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QUANTIFICATION OF DIFFERENCES BETWEEN MEASURED VALUES
AND STATISTICAL VALIDATION BASED ON THE DIFFERENCES

BACKGROUND

[0001] The present application relates to a system and methods for
quantifying differences in measured values within histograms, and more
specifically, for automation of calibration of a flow cytometer (or other
fluorescence-based instrument) based on construction and use of a metric that
includes a distance function having a bin-to-bin dissimilarity matrix, to
determine a statistical significance of distance between histograms.

[0002] Flow cytometry is a general technique for counting, examining, and
sorting large numbers of microscopic particles suspended in a stream of fluid. It
allows simultaneous multiparametric analysis of the physical and/or chemical
characteristics of single particles flowing through an optical and electronic
detection apparatus using light scattering, fluorescence, and absorbance
measurements.

[0003] Modern flow cytometers are able to analyze several thousand particles
every second, in "real time," and can actively separate and isolate particles
having specified properties. A flow cytometer is similar to a microscope, except
that instead of producing an image of the cell, flow cytometry offers "high-
throughput" (for a large number of cells) automated quantification of singular
values of light scattering, fluorescence or absorbance (integrated over particle
volume). To analyze solid tissues, single-cell suspension is first prepared.
[0004] Figure 1 is a flow diagram of a simplified, conventional flow
cytometer 10. The flow cytometer 10 includes a laser 14, a flow cell 16, an
optical system including a collection lens 20, a beam splitter 24, a dichroic
mirror 28, and a number of optical filters 32. A dichroic mirror is used to reflect
light selectively according to a specific wavelength. Accordingly, multiple
dichroic mirrors 28 may be used to attempt to direct light of a specific
wavelength. The flow cytometer 10 further includes detectors, including a
forward-scatter detector 36, a side-scatter detector 40, one or more fluorescence

detectors 44, and an absorbance detector (not shown). The absorbance detector,
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if included, would be aligned in line with the laser beam and would detect loss in
axial light, indicating an absorbance thereof. An amplification system (not
shown) may also be employed, wherein amplifiers are placed after the detectors
to strengthen signals of detected scattered light or fluorescence..

[0005] The laser 14 emits excitation light, which is directed onto the flow cell
16, which includes a hydro-dynamically focused stream of fluid having the
sample of interest. More specifically, the flow cell is a glass, quartz or a plastic
piece of fluidic equipment enclosing a stream of sheath fluid, which carries
particles. The point of impact of the laser beam within the flow cell 16 is
referred to as the interrogation point. The excitation light can come from another
source besides a laser. The light scattering and/or fluorescence emission occurs
upon impact of the excitation light, which then passes through the optical system
components listed above, depending on the wavelength corresponding to the
individual photons that have been excited and their direction of travel.

[0006] The detectors listed above are aimed at the point where the fluid
stream passes through the light beam; one in line with the light beam (Forward
Scatter or FSC) 36, several perpendicular to it (Side Scatter (SSC) 40, and one or
more fluorescence detectors 44). Each suspended particle (from 0.2 to 150
micrometers in diameter) passing through the beam scatters the light in some
way, and fluorescent chemicals found in the particle or attached to the particle
may be excited into emitting light at a longer wavelength than the light source.
This combination of scattered (or transmitted) and fluorescent light is picked up
by the detectors, wherein the scattered light is detected by the forward and side
scatter detectors 36, 40 and the fluorescent light is detected by the fluorescence
detectors 44.

[0007]  The detectors are connected to a computer (Figure 2), which analyzes
the intensity of the light incident at each detector. By analyzing intensity of light
incident at each detector, it is then possible to derive various types of information
about the physical and chemical structure of each individual particle of the fluid

sample. For instance, FSC correlates with the cell volume and SSC depends on
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the inner complexity of the particle (i.e. shape of the nucleus, the amount and
type of cytoplasmic granules or the membrane roughness).

[0008] In summary, and further to different embodiments, a flow cytometer
has five main components: (1) the flow cell: includes liquid stream (sheath fluid)
to carry and align the particles so that they pass single file through the light beam
for sensing; (2) the optical system having illumination sources: lamps (mercury,
xenon); high power water-cooled lasers (argon, krypton, dye laser); low power
air-cooled lasers (argon (488nm), red-HeNe (633nm), green-HeNe, HeCd (UV));
diode lasers (blue, green, red, violet) resulting in light signals; (3) the detectors
(typically photomultipliers or avalanche photodiodes) and an Analog-to-Digital
Conversion (ADC) system: converting FSC and SSC as well as fluorescence
signals from light into electrical signals that can be processed by a computer; (4)
the amplification system: linear or logarithmic; and (5) the computer for analysis
of the signals. Early flow cytometers were generally experimental devices, but
recent technological advances have created a considerable market for the
instrumentation, as well as the reagents used in analysis, such as fluorescently-
labeled antibodies, calibration beads, and analysis software.

[0009] Flow cytometric assays have been developed to determine both
cellular characteristics such as size, membrane potential, and intracellular pH,
and the levels of cellular components such as DNA, protein, and surface
receptors. Measurements in flow cytometry are presented for further
interpretation and analysis as distributions of parameters measured in population
of cells.

[0010] Flow cytometers must be calibrated prior to quantitative fluorescence
intensity measurements because variability and drift in detectors, as well as
variability of the environment (e.g., changes in ambient temperature). To
account for this possible variability, a well-known and well-characterized set of
bioparticles is usually analyzed using the cytometry instrument prior to actual
experiments. Well-defined characteristics include size, and thus light scatter
properties, as well as fluorescence properties. One example of bioparticles that

could be used for calibration includes fixed chicken red blood cells.
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Subsequently, the photomultiplier tube (PMT) voltages of the cytometer are
adjusted accordingly to place the peak fluorescence distribution representing the
standard into predetermined bins of cytometry histograms. Cells can be
substituted by standardized calibration beads, which carry fluorescent labels
bound on the surface (e.g., fluorescein, PE, etc). In either case, all the data
collected after this calibration process are reported as values relative to the
intensity of the standard sample.

[0011] The calibration procedure can be further enhanced by use of
molecules of equivalent soluble fluorophore (MESF)-calibrated beads. The
MESEF value of a bead corresponds to the number of fluorescent molecules in
solution which give equal fluorescence to that of the bead, to which the same
molecules are bound. MESF calibration can be used in flow cytometry as well as
in other fluorescence-based methods, such as micro-array readers. The
assignments of MESF values to a set of labeled beads with different fluorophore
densities allow for construction of a calibration curve for an instrument. The
procedure allows one to obtain MESF values of biological cells stained with the
same fluorescent tag (e.g., fluorophore-labeled monoclonal antibodies).
However, this calibration does not take under consideration the fact that with
lower amounts of fluorescent labels of surface of beads (or cells), uncertainty of
measurement increases: the corresponding histogram peak becomes wider.
Therefore, despite calibration, a comparison of samples representing low and
high fluorescence intensities cannot be performed in a statistically relevant
manner. In other words, statistical significance cannot be assigned.

[0012] Flow-cytometry calibration beads are manufactured by a dozen
different manufacturers. Calibration of a cytometer has to be performed daily
while in use to ensure proper results of live samples. In some clinical systems,
this calibration is required to be performed more than once per day. This is not
only a question of good practices, but an actual requirement.

[0013] The whole calibration process is performed manually, such as
described in recent literature. See, e.g., Robert A. Hoffman and James C.S.

Wood, Characterization of Flow Cytometer Instrument Sensitivity, Current
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Protocols in Cytometry, 1.20.1-1.20.18 (2007) (describing linear regression
calculations to be made with the aid of a spreadsheet); Robert A. Hoffman,
Standardization, Calibration, and Control in Flow Cytometry, Current Protocols
in Cytometry, 1.3.1-1.3.21 (2005). Dr. Hoffman in the second reference listed
above quotes from the Clinical Laboratory Standards Institute, an international
clinical laboratory standards-setting organization, which stated that “[t]here are
no standards which can be used to check the accuracy of flow cytometric test
results. Hence, verifying reproducibility of instrument performance is an
essential element of daily quality assurance for the flow cytometry laboratory.
Instrument performance must be monitored under the same conditions as are
used to run test samples.” Id. The present disclosure is aimed at ameliorating
this lack of standards in checking the accuracy of flow cytometric test results.
[0014] There exist about 10 thousand clinical analyzers, and about 20-30
thousand research machines in the field for testing. Additionally, there are at
least five thousand flow cytometry cell sorters that are calibrated also with the
manual, bead method. Accordingly, there is a tremendous need to provide a
system and methods to, in an automated fashion, validate measured values of a
cytometer, or other fluorescence-based measuring instrument, wherein a standard
is provided, outside of which variation in measured values render test results
unreliable. This would provide a quality control system that would save a
significant amount of time in guess work involved when a cytometer operator is

faced with larger-than-normal variations in measured values.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Figure 1 is a flow diagram of a simplified, conventional flow
cytometer.

[0016]  Figure 2 is a system diagram of a system for quantifying differences
between measured values of a cytometer, or other fluorescence-based instrument,
and determining a statistical significance of those differences to validate test

results.
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[0017]  Figure 3 is a flow chart of a method for quantifying and validating
differences between biological samples on the basis of their flow cytometry
intensity histograms.

[0018]  Figure 4 is a flow chart of another method for quantifying and
validating differences between biological samples on the basis of their flow

cytometry intensity histograms.

DETAILED DESCRIPTION OF THE DRAWINGS AND THE
PRESENTLY PREFERRED EMBODIMENTS

[0019]  The present application relates to a system and methods for
quantifying differences between samples containing fluorescent material
measured by a flow cytometer, or some other fluorescence-based instrument.
The differences are expressed as distances between histograms of fluorescence
intensities calculated using a metric that includes a distance function having a
bin-to-bin dissimilarity matrix. More specifically, the disclosure provides for
statistical validation of the differences based on construction and use of a
statistical test that includes the aforementioned metric with a distance function
having a bin-to-bin dissimilarity matrix. Herein, the term difference means
calibrated quadratic form (QF) distance (or other suitable distance function) used
to compare intensity histograms obtained from flow cytometers. The term
dissimilarity may also be used in the context of “similarity” where the intent is to
indicate ground distance between individual bins in a histogram. The term
dissimilarity will be used, however, for consistency.

[0020] The present embodiments will now be further described. In the
following passages, different aspects of the embodiments are defined in more
detail. Each aspect so defined may be combined with any other aspect or aspects
unless clearly indicated to the contrary. In particular, any feature indicated as
being preferred or advantageous may be combined with any other feature or
features indicated as being preferred or advantageous.

[0021]  Figure 2 is a system diagram of a system 100 for quantifying
differences between intensity histograms measured using a cytometer 10, or

other fluorescence-based instrument 10, and determining a statistical significance
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of those differences. As discussed above, the cytometer 10 includes an optical
system 120, a plurality of detectors 140, which includes photomultipliers 142
having tubes, and an amplification system 150. These systems interact generally
as described with reference to Figure 1. The cytometer (or instrument) 10 also
includes a computer 160 having a memory 162, a processor 164, and a
communication interface 166. The cytometer 10 also may include a dissimilarity
matrices database 170 coupled therewith. As discussed, the computer 160 is
coupled with the detectors 140 to obtain the light scattering and fluorescence
information that each respective detector provides. Herein, the phrase “coupled
with” is defined to mean directly connected to or indirectly connected through
one or more intermediate components. Such intermediate components may
include both hardware and software based components.

[0022] When running a set of molecules of equivalent soluble fluorophore
(MESF)-calibrated beads through the cytometer 10 for calibration, the computer
160 gathers fluorescence intensities, in addition to light scatter intensities, which
intensities are represented as a number of counts of detected particles in bins
(corresponding to specific intensities) of a histogram. After multiple histograms
are stored from test runs of multiple sets of beads, a dissimilarity matrix may
then be fitted based on the values of at least two histograms, as described in
detail below. The dissimilarity matrices database 170 stores the dissimilarity
matrices fitted to the OF metric, for instance, on the basis of known MESF
values and intensity histograms measured from sets of calibration beads, or from
biological control samples. These various measurements that generate different
histograms may result in varying dissimilarity matrices, which may further be
compared.

[0023] The system 100 also includes a server 180 having a memory 182, a
processor 184, a communication interface 186, a comparator 190, and may be
coupled with the dissimilarity matrices database 170. The comparator 190 may
be coupled with or a part of its processor, and be used to both compare
histograms and dissimilarity matrices. The server 180 may include another

computing device with sufficient processing power to compute the statistical
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analysis described below. While these computations and estimates could be
calculated by the computer 160 of the instrument 10, many of these instrument
computers 160 were not designed to handle such extensive computations. The
mstrument 10, however, could be retrofitted or manufactured in the future with
higher processing capabilities such that the server 180 would not be required.
Accordingly, the instrument 10 is coupled with the server 180 and it should be
understood that the server 180 could be integrated within the instrument 10.
[0024] Furthermore, the server 180 could communicate over a network 195,
such as the Internet, the Web, a local area network (LAN), a wide area network
(WAN), or other network. The server 180 could be owned by a maintenance
company that contracts with laboratories to provide monitoring and repair
services, which monitoring could take place over the network 195. As will
become apparent, tracking the dissimilarity matrices, and the differences between
them over time according to the present disclosure, enables validation of
measured values that also usually vary over time. If the dissimilarity matrices
belonging to the same instrument 10 vary too much, this could be an indication
of potential failure or imminent failure of a component of the instrument 10,
requiring a repair trip by the maintenance company. The server 180 and or the
instrument computer 160 may monitor these dissimilarity matrices. Of course,
such monitoring and maintenance could be performed by testing laboratories, but
this may not be fiscally feasible.

[0025]  As discussed above, there is a tremendous need to provide a system
and methods to, in an automated fashion, validate measured values of a
cytometer, or other fluorescence-based measuring instrument, wherein a standard
is provided, outside of which variation in measured values render test results
unreliable. The presented system and methods employ a mathematical metric
(and statistic established based upon this metric) for estimation of differences
between intensity distributions, such as flow cytometry histograms, reported in
calibrated fluorescence units. While various mathematical metrics may be used,

the technique disclosed herein may work best with use of quadratic form distance



WO 2009/146036 -9- PCT/US2009/038995

10

15

20

25

(QF) with a bin-to-bin similarity matrix (A) to construct the metric for this

estimation. The QF metric takes on the form of

QF (0,f)=(h—1)" A’ (h=1) =YY a, (b~ £)(h, - 1)),

i=l j=1

(1)
where / and £ are vectors that list counts corresponding to each of the cytometry

histogram bins (or channels), i, j. These vectors can be normalized so that

0< {f, h} <1 and ZZ_ h, = Zlfl =1. The i and  are histogram bin numbers in

h and f; respectively, and Ai- = [Clij] is the matrix of distances between i" and j"

bins. In the simplest (linear) case, the elements of the matrix Ai. may be simply

computed as A; = \/1 +(i—j )2 ; however, in a more general case, the elements

of the matrix may be calculated using the following formula:

2 Y'max ij

d )
A= exp(yd—ljj ,where d, , =|z'—j

max

d =n}3x{d..}.

[0026]  Parameters y and & > 0 control a global shape of the distance matrix

such that the matrix maximizes the two conditions, (1) and (2), discussed below.

The higher y, the more similar the resulting matrix is to the identity matrix. The
QF metric becomes Euclidean for Ai. =1 (e.g., a; =1 wheni =, otherwise
a; =0). Low values of y make the distance matrix more similar to the linear

case mentioned before.

[0027] To provide an absolute, calibrated measure of differences between
fluorescent biological samples, the disclosed technique first employs several sets
of MESF-calibrated beads, each characterized by fluorescence intensities
corresponding to known numbers of fluorochrome of interest. The MESF beads
are run through the flow cytometer (or other instrument) 10 of the flow
cytometry system 100, and representative histograms are recorded. After
measurement is completed, the next step involves fitting a proper dissimilarity
matrix, or matrix of inter-bin distances A’, to QF distances between the

respective histograms.

(2)
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[0028] The elements of the matrix Ai. are chosen in order to create a QF

metric, which meets at least the following two conditions: (1) the QF value of
two histograms representing two sets of different standardized beads
substantially equals the difference of their MESF values (or the logarithms of
their MESF values); and (2) the QF of two histograms representing fluorescence
of two sets of identical MESF beads is substantially zero. Accordingly, the
elements of the empirically-determined dissimilarity matrix are populated using
parameters that control at least groups of elements of the matrix, A, using the
formula in Equation 2.

[0029]  The parameters ¥ and & in Equation 2 may be found empirically in
order to determine a QF distance that optimally meets the conditions (1) and (2)
mentioned above. In other words, the parameters » and ¢ are fitted to the
function in Equation 2 through iteratively determining values for them until the
conditions are as closely met as possible. Because measurement precision in
flow cytometry decreases with fluorescence intensity (e.g., MESF number), the
dissimilarity between two adjacent bins representing low fluorescence intensities
will be proportionally lower than dissimilarity between two bins representing
higher fluorescence intensities. Lower fluorescence intensities will correspond to

lower indices of the distance matrix Al] Consequently, with the appropriate y
and &, the dissimilarity matrix A’ represents measurement precision and

resolution of a cytometer at the whole range of fluorescence intensities (MESF
values).

[0030] For a flow cytometry system using a logarithmic amplifier, an initial
guess for an iterative estimation of y and ¢ can be obtained by approximating
the shape of the dissimilarity matrix in Equation 2 by a function fitted to the

below relation;

7@ (2) (n)
S {]MESF:]MESF:---JMESF} — L

N 3)
Lypgr B /u(IMESF)eXp((G(IMESF)) _1)2
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where / &ZESF are the known values of fluorescence intensity for every sample of

MESF beads used for calibration. The intensity is expressed in MESF units.
The term O (1 MESF) is a standard deviation of the natural logarithm of MESF

bead intensities measured in the flow cytometer. The term p(Iygsr) 1s the mean
intensity, which is a geometric mean when histograms are produced by log
amplifiers.

[0031] By using the above approach, it is assumed that the similarity between
two bins in a flow cytometry histogram is not only proportional to their bin-to-
bin distance, but is also related to uncertainty of fluorescence intensity
measurement. In Equation 3, this uncertainty of measurement is expressed as a
coefficient of variance (CV) of a log-normal distribution of the measured
calibration beads.

[0032] In asecond embodiment, an appropriate dissimilarity matrix is built
by first approximating the calibrated matrix by using a modification to Equation
2. Instead of employing i and j, one may employ absolute intensity values
expressed in MESF. Therefore, histogram bin numbers are substituted by the
equivalent MESF values obtained from a smoothed curve showing relation
between flow cytometry intensity readout and corresponding MESF values.

Accordingly, Equation 2 would take on the form of:

I :max{l..}.

2~ max L Yy
i,j

| LY
Alj:exp(yll] ] ,where]i’j=‘]i—]j

[0033] The resolution of fluorescence measurement is determined by the
width of the histogram peaks. Wider peaks mean less precise measurement, and
narrower peaks mean better distinguishability, and consequently, better
resolution. Therefore, the dissimilarity matrix approximated by Equation 4 may
be further modified by incorporating the uncertainty of measurement in a form of
a weighting function that deemphasizes similarity between the poorly separated
intensities while emphasizing the high intensity and low uncertainty

measurements:

4)
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C/ = A/ xw, where w=

(5)

The dissimilarity matrix A’ is thereby modified by w as demonstrated in

Equation 5, wherein the weighting function w includes large values for
fluorescence intensities that are easy to distinguish and low values for
fluorescence intensities that are difficult to distinguish, thereby scaling the
distance matrix to include measurement precision.

[0034]  The resultant dissimilarity matrix (A; in the first embodiment and C/

in the second embodiment, both of which may be referred to interchangeably
herein) can be stored, and subsequently used to document, monitor and compare
changes in instrument accuracy and resolution over time. If a set of experiments
requires use of flow cytometer over an extended period of time, calibration using
MESF is likely to be repeated. In order to ensure comparability of the results, a
calibration process may be repeated as previously described and a new
dissimilarity matrix for the QF metric may be computed. The possible changes

in the accuracy and resolution of the flow cytometry instrument may be
expressed as a difference (e.g., mean squared error, MSE) between C/* and C/or
between A/and A/

[0035] In statistics, bootstrapping is a modern, computer-intensive, general
purpose approach to statistical inference, falling within a broader class of
resampling methods. Bootstrapping is the practice of estimating properties of an
estimator (such as its variance) by measuring those properties when sampling
from an approximating distribution. One standard choice for an approximating
distribution is the empirical distribution of the observed data, which is the case in
this disclosure. In a situation where a set of observations can be assumed to be
from an independent and identically-distributed population, this can be

implemented by constructing a number of resamples of the observed dataset (and
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of equal size to the observed dataset), each of which is obtained by random
sampling with replacement from the original dataset.

[0036] Bootstrapping may also be used for constructing hypothesis tests. It is
often used as an alternative to inference based on parametric assumptions when
those assumptions are in doubt, or where parametric inference is impossible or
requires very complicated formulas for the calculation of standard errors. The
advantage of bootstrapping over analytical methods is its great simplicity: it is
straightforward to apply the bootstrap to derive estimates of standard errors and
confidence intervals for complex estimators of complex parameters of the
distribution, such as percentile points, proportions, odds ratio, and correlation
coefficients. Bootstrapping may be used in the present application as will
become apparent below.

[0037] The calibrated QF metric as estimated by the above-described
procedures based on the MESF beads, including empirically-constructing the

distance matrix, Ai. , characterizes only the instrument to be calibrated, not the

larger experimental process. While calibration of the instrument is important so
that confidence is maintained in experimental results obtained by use of the
instrument, of perhaps greater interest is the variability (or statistical difference)
between experimental runs through the instrument when dealing with live,
biological samples. Accordingly, the calibrated QF metric may be applied to a
biological sample for performing a live test, e.g., to use it as a tool to test for a
statistical significance in a difference between experimental control and test
samples. To do so, a control sample is used to set a baseline of a set of control
parameters and conditions, with a goal of generating empirical significance
levels of measured data. The levels are empirical in the sense that they
incorporate all the biological variability and the variability present due to
sampling error, pipetting problems, and other possible issues involved with
sample preparation. The control sample is prepared and run through the
instrument, which generates a set of cytometry histograms representing the

biological control in the experiment.
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[0038]  Next, the calibrated QF metric may be applied to calculate a set of
distances, expressed in MESF, between a set of histograms generated by random
sampling, with replacement, (e.g., bootstrapping) the cytometry histograms
representing the biological control. The resultant distances may be used to create
a distribution of differences. This distribution of differences between
bootstrapped histograms demonstrate effects of instrumental variability as well
as biological and biochemical variability of labeling procedures (e.g., staining
with fluorescent species). Bootstrapping was discussed above, and herein it may
be used to help assign significance levels to differences between sampled
histograms.

[0039] Finally, with the bootstrapped distributions in place, statistical
significance levels for the differences between samples in the experiment of
interest are established. The simplest approach may involve taking a quantile
(bootstrap percentile) of the estimated values. The a quantile of a data set is
defined as that value where an o fraction of the data is below that value.
Therefore, the measured QF distance between two samples may be considered
statistically significant if the distance obtained from the bootstrapped control
samples is greater than the observed value for the tested samples in less than a
determined percentage of a total number of the bootstrapped calculations,
performed n times. The number of times, n, the bootstrapped calculations are
made is based on the number of permutations required, with varying sample size,
to obtain a reliable estimation of percentiles. The determined percentile may be,
for instance, 1% of the time. That is, the null hypothesis is rejected at the 1%
statistical significance level, wherein if the control sample bootstrapped values
are below the observed value in 0-99% of the test samples, then there is no
statistically significant difference. Since the test is constructed on the basis of
QF distance, which cannot be negative, the 1% level of significance is the level
of significance of one-tailed hypothesis testing. One-tailed hypothesis testing
refers to directional hypotheses, wherein deviation from the null value is clearly

specified, e.g., a specific predicted outcome is stated.
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[0040] A calibrated QF metric was applied to estimate the differences
between histograms of DNA content (ploidy) in cells of old and young leaf tissue
of Brassica campestris. Furthermore, differences in fluorescence intensity in
immunostaining of human lymphocytes were quantified. Results indicated that
the QF distance function provides a true (mathematical) metric for estimation of
distance between flow cytometry histograms of arbitrary shape. The QF metric
can be applied as a statistical test for estimation of significance of the distance
measure, as just discussed above. The respective critical values depend only on
the number of events and standard deviations of compared histograms and are
not affected by distribution shape. Therefore, applications of the OF do not
require assumptions concerning distribution shape, which facilitates practical
implementation. This result was confirmed using empirical distributions of DNA
content in plant tissue and distributions of immunofluorescence in human cells.
[0041]  Figure 3 is a flow chart of a method for quantifying and validating
differences between biological samples on the basis of their flow cytometry
intensity histograms. At block 308, the server 180 inputs MESF values for a
specific lot of beads into the cytometer 10 for calibration beads to be used in the
cytometer 10. When the cytometer 10 goes through calibration, the operator
enters the batch number into the instrument computer 160, and the server 180
informs the instrument computer about the intensities of bead populations used
during calibration which are a part of the lot being used.

[0042] At block 310, the cytometer 10 measures the mean intensities and
variances of different bead populations, generating histograms for the bead
populations. At block 312, the instrument computer 160 constructs a first (bin-
to-bin) dissimilarity matrix based on data provided from the instrument 10 when
running the beads and the information from the server 180. The first
dissimilarity matrix is unique for a given cytometer (or instrument) 10 and, at
block 314, is stored in the dissimilarity matrices database 170. The first
dissimilarity matrix should not change substantially if the cytometer is stable and
well aligned. The process of steps 308 through 314 can be repeated in at least

one other experiment with the same bead populations to generate a second
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dissimilarity matrix, which is stored in the dissimilarity matrices database 170 at
block 316. At block 318, the first and second dissimilarity matrices can be
compared with each other for the purpose of stability and quality control,
enabling continual monitoring of the reliability of the measured values from the
cytometer or other instrument 10. If the dissimilarity matrices are significantly
different from each other, the computer 160 or the server 180 may warn the
operator of a detected instability in the instrument 10 that would render
histogram results unreliable. The significance level required to trigger a warning
may be set by the operator based on the reliability of performed measurement
(assay). Currently, however, there are no established standards with regards to
reliability, as discussed in the background section above.

[0043] Additionally, measurement metadata such as ambient temperature,
detector settings, specific laser used and/or its power level, filters, etc., may also
be stored with, or in relation to, each dissimilarity matrix in the dissimilarity
matrices database 170. This measurement metadata may be used in the future to
establish optimal cytometer settings for a given application of the cytometer 10,
essentially aiding in calibration.

[0044]  Furthermore, steps 320 through 336 (discussed below) could be
performed by the server 180 on its stored dissimilarity matrices for the purpose
of determining the reliability of current sets of measured values generated by the
cytometer 10 when compared with past results. And, of course, the steps 320
through 336 could be executed by the instrument computer 10 to give the
operator a real-time indication of the reliability of its results, and the comparator
190 may be available to either the instrument computer 160 or to the server 180
for purposes of making histogram or matrix comparisons. The steps 320 through
336 will, therefore, be explained with reference to the cytometer 10 for sake of
simplicity.

[0045] At block 320, the instrument computer 160 constructs a metric using
the QF (or other) distance function with the first dissimilarity matrix, e.g., the
dissimilarity metric generated with use of the calibration beads. The metric is

also unique for a given cytometer 10, but with use of the measurement metadata
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described above, the metric could be used on another cytometer as now
described. At block 324, the computer 160 calculates empirical critical values
for each set of control samples to be used to verify significance of differences
between compared test samples. The critical values may be established by taking
o quantile (bootstrap percentile) of the estimated values. The critical values may,
therefore, be established as a percentile of distribution of QF distances
corresponding to the control sample (or calibration bead) distributions, expressed
in histograms, above which the QF distance corresponding to the later-measured
biological samples should fall to be considered statistically different. For
instance, the computer 160 may generate confidence intervals by bootstrapping
the histograms of the control samples, and set each critical value as being within
a desired percentile of a corresponding confidence interval of a control sample.
[0046] At block 328, the cytometer 10 measures fluorescence intensities in
MESF of biological samples, generating a histogram for each sample. Also, at
block 328, bootstrapping may be used to generate additional histograms (for use
in subsequent statistical analysis) by randomly sampling, with replacement, the
dataset. At block 332, the computer 160 compares histograms obtained from the
samples, through application of the QF metric, to determine differences between
samples and their statistical significance. A critical value could be made a part
of the measurement metadata appended to a corresponding dissimilarity matrix
as described above, which may allow for comparison of preparation
reproducibility, e.g., on the same cytometer 10 at a different time or on a
different cytometer 10.

[0047]  Atblock 336, the computer 160 may compare histograms across
multiple experiments conducted at different times and on different days. This
may also include a comparison of dissimilarity matrices discussed with reference
to block 318. This is possible because the elements in the matrices correspond to
fluorescence intensities in absolute (MESF) values. This comparison is used for
quality control as the matrices contain information on the range of intensities
measured with the instrument (dynamic range) and precision of such

measurement at each intensity level (intensity resolution).
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[0048]  Figure 4 is a flow chart of another method for quantifying and
validating differences between biological samples on the basis of their flow
cytometry intensity histograms. At block 410, multiple sets of standardized
beads are run through the instrument to generate, at block 420, at least one
calibration histogram for each set of beads for the instrument, the histograms
containing molecules of equivalent soluble fluorophore (MESF) values. At
block 430, a computer coupled with the instrument calibrates a distance function
(such as OF) configured to measure distances between the calibration histograms
generated by the sets of standardized beads, including, at block 434, constructing
a metric using the distance function, which includes a bin-to-bin dissimilarity
matrix, and at block 438, populating the dissimilarity matrix with elements using
parameters that control at least groups of the elements such that the metric
maximizes the below conditions (A) and (B) at substantially the whole range of
MESF values for the sets of standardized beads. At block 440, condition (A) is
that the distance function of two histograms representing two sets of different
standardized beads substantially equals the difference of their MESF values or
the logarithms of their MESF values. At block 450, condition (B) is the distance
function of two histograms representing fluorescence of two sets of identical
beads is substantially zero.

[0049] At block 460, the computer applies the constructed metric to a set of
flow cytometry histograms generated by the instrument for a plurality of
biological samples, to determine distances between the histograms. At block
470, the computer constructs a statistical test using the constructed metric to
determine a statistical significance of the distances between the histograms. At
block 480, the computer determines whether the histogram results from the
biological samples are reliable based on the statistical significance.

[0050]  The preferred embodiments of the present invention provide numerous
advantages, including: 1.) Absolute calibration (signal intensity expressed as a
corresponding number of fluorophore molecules) in the whole instrument range,
e.g., not only at signal levels corresponding to maxima of bead intensity

distribution. 2.) Instrumental noise (precision) taken into account in the
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calibration, and therefore, the proposed method is more robust than methods used
currently. 3.) Differences between histogram distributions corresponding to
biological samples (hence of arbitrary shape) may be quantified (expressed in
absolute units). 4.) The comparison between histograms is executed using a
mathematical metric so any two distributions can be compared, not just the
control with a test sample. 5.) The metric can detect changes in distribution
shape, e.g., in every distribution moment, not only in some parameters (e.g.,
mean or variance). 6.) Statistical significance can be assigned to the comparison
representing the probability that measured samples are biologically different,
whereas instrumental and preparation errors do not affect the result. 7.)
Quantitative and statistical comparison of distributions generated using different
machines 1s possible (provided that they are calibrated). Other advantages may
be recognizable in the teachings disclosed herein; accordingly, this is an
exemplary list of advantages.

[0051]  The system and process described may be encoded in a signal bearing
medium, a computer readable medium such as a memory, programmed within a
device such as one or more integrated circuits, one or more processors or
processed by a controller or a computer. If the methods are performed by
software, the software may reside in a memory resident to or interfaced to a
storage device, synchronizer, a communication interface, or non-volatile or
volatile memory in communication with a transmitter. A circuit or electronic
device may be designed to send data to another location. The memory may
include an ordered listing of executable instructions for implementing logical
functions. A logical function or any system element described may be
implemented through optic circuitry, digital circuitry, through source code,
through analog circuitry, through an analog source such as an analog electrical,
audio, or video signal or a combination. The software may be embodied in any
computer-readable or signal-bearing medium, for use by, or in connection with
an instruction executable system, apparatus, or device. Such a system may

include a computer-based system, a processor-containing system, or another
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system that may selectively fetch instructions from an instruction executable
system, apparatus, or device that may also execute instructions.

29 66

[0052] A “computer-readable medium,” “machine readable medium,”
“propagated-signal” medium, and/or “signal-bearing medium” may include any
device that includes, stores, communicates, propagates, or transports software for
use by or in connection with an instruction executable system, apparatus, or
device. The machine-readable medium may selectively be, but not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or semiconductor system,
apparatus, device, or propagation medium. A non-exhaustive list of examples of
a machine-readable medium would include: an electrical connection “electronic”
having one or more wires, a portable magnetic or optical disk, a volatile memory
such as a Random Access Memory “RAM”, a Read-Only Memory “ROM”, an
Erasable Programmable Read-Only Memory (EPROM or Flash memory), or an
optical fiber. A machine-readable medium may also include a tangible medium
upon which software is printed, as the software may be electronically stored as
an image or in another format (e.g., through an optical scan), then compiled,
and/or interpreted or otherwise processed. The processed medium may then be
stored in a computer and/or machine memory.

[0053] The above-disclosed subject matter is to be considered illustrative, and
not restrictive, and the appended claims are intended to cover all such
modifications, enhancements, and other embodiments, which fall within the true
spirit and scope of the present invention. Thus, to the maximum extent allowed
by law, the scope of the present invention is to be determined by the broadest
permissible interpretation of the following claims and their equivalents, and shall
not be restricted or limited by the foregoing detailed description. While various
embodiments of the invention have been described, it will be apparent to those of
ordinary skill in the art that many more embodiments and implementations are
possible within the scope of the invention. Accordingly, the invention is not to

be restricted except in light of the attached claims and their equivalents.
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Claims:

1. A method of quantifying and validating differences between measured
values of fluorescence intensities obtained using a flow cytometer or other
fluorescence-based instrument, the method comprising:

a) running multiple sets of standardized beads through the instrument to
generate at least one calibration histogram for each set of beads, the histograms
containing molecules of equivalent soluble fluorophore (MESF) values;

b) calibrating, with a computer coupled with the instrument, a distance
function configured to measure distances between the calibration histograms
generated by the sets of standardized beads, comprising:

1) constructing a metric using the distance function, which includes

a bin-to-bin dissimilarity matrix; and

i1) populating the dissimilarity matrix with elements using
parameters that control at least groups of the elements such that the metric
maximizes the following conditions at substantially the whole range of

MESF values for the sets of standardized beads: (A) the distance function

of two histograms representing two sets of different standardized beads

substantially equals the difference of their MESF values or the logarithms
of their MESF values; and (B) the distance function of two histograms
representing fluorescence of two sets of identical beads is substantially

Zero;

¢) applying, by the computer, the constructed metric to a set of flow
cytometry histograms generated by the instrument for a plurality of biological
samples, to determine distances between the histograms;

d) constructing a statistical test, by the computer, using the constructed
metric to determine a statistical significance of the distances between the
histograms; and

e) determining, by the computer, whether the histogram results from the

biological samples are reliable based on the statistical significance.
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2. The method of claim 1, wherein the distance function comprises a

quadratic form (QF) distance function.

3. The method of claim 2, wherein each set of beads is characterized by a
5  fluorescence intensity corresponding to a known number of fluorochromes of

interest, wherein the QF distance function comprises:

QF (h,£) = (h—1)' AL(h=)= "> a,(h = £)(h, - £,). wherein

i=l j=I
Alj comprises the dissimilarity matrix including distances between bins i, j of

vectors 4, j which list counts of detected fluorescence intensities corresponding

10 to each of the cytometry histogram bins.

4. The method of claim 3, further comprising:

normalizing the vectors h and f so that 0 < {f, h} <1 and

Zihi :Zifi =1
15

5. The method of claim 3, further comprising:

computing

d 5
A =exp[;/dij j ,where d, , =|i—j

max

s dmax = rrllejlx {dlj} 5 and

iteratively determining » andd to control a global shape of the

20  dissimilarity matrix such that maximizes the conditions of b)ii)A) and b)ii)B).

6. The method of claim 5, further comprising:
initially estimating y ando by approximating the shape of the

dissimilarity matrix by a function fitted to the following relation:
7 (2) (n)
I {]MESF’]MESF"”’]MESF} — L

25 ) 1
Lpsr lu(]MESF)eXp((G(]MESF)) _1)2
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wherein / %SF are the known values of fluorescence intensity for each set of the

standardized beads, O (1 MESF) is a standard deviation of a natural logarithm of

bead intensities measured in the instrument, and p(Iygsr) 1S the mean intensity.

7. The method of claim 5, wherein the bin numbers i and j are substituted by
equivalent fluorescent intensity (MESF) values (/) obtained from a smoothed
curve representing a relation between flow cytometry histogram bin number and

absolute intensity, such that

9

’.]

v :max{]..}.

max ij
4 ’.]

: 1.
A’ =exp 7]] ,where]l..z‘]l.—]j

max

8. The method of claim 6 or claim 7, further comprising:

modifying the dissimilarity matrix by a weighting function that includes
large values for fluorescence intensities that are easy to distinguish and low
values for fluorescence intensities that are difficult to distinguish, thereby scaling

the dissimilarity matrix to include measurement precision.

9. The method of claim 8, wherein the weighting function comprises

10.  The method of claim 5, wherein constructing the statistical test comprises:
running a plurality of biological control samples of a proposed experiment
through the instrument to produce a plurality of histograms corresponding
thereto;
randomly sampling, with replacement and a plurality of times, the
plurality of histograms of the biological control samples to produce additional

histograms for the set of histograms;
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applying the QF metric to calculate a set of distances between the set of
histograms, expressed in MESF values, whereby the distribution of distances
demonstrate effects of instrumental variability as well as biological and
biochemical variability of labeling procedures of the experiment; and

assigning statistical levels of significance to QF distance values measured

between histograms of biological samples.

11.  The method of claim 10, wherein the random sampling and applying the
QF metric steps comprise generating bootstrapped histograms and creating
distributions of QF distances between the set of bootstrapped histograms,
wherein the assigning statistical levels comprises:

calculating a percentile of distribution of distances between bootstrapped
histograms of the control sample; and

determining that the measured test sample is statistically different than the
control samples if the distance between the test and the control fall into a
predetermined interval of percentiles of the distribution of bootstrapped distances

of the control samples.

12.  The method of claim 11, wherein the predetermined interval comprises a
first (1) percentile, wherein the QF-based distance for the control sample is
greater than the QF-based distance for the test samples in less than 1% of a total

number of the bootstrapped calculations performed the plurality of times.

13.  The method of claim 1, further comprising:

storing the dissimilarity matrix in relation to measurement metadata in a
database coupled with the computer; and

comparing a plurality of dissimilarity matrices generated in different
experiments on different days to detect a change in quality of measured MESF

values of the instrument.
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14. A system for quantifying and validating differences between measured
values of fluorescence intensities using a flow cytometer or other fluorescence-
based instrument, the system comprising:

a) a flow cytometer through which to run multiple sets of standardized
beads to generate at least one calibration histogram for each set of beads, the
histograms containing molecules of equivalent soluble fluorophore (MESF)
values;

b) a computer coupled with the flow cytometer to calibrate a distance
function configured to measure distances between the calibration histograms
generated by the sets of standardized beads, the computer having a memory and a
processor to:

1) construct a metric using the distance function, which includes a
bin-to-bin dissimilarity matrix; and

i1) populate the dissimilarity matrix with elements using
parameters that control at least groups of the elements such that the metric
maximizes the following conditions at substantially the whole range of
MESF values for the sets of standardized beads: (A) the distance function
of two histograms representing two sets of different standardized beads
substantially equals the difference of their MESF values or the logarithms
of their MESF values; and (B) the distance function of two histograms
representing fluorescence of two sets of identical beads is substantially
Zero;
¢) wherein the processor further:

1) applies the constructed metric to a set of flow cytometry
histograms generated by the instrument for a plurality of biological
samples, to determine distances between the histograms;

11) constructs a statistical test using the constructed metric to
determine a statistical significance of the distances between the
histograms; and

111) determines whether the histogram results from the biological

samples are reliable based on the statistical significance.



WO 2009/146036 - 26 - PCT/US2009/038995

10

15

20

25

15.  The system of claim 14, wherein the computer comprises a server coupled

with the flow cytometer over a network.

16.  The system of claim 15, wherein the server:

compares the dissimilarity matrix with previously-stored dissimilarity
matrices generated in previous calibration experiments for the same set of
standardized beads; and

communicates a warning to an operator of the flow cytometer if the
dissimilarity matrix is significantly different from the previously-stored

dissimilarity matrices, indicating instability of the instrument.

17.  The system of claim 14, wherein each set of beads is characterized by a
fluorescence intensity corresponding to a known number of fluorochromes of
interest, wherein the distance function comprises a quadratic (QF) form distance

function, and wherein the QF distance function comprises:

QF (h.1)=(h—) A} (=)= "D a;(h ~ £)(h, - ). wherein

i=l j=I
Alj comprises the dissimilarity matrix including distances between bins i, j of

vectors 4, j which list counts of detected fluorescence intensities corresponding

to each of the cytometry histogram bins.

18.  The system of claim 17, wherein the processor normalizes the vectors h

and f so that OS{f,h} <land ) n=) f=L

19.  The system of claim 17, wherein the processor computes the dissimilarity

9

. i U —|5 ; —
matrix as Aj =CXp| Yy , Where di,j - |l —J|> e = Hllejlx {dif} , and

iteratively determines y andd to control a global shape of the dissimilarity

matrix such that maximizes the conditions of b)ii)A) and b)ii)B).
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20.  The system of claim 19, wherein the processor initially estimates y andd

by approximating the shape of the dissimilarity matrix by a function fitted to the

following relation:

7@ (2) (n)
f : {IMESF91MESF9“‘91MESF} gt

2
Lypsr > 1 s ) €XP ((U(IMESF)) - 1)2
wherein / %SF are the known values of fluorescence intensity for each set of the

standardized beads, O ([ MESF) is a standard deviation of a natural logarithm of

bead intensities measured in the instrument, and p(Iyigsr) 1 the mean intensity.

21.  The system of claim 19, wherein i and j are substituted by equivalent
fluorescent intensity (MESF) values (/) obtained from a smoothed curve
representing a relation between flow cytometry histogram bin number and

absolute intensity, such that

9

. I
A;zexp(;/]” ,where I, .:‘]l.—lj

¥

max

=max {7, }.

. i U

max

22.  The system of claim 20 or claim 21, wherein the processor modifies the
dissimilarity matrix by a weighting function that includes large values for
fluorescence intensities that are easy to distinguish and low values for
fluorescence intensities that are difficult to distinguish, thereby scaling the
dissimilarity matrix to include measurement precision, wherein the weighting

function comprises:

w=1/|1+

23.  The system of claim 17, wherein at least one biological control sample of

a proposed experiment are run through the flow cytometer to produce a plurality
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of histograms corresponding thereto, wherein to construct the statistic test, the
processor:

applies the OF metric to calculate a set of distances between the set of
histograms of the at least one control sample, expressed as MESF values,
whereby the distribution of the distances demonstrate effects of instrumental
variability as well as biological and biochemical variability of labeling
procedures of the experiment; and

assigns statistical levels of significance to QF distance values measured

between histograms of biological samples.

24.  The system of claim 23, wherein the processor randomly samples, with
replacement and a plurality of times, the plurality of histograms of the at least
one biological control sample to produce additional histograms for the set of

histograms before the set of distances therebetween are calculated.

25.  The system of claim 23, wherein the cytometer measures fluorescence
intensities in MESF of the biological test sample corresponding to the at least
one control sample to generate a set of histograms for the test sample, wherein
the processor further:
calculates empirical critical values for the a least one control sample, each
critical value being determined by:
generating confidence intervals by bootstrapping the histograms of
the control samples; and
setting each critical value as being within a desired percentile of a

corresponding confidence interval of a control sample.

26.  The system of claim 25, wherein the critical values are calculated from

histogram results of the calibration beads.

27.  The system of claim 25, wherein the computer communicates with a

repair company to set up a repair call for the flow cytometer in response to the
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difference between a current dissimilarity matrix and the set of dissimilarity

matrices generated previously falling outside the critical value.

28.  The system of claim 14, further comprising:
5 a database in which to store the dissimilarity matrix;
wherein the processor:
stores the dissimilarity matrix in relation to measurement metadata
in the database; and
compares a plurality of dissimilarity matrices generated in
10 different experiments to detect a change in reliability of measured MESF

values of the flow cytometer.
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