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WO 2015/112768 PCT/US2015/012537

RAPID MEASUREMENT OF FORMED BLOOD COMPONENT
SEDIMENTATION RATE FROM SMALL SAMPLE VOLUMES

BACKGROUND

jege1; Erythrocyte sedimentation rate {(ESR), also calied a sedimentation rate or
Biernacki Reaction, is the rate at which red blood cells sediment, typically measured over a
period of ene (1) houor. It is a common hematology test and is a non-specific measure of
nflagumation. To perform the tost using a traditional technique, anti-coagulated blood 1s placed
m an upright tube, known as a Westergren-Katz tube, and the rate at which the red blood cells
sediment is measured and reported in movhour. Specifically, the Westergren method requires
collecting 2 mi of venous blood into a tube containing 0.5 ml of sodium citrate. The sample
should be stored ne longer than 2 hours at room temperature or 6 hours at 4 °C. The blood s
drawn 1nto the Westergren-Katz tube to the 200 yrom mark. The tube is placed inarack in 2
strictly vertical position for one hour at room temperature, at which time the distance from the
lowest point of the surface mueniscus to the interface between red-cell free plasma and the portion
of the sample cccupied by red-cells measured. The distance moved by the ervihrocyte interface,
expressed as millimeters in | hour (mm/h) is the ESR.

(86823 The ESR is governed by the balance between pro-sedimentation factors, mainly
fibrinegen (but possibly also the levels of serum C-reactive protein (CRP), inmunoglobuling A
and G, alpha{l)-acid-glycoprotein and alpha{1)-antitrypsin), and sedimentation resisting factors,
mainly the negative charge of the erythrocytes {zeta potential). In one example of the effects of
inflammation, bigh concentrations of fibrinogen in blood plasma causes red blood cells to adhere
1o cach other. The red blood cells adhere to form stacks called 'rouleaux,’ which settle faster than
individoal red cells. Roulearnx formation can also ocawr in association with some
tymphoproliferative disorders in which one or move imnunoglobulins are found in high
concentrations. Rouleaux formation can, however, be a normal physiclogical finding in horses,
cats, and pigs.

[6663) ESR 1s increased by any cause or focus of inflammation. ESR i increased in
prognancy and rheumatoid arthritis, and decreased in polycythemia, sickle cell anemia,
hereditary spherocytosis, and congestive heart failure. The basal ESR is slightly higher in
females.

[0684] The standard predicate method for measuring ESR is the Westergren test, and the
test uses a farge volume of blood, typically several mb 1t typically requires one hour incubation

i
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since many samples have ESRs as low as 10 movhour. Inflammatory factors which increase
ESR include fibrinogen, C-Reactive Protein (CRP) and some imnwwoglobulins, which can
merease ESR to as high as 100 moow/hour.

[B085] Traditional techniques of performing sedimentation tests have various hmitations.
For instance as discussed, Westergren sedimeniation tests require a substantially high volome of
blood to be withdrawn. Additionally, traditional sedimentation test techuniques take a substantial
period of time and may result in time lags in obtaining test results that could lead to delays in

diagnoses and treatments which can bave a deleterious effect on a patient's healih,

INCORPORATION BY REFERENCE
(3086} All publications, patents, and patent applications mentioned in this specification
are herein incorporated by reference to the same extent as if cach individual publication, patent,

or patent application was specifically and individually fndicated to be fncorporated by reference.

SUMMARY

5087} 1t may be desirable to have scdimentation rate tost that can be completed in a very
short time, such as but not limited to being on the order of seconds to a fow minutes. For
distributed test settings, it may also be desirable to have sedimentation rate measurements that
use only small blood volumes, such as can be obiained by alternate site, non-venous blood draws
or minimal venous draws. It may be further desirable 1o make the sedimentation measurement in
an automated fashion (no human observation required) and to create an objective record of the
measorement. Additionally, further information useful in optimizing management of patients
may be obtained by performing and/or maximizing the speed of multiplexed measurement of
other analytical parameters in paralie] with sedimentation rate measurement,

[B6BS] In one embodiment described herein, the sedimentation rate measurement method
may vuse {1} centrifugal tochniques for separating red blood cells from plasma and (2) video
and/or still imaging capability. Both may be used alone or in combination to accelerate
erythrocyte sedimentation and to measure its rate. Of course, techniques other than
centrifugation for accelerating sedimentation may be used in place of or in combination with
cenirifugation to separate blood components.

[H069] In one non-limiting example, the method may advantageously enable (1) rapid
measurement of ESR (scconds) with small blood sample volumes such as about 20-25
microliters {“ul” or “uL”) or less, (2) use of automated image analysis to determine both red

blood cell sedimentation rate and hematocrit, and/or (3) automated techniques to compensate for

2
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cffects of homatocrit on uncorrecied ESR s0 as {o provide a value corresponding to the
traditional Westergren method. Of course, alternative embodiuents using large volumes of
blood are not excluded. Because of the ability to correct for hematocrit, some embodiments of
sedimentation measurement techmigues described herein is more robust than fraditional
Westergren techniques and can be used on sample with fibrinogen and/or hematocrit levels
outside the narrow range required by Westergren testing.

6016 Using an embodiment herein, corrected ESR can be acquired in a matter of
seconds using a small blood volume and which compensates for effects of hematocrit ESR. The
results acquired in a matier of scconds during initial contrifugation can accelerate deliver of a
diagnosis to the patient.

3011} Moreover, 1n the context of multiplexed assay procedures, a common pre-
processing step already involves separating red and white celis from plasma or serum prior to
measwrements of cellular markers and of analytes present in plasma/serum. Thus, i is
convenient 1o incorporate an ESR measurement along with such a pre-processing procedure that
will already be performed during the course of assay preparation. The ESR measurement will
not create sigunificant burden in terms of additional processing time or use of Hmited quantities of
blood available from non-venous collection methods. By way of non-Himiting example, it should
be umderstood that assay processing, including pre-processing step(s), may occur in a single
instrumented systen. Optionally, some embodiments may perform one or more steps in one
mstrument and another one or more sieps in another fustrument.

601 {t should also be understood that embodiments described herein may be adapted
to have one or more of the features deseribed below. In one non-limiting example, a typical
protocol may take 20 ul. of blood in 8 contrifuge vessel and spin in a swing-out centrifuge rotor
at 4000 tpm (580* g} for about 10 5. During this time, the interface between the portion of the
sample containing the ved blood cells and that cleared of red blood cells is observed by video
imaging. Although other ime periods arc not exchuded, it can be advantageous to obtain the

ESR measurement in this short period of thme. Optionally, some embodiments may correct these

operation as that used for measurement of raw ESR. In one pon-limiting example, following a
relatively low speed spin during cendrifugation to measure ESR, the spin speed is increased to

pack the red blood cells. Hematocrit is determined by image analysis of the packed red blood

cells and the supernatant plasma volumes. Optionally, other techniques for measuring

hematocrit may also be used to correct “raw” ESR vahies.
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#1013 At least one of the cmbodiments herein may have ESR corrected without using
calculations of the slope of an cssentially Huear transform of the non-hnear (exponential} portion
of the sedimentation curve.

D014 At least one of the embodiments herein may have ESR corrected without
calcolating a mathematical function for a plurality of the erythrocyte/plasma interface positions
occurring in a non-lincar portion of the sedimentation curve.

{6015 At least one of the embodiments herein may have ESR corrected without selecting
a segment of the sedimentation curve which lies in said non-linear portion of the sedimentation
curve,

[BE16] At least ong of the embodiments herein may have ESR corrected based only on
meastrements of Hnear portion(s) of the sedimentation curve.

(0617} At least one of the embodiments herein may have ESR corrected based on
measirements which consists essentially of linear portion{(s) of the sedimentation curve. By
“consists essentially of”, we mean at least 90% or more of the measurement is based on the
linear portion{s).

[B618] At least ong of the embodiments herein may have ESR corrected without
determining a mathematical function for a non-Hoear segment of the sedimentation curve
representative of the magnitude of intercellular erythrocyte repulsion in the blood sample.

(8019 At least onc of the embodiments hercin may have ESR correcied without negating
the tume period during the centrifugation of the sample during which a linear portion of the
sedimentation curve is formed.

60267 At least one of the embodiments herein may have ESR corrected for hematocrit
using hematocrit measurements not derived from centrifugal technigues, such as for exanmple,
tysis of red cells with detergent and mixing with ferricyanide and cyanide followed by
measurement of the absorbance of the cyan-met-hemoglobin formed.

86213 At least onc of the embodiments hercin may have the blood sample adjusted so
that 1 1s at a known hematocrit level for the sedimentation measurement.

6022 in at least one embodiment described herein, a method is provided comprising:
using an accelerated blood component separation technigue on a blood sample for a period of
time to separate formed blood components from plasma; determining a sedimentation rate of the
formed blood component based on at least the following: a time-related compaction curve snd a
hematocrit correction factor, wherein the time-related compaction curve for at least one formed

blood component in said biood sample is determined after accelerated blood component
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separation has begun, said compaction curve having an initial approximately Hinear portion and a
non-lingar portion after the linear portion.

3023} In at least one embodiment described herein, a method is provided comprising:
centrifuging a blood sample in a vessel for a period of time; establishing a time-related
compaction curve for at least one formed bload component in said blood sample after
centrifuging has begun, said compaction curve baving an initial approximately linear portion;
correcting for hematocrit effect on sedimentation rate of the formed blood component by osing a
hematocrit correction factor on the approximately lincar portion of said compaction curve.

[3624] 1t should be understood that embodiments in this disclosure may be adapted 1o
have one or more of the features described below. In one non-hmiting example, the method
comprises calibrating sedimentation rates from centrifuge based technique with sedimentation
rates from a reference technique. Optionally, the reference technigue is the Westergren
technique. Opticnally, the sample is about 25 ul. or less. Optionally, centrifuging occurs at a
first speed for a first period of time and then at a second, faster speed for a second period of time.
Optionally, centrifisging comprises using a centrifuge configured to allow the blood sample to be
visually observed during cendrifugation to establish interface positions of one or more formed
blood components in the blood sample. Optionally, cenmrifuging comprises using a centrifuge
having a window thereon to enable visual observation of the blood sample to establish
erythrocyte/plasma interface positions over time. Optionally, centrifuging compriscs using a
centrifuge, a light source, and an image capture device to enable visual observation of the blood
sanple to cstablish formed blood component/plasma interface positions over time. Optionally,
compaction curve data is collected by capturing a plurality of images of interface positions of
one or more formed blood components in a centrifuge vessel over the time period. Optionally,
pixel positions 1o the plorality of tmages are used to accurately deternune interface position.
Optionally, compaction curve data is collected by capturing a single image of an interface
position of one or more formed blood componenis in the contrifuge vessel after a time period,
wherein sedimentation rate is calculated based on position of the meniscus of the supernatant
liguid and the interface position. Optionally, compaction curve data is collected while the
sample is being contrifuged. Optionally, centrifugation 1s used to obtain hematocrit
measurement and to correct for hematocrit impact on sedimentation raic measurement.
Optienally, correcting for hematocrit conprises calculating 2 mathematical function fora
plurality of formed blood component interface positions cccwrring in said curve, said fimetion
being operative to correct for sedimentation rate variations due to hematocrit. Optionally,

hematocrit measurcment in the sample is derived from a technique separate from centrifugation
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Optionally, image transformation is used for conversion of a curved interface to a flat interface.
Optionally, image transformation parameters are selected, video of forraed blood component
mterface position is put through mage ransformation, and then a region of interest is chosen that
covers both the whole range of positions for both ai/plasma interface and erythrocyte interface.
Optionally, cach timepoint in the video, pixel inteusity values for gach row across a sample
vessel containing the sample, within the region of mferest are averaged to produce a single
columm representing the intensity radially down the sample vessel. Optionally, a linear region of
a sedimentation profile is used to extract 3 sedimentation rate. Optionally, the formed blood
componerd is white blood cells. Optionally, the formed blood component is plateleis.

{3025} 1t should be understood that embodiments 1n this disclosure may be adapted to
have one or more of the features described below. In one non-limiting example, the method
compriscs performing image transformation on said images to transform tmages with curved
mierfaces into corrected images with straight line interfaces; establishing a time-related
compaction curve based on interface positions in said corrected images, for at least one formed
blood component in said bisod sample after centrifoging has begun.  Optionally, the method
compriscs: using a programmable processor-controlled system to transter at least a portion of a
blood sample from a blood sample location into a centrifugation vessel; using a sample handling
system under programmable processor control to transter said vessel from a first addressable
position to a contrifuge with a sccond addressable position; centrifuging the blood sample in the
vessel for a period of time; collecting at least one image of formed blood component and plasma
mterface position after centrifuging; establishing a time-related compaction curve based on
interface position(s) in the image, for at least one formed blood component in said blood sample
after cenirifuging has begon. Optionally, the vessel is removed from the centrifuge to obtain said
image. Optionally, the vessel is returned to the centrifuge afier said image is obtained.
Optionally, the method comprises varving centrifuging speed to establishing a linear compaction
curve of at lcast one formed blood component over the period of time untld compaciing has
completed; monitoring contrifuging speed profile for at least a portion of the time peried; and
determining blood component sedimentation rate based on the centrifuging speed profile.
Optionally, the method comprises collecting at least a first single image of formed blood
component and plasma interface positions at an initial time; collecting at least a second singie
image of formed blood component and plasma interface positions at a second time while rate of
sedimentation is still linear; caleulating sedimentation rate for at least one formed bloed
component in said blood sample based on hinear sedimentation rate caleulated and a hematocrit

correction factor.
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{8024} In yet another embodiment described herein, a method is provided comprising:
cenfrifuging a blood sample in a vessel for a period of time; using imaging of the vessel in a
single state condition to cstablish sedimentation rate; and correcting for hematoerit effect on
sedimentation rate of the formed blood component by using a hematocrit correction factor. As
used herein, using imaging can comprise using a single image of the vessel to determine
scdimentation rate. By of non-lmiting example, when using a single image of the vessel, a
meniscus of supernatant Hqoid in the vessel shows an intial level and an interface position of
formed components with the supernatant liquid shows current position, from which
sedimentation rate is calculated. Optionally, some embodiment mway use a plurality of tmages for
sedimentation rate calculation, but all of the images are of the vessel whilc the vessel isina
single state condition. Optionally, all of the images arc of the vessel at a single point in time.
Opticnally, all of the images are of the vessel while the formed component interface position is
not changing in the vessel. In one non-limiting exaraple, the dual speed is used to extend the
dynamic range of the ESR assay. Optionally, instead of just two speeds, some embodiments
may use centrifisgation at three or more speeds. Although in the described herein in the context
of a contrifuge, it should be understood that refercnces here to centrifuge speed may be viewed
as a proxy for G force applied to the sample, and it should be understood that the concept herein
can be applied to other embodiments that provide for accelerated sedimentation of formed
samples but do not use a centrifuge.

[6627] In yet another embodiment described herein, a method is described comprising
using an accelerated blood component separation technique on a blood sample in a vessel for at
least one period of time; capturing at least a first single image of formed blood component and
plasma interface positions in the vessel at an initial time; capturing at least a second single image
of formed blood componeot and plasma interface positions at a second time within a lincar
sedimentation time period; and calculating a sedimentation rate for at least one formed blood
component in said blood sample based on hinear sedimentation rate calculated 2nd a hematocrit
correction factor,

[6028] it should be understood that embodiments in this disclosure may be adapted to
have one or more of the features described below. In one non-Hmiting example, the aceelerated
blood component separation technigue comprises centrifugation. Optionally, the method further
comprises calibrating sedimentation rates from centrifuge-based technigque with sedimentation
rates from a reference techmique. Optionally, the reference technique is an smutomated
Westergren technigue. Optionally, the reference techmique is a manual Westergren technique.

Optionally, the blood sampie is about 25 pl or less. Optionally, centrifuging occurs at a first
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speed for a first period of time and theo at a sccond, faster speed for a second period of time.
Optionally, the first speed is configured to provide a substantially consistent force on the sample,
while the second speed is configured to provide greater foree but at a greater range of foree
variability relative to the substantially consistent force associated with the first speed.
Optionally, the accelerated blood component separation technique cecurs at a first G-force fora
first period of time and then at a second, greater G-force for a second period of time. Optionally,
the first G-force is provided at a substantially consistent force on the sample, while the second
first G-force is provided at greater force but also at a greater range of force variability relative to
the substantially consistent force of the first G-force. Optionally, the first G-force is in the range
of about 35G to about 453G, Optionally, the first G-force is m the range of about 300G to about
SOG. Optionally, the first G-force 1S in the range of about 100 to about 60G. Optionally, the
sccond G-force is in the range of abowt 104 to about 100G, Optionally, the first G-force is one
that is sufficient accelerate sedimentation but not so fast that the formed components become
fully compacted before the change in sedimentation s visnalized while in the lincar range.
Optionally, the second G-force has a high speed spin that is at least about 2 times or more of the
lower speed, measurement spin.

[B3629] In yet another embodiment described herein, a method is described comprising
using force on a blood sample to reduce measurement time assoctated with calculating a
scdimentation rate for at least one formed blood component in said blood sample

039 In yet another embodiment described herein, a device is provided for use with a
sanple, the device comprising: a centrifuge having a centrifuge vessel holder configured to allow
for detection of blood component interface position in the vessel holder during centrifugation.
Optionally, the cenirifuge has window to aliow for visual observation of the centrifuge vessel
holder during centrifugation. Optionally, the contrifuge has an illumination source to allow for
detection of blood component interface position n the sample.

86313 In yet another embodiment described herein, a system is provided comprising a
centrifuge having a centrifuge vessel holder configured to allow for detection of blood
component interface position in the vessel holder in the vessel holder durimg centrifugation; a
sample handiing system for transporting a blood sample from a first location to a location on the
cenirifuge; and a processor programmed to record interface position during a least a portion of
cenfrifugation.

8632} 1t should be understood that embodiments in this disclosure, a method comprising
at feast one technical feature from any of the other embodiments herein, Optionally, a method

may comprise at least any two technical features from any of the other embodiments herein.
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{00633} Crptionally, a dovice may comprise at feast one technical feature from any of the
other embodiments hercin. Optionally, a device may coraprise at least any two techuical features
from any of the other embodiments herein. Optionally, a system may comprise at least one
technical feature from any of the other embodiments herein. Optionally, a system may comprise
at fcast any two technical features from any of the other embodiments herein.

0343 This Sunwoary is provided 1o introduce a selection of concepts 1n a siroplified
form that are further described below in the Detailed Description. This Summary 1s not intended
to identify key features or cssential features of the claimed subject matter, nor is it intended to be

used to Hait the scope of the clatmed subject matier.

BRIEF DESCRIPTION OF THE DRAWINGS
(80353 Figure 1 shows a graph of red cell sedimentation of high, medium, and low ESR

blood samples in Westergen-Katz tubes.
{ 2

[6036] Figures 2A-2B are images of blood samples in transparent centrifugation vessels.

66371 Figure 3 shows a schematic of a centrifuge with one embodiment of a detection
syston

(3038} Figures 4-5 show images captured using one embodiment of a detection system.

[3639] Figures 6A-7C show a series of corrected and uncorrected images of interfaces in

a blood sample undergoing centrifugation.

(60483 Figures 8A-BB show various kymographs for one test sample.
160413 Figure 9 shows a sedimentation graph for one test sample
{6842} Figures 10A-10B show sedimentation graphs with various fitted functions fitted

to the data of Figure © plotied thereon.

[5043] Figures 11-14 are graphs showing various sample scdimentation characteristics
for samples with various levels of added fibrinogen.

(80443 Figure 15 shows sedimentation rates for several blood samples manipulated to
have different hematocrit fevels,

16045 Figure 16 15 a graph of interface positions over time for the samples with different
hematocrit levels also shown in Figure 15,

{8044} Figure 17 is a graph of interface positions over a 10 second period of time for one
sample with differcut hematocrit levels,

30471 Figure 18A shows an ESR graph of one embodiment herein without hematocrit

correction.



WO 2015/112768 PCT/US2015/012537

{50481 Figurc 188 shows an ESR graph of one embodiment herein with bematocrit
correction.
(3049 Figure 18C shows a graph of hematocrit measurement based on hemoglobin

concentration according to one embodiment herein.
(86561 Figures 19 and 20 illustrate scdimentation rates for several samples {as specified

m Figure 15) plotted using non-LOG and LOG axis.

{60513 Figure 21 shows a kymograph illostrating a white blood cell interface.
{80523 Figure 22 shows a schematic of one cmbodiment of an integrated system having

sample handling, pre-processing, and analysis components.

DETAILED DESCRIPTION

[6053) it is 1o be understood that both the foregoing general description and the
following detatled description are exemplary and explanatory only and are not restrictive of the
fnvention, as claimed. [t may be noted that, as used in the specification and the appended claims,
the singular forms “a7, “an” and “the” mnclude plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a material” may inchide mixtures of materials,
reference to “a compound” may inchude multiple compounds, and the like. References cited
herein are hereby incorporated by reference in their entirety, except to the exient that they
conflict with teachings explhicitly set forth in this specification.

[06654) In this specification and in the claims which follow, reference willbe made to a
number of terms which shall be defined to have the following meanings:

3055} “Optional” or “optionally” means that the subsequently described circumstance
may or may not occur, so that the deseription includes instances where the circumstance oceurs
and instances where it does not. For example, if a dovice optionally contaios a feature for a
sanple colloction well, this means that the sample collection well may or may vot be present,
and, thus, the description includes both structures wherein a device possesses the sample
collection well and stractures wherein sample collection well 1s not present.

EIRGY Referring now to Figure 1, the kinetics of erythrocyte/plasma interface for a sot of
blood samples is shown. Figure 1 shows the kinetics of crythrocyie sedimentation in
Westergren-Katz tubes for a range of samples with the continuous line showimng High ESR, the
dashed line showing Mediam ESR, and the dots showing Low ESR. Despite the reporting of the
Westergren ESR ag a single number (mm/hour) as seen in Figure 1, the rate of sedimentation
varies dramatically during the hour, begioning slowly, tncreasing, and then decreasing. The
standard Westergren method records ESR at a single position at one hoaor, to give the mean

10
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sedimentation rate over that hour. A more recent method, called the Sigma ESR has shown
better correlation with clinically relevant variables by taking the sum of the distance moved at

20, 30, 40, 50 and 60 minutes.

Sedimentation Curve Measurement

037} A variety of techniques may be used to establish a sedimentation rate curve for
one or more formed blood components.  Although the present application is described mostly i
the context of measuring erythrocyte sedimeniation rate, sysiems and methods herein can also be
adapted for use in measuring scdimentation rates for other formed biood components such as but
not limited to white blood cells, platelets, or the tike.

{3058} In one nonlimiting example, one technique described herein comprises taking
images at scveral time points during sedimentation by placing the sample vessel in a centrifuge,
spinning for a fow seconds, stopping the spin, rersoving the vessel, placing U 1n a viewer, taking
an image, and repeating the above to obtain multiple fmages over time. From a device simplicity
standpoint, it is helpful in that it simplifics bardware implementation for obtaining such images.
The ability to measure sedimertation is discussed elsewhere herein where the slope from the
mitial (linear) part of the scdimentation curve s used to caleulate the ESR.

[B659] 1t should be understood of course, that some embodiments may obtain such
images/data regarding interface position while the container s in-situ in the cenirifuge and
without having to stop the coentrifuge to remove the sameple vessel for imaging. The in-situ
tmages may be taken while the centrifuge rotor is in motion or at rest. It should also be
understood that although discrete images may be taken, videos, contingous imaging, and multi-
frame per sccond imaging may also be used.

[B068] Referring now to Figures 2A and 28, examples of erythrocyte interface are shown
before centrifugation and at an early stage of centrifugation. By way of non-hmiting example,
the centrifuge vessel may be made in whole or in part of transparcut material such as fransparent
plastic (injection-molded polystyrene). in some embodiments, the fransparent portions may be
windows, clear ports, or clear sirips n the vessel aligned to allow for imaging of the desived
blood component interface of sample in the vessel. In the present embodiment, the radius of the
cenirifuge vessel at its mid-point is 35 mm {radial distance from the axis of rotation}. In one
embodiment, outer radius is 35 num, tnner (i.e. to top surface of lquid) is 28 vun, therefore
midpoint is 31.5 mm. The sample length in the vessel is 7 mm and the vessel inner diameter is

2.3 mm. Changes in the sample vessel geometry or vohime of sample to be tested can be
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accounted for by re-calibrating the erpirical parameters used for hematocrit correction factor as
will be discussed elsewhere herein.

8061} Other suitable centrifuge designs and features including dimensions for the
centrifiige vessels, construction of the centrifuge rotor, and centrifuge size are disclosed in co-
pending U.S. patent applications Ser. Nos. 13/355,458 and 13/244,947, all fully incorporated
herein by reference for all purposes. Other components of the present system inchading suitable
tmaging devices and fluid handling systems are also described in the applications incorporated
by reference. For example, the ability of digital cameras such as those described in those
applications may be used to measure very small distances and rates of change of distances to
measure ESR. Image analysis can be used to measure the movement of the interface between
red cells and plasma.

(80623 By way of noplimiting example, in some embodiments, only two measurcments
taken at carly times (secounds) atter centrifugation has begun 1s sufficient to define the
sedimentation rate with high precision. In one embodiment, some may take the first image after
an imitial minimum centrifuge speed is reached and then a second image may be taken about 16
seconds later. Of course, other time periods tor the images are not excluded so long as they are
i the near portion of the sedimentation curve.

(3063} Viewing Figures 2A and 2B, erythrocyte interface position in a stationary
{vertical} be (short time of centrifugation) can be seen. In the present nonlimiting example, the
swinging cendrifugation vessel is stopped and oriented vertically in the Figures 2A and 2B. Of
course, stationary imaging does not need tube to be vertical (so long as it is done quickly) since
surface tension holds interface in place. Typically, this is done within a second or two else RBC
interface will begin to flow.

{5064 As seen in Figures ZA and 2B, there 1s a clearly visible sharp transition between
part of the sample occupied by red blood cells and plasma. The horizontal erytivocyte interface
level is clearly visible i these images. The distance moved by the interface in Figure 28 relative
to Figure 24 corresponds to & large number of pixels (50/mm) in the images. Thus, as seen, the
nuniber of pixels traveled by the interface allows for accurate tracking of the change in interface
position. Of course, other image resolutions such as but not limited 50 pixels/mum to 1000
pixels/mm (or higher} can be used to provide even greater granularity in terms of numbers of
pixels per mm or other urit length. Others may use fower pixels per unit length so long as the
resolution is sufficient to accurately determine the change m mterface position. Some
embodiments may magnify the image so that more pixels are associated with the interface and

thus more pixels are associated with change in position of the interface. Some may usc detociors
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with greater numbers of pixels per unit arca. This increases the sensitivity of the measurement
by measuring more pixels and having the ability to detect even more subtle changes  interface
position.

[B665] In one embodiment, 3 method is provided which uses a transparent window in the
centrifuge housing so that a video record of sedimentation can be made during the low-speed
centrifugation. Morcover, the centrifugal field causes the meniscus to become straighter (at right
angles to the centrifugal force vector) making measorement of small settling distances casier.
This may be particularly true when images arc captured while the centrifuge rotor is spinning.
By spinning a small volame (20-25 ull) of blood at intermediate speeds (typically 4000 rpm,
although 1000 to 6000 rpm may also suitable), almost complete sedimentation of red blood cells
is achieved in this embodiment within about three minutes. In practice, one method may take
sedimentation measurements for a fow seconds at relatively low speed (1000 to 4000 rpm) then
the speed would be increased 1o about 10,000 rpm for about three minutes to pack the red blood
cells and determine the hematocrit. Tn one embodiment, the low speed spin 1s about 40G.
Optionally, some embodiments may have the spin create G forces in the range of abouat 40G to
100G, Optionally, sone embodiments may have the spin create G forees fo the range of about
160G to 60Q. Optionally, some embodiments may have the spin create G forces in the range of
about 10G {0 100G, In one embodiment, the desired G speed 15 one that is sufficient accelerate
scdimentation but not so fast that the formed components become fully compacted before the
change in sedimentation is visualized while in the lincar range.

[066] in one embodiment, this multi-stage spinning at different centrifugation forces
{which is usually hncarly related to centrifuge speed) allows for imaging for sedimentation and
then rapid spin down to achieve compaction of blood components and separation from blood
plasma. Optionally, some embodinents may have the low speed spin in the 100Crpm +/- 20%
rpm range. Optionally, some embodiments may have the low speed spin in the 800rpm to 1500
rpm range.  Optionally, some embodiments may have a8 high speed spin that is about 2 times or
more of the lower speed, measurement spin. Optionally, some embodiments may have a high
specd spin that is about 3x or more of the lower speed, measurement spin. Optionally, some
embodiments may have a high speed spin that is about 4x or more of the lower speed,
measurement spin. Optionally, some embodiments may have a high speed spin that is about 5x
or more of the lower speed, measurement spin. Opticnally, some cobodiments may have a high
speed spin that is about 6% or more of the lower speed, measurement spin. Optionally, some
embodiments may have a high speed spin that is about 7x or more of the lower speed,

measurement spin. Optionally, some embodiments may have a high speed spin that is about 8x
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or more of the lower speed, measurement spin. Optionally, some embodiments may have a high
speed spin that is about 9% or more of the lower speed, measurcment spin. Opticnally, some
embodiments may have a high speed spin that is about 10x or more of the lower speed,
meastrement spin. Optionally, some embodiments may have a high speed spin that is about 15x
or more of the lower speed, measorement spin. Optionally, some embodiments may have a high
speed spin that is about 20x or more of the lower speed, measuroment spin.

{6067} Optionally, in a low speed, measurement spin portion, once a desired RPM 15
selected from the various ranges previously set forth, a controller or other device can be used to
maintain the desired rpm so that the desived formed component measurement can be made. This
destred rpm can be at a controlled rate +/- 1% of the target RPM. Optionally, the controlled rate
may be +/- 2% of the target RPM.  Optionally, the controlled rate may be +/- 3% of the target
RPM. Optionally, the controlled rate may be +/- 4% of the target RPM. Optionally, the
contrelied rate may be +/- 5% of the target RPM. In embodiments, the process may nvolve a
period of low-speed centrifuge spin at a controlled rate and then a high speed spin where the
primary factor is having the centrifuge dise spin above a mintmum threshold, wherein exact
RPM is less mmportant versus maintaining at least a mintmum spin rate,

[BO68] Referring now fo Figure 3, one embodiment of a centrifuge 100 capable of
monitoring interface position will now be described. To monitor sedimentation, an image capture
device 110 may be located near the centrifuge 100, with s light source 112 such as but not
timited to a green, LED positioned to provide illumination from an opposing location.
Optionally, an llamination source of another color or another wavelength is not excluded. The
tmage capture device 110 may be a still camera, a high speed camera, a video camers, or other
device sufficient to detect the location of the inferface. Of course, other detectors such as but not
limitted to non-image capture devices are also not excluded. By way of non-luniting example,
one non-visual imaging device here may be a photodiode which can function as a detector to
detect when a blood component interface passes the detector, or by bulk transmission of light to
detect proportion of velume blocked by RBCs or other blood compenent{s). Non-visual imaging
detectors can be used even if they may not actually convey a visual tmage but can still detect
interface level position and/or position change in the sample.

[8069] Any descriptions of cameras, or other detoction devices described elsewhere
herein may apply. In one example, the image capture device 110 may be a digital camera. hage
capture devices may also include charge coupled devices (CCDs) or photomultiphers and
phototubes, or photodetector or other detection device such as a scanning microscope, whether

back-lit or forward-lit. . Insome instances, cameras may use CCDs, CMOS, may be lensiess
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{computational} cameras (c.g., Frankencamera), open-source cameras, of may use any other
visual detection technology known or later developed iu the art. Caroeras may include one or
more feature that may focus the camera during use, or may capture images that can be later
focosed. In some embodiments, imaging devices may employ 2-d imaging, 3-d imaging, and/or
4-d imaging (incorporating changes over time). Tmaging devices may capiure static images. The
static images may be captired at one or more point in time. The tmaging devices may also
capture video and/or dynamic images. The video images may be captured continuously over one
or more periods of time.  Any other description of imaging devices and/or detection units may
also be applied, preferably so long as they arc able 1o detect changes in interface position.

[B679] In one non-timiting example, a Hght source 112 may be a light-emitting diode
(LED) (e.g., gallium arsenide (GaAs) LED, aluminum gallivom arsenide (AlGaAs) LED, galliom
arsenide phosphide (GaAsP) LED, sluminum gallinm indiom phosphide (AlGalnP) LED,
gallivm{ 1Y} phosphide (GaP) LED, indium gallium ntiride (ToGalN) / galbium{II1) ratride (GaN})
LED, or ahmninum galliom phosphide (AlGaP) LED). in another example, a Hght source can be
a laser, for example a vertical cavity sorface emiiting laser (VUSEL) or other suitable light
emitter such as an lndivm-Gallivm-Alomina-Phosphide (InGaAlP) laser, a Gallium-Arsenic
Phosphide/Galliinm Phosphide (GaAsP/GaP) laser, or a Gallium-Aluminum- Arsenide/Galliom-
Ahiminum-Arsenide (GaATAs/GaAs) laser. Other examples of light sources may inchude but are
not limited fo cleciron stimulated Hght sources (e.g., Cathodoluminescence, Electron Stimulated
Luminescence (ESL light bulbs}, Cathede ray tube (CRT monitor), Nixie tube}, incandescent
tight sources {e.g., Carbon button lamp, Conventional incandescent Hght bulbs, Halogen lamps,
Globar, Nernst lamp), electrolaminescent (EL) light sources (e.g., Light-emitting diodes -
UOrganic lighi-emitting diodes, Polymer light-cmitiing diodes, Solid-state lighting, LED lamp,
Electroluminescent sheets Electroluminescent wires), gas discharge light sources (e.g.,
Fhiorescent lamps, Inductive lighting, Hollow cathode lamp, Neon and argon lamps, Plasma
tamps, Xenon flash lamps), or high-intensity discharge light sources {c.g., Carbon arc lamps,
Ceramyic discharge metal halide lamps, Hydrargyram medivmeare iodide laraps, Mercury-vapor
lamps, Metal halide lamps, Sodium vapor lamps, Xenon arc lamps). Alternatively, a light source
may be a bioluminescent, chenmbuminescent, phosphorescent, or fluorescent light source.

8071} As scen in Figure 3, a centrifuge vessel 114 containing a blood sample therein
may be positioned so as to be between the image capture device 110 and the hight source 112 10
enable the position of the formed blood component interface(s) in the vessel to be visualized.
The centrifuge rotor |16 may be configored to have an opening, a window, or other arca that

allows the contrifuge vessel 114 to be visualized during cenirifugation. Measuoring sedimentation
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during centrifugation spin may be used, but it should be understood that measuring
sedimentation between spins or after spins when the centrifuge 15 at rest is also not excluded.

30721 In the present embodiment of Figure 3, the axis of rotation of the centrifuge rotor
116 may be vertical, It should be understood that other axis of rotation soch as horizontal or
angled axis of rotation arc not excluded. Some embodiments may have a first orientation during
one time period and a different orientation during a second or other time period.

0073 In one nonlimiting example, the positions of the top and/or bottom of the
cenirifuge vessel are obtained by imaging as reference poinis, and later these are used to calibrate
the Hquid and interface levels. Figure 4 shows a camera view of a centrifuge vessel 114 in the
centrifuge. Hlumination from light source 112 from behind the centrifuge vessel 114 allows for
visualization of blood sample S and the blood/air interface 120, The direction of rotation is
shown by arrow 122,

074 Referring now to Figure 5, an enlarged view of the inferface(s) of the blood
sanple in the centrifuge vessel 114 will now be described. Figure 5 15 an image of sedimenting
red blood cells during centrifugation. Air/plasma interface 130 and plasma/red blood cell
interface 132 arc clearly discernable as sharp lines (separating spatial regions of different
contrast) in the image. Space 134 above the aiv/plasma intertace, plasma 136, and light 138
blocked red bleod cells are also shown in the image of Figure 5.

(86751 1t should be understood that strobe ilhumination or capture frames synchronized to
the rotor position are not excluded, but in the present embodument, are not required for image
capture. In this nonlimiting example for the image of Figure §, a 200 ms exposure (short relative
to spin times) for the CCD camera image acquisition makes the interfaces 130 and 132 clearly
visibie during the spin (see Figure §). This was long compared to the rotation period (ie. that
many rofations occur during the time, so that images blur cut). The image blurs around the rotor
axis so that the aiv/plasma interface and plasma/erythrocyte mterface are visible as ares (though
there are maybe strobe cffects that may also be taken into account). Although the data
acquisition does not requite frame capture to be synchronized to rotation, some embodiment may
use synchronization. Optionally, some embodiments without synchronization may cause siripe-
tng, which can be compensated for by a combination of longer exposures and fmage processing.
Other embodiments may use faster image acquisition techuoigques to generate images that
minimize and/or eliminate bhurring. Some embodimends may use strebe illumination or other
techniques to capture images of fast moving objects such as the sample containing vessel during

centrifugation.
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{8074} As scen in Figure 3, light transmitted through two regions of the cenirifuge vessel
114 may wclade the air 134 above the liquid, and the plasma between the atr/plasma and
plasma/ervthrocyte interfaces 130 and 132 as labeled. The at/plasma interface 130 itsclfis
visible as an arc. Essentially no light makes it through the vessel 114 where the erythrocytes are
(although it should be understood that this region is not completely dark because of the light
transmiticd when the vessel 114 rotates out of the blocking position).

8077 In one embodiment, images are captired for three minotes at five frames per
second, with long exposure (~200ms), then processed to extract the sedimentation curve,
Optionally, the rate of imaging inchudes but is not Hmited 10 1, 2, 4, 8, 16, 32, 64, or 128 images
per second. Optionally, exposure time includes but is not hmtted to 10, 20, 40, 83, 160, 320, or
640 ms. Temperature during measurement may also be varied. Although many embodiments
herein had measurements performed at room temperature, but other temperatures ¢.g. 37C are
not excluded. Effect of temperature would be taken into account in the calibration, such as for
determining empirical parameters of the correction factor. Also, time to centrifige spin up was
typically about 3 seconds, but faster or slower spin up times are not exchided.

B078] By way of nonlimiting example, the sedimentation rate of the desired formed
blood component being measured may be defined by:

[e7Ter D) fitting the plasma/red blood ccll mterface position versus time to
an cxponcntial, or

[0e80]  2) taking the (linear} rate of interface movement over the first fow
seconds to give a parameter, which can then be correlated with Westergren
ESR.

(80813 Although others settings are not exchuded, it should be understood that times of
sedimentation arc usually defined as starting following the rotor 116 reaching its target speed
when the buckets holding the centrifuge vessels 114 are oriented radially in the spin plane and so

are in optimal position for image capture and processing.

DATA PRE-PROCESSING

Image Transformation

[0082] Referring now to Figures 6A-6B, one embodiment herein may use an image pre-
processing step prior to analysis which may be & combination of (1) conversion of the intertace
arc to a flat interface and (2) rotation of the fmage to compensate for any minor offsets in the

radial direction. This brings off-center pixels in Hne with the central axis in a way that has
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negligible effect on the v positions of the interfaces so that the blurred-out arcs from the rotating
tube arc now horizontal stripes.

(3083} Ag seen in m Figures 6A-68, an initial image transtform may be used to
compensate for arcs. The image in Figore 6B shows a rectangle 150 with the selected area of
interest across which the horizontal averaging is performed, and two short horizontal lines
showing where the algorithm has identified the position of the air/plasrea interface 130 and the
plasma/erythrocyte interface 132

[0684] This image transformation is desirable to remove the effects of the vertical lincs
seen in Figure 64, caused by a strobe effect between the frequency of rotation of the centrifuge
and the acquisition frequency of the camera. A thin vertical (1.e. radial} section measarement
would be vulnerable to these lines, which move slowly across the fmage, but the straightening
transform allows averaging in the x-direction (at right angles to the radial} and makes the profile
wnmmne to the effects of the moving Hnes. This precedure also waproves the signal to noise ratio.

[6085] Referring now to Figures 7A-7C, examples showing different degrees of arc
compensation are shown. Selection of image transformation parameters can be chosen to
ntroduce a desired level of correction. Figure 7A shows compensation that is too little. Figure
78 shows compensation that is just right. Figore 7C shows too much arc compensation.

[B086] For each dataset using a script that produces a serics of images with different arc
and rotation angle correction, superimposing a scries of horizontal lines 160 on the images
allows for judgmernt of when the interfaces are flat (horizontal o the tmages of Figures 7TA-7C).
This judgment of appropriate degree of arc correction can be determuned by a programmable
processor configure for image processing, pre-set based on a calibration procedure, or may be
selected based on human review.

[B087] Ouce these parameters are sclected, the acquired image information, which may
be a video, is put through the transformation. A region of interest may be chosen that covers
both the whole range of positions for both the air/plasma interface 130 and the erythrocyte
mierface 132, Optionally, some embodiments may choose a region of interest covering only one
of the mterfaces 130 ov 132, Optionally, some embodiments may be configured o target one or

more gther areas of interest in the sample,

Sedimentation curve exiraction

(3083} Referring now to Figures 8A-8B, for cach timepoint in the plurality of images,
one embodiment of the technigue herein averages the pixel intensity vahies for each row (across

the vessel 114) within the region of interest 150 to produce a single column representing the
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intensity radially down the vessel. The columns for each timepoint arc then assembled into a
kymograph, 1.¢. an image where the x-axis represcnts time and the v axis represents radial
position along the tube.

[B08Y] Figure BA shows a kymograph according to one embodiment described berein.
The kymograph of Figure A shows average image intensity down the tabe {y-axis) over time
{(x-axis). Figurc 8A shows an air interface 130, plasma 136, plasma/red blood cell interface 132,
and red blood cells 140, More specifically, the dark honizontal line near the top of the image
represents the air/plasma interface 130, the bright area below it represents the light transmitted
through the plasma 136, and the dark arca at the bottor is where the hight is blocked by the red
blood cells 140

(3096} Figure 8B shows that, to extract the position of the aiv/plasma interface and the
plasma/erythrocyte interface, a first derivative (edge detection) of the interface with respect to
time may be determined. Derivative 18 with respect to distance down the tube (y-axis) and not
time (x-axis). Figure 8B shows the positions of the ait/plasma (upper) interface 130 and
plasma/erythrocyte (fower) interface 132

[B0%1] In one nonlimiting exanple, the positions of the two local maxima of the image in
Figure 8B, one vepresenting the aiv/plasma interface and other the plasma/erythrocyte interface
are determined. To convert these (pixel) positions into volume oecupied by the whole sample
and volume occupied by red blood cells, the y-position of the top and botiom of the centrifuge
tube (such as recorded from the stationary tube tmage shown in Figure 2} are used as reference
locations together with knowledge of the shape of the centrifuge vessel,

{60923 As seen in Figure 9, the plasma/erythrocyte interface position is converted to the
vohime fraction occupicd by red bleod cells and plotied against time as a centrifuge-assisted
sedimentation curve 180, This curve in Figure 9 is the result of one nonlimiting example of a

centrifuge-based method of determining a sedimentation corve extracted from a video record.

Calculating ESR from Sedunentation Curve

[6693] Onge the sedimentation cirve of Figure 9 1s obtained for each sample, theve are
many possible ways to extract parameters that correlate with ESR. One simple way to reduce the
curve to a single parameter for analysis is to fit a single exponential to the curve of the
plasma/crythrocyte interface using standard nonlinear least squares fitting.

(3094} One such example is shown in Figure 10A. For Figure 10A, data in the graph is
shown as black dots 200, the x-axis is time in seconds, and the y-axis is the volume fraction

occupicd by red blood cells. A single exponential fit is shown as line 202,
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[g09s] Referring now to Figure 108, data in the graph is shown as black dots 200.
Figure 108 shows a substantially bi-lincar fit. The gradient of the initial Huear portion shown by
linear fit 210 may be determined, as well as the time 212 of the transition between the initial
linear section, and the non-Hnear region where packing slows, shown here by the red line 214,

(8696} Although these simple techniques of using standard nonlinear least squarces fitting
may yield some information related to ESR, when comparing such measurements with
traditional Westergren ESR measurements, the correlation based on the nonlinear least squares
(NLS) fitting leaves room for improvement as NLS by itself does not take into account certain

correction factors.

Plasma Protein Impact on ESR

(8097 To extract ESR parameters that more closely correlate with iraditional Westergren
ESR measurcments, it is helpful to understand some factors which may impact ESR
measurements. The parameter of interest (ESR) responds to the concentration of certain plasma
proteins and can be divectly affected/manipulated by adding one of these proteins, (e.g.,
fibrinogen) to the blood sample.

[B0O98] In the present example, as a technique to provide samples with a wide range of
ESR values, exogenous fibrinogen was used to create blood samples with ESR values spanning
the whole range of interest {(—120mumvh in the Westergren method). Figure 11 shows how
adding fibrinegen increases the Westergren ESR values.

[6099] As seen in Figures 11 to 14, several parameters from centrifugal analysis show a
good correlation with fibrinogen levels {and therefore with ESR), most notably the time constant
from a single exponential {it, the time to onset of packing, and the initial lincar gradient.
Referring to Figures 12, 13, and 14, in some embodiments, cach of these parameters can be used
1o obtain an estimate of the Westergren ESR value. The single exponential-fit fime constant and
the packing onset time both have the advantage of being independent of y-scale. The packing
onsct time and the initial Hoear gradient have the advantage of having clear physical meaniongs.

168108} Figure 11 shows that Westergren ESR vahies increase with increasing added
Fibrinogen. Figure 11 ilhustrates a single sample with different levels of fibrinogen added
therein.

[B0181] Figure 12 shows a time counstant from a single exponential it of the raw
sedimentation curve which shows good correlation with added fibrinogen levels

30192} Figure 13 shows time to the onset of cell packing which shows good correlation

with added fibrinogen levels,
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{63183} Figure 14 shows initial lincar gradient of the raw sedimentation corves which

show good correlation with added fibrinogen levels.

Hematocrit Impact on ESR

[061064] 1t should be understood that, in addition to fibrinogen, hematocrit is another factor
that affects Westergren and other ESR measurements. In fact, Westorgren ervthrocyie
sedimentation is strongly affected by hematocrit. In the Westergren method, many laboratories
cither do not report vesults for samples with hematocrits greater than about 45 % or adjust the
sample hematocrit to a fixed lovel {usually 45 %) before measuring ESR. The present
embodiment of the method is actually better than the Westergren technigue, in that Westergren
saturates (1.e. does not respond to fibrinogen <10mg/ml), whereas the present embodiment of the
method does not saturate out to 15mg/ml.

[B1051 Centrifuge-based ESR scdimentation is even more strongly affected by hematocrit
levels than measurements under gravity, For at least some embodiments here, the increased
dependency on hematocrit s also beeause of the lower volumes — and consequently smaller
vessel dimensions. Inereasing hematocrit typically means the erythrocytes start closer together,
mereasing the viscosity of the blood by presenting physical barriers to free movement, and
decreasing the maximom distance the interface can move before the cells become packed, all of
which decrease the ESR, independent of fibrinogen from inflanumation.

6106} To iHustrate the dramatic confounding effect of hematocrit, centrifuge-based ESR
measurements, performed by taking the same sample of blood and adjusting the hematoerit
before measuring the ESR, show that a person with a typical hematocrit of 45% and a normal
ESR of 22 mow'h would register as § mmvh (very low) if the hematocrit were 60% and 93 vun/h
{very high) if the hematocrit were 35%, even though there are no changes in the plasma protein
levels which are clinically important. In other words, variations of ESR due to hematocerit can
dominate variations of ESR due to plasma proteins the clinician is intercsted in

8107 There are several traditional approaches to compensating for this confounding
effect of hematocrit. One approach is using the hematocrit compensation carves, ¢.g. from
Dintenfass (1974). Rather than correcting for hematocrit using a chart, a more accurate (if more
labor-intensive} way to remove the confounding cffect is simply to alter the hematocritto a
standard value before the test. Some ESR techniques, ¢.g. the “hematocrit corrected ESR’
melude an initial such step that fixes the hematocrit to a set valiue e.g. 45%, so that the measure
ESR really reflects the protein content of the plasma {climically relevant), rather than the

hematocrit (Borawski and Myshwice 2001

21



WO 2015/112768 PCT/US2015/012537

[00168] As seen in Figure 15, to understand and estimate the effects of hematocrit, a set of
cleven (11) samples were adjusted to 35%, 45% and 559 hematocerit, then tested by the centrifuge
ESR and Westergren ESR techniques. Correlations are shown for centrifuge single exponential
time constant with Westergren ESR for hematoerit adjusted clinical blood samples. Samples
correlate well within each hematocrit, but samples are not well correlated across all hematocrits.

(63189 Referring now to Figure 16, the position of plasma/erythrocyte jnterface as a
function of time is ploited on the chart for different clinical samples with different hematoerit
levels for centrifuge-based ESR experiments. Several blood samples having unadjusted and
adjusted fibrinegen levels and hematocrus arc shown red square: 35%, green triangle, 45% and
blue diamond 55% hematocrit. Figure 16 shows complete sedimentation profiles while Figure
17 shows sedimentation profiles for a shorter period of time (< 10s) for an initial measurement
period for one sample adjusted to the given hematocrits.  The sedimentation profiles for the
sanples show a sharp descent during the initial measurement period, with the interface position
falling almost bnearly with time during that initial measurement period. The sedimentation rate
then slows as the red blood celis pack together. Many data sets corresponding to various
hematocrits {as indicated) and various ESR rates are shown in Figure 16.

{Be116] In Figure 17 where sedimentation over short initial time periods (<10s) are
shown, the high quality of the data obtained with such short measurement times show a linear
scdimentation rate for all hematocrit lovels doring the nitial period. In one embodiment
described horein, the Huear region of the sedimentation profiles can be used to extract a
sedimentation velocity. The raw sedimentation velocities are plotted against Westergren ESR.
(Given that the three fit Hnes corresponding to the three hematocrit levels in Figore 17 are
discontingous, compensation for hematocrit is desirable to derive the clinically sigunificant ESR
value from the raw value.

Bo111} As a further example, Figure 18A shows the logarithm of the erythrocyte
sedimentation rates extracted from sedimontation profiles uncorrected for hematocrid) . Figure
18A also shows that centrifuge-based sedimentation rates are strongly dependent on hematocri,
more 0 than the Westergren-based sedimentation rates. The narrow cross-section of the
centrifuge tube increases hydrodynamic resistance to fluid flow due to red blood cells. The
centrifugation process involves flow of plasma through a bed of red blood cells, which offer
hydrodynamic resistance. This resistance is a function of the volume fraction of red blood cells,

i.¢., the hematocrit.
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[68112) To obtain a betier correlation between the centrifinge-based and Westergren
sedimentation rates, the centrifuge-based sedimentation rates were corrected for effect of

hematocrit. The correction used can be represented by,

U Uunc ory
6113 COTT @ 7o,
Pmax
[63114] where Unncorr and Ucorr are the uncorrected (raw) and corrected sodimentation rates

respectively, ¢ is the volume fraction of cells (hematocrit), and Oma and v are cmpirical
parameters obtained by curve fitting such as described below or as may be developed in the
future. The correction factor represents a simple mathematical form to account for the ncreased
drag exerted by ved biood cells. It should be understood that this fimctional form was found to
be able to correct for hematocrit, but other functions would work too.

BO115] By way of non-limiting example, one way of calculating gnex 3ud v is by way of 2
calibration technigue such as but not hinuted to the following: for a diverse set of samples
(different hematocrits, ESR values, otc.. ), the ESR value is determined using a reference
roethod, and by the centrifuge-based method. The @umex and v parameters are determined as a
calibration for cach centrifuge sctup and may change based at least in part on vessel geometry
and volume of sample. Thas, if at least one of those factors is changed, it may be desirable to re-
calcolate the parameters.  For one centrifuge setup as described herein, optimal vahies of these
parameters were obtained 887 Pmex = 1.67 and vy = 3.83. It should be understood that these
parameters are for fit optimization and do not relate directly to physical parameters. 1t should be
understood that this is just one non-timiting example and other curve fitting or simlar techmigues

may be used.

Hematocrit Measurement Technigues

[en116] For purposes of calculating the hematocrit correction factor, it should be
understood that the value for hematocrit may be kunown prior to the start of the centrifuge-based
sedimentation test and in such siteations, corrected ESR results can be ghtained quickly based on
the wutial linear portion of the sedimentation and the known hematocrit level, without baving to
wait until the erythrocytes have been fully compacted by centrifugation. Optionally, some
embodiments may determine hematocrit levels during or after centrifugation.

[83117] Hematocrit measarement by non-centrifugal before, during, or after centrifugation
meludes at least the following., One technigue fnvelves measurement of hemoglobin
concentration. For example, in roughly 99% of the population, there is 8 1:1 correlation between
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hemoglobin measurements and hematocrit levels. Thus, if hemoglobin test data is available, the
hematocrit level s generally already known before start of the contrifuge-based sedimentation
test.

[B8118] Referring now to Figure 18C, one embodiment of an assay protocel for
hemoglobin-based hematocrit measurcment will now be described. Blood was diluted 1:100
with water. The diluted sanple was mixed (1:3) with modificd Drabkin’s reagent {Sigma
D5941, containing Contains sodium bicarbonate, potassium ferricyanide, and potassium cyanide
supplemented with 6.015% Brij 35). Afier 10 minutes at 37C, the absorbance of the reaction
product {Cyan-met-hemoglobin) was measured at 5340 nm. The assay was calibrated with bovine
hemoglobin (Sigma 2500} which gave a lincar dose-response over the range 0 - 20 g/dlL.

3119} Using an assay protocol for hemoglobin-based measurement, correlation of results
with hematocrit measurement will now be discussed. Human blood samples were processed by
recombining plasma and red cells {collected by cendrifugation) to provide a wide range of
hematocerit values. These samples were assaved as above and by a standard centrifugal capiliary
tube hematocerit assay and resulis correlated as shown below. As seen in Figure 18C, the
resulting correlation was accurate with slope = 1, intercept = zero and comrelation coefficient
(R"2y =099,

301201 Another technigue for hematocrit measurement involves microscopic imaging.
Hematocrit can also be measured in the devices using a cuvetie with a fixed depth and a blood
sanple diluted to a known extent. Desceription of a system with such a cuvette can be found in
LS. Patent Application Ser. NO. 13/244,947 fully incorporated herein by veference for all
purposes. Hematocrit can be determined by microscopic measurement of the (1) the red cell
count per field of view and (2) the average red cell volume. Favored methods are: (1) Dark field
microscopy and (2) (1) + Fluorescence microscopy using fluorescently-labeled anti-human CD-
35 (red cell surface antigen). Image analysis techniques are then applied.

[83121] Specifically, one method of measuring hematocrit may involve measuring optical
density of the sample. Sce for example Lipowsky et al. “Hematocrit determination in small bore
tubes from optical density measurements under white light illumination” Microvascular

Rescarch, Volume 20, Issue 1, July 1980, Pages 51-70; htip://dx dot.org/18.1016/0026-

ZRE2(RMNG0019-9, fully tncorporated herein by reference for all purposes. Lipowsky discusses

the relationship between the hematocrit of blood flowing in small bore glass tubes and its optical
density (OD) under white hight (tungsten) illumination has been examined for various tube
huminal diameters. In at least some embodiments herein, all this data is available since a smali-

bore tube of blood is being ihiminated.
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98122 In another embodiment, hematocrit level can be determined by testing a portion of
the blood sample vnder microscopy or other magnified observation, such as but not Hmited to
measuring the number and mean size of red blood cells in a defined observation area which may
have a known size. In this manner, the hematoerit may be determined based on such visual
characterization of the red blood cells.

61231 In yet another example, hematocrit level can be measured based ou a completed
centrifugation of the blood sample which compacts the red blood cells. This compacted level
can be used to determine hematocrit. In this example, only linear portions of the cenirifuge
based sedimentation test arc used to determine a corrected ESR. By way of non-liniting
exarmple, the first imitial portion of interface position measurement which is linear, along with the
final end portion which is also linear, are two portions of the sedimentation which may be used
to caleulate an ESR corrected for bematocrit. As seen in Figure 16, this non-limiting exanple
may use a Hnear portion 182 of the sedimentation curve corresponding to an initial period after
centrifugation and another linear portion 184 of the sedimentation curve near the end when
compaction 18 essentially complete curve is substantial flat. The non-lincar portion of the
sedimentation curve therehetween hnear portions 182 and 184 are substantially not used to
calculate the hematocrit correction factor.

30124} The above 1s a non-exhaostive listing of hematocrit calcolation technigues and
other methods of measuring hematocrit levels are not exchided from use with the sedimentation
measirement techmigues described berein.

[06125] In one non-hnuting example of how this works together for an ESR measurement,
a vessel containing the sample may be centrifuged under controlled conditions for a first period
of time, such as but not Hmited to time period associated with the linear portion of the
sedimentation curve. In one non-luniting example, the centrifugation is controlied to a specific
force range (such as an rpm range for the rotor of the centrifuge) such that there is a substantially
consisient force applied to the accelerated sedimentation process.  The sedimentation profile
during the initial peviod, as previously noted, is generally linear, and it may be desirable to
capture the sedimentation image of formed components in the material after centrifugation
doring the imitial incar period. By way of non-limiting example, the image can be taken in
several scenarios such as but not limited to: a) while the vessel is in the centrifuge, b} when the
vessel 15 in the cendrifnge but the contrifuge 15 stopped, or ¢) by removing the vessel from the
centrifuged and imaging it. fn some embodiments, the sedimentation can be measured witha
single picture. It should be understood that the level at the start time 10 is the meniscus level of

the supernate or the remaining solution above the settled formed components. The level of

2
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sedimentation is the level of the settied formed components in the image after the inttial period
of accelerated sedimentation.

30126} Hematocrit measurement, used for the ESR calcalation, can be performed using at
least one method such as but not limited to these described herein. 1t can be performed in the
same system as the one with the centrifuge, or optionally, it can be performed using a physically
scparate mstrument. In one nou-Hoiting cxample, after the image of the sedimentation is
obtained, the sample may be centrifuged to complete the sedimentation and pack the formed
components tnte a pellet. The offective gravitational force on a vessel can compictely cause the
procipitate ("pellet”™) to gather on the bottom of the tube, The supernatant liquid 1s then cither be

decanted from the tube without disturbing the precipitate, or withdrawn with by a pipetie.

Graphs of Hematocrit Corrected ESR

[63127] Figure 188 shows the logarithio of erythrocyte sedimentation rates extracted from
sedimentation profiles corrected for the cffect of hematocrit. As can be seen from the
tmprovement in correlation coetficieont the hematoerit correction (for example, see Figure 19A)
is capable of essentially climinating the ctfects of heroatoerit on ESR.

86128 With hematocrit-adjosted chinical samples, good correlations with ESR within each
hematocrit level, and, as expected, sigoificant effects of hematocrit were also found., The
centrifugation method can also be used to obtain accurate values for the hematocrit, and the impact
of hematocrit can be corrected.

66129} Figure 19, shows a re-plot of the data of Figure 18B i which the effects of
hematocrit are clearly minimized as demonstrated by the good correlation of values of
hematocrit-corrected ESR (present method) and ESR from traditional Westergren testing
technique.

36130} Referring now to Figure 20, the relationship between the hematoerit-corrected ESR
of the present methed does not, however, have a linear relation (o the Westergren ESR as seen in

Figure 19. To derive an estimate of the sedimentation rate that is lincarly related to the Westergren

Estimated — Westergren  ESR =10N{(LOGHCT  corrected  ESR)-
LOG{644.111)/0.1367)), where the relationship and parameters used are derived
from the analysis of Fig 188.
{0131} Figure 20 shows that the hematocrit-corrected and hncarly-transformed Log(ESR)
values obtained by the present embodiment as compared to Westergren ESR {uncorrected for

hematocrit). In this Figure 20, the calibration has been applied {based on the fit as calculated from
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Fig 19), and agreement beiween the Westergren and present method is shown. The reference line
2 2 3

o this plot is a y=x line. This Figure 20 shows a demonsiration of accuracy.

Experimental Methods

(941321 The data obtained for the various charts were obtained using the following
techniques. These are provided as cxamples and are meant to be non-limiting.

{66133 Samples: Frosh EDTA-anticoagulated blood samples were used. EDTA is used
as this is the standard for the “Modified Westergren” method. Samples were kept at room
teraperature and re-suspended prior to measurcment.

30134} Hematocrit Adjustment: Samples were spun down for hematocrit packing (e.g.

SO0 Relative centrifugal force (RCE) for 20 mimites), and plasma is separated from the cells.
Red blood cells were slurried with plasma from the same sample and more plasma added to give

a desired hematocrtt level.

[663135) Westergren SR Meassurements: A 1 mbL sample is required to perform the
Westergren ESR measurement (‘Sedigren’ brand tubes used, following protocol enclosed
therein). Red blood cell sedimentation was observed and measured by video recording.

[B6136) Adjustment of RBC Zeta Potential (and ESR) with Fibringgen: For the examples

shown in Figures 11-14, bovine fibrinogen was dissolved in blood. In one example, a range of
O-—10mg/mk. produced a range of 5—100 muw/h ESR for a 40% hematocrit sample.

681371 Measurement of Centrifuge Sedimentation Curve: A 25ul. of whole blood

sanmple was added to 8 contrifuge vessel. A swinging bucket centrifuge as described n ¢o-
pending U.S. patent applications Ser. Nos. 13/355,458 and 13/244,947 were modified with a slot
cut to allow light to pass through the bucket when spinning in a horizontal fashion (axis of
rotation vertical). o this non-luntting example, the light source may be a 1W green LED, such
as available from Thorlabs of Newton New Jersey, that is brightness adjusted (typically ~109)
so that light reaching the detector did not saturate it. A webcam or other tmaging device such as
available from Logitech was positioned at 10 mm above the plane of rotation as shown in Figure
3. Integration time was 200ms. Trmages were taken at § frames/second (fps) using a loss-less
compression codee (“huffyuv”™) over known times up to three minutes.

[B3138] Image Transformation: images obtained visual observations of the centrifuge

vessels during centrifugation were processed 1o the manner as described herein for Figures 6A 1o

7C.
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[66139] Sedimentation curve exdraction: the position over time of the red blood

cell/plasma and other interfaces in the images were then plotted 1o the manner as described
herein for Figures 8A-9.

[08146) Curve Fittine With Hematocorit Correetion Factor: The sedimentation curve is

then further processed by way of corve fitting using various techniques deseribed herein for
Figures 10A-10B and Figure 16-20, with or without Hematocrit correction factor(s), to derive

sedimentation rate information.

Measurement of Non-Red Blood Cell Blood Componenis

30141} Although the present description is written primarily in the context of measuring
erythrocyte sedimentation rate, it should be understood that the techniques herein can be adapied
for use o measure sedimentation rates of other formed Mood components that are not
erythrocytes. Seme embodiments may measure plateiet sedimentation. Some embodiments may
measure white blood cell sedimentation. Optionally, sedimentation of other formed components
can also be measared.

50147} By way of nonlimiting example in Figure 21, a kymograph obtained using the
centrifuge based methods as deseribed herein also shows that in addition to the ai/plasma
interface 130 and erythroeyte/plasma interface 132, there is also a “shadow” showing a white
blood cell and plasima ioterface 141, Thas, both the red cell front red coll and a second
scdimentation fromt corresponding to white cells are observed in the sedimentation kymograph of
Figure 21.

{63143} Thus as seen in Figure 21, some embodiments of the centritugal method may be
used to sequentially or simuitancously measure white blood cell sedimentation rate which may
be usctul i characterizing certain aspects of patient health. For example, wiite blood cells
change their physical characteristics when they are activated and/or aggregated. Both phenomens
are of great interest in evaluating white ccll function. White cells sediment under centrifiigal
force, but they sediment at a rate more slowly than red blood cells. The rate of white blood cell
sedimentation is a function of at least one of the following: white blood cell density, shape, and
aggregation state. Measuring sedimentation rate can lead to detection of one or more these
changes which may then be used characterize certain aspects of patient health.

56144 By way of nonlimiting example, it should be understood that the use of change in
refractive index or possibly hight scattering can be used as a measure of the blood component
interface position, rather than change in absorbance. Optionally, some embodiments may use

both. Figure 21 shows data indicating that the white blood cell interface is detectable due to
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refractive index or light scattering change rather than absorbance change. In one embodiment,
RBC interface position is based on absorbance change due to the hemoglobin absorbing heavily
i the green portion of the wavelength spectrum. RBC interface could perhaps be smularly
monitored if light of the right wavelength were used (very long wavelength). Thas, asing hight
scattering or change in refractive index can also be used alone or in combination with absorbance
as an alternative way of measuring interface position or for detecting some interface(s) such as

for white blood cells or platelets that are not readily visible by absorbance detection alone.

Assay Processing in an Integrated. Automated Svstem

{38145 Referring now to Figure 22, it should be understood that the processes described
herein may be performed using auvtomated techmiques. The automated processing may be used in
an integrated, avtomated system. In some embodiments, this may be in a single instrument
having a plurality of functional components thercin and surrounded by a common housing. The
processing techniques and methods for sedimentation measure can be pre-set. Optionally, that
may be based on protocels or procedures that may be dynamically changed as desired in the
marmer described in 1S, patent applications Ser. Nos, 13/355,458 and 13/244,947, both fully
meorporated herein by reference for all purposes.

[B0146] In one non-Hmiting example as shown in Figure 22, an integrated nstrument 500
may be provided with a programmable processor 502 which can be vsed to control a plurality of
components of the instrument. For example, in one embodiment, the processor 502 may condrol
a single or multiple pipette system 304 that s movable X-Y and Z directions as indicated by
arrows 506 and 508. The same or different processor may alse control other components S12,
514, or 516 in the instrument. In one embodiment, tong of the componenis 512, 514, or 516
compriscs a centrifuge.

36147} As seen in Figure 22, control by the processor 502 may allow the a sample
handling system such as but not limited to pipetic system 504 to acquire sample from cartridge
510 and move the sample to one of the compoenents 512, 514, or 516. In one nen-luniting
example, the sample is bloed. Such movement may fnvelve dispensing the sample into a
removable vessel in the cartridge 510 and then transporting the removable vessel to one of the
components 512, §14, or 516. Optionally, sample is dispensed directly into a container already
mounted on one of the components 512, 514, or 516. Optionally, this may cccur without having
to transfer the sample nto an intermediate vessel priov to dispensing the sample Into a container
at one of the components. Optionally, some embodiments may use the container used for sample

collection from the subject and process the sample while it remains in the collection vessel. This
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aliows the collected sample in the containers to be taken directly to a component, such as but not
fimited to a centrifuge or other sample separator, without having fo further transfer the sample
fluid to yet another container that is used in the centrifuge device. Optionally, the container in
which the sample was collected from the subject may have a shape conducive to enabling
centrifugation of small volume blood samples. Optionally, this collection container may be
sufficiently transparent on portions of gt least one surface to allow for tmaging of the sample
therein without having to remove the sample from the collection container. Optionally, this
collection container may be sufficiently transparent aligned portions on at least two surfaces of
the container to atiow for treaging of the sample thercin without having to remove the sanmple
from the collection container.  In such a non-limiting example wherein the ESR method 1s
performed on the collection contaimer, there is no loss of sample associated with aliquoting a
portion of the samplc {0 a scparate container for ESR measurement. I this non-limiting example,
a method used for processing the sample may mvolve removing the collection vessel from a
sanple collection device, optionally transporting the collection vessel to a sample processing
unit, and optionally inserting the collection vessel into a cartridge or directly into one of the
componerds. Optionally, some methods may take the colicction vessel to a pre-processing unit
for pre-processing and then load the collection vessel or the cartridge with collection vessel mnto
a sample processing vnit. In one non-limiting example, a method for processing the sample may
involve removing the collection vessel from a sample collection device, and then transporting the
collection vessel to a sample processing unit. In embodiments, a method for processing the
sample may involve removing the collection vessel from a sample collection device, then
transporting the collection vessel to a sample processing unit, and then inserting the collection
vessel info a cartridge or directly into one of the components. By way of noo-limiting example,
sample processing units can be, but are not Himited to, those described in US patent apphications
3/769,820 and 61/852,489, both fully incorporated herein by reference for all purposes.

[83148] In one non-limiting example, onc of these components 512, §14, or 516 may be a
centrifuge with an tmaging configiration as shown in Figure 3. Other components 512, 514, or
516 perform other analysis, assay, or detection functions. In one nonlimiting example, a sample
vessel in a centrifuge such as one of these components 512, $14, or 516 can be moved by one or
more manipulators from onc of the components 512, 514, or 516 to another of the components
512, 514, or 516 {or optionally another location or device) for further processing of the sample
and/or the sample vessel. Some may use the pipetie system 504 to engage the sample vessel to
move it from the components 512, 514, or §16 to another location in the system. This can be

uschil, in a non-limiting example, to move the sample vessel (o an analysis station (such as but
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not limited to imaging) and then moving the vessel back to a centrifuge for further processing.
In embodiments, this can be dove using the pipetie system 504 or other sarople handling system
m the device. Movements of vessels, tips, or the like from the cartridge 510 to one of the
components S12, 514, or 516 to another location in the system {or vice versa} can also be dong,
in one non-limiting example, using the pipetic system 504 or other sampic handling system in
the device.

{63149} All of the foregoing may be integrated within a single housing 5§20 and configared
for bench top or small footprint floor mounting. In one cxample, a small footprint floor mounted
system may occupy a floor area of about 4m” or less. In one example, a small footprint floor
mounted system may occupy a floor area of about 3m? or less. In one exarple, a small footprint
floor mounted system may occupy a floor area of about 20y or less. In one example, a small
footprint floor mounted system may occupy a floor area of about 1m? or less, In some
embodiments, the instrument footprint may be less than or equal to about 4 v, 3 w2, 2.5 m%, 2
o, ESm? T, 0.75m%, 0.5 m?, 0.3 m?, 0.2 w7, 0.1 wd, .08 m?, 0.05 w2, 0.03 o', 100 em?, 80
em?, 70 e, 60 e, SO em?, 40 em?, 30 em?, 20 cm?, 15 em?, or 10 em?. Some suitable systems
in a poini-of-service setting arc described in ULS. patent applications Ser. Nos. 13/355,45¢ and
13/244,947, both fully incorporated herein by reference for all purposes. The present
embodiments may be configured for use with any of the modules or systems deseribed in those
patent applications,

[68158] While the invention has been deseribed and itlustrated with reference to certain
particular embodiments thereof, those skilled in the art will appreciate that various adaptations,
changes, modifications, substitutions, deletions, or additions of procedures and protocols may be
made without departing from the spirit and scope of the mvention. For example, with any of the
above embodiments, it should be understood that other techniques for plasma separation may
also be used with or in place of centrifugation. For example, one embodiment may centrifuge
the sample for an initial period, and then the samplc may be located into a filter that then
removes the formed blood components to complete separation. Although the present
embodiments are described in the context of centrifugation, other accelerated separation
techniques may also be adapted for use with sedimentation rate measurement methods described
herein. Some embodiments may optionally combine the hematocrit correction technigues
described herein with measurement techriques as described 1o U.S. Patent 6,204,066 fully
meorporated herein by reference for all purposes. Some embodiments herein may pre-process
the blood sample to pre-set the hematocrit value in the blood sample to a pre-determined vabue so

that the variabic due to hematocrit is removed. Some embodiments may also use traditional
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techniques for adjusting for hematocrit levels. It should also be understood that although the
prosent embodiments are described 1u the context of bleod saraples, the technigues hercin may
also be configured to be apphied to other samples (biological or otherwise).

30151} Optionally, at least one embodiment may use a variable speed centrifuge. With
feedback, such as but not limited to imaging of the position of fnterface(s) in the sample, the
speed of the centrifuge could be varied to keep the compaction curve linear with time (untll fully
compacted), and the ESR data extracted from the speed profile of the centrifuge rather than the
sedimentation rate curve. In such a system, one or more processors can be used to feedback
control the centrifuge to bave a Hincar compaction curve while speed profile of the contrifuge is
also recorded. Depending on which interface is being fracked, the sedimentation rate data is
caleolated based centrifuge speed. In one non-limiting example, a higher centrifuge speed is
used to keep a linear curve as the compaction nears completion.

[63152] Furthermore, those of skill in the art will recognize that any of the embodiments
of the present invention can be applied to collection of sample thiid from humans, animals, or
other subjects. Optionally, the volame of blood used for sedimentation testing may be I mL or
less, 500 ul. or less, 300 uk. or tess, 250 pl or less, 200 b or less, 170 gl or less, 150 pl. or
less, 125 ul or less, 100 pk. or less, 75 ul or less, 50 pL. or less, 25 pl or less, 20 pl. oy less, 15
ul or less, 10 gL or Jess, § pl orless, 3 plh orless, 1 uLl or less, 500 nL or less, 250 nl or less,
100 ol or less, 50 nL or fess, 20 oL or less, 10 nl or less, § nL or less, or 1 nL or less. In some
crubodiments, the sanple collected herein comprises capillary blood. In some embodiments, the
sanple is collected from a fingerstick. In some emboediments, the sample 1s collected from skin
at an alternate site such as a forearm, leg, car lobe, or other location on a subject. Optionally,
some embodiments may use a collection process wherein the target area is warmed and/or
wherein an initial blood sample is {ov is not) wiped away {(and at least a portion of the romainder
is collected for processing). The collection of capillary blood may occur by way of a capillary
tube, 3 tube with a syringe, or a capillary tube coupled to a collection container. Optionally, in
some embodiments, the sample cellected herein comprises primarily capiilary blood with
negligible amounts of interstitial fhud. Optionally, some embodiments may use an mtegrated
collection device with multiple collection tubes or chambers, wherein only a subset of the tubes
or chambers arc imaged for ESR. Optionally, some embodiments may use an integrated
collection device with ronitiple collection tubes or chambers, wherein only one of the tubes or
chambers are imaged for ESR.

[B36153 Additionally, concentrations, amounts, and other nomerical data may be presented

herein in 2 range format. 1t 18 to be understood that such range format is used merely for
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convenience and brevity and should be interpreted flexibly to include not only the numerical
values explicithy recited as the limits of the range, but also to include all the individual numerical
values or sub-ranges encompassed within that range as if each nomerical value and sub-range is
explicitly recited. For example, a size range of about 1 nm to about 200 mm should be mterpreted
to include not only the explicitly recited limits of about 1 nm and about 200 nm, but also to
mclude individual sizes such as 2 nm, 3 nm, 4 nm, and sub-ranges such as 10 nm o 50 nm, 20
nm to 100 am, ete. ...

[80154] The publications discussed or cited herein are provided solely for their disclosure
prior to the filing date of the present application. Nothing berein is to be construed as an
admission that the present invention is not entitled to antedate such publication by virtue of prior
invention. Further, the dates of publication provided may be different from the actual publication
dates which may need to be independently confirmed. All publications mentioned herein are
meorporated herein by reference to disclose and describe the structures and/or methods
comnection with which the pubhications are cited. The following are fully incorporated herein by
reference for all purposes: U.S. patent applications Ser. Nos. 13/355,458, 13/244,947,

137768 820, 61/852 489, UK. Provisional Application Scr. No. 61/673,037 entitled “Rapid
Measarement of Formed Blood Component Sedimentation Rate from Small Sample Volumes”
filed July 18, 2012; U.S. Provisional Application Ser. No. 61/830,432 filed January 22, 2014,
U.S. Patents 8,380,541, 8,088,593; U.S. Patent Publication No. 2Z012/0309636; U.S. Pat. App.
Ser. No. 61/676,178, filed July 26, 2012; PCT/US2012/57155, filed September 25, 2012; U.S,
Application Sertal No. 13/244,946, filed September 26, 2011; U5, Patent Application
13/244,949, filed September 26, 2011; and U.S. Apphication Serial No. 61/673,245, filed
Septomber 26, 2011,

[38155] Various aspects of at loast some embodiments described herein are enumerated in
the following paragraphs:

[06156} Aspect 1. A method comprising: using an accelerated blood component
separation technique on a blood sample for a peried of time to separate formed blood
components from plasma; establishing a time-related compaction curve for at least one formed
blood component in said blood sample after aceclerated blood component separation has begun,
said compaction curve having an mitial approximately linear portion; determining sedimentation
rate of the formed blood compounent based on at least the fellowing: the compaction curve snd a
hematocrit correction factor.

341571 Aspect 2. A method comprising: centrifuging a blood sample in a vessel for a

period of time; establishing a time-related compaction curve for at least one formed blood

s
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component in said blood sample afier centrifuging bas begun, said compaction curve having an
nitial approximately linear portion; corvecting for hematocrit effect on sedimentation rate of the
formed blood component by using a hematocrit correction factor on the approximately linear
portion of said compaction curve.

[83158] Aspect 3. A method comprising: contrifuging a blood sample in a vessel for a
period of time; cstablishing @ time-related compaction curve for at least one formed blood
component in said blood sample after centrifiiging has begum; correcting for impact of
hematocrit on sedimentation rate of the formed blood component using 2 hematocrit correction

U UNCOTT

o ———
(1 m@?fa.x)

30159} where Uuneorr and Ucorr are the uncorrected (raw) and corrected sedimentation

factor based on the formula: : {J cory

rates, @ is the volume fraction of cells (hematocrit), and ©mes and v are empirical parameters
obtained by curve fiiting

{53160} Aspect 4. The method of any one of the foregoing aspects, wherein curve fitting
for the hernatocrit correction factor comprises calibrating sedimentation rates from centrifuge
based technique with sedimentation rates from a reference technique.

[Bo161] Aspect 5. The method of any one of the foregoing aspects, wherein the reference
technique is the Westergren technique.

[03162] Aspect 6. The method of any one of the foregoing aspects, wherein fibrinogen
levels as high as 1Smg/ml does not impact sedimentation rate measurement.

80163} Aspect 7. The method of any one of the foregoing aspects, wherein said blood
sample is about 100 ul. or less.

[B164} Aspect 8. The method of any one of the foregoing aspects, wherein said blood
sample 15 about SO ul or less.

[80165] Aspect 9. The method of any one of the foregoing aspecis, wherein said blood
sanple 18 about 25 ull or less.

[63166] Aspect 10, The method of any one of the foregoing aspects, wherein
centrifugation occurs at a first speed for a first period of time and then at a second, faster speed
for a second period of time.

36167} Agpect 11, The method of any one of the foregoing aspects, wheremn
centrifugation uses a centrifuge configured to allow the blood sample to be visually observed
during centrifugation to establish interface positions of one or more formed blood components in

the blood sample.
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[00168] Aspect 12, The method of any one of the foregoing aspects, wherein
cenirifugation uses a centrifuge having a window thereon to cnable visual obscrvation of the
blood sample to establish erythrocyte/plasma interface positions over time.

3169} Aspect 13, The method of any one of the foregoing aspeets, wherein
centrifugation uses a contrifuge, a light source, and an image capture device to enable visual
observation of the biood sample to establish formed blood component/plasma interface positions
over time.

80170} Aspect 14, The method of any one of the foregoing aspects, wherein compaction
curve data is collected by capturing a plurality of images of interface positions of one or more
formed blood components in the centrifuge vessel over the time pertod.

3171} Aspect 15, The method of aspect 14, wherein pixel positions in the plurality of
images are used to accurately determine interface position,

[63172) Aspect 16, The method of aspect 14, wherein capturing of images begins once
the centrifuge has reached a minimum operating speed.

{63173} Aspect 17, The method of aspect 14, wherein capturing of images begins when
the centrifuge has beging rotation.

36174} Agspect 18, The method of any one of the foregong aspects, wherein compaction
curve data is collected while the sample is being centrifuged.

[83175] Aspect 19, The method of any one of the forcgoing aspects, wherein
centrifugation is used to obtain accurate valucs for the hematocrit and to correct for hematocrit
tmpact on sedimentation rate measurement.

{63176} Aspect 20. The method of any one of the foregoing aspects, wherein correcting
for hematocrit comprises calculating a mathematical function for a plurality of formed blood
compounend interface positions cccwring in said curve, said fimction being operative to correct
for sedimentation rate variations due to hematocrit,

[84177] Aspect 21. The method of any one of the foregoing aspects, wherein hematocrit
correction factor is determined without using data from a non-linear portion of the compaction
curve.

{63178} Aspect 22, The method of any one of the foregoing aspects, wherein hematocrit
level in the sample is derived from a technique separate from contrifugation.

[63179] Aspect 23, The method of any one of the foregoing aspects, wherein Qmex and v
are for fit optimization and do vot relate directly to physical parameters.

[66188} Aspect 24, The method of any one of the foregoing aspects, further comprising

tmage transformation for conversion of a curved interface to a flat interface.

3
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[ge181] Aspect 25, The method of any one of the foregoing aspects, wherein bematocrit
correction is capable of csscutially chiminating the effects of hematocrit on forraed blood
component sedimentation rate.

30182} Aspect 26. The method of any one of the foregoing aspeets, wherein image
transformation parameters are selected, video of formed blood component interface position is
put through tmage fransformation, and then a region of interest is chosen that covers both the
whole range of positions for both air/plasma interface and erythrocyte interface.

(80183} Aspect 27, The method of any one of the foregoing aspects, wherein for each
fimepoint in the video, pixel intensity values for each row across the sample vessel within the
region of mterest are averaged to produce a single colinmn representing the intensity radially
down the sample vesscl

[83184] Aspect 28. The method of any one of the foregoing aspects, wherein colummns for
cach timepoint are then assembled into a kymograph.

[68185] Aspect 29, The method of aspect 28 wherein positions of the two local maxima
of the image, one representing the aiv/plasma interface and other the plasma/erythrocyie interface
are determined.

[BG186] Agspect 30, The method of aspect 28 comprising converting pixel positions info
volame gecupied by the whole sample and volame occupied by ved blood cells, wherein the y-
position of the top and botiom of the centrifuge vessel are used as reference locations together
with knowledge of the shape of the centrifuge vessel.

[063187] Aspect 31, The method of any one of the foregoing aspects comprising
converting plasma/erythrocyte interface position to the volume fraction occupied by red blood
cells and plotted against time as 3 contrifuge sedimentation curve.

[B0188] Aspeect 32. The method of any one of the foregoing aspects, wherein a lincar
region of a sedimentation profile is used to extract a sedimentation rate,

[63189] Aspect 33, The method of any one of the foregoing aspects, further comprising
deriving an estimate of the sedimendation rate nearly related to the Westergren ESR, the
centrifuge-derived, hematoerit corrected data further corrected using the formula: Estimated
Westergren ESR =10 (({(LOG(HCT corrected ESR-LOG(a)/b)).

(98198} Aspect 34, The method of any one of the foregoing aspects, further comprising
hematocrit-correcting and lincarty-transforming Log(ESR) values 1o establish a lincar graph of
sedimentation rate.

Be1en Aspect 35. The method of any one of the foregoing aspects wherein the blood

sample is whole blood.
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[86192] Aspect 36, The method of any one of the foregoing aspects wherein the blood
sample is an anti-coagulated sample.

36193 Agspect 37, The method of any one of the foregoing aspects wherein the formed
blood component is white blood cells.

[83194] Aspect 38, The method of any one of the foregoing aspects wherein the formed
blood component is platelets.

[63195] Aspect 39, The method of any one of the foregoing aspects, further comprising
determining white ccll sedimentation rafe after centrifugation has bogun, wherein measuring
white cell sedimoendation rate characterizes at least one of the following regarding the white blood
cells: cell density, shape, and aggregation state.

30196} Aspect 40, A method comprising: collecting a phurality of tmages of formed
blood component and plasma ioterface positions over time from an accelerated blood sample
compaction process; performing image transformation on said plurality of imeages to transform
tmages with curved mterfaces into corrected tmages with straight hne interfaces; establishing a
time-related compaction corve based on interface positions in said corrected tmages, for at least
one formed blood component in said blood sample.

B6197] Agspect 41, A method comprising: centrifuging a blcod sample in a vessel for a
period of time; collecting a phirality of images of formed blood component and plasma interface
positions over time; performing image transformation on said images to transform images with
curved wderfaces into corrected images with straight line interfaces; establishing a time-related
compaction curve based on interface positions in said corrected images, for at least one formed
blood component in said biood sample after centrifuging has begun.

{63198} Aspect 42, A method comprising: using a programmable processor-controlled
system to transter at least a portion of @ blood saraple from a blood sanple location mto a
centrifugation vessel; using a sample handhing system under programmable processor control to
transfer said vessel from a first addressable position to 8 contrifuge with a sccond addressable
position; centrifuging the blood sample in the vessel for a period of time; collecting a plurality of
tmages of formed blood component and plasma interface positions over time;

{63199} establishing a time-related compaction carve based on interface positions in said
corrected images, for at least one formed blood component in said blood sampic afier
centrifuging has begun.

[BO280}) Agspect 43, The method of any one of the foregoing aspects, wherein the

centrifuge has a rotor with a diameter of about 15 em or less.

s
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{60281} Aspect 44, The method of any onc of the foregoing aspects, wherein the
cenirifuge has a rotor with a diameter of about 10 cm or less.

306282} Agspect 43, The method of any one of the foregoing aspects, wherein the
centrifuge has a rotor when in motion circumseribes an area with a longest dimension of about
IS cm or less.

j00263] Aspect 46. The method of any one of the foregoing aspects, wherein the
centrifuge has a rotor when in motion circumscribes an area with a longest dimension of about
10 om or less.

[50284] Aspect 47. A method comprising: centrifuging a bicod sample n a vessel fora
period of time; varying centrifuging speed to cstablishing a Hnear compaction curve of at feast
one formed blood component over the period of time until compacting has completed;
monitoring centrifuging speed profile for at least a portion of the time period; and determining
blood component sediraentation rate based on the centrifuging speed profile.

168205} Aspect 48, A method comprising: centrifuging a blood sample in a vessel for a
period of time; collecting at least a first single image of formed blood component and plasma
interface positions at an initial time; collecting at least a second single wmage of formed blood
component and plasma interface positions at a second time while rate of sedimentation is still
lincar; caleolating sedimentation rate for at least one formed blood component in said blood
sample based on hinear sedimentation rate calculated and a hematocrit correction factor,

[62061 Aspect 49, A device for use with a sample, the device comprising:

168207 a centrifuge having a centrifuge vessel holder configured to allow for detection of
blood component interface position in the vessel holder during centrifugation.

{80208} Aspeet 50. The device of aspect 49, wherein the centrifuge has window to aliow
for visual observation of the cenirifuge vessel holder during centrifugation.

(306289} Agspect 51, The device of aspect 49, wherein the centrifuge an ilhimination source
to allow for detection of blood component interface position in the sample.

[63210] Aspect 52, A system comprising: a centrifuge having a centrifuge vessel holder
configured to allow for detection of blood component interface position in the vessel holder in
the vessel holder doring centrifugation; a sample handling system for transporting a blood
sample from s first location to a location on the cenirifuge; and a processor programmed (o
record interface position during a least a portion of centrifugation.

30211} This document contains material subject to copyright protection. The copyright
owner (Applicant herein) has no objection to facsimile reproduction of the patent docoments and

disclosures, as they appear in the US Patent and Trademark Office patent file or records, but
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otherwise reserves all copyright rights whatsoever. The following notice shall apply: Copyright
2013-2014 Theranos, Inc.

862123 While the above is a complete description of the various embodiments of the
present invention, it is possible to use various alternatives, modifications and equivalents.
Therefore, the scope of the present invention should be determined not with reference to the
above description but should, instead, be determined with refercnee to the appended claims,
along with their full scope of equivalents. Any feature, whether preferred or not, may be
combined with any other feature, whether preferred or not. The appended claims are notto be
interpreted as including means-plus-function limitations, unless such a limitation s explicitly
recited in a given claim using the phrase “means for.” [t should be understood that as used in the
description herein and throughout the claims that follow, the meaning of "a,” "an,” and "the”
includes plural reference unless the context clearly dictates otherwise. Also, as used in the
description hercin and throughout the clatos that follow, the meaning of "in” inclades "in” and
"on' unless the context clearly dictates otherwise. Finally, as used in the deseription herein and
throvghout the claims that follow, the meanings of "and” and "or” inchude both the conjunctive
and disjunctive and may be used interchangeably unless the context expressly dictates otherwise.
Thus, in contexts where the terms "and” or "or” are used, usage of such conjunctions do not

exclude an “and/or” meaning anless the context expressly dictates otherwise.
) .
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WHAT IS5 CLAIMED I5:

1. A method comprising:

using an accelerated blood component separation technigue on 3 blood sample
1 a vessel for at least one period of time;

capturing at least a first single mmage of formed blood component and plasma
mterface positions in the vessel at an initial thme;

capturing at least a second single image of formed blood component and
plasma interface positions at a second time within a linear sedimentation time period;

calculating 8 sedimentation rate for at least one formed blood component in
said blood sample based on lincar sedimentation rate caleulated and a hematocrit correction

factor.

2. The method of claim 1 wherein:
the accelerated blood component separation technigue comprises

centrifugation.

2

3. The method of claira 2 further conmprising calibrating sedimentation rates

from centrifuge-based techmque with sedimentation rates from a reference technique.

4. The method of claim 4, wherein the reference techmique is an automated

Westergren technigue.

5. The method of claim 4, wheremn the reference technique is a2 manual

Westergren technique.
6. The method of claim 1, wherein said blood sample is about 25 plL or less.

7. The method of claim 2, wherein centrifuging occurs at a first speed for a

first peried of time and then at a second, faster speed for a second period of time,

8. The method of claim 7, wherein said first speed 18 configored to provide a
substantially consistent force on the sample, while the second speed is configured to provide
greater force but at a greater range of force variability relative to the substantially consistont

force associated with the first speed.

40

PCT/US2015/012537



o

(%]

X =3 N

WO 2015/112768 PCT/US2015/012537

9. The method of claim 2, wherein the aceelerated blood compounent
separation technique occurs at a fivst G-force for a first period of time and then at a second,

greater G-force for a second period of time.

10. The method of claim 7, wherein said first G-force is provided at a
substantially consistent force on the sample, while the second first G-foree is provided at
greater force but alse at a greater range of force variability relative to the substantially

consistent force of the first G-force.

11, The method of claim 10 wherein the first G-force is n the range of about

35G to about 453G,

i
3G to about SOG.

o]

. The method of claim 10 wherein the first G-force is n the range of about

13. The method of claim 1{} wherein the first G-force is in the range of about

10G to about 60G.

14. The method of claim 10 wherein the second G-force is in the range of

about 10G to about 100G,

15, The method of claim 1{} the first G-force is one that is sufficient accelerate
sedimentation but not so fast that the formed components become fully compacted before the

change in sedimentation is visualized while in the hincar range.

16. The method of claim 10 wherein the second G-force has a bigh speed spin

that 1s at least about 2 times or more of the lower speed, measurement spin.

17. A method comprising:

centrifuging a blood sample in a vessel for a period of time;

varying centrifuging speed to establishing a lincar compaction curve of at ieast
one formed blood component over the period of time until compacting has conpleted;

monitoring centrifuging speed profile for at least a portion of the time period;
and

determining blood component sedimentation rate based on the centrifuging

speed profile.
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14, A method comprising:
using force on a blood sample to reduce measurement time associated with
calcuiating a scdimentation rate for at least one formed blood component in said blood

saraple.

19. A device for use with a sample, the device comprising:
a cendrifuge having a centrifuge vessel bolder configured to allow for

detection of blood component interface position in the vessel holder daring centrifugation.

20. The device of claim Error! Reference source not found., wherein the
centrifuge has window to allow for visual observation of the centrifuge vessel holder during

centrifugation.

21. The device of claim 20 wherein the centrifige has an illumination sowree

to allow for detection of blood component interface position in the sample.

22. A system comprising:

a cendrifuge having a centrifuge vessel bolder configured to allow for
detection of blood component interface position in the vessel holder n the vessel holder
during centrifugation;

a sample handling system for transporting a blood sample from a first location
to a location on the centrifuge; and

a processor programmed to record interface position during a least a portion of

centrifugation.

23. A method comprising at least one technical feature from any of the prior

claums.

24, A wmethod comprising at least any two techuical featares from any of the

prior claims.

25 A device comprising at least one technical feature from any of the prior
claimos.
26. A device comprising at least any two techuical features from any of the

prior claims.
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27. A sysiem comprising at least one technical feature from any of the prior
claimos.
28, A system comprising at least any two technical features from any of

the prior claims.
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