

16029] The particle analyzer 112 operates 10 receive signals from the one or more
detectors 110 to perform various operations to characterize the particles 128, In some
embodiments the particle analyzer 112 includes one or more processing devices and a
computer-readabic storage device that stores data instructions, which when exccuted by
the processing deviee cause the processing device to perform one or more operations, such
as those discossed herein. In some embodiments the particle analyzer 112 includes an
analog to digital converter and firmware.

16030} In some ershodiments the particle analyzer 112 includes a multi-peak
cvaluation engine 114 that operates to detect and evaluate multi-peak events. Examples of
muiti-peak events are discussed herein, such as with reference to FIG. 2. Examples of
operations performed by the multi-peak cvaluation engine 114 are illustrated and
described with reference 1o FIGS. 3-14.

{8031} In some embodiments the flow cytometer 100 is a sorting flow cytometer,
which operates to use the characterizations of the particles generated by the particle
analyzer 112 o sort the particles 128 into multiple containers 124. A sorting flow
cytometer inchides the sorting system 116, such as inchuding a sort controller 118 and
sorting plates 120 and 122, As one example, the sort controller 118 applies a positive,
negative, or noutral charge to drops formed from the fhuid stream based on the
characterizations of the particles. In some embodiments the thuid nozzle is electrically
coupled to charge generating electrical circuitry, which is controlled by the sort controller
118, When the drops pass through the charged sorting plates, the drops are deflected
based on their respective charges toward one of the containers 124A, 124B, and 124C. A
sorting tlow cytometer will typically have at least two containers, and roay have more than
three containers as well. Typically one container is a waste container for anwanted

particles or for fluid drops found {o be contaminated with one or more particles.
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16032} FIG. 7 15 a diagram depicting excroplary waveforms 150, 152, 154, and 156
generated by one or more detectors 110 and received by the particle analyzer 112 when
ong or more partickes 128 pass through the light beam 130, The waveforms 152, 154, and
156 arc alsc examples of multi-peak cvents,

{0833] The first plot (A) depicts the typical near Gaussian waveform 150 generated by
a single particle. The second plot (B) depicts an example multi-peak waveform 152
generated by anocther particle. The third plot {C) depicts another example multi-peak
waveform 154 generated by two particles. The fourth plot (I3} depicts another example
multi-peak waveform 156 generated by a single large particle.

HHREY When light is detected by one of the detectors 110, the light causes a current to
flow and generates 8 voltage. The resulting output signal forms a waveform, such as the
four examples depicted in FIG. 2. The waveforos are provided for graphical illustration,
but are typically not actually graphically displayed in or by the flow cytometer. In some
cmbediments the flow cytometer collects and records data regarding the waveforms that
are generated, such as ncluding the maxiowm beight, the widih at half-height, and the
area. Insome embodiments data 1s collected for signals generated by multiple hight
sources, and on multiple channels for each light source. Examples of signals detected on
different channels include forward scatter, side scatter, and {lorescence signals. The plots
depict the wavetorms with a y-axis that represents the voltage, and an x-axis that
represents fime.

{8035} The first plot (A) depicts the typical waveform expected when a particle 128
passes through the Hght beam 130, When the leading edge of the particle 128 first
mtersects the light beam, a small amount of Hight is deflected by the particle. The amount
of light deflected ncreases over time as more of the particle 128 intersects the light beam
130 until the particle is fully withio the light beam 130, The peak of the waveform 150
occurs at this point, when the particle 128 15 fully within the light beam 130, Then, when
the leading edge of the particle 128 exits the Hght beam 130, the deflected light begins to
taper off, and contimues umtil the trailing edge of the particle 128 exits the beam 130,
188361 The inventors have identified three additional waveforms 152, 154, and 156
that are also sometimes detected by the flow cytometer. Those waveforms are shown in
the second (B), third (C), and fourth (I3) plots.

{8371 The second plot (B) depicts a mulii-peak waveform 152 that is sometimes

generated by a particle 128, In this example, the waveform 152 exhibits two peaks 160

PCT/US2015/041069



WO 2016/022276 PCT/US2015/041069

10

]
<

and 162, separated by a valley 164, The peaks arc portions of the signal that exhibit a rise
and then a fall. Like in the first plot (A), the waveform 152 begins when the leading edge
of the particle 128 cnters the light beam 130, and rapidly rises until the peak 160 as more
of the particle enters the Hight beamn 130, However, in this case once the particle fully
enters the light beam, the vadiated light detected at the detector reduces, causing a decrease
in voltage forming the valley 164. The voltage rises again as the leading edge of the
particle 128 reaches the cdge of the light beam 130 and the trailing edge becomes fully
cngubfed forming a second peak 162, The voltage then tapers off as the particle 128 exits
the light beam 130. As discussed in more detail herein, the valley 164 exhibits a smooth
curved shape. It has been found through experimental observation and mathematical
modeling that the muiti-peak wavetorm 152 generated by a single particle is typically
generated by particles having a particle width that is less than or approximately equal to
the beam width of the light beam 130, In particular, particles having a width
approximately equal to the beam width exhibit a waveform haviog the deepest valley 164,
and therefore are most hikely to be mischaracterized as two particles.
[B838] The third plot () depicts another multi-peak waveform 154, In this example,
the multi-peak waveform 154 is formed of two particles passing throogh the Hght beam

30 in close proximity to cach other. The waveform 154 has a first peak 170 and a second
peak 172, separated by a valley 174, To this exanple, cach particle generates a waveform
having an approximately Gaunssian shape, but due to the close proximity of the particles
portions of the waveforms overlap resulting in a single waveform.
16039} Although the multi-peak plots (B and O) depict waveforms 152 and 154 having
only two peaks, waveforms having additional peaks, such as three or four peaks have also
been observed
[040] The fourth plot (I3} depicts another multi-peak waveform 156, In this example,
the waveform 156 exhibits two peaks 188 and 190, separated by a valley 192, The
waveform 156 is an example of a forward scatter waveform. In some embodiments, when
a particle passes through the light beam 130, the leading edge of the particle first ntersects
the light beam 130, The light deflected from the leading edge causes the formation of the
first peak 188, As the particle proceeds inte the hight beam 130, the particle begins to
block the forward scattering of light, causing a decrease in detected light, and resulting in
the formation of a valley 192 in the waveform 156. The trailing edge of the particle then

passes into the light beam, and light again begins to be detiected toward the detector from

-~
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this trailing cdge, resulting in the formation of the second peak 190 in the waveform 156,
it has been found through experimental observation and mathematical modeling that the
multi-peak waveform 156 generated by a single particle is typically generated by particies
having a particle width that is greater than the beam width of the light beam 130.

[0841] The presence of the multi-peak waveforms (also sometimes referred to herein
as multi-peak events) can lead to several difficulties 1n properly identifying and
characterizing particles.

{0642} One difficulty is that the multi-peak wavetorms 152 and 156, shown in the
second (B} and fourth (D) plots can be incorrectly characterized as two or more separate
particles.

6843} Before discussing how this occurs, it is helpfuel to recognize that the flow
cytometer 100 typically includes a variable voltage threshold (sometimes referred o as a
trigger threshold, or simply a threshold), which can be set and used to detect particle
waveforms. The voltage threshold is preferably set at a voliage greater than a noise floor,
to avoid confusing non-particle related noise with a particle waveform. Noise can be
present in the system from a variety of sources, inchuding shot noise, dark noise, electrical
noise, and other sources. In some embodiments the threshold s a firmware setting and
operates to trigger the operation of the firmware when the wavetorm voltage exceeds the
threshold.

{8044 When a flow cytometer operates without the benefit of the multi-peak
evaluation engine 114, deseribed herein, difficulties can arise in properly characterizing
particles. For example, when the voltage threshold is set fairly low, such as at a level 180,
shown in the second plot (B), the particle analyzer would properly identify the waveform
152 as generated by a single particle, because it sees only one raising edge and one tratling
cdge of the signal passing the threshold level 180, However, if the voltage threshold is sat
higher, such as at a level 182 the particle analyzer would then incorrectly identify the
waveform 152 as two separate particles, because it would then see a leading edge and a
trailing edge associated with the first peak 160, and a second leading edge and a second
trailing edge associated with the second peak 162, The same difficuity arises with the
fourth plot (D) regardless of where the threshold 1s set.

{B045] Another difficulty in properly identifyving multi-peak waveforms 1s that
multiple particles can be incorrectly characterized as a single particie. To the example

shown iu the third plot (C), when the voltage threshold is set relatively bigh, suchas ata
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level 184, the particle analyzer 112 properly identifics the waveform 154 as generated by
two particles because of the leading and trailing edges of the two peaks 170 and 172,
However, if the voltage threshold is set lower, such as at a level 186, the particle analyzer
112 now incorrectly identifies the waveform 154 as a single particle because it only sces
single leading and trailing edge at that voltage threshold level 186,

{8046} Therctore, although lowering the voltage threshold is helpful to redoce the
chance of incorrectly mischaracterizing the multi-peak waveform 152 shown in the second
plot (B), doing so increases the noise and inconsequential debris detected plus increases
the chance of incorrectly mischaracterizing the waveform 154 shown in the third plot (C)
as a single particle. Additionally, lowering the voltage threshold does not help with
correctly characterizing the multi-peak waveforn 156 as a single particle,

{08471 As aresult, as shown in FIG. 1, some embodiments of the flow cytometer 100
therefore inchude the muilti-peak evaluation engine 114 that operates to identify multi-peak
cvents to properly characterize the one or more particies that generate the multi-peak
ovents,

LERY FIG. 3 18 a tlow chart illustrating an example method 194 of operating a flow
cytometer. In this example the method 194 includes a setup operation 196 and an acquire
operation 198,

[0849] The sctup operation 196 1s performed to test the current configuration of the
flow cytometer 100, and to perform initial calculations. For example, the setup operation
196 can be used to determine a spacing between two or more light beams 130, and to
determine a flow velocity of the fluid stream 126 (FIG. 1}, Ap cxample of the setup
operation 196 is illustrated and described in further detail herein with reference to FIGS.
4-6.

[858] After the sctup operation 196 is completed, the acquire operation 194 is
performed to process samples using the information collected during the sctup operation
196, Examples of the acquire operation 198 are illustrated and described in further detail
herein with reference to FIGS. 7-12.

{605} FIG. 4 is a flow chart iHustrating an example of the sctup operation 196, shown
in FIG. 3. Inthis example, the sctup operation 196 includes operations 202, 204, 206, 208,
210, and 212,

[B052] The operation 202 is performed to nject a bead into the fluid stream 126, In

some embodiments the bead is a known particle baving known dimensions such as
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quality control bead. An example of a quality comtrol bead is the Ulira Rainhow
Fluorescent Particles with a 3.0 to 3.4 wm diameter, Part No. URFP-30-2, available from
Spherotech, Inc. of Lake Forest, L.

[0853] The operation 204 is performed to deteroune the fluid flow velocity using the
bead. An example of operation 204 is iflustrated and described in further detail herein
with reference to FIG. §.

[0854] The operation 206 is also performed to measure a puise width of a waveform
generated when the bead passes through the tight beam 130 (FIG. 1), An exampie of
operation 206 is ilusirated and described i further detail with reference to FIG. 6.

{8055} The operation 208 is performed after operation 206 to compute the width of the
light beany 130, An example of operation 208 is described in further detail with reference
to FIG. 6.

{8056} The operation 210 is then performed to determine 8 minimum allowable pulse
width at threshold based on the beam width computed in operation 208 and the fluid flow
velocity computed in operation 204, An exarople of operation 210 is described in further
detail with reference to FIG. 6.

{80571 The operation 212 is performed to determing a maximum allowable pulse
width at threshold. 1n some cmbodiments the maximum allowable pulse width is
computed based at least in part on the maxinnng allowable particle size. Insone
emboediments the maximum allowable particle size 18 a factor of the size of the fluid
nozzie 106 (FIG. 1), for example. In general terms, the maximum pulse width that could
occur for a particle is the pulse width of the largest particle that can pass through the fluid
nozzle 106, which would generate a pulse width which is the sum of the beam width and
the diameter of that particle. Therefore, in some embodiments the maximumm allowable

pulse width at threshold is:

maximum allowable pulse width = A * (maximuom particle size + beam width)

and the maximuin particle size is:

maximum particle size = B * nozzle size

10

PCT/US2015/041069



WO 2016/022276 PCT/US2015/041069

10

]
<

where A and B are constants, A can be used to convert from baseline to a threshold value,
for examople. As an example the constant A is in a range from sbout 0.5 1o |, suchas ina
range from (.8 t6 0.9. However, A can also be greater than 1 in some embodiments to
ensure that no multi-particle events are missed. The constant B 1s tnvolved duc to the fact
that the particles that are very close to the nozzle size may still clog the nozzle. Therefore,
the maximun particle size 18 typically less than the nozzle size, such as in a range from
about 40% to about 60%, as one example. In some cmbodiments the constant B is less
than 50%.

{B058] A flow cytometer 100 often has a fluid nozzle sized in a range from about 50
microns to about 200 microns. Accordingly, a maxinuom particle size in a range from
about 20 to about 120 microns would be appropriate in many embodiments.

[859] The operations 204 and 206 shown io FIG. 4 can be performed in different
orders than the Hlustrated example.

[0868] In some embodiments the beam spot width determination is performed once
with the quality control bead. Then prior to each acquisition, the muinioum allowable pulse
width is recalcnlated using the predetermined beam spot width and current trigger
threshold which may change from one acquisition run to the next.

[6061] FIG. § illustrates a portion of an example flow cytometer 100 including the
fluid strean 126 from the thaid vozzle 106, ight beam 130A from the light source 108A,
tight beam 1308 from the hight source 1088, and detector 110, FIG. § also illustrates
examples of the operations 202 and 204, shown in FIG. 4.

[0862] At operation 202 {FIG. 4), a bead 220 is injected into the fluid stream 126 and
flows along with the fhid stream through two or more light beams 130A and 130B. When
the bead 220 crosses the Eght beam 1304, the detector 110 detects radiated light and
generates a resulting waveform, such as the waveform 150, showa in the first plot (A) of
FIG. 2, containing a pulse with a single peak. The pulse begins when the leading edge of
the waveform 150 crosses and exceeds a voltage threshold, and ends when the trailing
edge of the waveform 150 crosses and falls below the voltage threshold, for example. As
one cxample, the pulse begins at a fime to.

{3063] The bead 220 then continues advancing with the fluid stream 126 and crosses
the light beam 1308, at which time the detector 110 {which may be the same or a different

detector, such as any of the detectors 110A-C) detects radiated light and generates another

ii
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[0001] waveform (e.g., waveform 150, shown in plot (A) of FIG. 2). In this example,
the pulse begins at a time t;.

[0002] The operation 204 is then performed to compute the fluid velocity based on
these measurements, and based on a known separation (distance D1) between the light
sources 108A and 108B. More specifically, the fluid flow velocity (ViLow) can be

computed as:

VeLow = D1/ (t; — tp)

[0003] FIG. 6 is a plot of an example waveform 230 detected upon the passage of the
bead 220 through the light beam 130A, shown in FIG. 5. FIG. 6 also illustrates an
example of the operation 206, shown in FIG. 4.

[0004] Due to the size and composition of the bead 220, the waveform 230 detected by
the detector 110 (FIG. 5) has an approximately Gaussian shape.

[0005] To measure the pulse width of the pulse in waveform 230, the operation 206
first determines a time to at which the waveform 230 exceeds the currently selected
voltage threshold (V). The operation 206 then determines a time t; at which the
waveform 230 returns below the voltage threshold. The total pulse width at threshold

(tiotar) 18 calculated as:

ttotal = tl - tO.

[0006] This total pulse width represents the combination of two factors: (1) the beam
width of the light beam 130A, and (2) the diameter of the bead 220, as follows:

tiotal = thw T tow

where ty, 1s the beam width at threshold and t,, 1s the particle width at threshold.
[0007] Because the bead has a known diameter, and because the fluid stream 126 flow
velocity is known (e.g., operation 204), the pulse width attributable to the beam width

alone at threshold (such as with an infinitely small bead / particle) can be computed by:

thw = tiotal — (effective bead diameter at threshold / Vg ow).

12
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[0008] The beam width at threshold (tyw) is expressed in terms of time required for an
infinitely small particle in the fluid stream 126 to pass through the beam. The beam width
itself (in units of distance) at threshold could also be computed based on the known fluid

velocity as:

effective beam width at threshold = Vrrow X tpw.

[0009] In some embodiments it is desirable to convert the threshold measurements to
estimated baseline measurements. One method of converting the values from threshold to
baseline is to consider the waveforms as approximating the Gaussian function. Through
experimental measurements, the event profile has been found to approximate the Gaussian
function from the maximum height down to 1% of the maximum height with an average
error of -1.9% and a standard deviation of 3.6%. Below 1% maximum Gaussian height, it
has been found that the Gaussian function tails off much more slowly than the actual
signal. Therefore, in the following calculations, the maximum pulse width is considered to
occur at 1% of the maximum Gaussian height.

The Gaussian function is as follows:
f(x) = height max * exp(- x"2 /(2 * C"2))

where C represents the standard deviation.
[0010] Once empirically determined that the event waveform is approximately
Gaussian, we can solve for C with one pulse width measurement at a known height. So,
for f(x) at half height:

height max /2 = height max * exp(- x*2/ (2 * C*2))
[0011] solving for C:

2 * In(height max /(2 * height max)) =-(x"2 / C*2)

C=x/sqrt(In(2) * 2)

13
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[0012] Since x = half the pulse width, solving for C at pulse width at half height:

C=PW hh/ (2 * sqrt(In(2) * 2))
C=PW hh/235482

[0013] Similarly, solving for C at pulse width at 1% height:

C=PW hh/6.06971

[0014] Therefore, the full pulse width from a measured pulse width at a half-height
trigger threshold:

PW full = (PW _hh/2.35482) * 6.06971

[0015] From this discussion, the effective bead diameter at half-height trigger
threshold is:

effective bead diameter = bead diameter * 2.35482 / 6.06971

[0016] Once the beam width at threshold (tyw) has been computed, in some
embodiments the operation 210 is performed to determine a minimum allowable pulse
width to be used by the multi-peak evaluation engine 114, as discussed in further detail
herein. In some embodiments the minimum allowable pulse width is based on the
understanding that the multi-peak waveform 152, shown in the second plot (B) in FIG. 2,
is most prominent when the particle size is approximately equal to the beam width, but can
also be present when the particle size is somewhat less than beam width. In some

embodiments the minimum allowable pulse width is computed as:

minimum allowable pulse width =D x (2 X tyy).

where D is in a range from 0.5 to 1, and in some embodiments is in a range from 0.8 to
0.9.
SUBSTITUTE SHEET (RULE 26)
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106791 In other words, for a ranlti-peak cvent, the largest combined pulse widths of the
multiple peaks that should be expected from a single particle occurs in the case when g
particle has a diameter equal to the beam width, in which case the pulse width at threshold
18 “2 % #py ). Therefore, any single pulse width that is less than the minimum allowsble
pulse width is Hikely from two or more small particles in close proximity (plot (C) FIG. 2).
Any single pulse width that is greater than the minimum allowable polse width but less
than the maximum allowable pulse width is likely cither muoltiple particles in close
proximity {plot (C) FIG. 2} or a single particle with a multi-peak waveform {plot (B) FiG.
23, i which case further evaluation can be performed as described herein.

[B080] Referring briefly back to FIG. 3, once the setup operation 196 is complete, the
flow cytometer 100 is ready to begin the acquire operation 198, Examples of the acquire
operation 198 are ithustrated and described with reference to FIGS. 7-14.

{8081} FIG. 7 is a flow chart illustrating an example of the acquire operation 198,
shown in FIG. 3. In this example, the acquire operation 19% inclades operations 240, 242,
and 244,

{6082} The operation 240 1s performed to detect one or more events, An example of
the operation 240 is illustrated and described in further detail with reference to FIG. 8.
[B083] The operation 242 is performed to evaluate for a multi-peak event. An
example of the operation 242 is illustrated and described in further detail with reference to
FIG. 9.

{8084} The operation 244 is performed to characterize the one or more particles. An
exarple of the operation 244 is illustrated and described in further detail with reference to
FIGS. 6-12

{085} FIG. B s a flow chart ilhistrating an example of the operation 240 of detecting
ong or more events, shown in FIG. 7. In this example, the operation 240 includes
operations 252, 254, 256, and 238,

{8086} The operation 252 is performed to detect a pulse in the detected wavetorm. For
example, the operation 252 is performed to determine whether the waveform exceeds the
mininwm voltage threshold (Va). As discussed herein, a minimum voltage threshold can
be used to ignore noise that may be present, for example. If the waveform exceeds the
mininmim voltage threshold, the operation 240 proceeds 1o operation 254, Gtherwise, if
the waveform does not excecd the mininwm voltage threshold, then no particle is detected

(256) and the operation 240 continues monitoring for the next pulse (operation 252).
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Although operation 256 1s shown as a separate operation from operation 252, in some
embodiments the operation 256 is a state of operation 252 during which no pulse has been
detected.

{00871 The operation 254 is performed to determine whether a pulse width of the
detected pulse exceeds a mindonm pulse width threshold. The minimum pulse width
threshold similarly acts o ignore non-particle noise, such as a voltage spike having a very
short pulse width {c.g., a pulse width much less than the beam width (4w), for example). I
the pulse width exceeds the minimur pulse width threshold, the operation 258 is
performed to determine that at least one particle has been detected. Otherwise, the
operation 256 is performed to determine that a particle has not been detected.

[B08E] FIG. 9 is a flow chart illustrating an cxample method 260 of evaluating 8
waveform for a multi-peak event. FIG. 9 is also an example of the operation 242, shown
in FiGG. 7. In this example, the method 260 includes operations 270, 272, 274, 275, 276,
277,278, and Z8{).

16089] The operation 270 is performed to deterraine whether nwltiple peaks are
present in the waveform, within a maximum allowable pulse width. A peak can be
detected as a rise and fall of the waveform, such as an increase in voltage followed by a
decreasc in voltage. In some embodiments the rise and fail must be greater than a
predetermined magnitude in order to distinguish from notse, for example. In some
embodiments a peak is identified as a portion of the waveform including a local
maximum. In some embodiments peaks and valleys in the waveform can be identified as
points on the waveform in which the derivative is zero.

{B0548] In some embodiments the operation 270 determines whether a falling edge of a
second detected peak passes through the veltage threshold (Va,} before the maximam
allowable pulse width has elapsed from the time that a first peak begins {e.g., from the
time that the leading cdge of the first poak exceeds the voltage threshold). W aot,
operation 272 is performed 1o determine that there is no sulti-peak event present in the
wavetorm and to characterize the particle as a single particle. If multiple peaks are
prosent, then the method 260 determines that 2 muolti-peak event is present in the
waveform in operation 274 and that further evaluation by the multi-peak evaluation engine
114 (FIG. 1) is appropriate,

[B091] The operation 275 is then performed to determine whether the second peak

ends before the mininwm allowable pulse width. If so, then U is determined that the
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roulti-peak wavetorm was geoerated by multiple closcly spaced and small sized particies,
such as shown in plot (C) of FIG. 2, and 18 characterized in operation 276 as multiple
particles. if the second peak does not end before the miniowm allowable pulse width, then
the method 260 proceeds with operation 277 for further evaluation.

{80921 The operation 277 is performed to determine whether the multiple peaks
overlap. For example, in some embodiments the operation 277 determines whether the
waveform falls below threshold between the multiple peaks. If not, the operation 277
deteronines that the peaks do overlap, and operation 278 is performed. 1f so, then
operation 277 detormines that the peaks do not overlap, and operation 280 is performed.
{8093} The operation 278 performs a valley analysis on the waveform when the two
peaks overiap. The valley analysis operates to differentiate a singie particle from multiple
particles by evaluating a shape of the valley in the waveform between twe adjacent peaks.
Examples of the valley analysis are illustrated and deseribed in more detail with reference
to FIGS. 10-12.

16094] If the operation 277 determines that the peaks dow’t overlap, then it is
determined that the multi-peak waveform 1s either a single large particle, such as shown in
plot (D) of FIG. 2, ¢r is two separate particles both of which have a waveform such as the
plot {A) of FIG. 2. In order to determine which one is present, the operation 28 perforims
a muitiple channel analysis. The multiple channel avalysis involves the use of & wavetorms
from at least one other channel {e.g., another of the detectors 110A-C) to determing
whether the waveform is associated with a single particle or moltiple particles. Examples
of the multiple channel analysis are tllustrated and described in more detail with reference
to FIGS. 13-14.

[B395] FIG. 10 1s a flow chart illustrating a method 290 of evaloating a multi-peak
event using a valley analysis. In this example, the method 290 includes operation 292,
294, and 296. In some embodiments the methed 290 15 an example of the operation 278,
shown in FIG. 9, which performs a valley analysis.

{8096} The operation 292 is performed to determine whether a multi-peak event is
prosent in the waveform. An example of the operation 292 includes operations 278, 275,
and 277 shown 1o FIG. 9. 1f a multi-peak event is, or has already been, detected then the
method 290 proceeds with operation 294,

{0397} The operation 294 is performed to evaluaie the shape of the waveformat a

valley, For example, i some embodiments the operation 294 evaluates a sharpuoess of the
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valley between two adjacent peaks is pointed or curved. A gootly curved valley 1s
generated by a single particle, such as the wavetorm shown in plot (B) of FIG. 2, which
shows a curved valley 164, A pointed valley is gonerated by two separate particles, such
as the waveform shown 1o plot (C) of FIG. 2, which shows a poioted valley 174.
Additional examples are shown in FIGS. 11 and 12

{80938} The operation 296 is performed to characterize the one or more particles based
on the result of operation 294, If determined that the valley is gently curved, then the
operation 296 determines that the waveform has been generated by a single particle. If
determined that the valley is pointed, then the operation 296 deternines that the waveform
has been generated by multiple particles. In some embodiments the determination of
whether a valley is gently curved or pointed is based on a comparison with a threshold
value. For example, the value of (an absolute value of) a first derivative of the waveform
in the region of the valley can be compared with a threshold value to determine whether
the valley is gently curved or pointed. If the value cxceeds the threshold, then the
waveform is poinded, and if #t does not, then the waveform has a gentle curve.

{B059) In some embodiments the threshold 1s determined during the setup phase. Tn
other embodiments the threshold is determined on an event-by-event basis. For example,
the threshold can be determined by measuring the derivative of the initial leading and/or
trathing edge and multiplying that by a constant {¢.g., (.9} for comparison to the between-
peaks derivative. In some embodiments the second derivative is also or alternatively
evaluated.

{0166] In some embodiments the second derivative is evaluated to determine whether
a rate of change of the rate of change of the waveform within the valley of the waveform
exceeds a threshold valoe. In another possible embodiment, a width of the waveform is
evaluated at a predetermined location adjacent the midpoint of the valicy. For example, a
narrow width represents & pointed curve and a wider width represents a gentle curve.
{0181 FIG. 11 15 a diagram illustrating an example of a gently curved valley 164
between adjacent peaks 160 and 162 of a molti-peak waveform. In this example, the
valley 164 is formed by a trailing odge 302 of the first peak 160 and a lcading edge 304 of
the seccond peak 162, FIG. 11 18 also an enlarged view of a portion of the waveform 152
shown in plot (B) of FIG. 2.

[h182] In this examnple, the trailing edge 302 and the leading edge 304 meet to form a

gently curved portion of the waveforo. In some embodimerts the location of the valley 18

18
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cstiraated as being @ midpoint between the peak 160 and the peak 162, or aliernatively as a
midpoint between a leading edge of peak 160 and a trailing edge of peak 162.

[h183] 1t has been found that the valley 164 in the waveform from a single particle
exhibits a gentle curve, as compared with the pointed valley shown in FIG. 12

[0164] FIG. 12 is a diagram illustrating an example of a pointed valley 174 between
adjacent peaks 170 and 172 of a multi-peak waveform. In this example, the valley 174 4s
formed by a trailing edge 306 of the first peak 170 and a leading edge 308 of the second
peak 172, FIG. 12 s also an enlarged view of a portion of the waveform 154 shown in
plot (C) of FIG. 2.

[B185] In this example, the trailing edge 306 and the leading edge 308 meet to form a
more sharply pointed valley 174, as compared with the genily curved valley 164, shown in
FiG. 11, In some embodiments the location of the valley is estimated as being at the
midpoint, as discussed above.

10166} 1t has been found that the valley 174 in the waveform from multiple particles
exhibits a more sharply pointed curve, as compared with valley 164, Although the peaks
170 and 172 associated with each particle approximate the Gaussian function, as discussed
herein, the peaks 170 and 172 both contribute to the waveform in the overlapping portion,
resulting in the addition of the waveforms at the valley 174 and the formation of a pointed
curve at the infersection.

{01871 FIG. 13 is a flow chart illustrating a method 320 of evaluating a multi-peak
event using a multiple channel analysis. In this example, the method 320 inclodes
operation 322, 324, and 326, In some embodiments the methed 320 is an example of the
operation 280, shown in FIG. 9, which performs the muhtiple channel analysis.

[B188] The operation 322 is performed to determine whether a multi-peak event is
present in the waveform. An example of the operation 322 includes operations 270, 273,
and 277, shown in FIG. 9. [f a multi-peak event is, or has already been, detected then the
method 320 proceeds with operation 324.

18169} The operation 324 is performed to evaluate a second waveform for the
particle(s} under evaluation. For example, it has been found that even when a nelti-peak
waveform is gencrated by a single particle as detected in one channel of the tlow
cytometer detector, such as in the forward scatter signal, other channels may not exhibit
the same multi-peak waveform, and may instead cxhibit the approximately Gaussian

waveform as shown in plot (A) of FIG. 2. Accordingly, in order to differentiate a multi-

19
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peak waveform as one generated by a single particle and by one generated by two scparate
particles, a waveform of a second channel can be evaluated to determine whether the
multi-peak waveform has been gencrated by one particie or by muliiple particles. An
example is thustrated and described in further detail with reference to FIG. 14.

[0116] The operation 326 is performed to characterize the one or more particles based
on the result of operation 324, If determined that the second channel has 3 single peak,
then the operation 326 determines that the waveform has been generated by a single
particle. If determined that the second chamnel has multiple peaks, then the operation 326
determines that the waveform has been generated by multiple particies.

{8111} FIG. 14 illustrates waveforms 156 and 330 generated by muitiple channels of
the detectors 110 (FIG. 1) of the flow cytometer. In this example, the waveform 156 is s
forward scatier signal and the waveform 330 15 one of a side scatter signal and a
florescence signal,

{8112} This example illustrates the waveforms 156 and 330 that are gencrated on
moultiple channels when a single particle is under evaluation. In this example, the
waveform 156 exhibits two distinct and spaced peaks 188 and 190, which are separated by
a valley 192, Beecause of the multiple, non-overlapping peaks, the multi-peak evaluation
engine 114 (FIG. 1) operates {o evaluate the waveform 330 on a second chamnel to
determine whether the moultiple peaks are gencrated by a single particle or by multiple
particles. In some embodiments, the operation determines a magnitude of the waveform
330 at a midpoint (i.c., a time midway between peaks 188 and 190). In this example, the
waveform has a peak 332 at the midpoint. As a result, the multi-peak waveform 156 is
determined to be generated by a single particle. If instead the waveform 330 had no
signal, or a low signal below a threshold vahue at the midpoint, then the multi-peak event
is determined to be generated by multiple particles.

{81134 In some embodiments, in addition to determining whether a waveform is
generated by a single particle or by multiple particles, the multi-peak evaluation engine
114 can also operate to modify wavetorm data that is stored regarding the waveform. In
some embodiments the flow cytometer stores data regarding the detected wavetorms
including the maxiroum height, the width at balf-beight, and the arca. Due to the multi-
peak effects discussed herein, the actoal waveforms do not always accurately reflect the
characteristics of the respective particles. Therefore, the multi-peak evaluation engine 114

operates 1o estimate and save the appropriate data for each particle.
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{3114] For example, because the wavetform 156 shown in FIG. 14 has been
determined to be generated by a single particle, the actual characteristics of the particle are
equivalent to a waveform having approximately a Gaussian waveform, rather than the
muitiple peaks that were detected. Accordingly, the multi-peak evaluation engine can
estimate the appropriate waveform based on the locations and magnitudes of the peaks 188
and 190, for example. In another possible embodiment data from other channels can be
used to estimate the appropriate wavetorm. However, in either case it would be processor
ntensive to conpute a complete waveform, so in soroe embodiments the mulii-peak
evaluation engine 114 does not generate a complete waveform but rather computes only
the missing data, such as the adjusted maximum height and the adjusted area. As one
example, the adjusted maximum height can be computed as a multiple of an average
height of the peaks 188 and 190, and the adjusted arca estimated as a rectangle having a
width equal to 2 width of the pulse mchiding the peaks 188 and 190 and a computed
height. In some embodiments the computed height is a function of the depth of the valley
192, where a deeper valley resulis in computing a greater height, representing a larger
portion of the waveform that has not been detected. The adjusted width is the measured
distance between the leading edge of peak 188 and the tratling edge of peak 190.

{6115} In addition to, or as an alternative to the evaluation by the multi-peak
evaluation cngine, some embodinments address the nwilti-peak issues in other ways., Une
example is to utilize an clectronic filter, an optical filter, and/or optical masks.

{116} The various embodiments described above are provided by way of llustration
only and should not be construed to limit the claims attached hereto. Those skilled in the
art will readily recognize various modifications and changes that may be made without
following the example embodiments and applications illustrated and deseribed herein, and

without departing from the true spint and scope of the following claims.

PCT/US2015/041069



WO 2016/022276 PCT/US2015/041069

WHATIS CLAIMED IS:

I A method of characterizing particles using a flow cytometer, the method
corprising:

passing one or more particles n a flaid stream through a light beam of the tlow
cytometer,;

detecting radiated light as the onc or more particles in a fluid stream pass through
the light beam and gencrating a waveform based on the detected radiated light;

determining that the waveform s a nulti-peak waveforny; and

characterizing the one or more particles by evaluating the multi-peak waveform to
distinguish between a single particle and multiple particles.
2. The method of claim 1, wherein determining that the waveform is a muolti-peak
waveform comprises comparing a magnitude of the waveform with one or more threshold

values to identify at least two peaks i the waveform within a predetermined period of

fime.

3. The method of claim 2, wherein the waveform exceeds a threshold value at least
twice.

4. The method of claim 2, wherein the first peak exceeds a first threshold value and

the second peak exceeds a second threshold value.

S, The method of claim 2, wherein determining that the waveform is a multi-peak

waveform further comprises identifying s valicy between the at least two peaks.

6. The method of claim 2, whercin the predetermined perted of time is a maximum
allowable pulse width, and wherein the maximum allowable pulse width is computed as a
function of a size of a nozzle that gencrates the fluid stream, and function of a width of the

tight beam.

7. The method of claim 6, further comprising determining the width of the light beam
by:

)
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passing a bead of a known size in the fluid stream through the light bearg and
through a second Hght beany;

detecting radiated light as the bead passes through the light beam;

computing a first length of time for the bead to pass through the Hght bearn based
on the radiated light detected as the bead passed through the light beany

computing a velocity of the fluid steam from a length of time for the bead to pass
from the light beam to the second light beam, and from a known distance between the light
beam and the second light beam; and

computing a width of the hight beam from the velocity of the fhind stream and the

first fength of time.

8. The method of claim 2, wherein the predetermined peried of time is less than or
equial to a period of time for the fluid stream to advance a distance of twice the width of

the light beam.

9. The method of claim 1, wherein the radiated hight comprises at least one of forward

scatter, side scatter, and fluorescence.

10, The method of claim 1, wherein detecting radiated light and generating the

waveform comprises generating a voltage waveform using a photomultiphier detector.

1. The method of claim 1, wherein evaluating the multi-peak waveform comprisces
comparing a width of the multi-peak waveform with a minimom allowable pulse width
and characterizing the one or more particles as muoltiple particles when the width of the

muiti-peak waveform is less than the minimum allowable pulse width.

12, The method of claim 11, wherein the minimum allowable pulse width is in a range

from 0.8 x (2 x beam width at threshold) and 0.9 times (2 x beam width at threshold).

13, The method of claim 1, wherein evaluating the nwilti-peak waveform comprises

cvaluating 4 shape of a valley of the multi-peak waveform.

-]
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4. The method of claim 13, wherein cvaluating 2 shape of the valley comprises
classifying the shape of the valley as one of: a gentle curve and a sharp curve, and
characterizing the one or more particies as a single particle when classified as a gentle

curve and as multiple particles when classified as a sharp curve.

15, The method of claim 1, wherein evaluating the multi-peak wavetorm further
compriscs performing a multiple channel analysis including evaloating a second waveform

associated with the one or more particles.

16. A flow cytometer comprising:
a fluid nozzle configured to generate a fluid stream, wherein the fluid stream
melades particles therein;
a lght source configured to generate a light beam to illominate the fhuid stream and
the particles;
& detector contigured to detect radiated Hight from the fluid stream and to generate
waveforms associated with the particles; and
at least one processing device configured to:
identify multi-peal waveforms;
cvaluate the multi-peak waveforms to identify at least some of the nwlti-
peak waveforms as being associated with single particles, and at least some other of the
mufti-peak waveforms as being associated with muiltiple particles; and
characterize the particles as being cither single particles or multiple

particles based on the evaluation.

17.  The flow cytometer of claim 16, further comprising a sorting system including a
sort condroller programmed to make sort decisions using the characterizations of the

particles.

1% The flow cytometer of claim 16, wherein the detector is positioned to detect
forward scattered light, and further comprising a secound detector positioned to detect one
of: side scattered light and fluorescent light, and wherein the evaluation of the multi-peak

waveforms further comprises evaluating a waveform generated by the second detector.
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19, A flow cytometer conprising:
a Hght source that generates a light beam and is arranged to lluminate a fluid
Stream;
a detector that detects Hght radiated from the fluid stream after tHumination by the
light source and generates an output signal;
at least one processing device that executes a multi-peak evaluation engine to:
evaiuate the output signal and to identify a mulii-peak event; and

characterize the multi-peak cvent as a single event.

20, The flow cytometer of clatm 19, wherein the multi-peak evaluation engine is
further executed to:
identify a second multi-peak event; and

characterize the second multi-peak event as at least two events.

21, The flow cytometer of clatim 19, wherein the multi-peak event comprises at least
two peaks separated by a valley, wherein at least one of the peaks has a magnitude greater

than a threshold value and the valley has a magupitade less than the threshold valoe.

22, The flow cytometer of claim 19, wherein the nwlti-peak evaluation engine is
further executed to: estimate characteristics of a wavetorm associated with the first

particle absent the multi-peak event.

23, The flow cytometer of claim 22, wherein execution to estimate the characteristics
of the waveform is forther executed to:
cstimate a maximum height and an arca of the waveform based at least in part on

magnitades of muitiple peaks of the moulii-peak event and a width of the multi-peak cvent.
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