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generated by cells passing through a micro-orifice, in which a concentrated electrical
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field is imposed by two electrodes. However, artifacts associated with near-wall pas-
sages in the sensing region are known to skew the statistics for RBCs sizing. This
study presents numerical results that emphasize the link between the cell flow-
induced rotation in the detection area and the error in its measured volume. Based
on these observations, two methods are developed to identify and reject pulses
impaired by cell rotation. In the first strategy, the filtering is allowed by a metric com-
puted directly from the waveform. In the second, a numerical database is employed
to train a neural network capable of detecting if the cell has experienced a rotation,
given its electrical pulse. Detecting and rejecting rotation-associated pulses are
shown to provide results comparable to hydrodynamical focusing, which enforces
cells to flow in the center of the orifice, the gold standard implementation of the

Coulter principle.

KEYWORDS
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editing, red blood cells

1 | INTRODUCTION

thus yields the count and the volume distribution of the analyzed

cells.

Complete blood count, which notably consists in counting and
sizing blood cells, is widely employed to assess the patients' health
condition. Such an analysis is performed by industrial hematologi-
cal automata, that generally implement the Coulter principle [1].
As sketched in Figure 1, cells in suspension in an electrolytic solu-
tion are aspirated through a micro-orifice (aperture) in which elec-
trodes maintain a concentrated electrical field. A cell passing
through the aperture is detected by an increase of voltage at the
electrodes. In addition, the maximum of this electrical pulse is

assumed to be proportional to the cell volume. Screening pulses

Regarding red blood cells (RBCs), the mean corpuscular volume
(MCV) and the RBCs distribution width (RDW) are hematological
parameters of first importance for clinical decision making. In particu-
lar, the combination of MCV and RDW was historically used for classi-
fications of anemias [2], but RDW has more recently aroused the
interest of many research groups as a marker of various human disor-
ders [3].

According to theory [4], the resistive perturbation (4AR) produced
by the cell in the detection area is related to its volume V,, as follows,

assuming a perfectly insulating particle:
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FIGURE 1 Diagram of the Coulter principle for particles counting

and sizing

AR < E%fV, (1)

E is the electrical field and f; the particle shape factor. Note that the
voltage pulses are proportional to AR, as the current intensity remains
constant. The shape factor characterizes how easy it is for the electri-
cal current to go around the insulating particle, given its volume. It
depends on the particle shape and orientation. For the case of
deformable cells such as RBCs, f, depends on the dynamics and defor-
mations of the cell in the detection area. Pathologies altering the
RBCs deformability and/or resting shape may thus lead to misleading
diagnosis [5,6]. For instance, RBCs with abnormally high hemoglobin
contents in their cytoplasm have their volume overestimated [5]. Fur-
thermore, artifacts inherent to the implementation of the Coulter
principle alter the measurements and lead to right-skewed RBC vol-
ume distributions [7,8] instead of the expected symmetrical distribu-
tion [9,10], even for normal blood samples. Indeed, measuring cells
volume in a sample requires that all cells experience the same electri-
cal field and behave identically within the aperture (in other words
that all cells are associated with the same E and f,, see Equation (1)).
However, as reported in former studies, E is highly heterogeneous
next to the aperture walls [4,11,12], and RBCs may rotate and deform
as they flow across high-shear regions in the wall vicinity [11,13,14].

In flow cytometry, errors associated with the random orientation
of asymmetrical cells with respect to the flow direction have long
been understood. For instance, light scattering measurements depend
on the orientation of the cell with respect to the incident laser beam
and to the position of the detectors [35]. Hardware modifications may
be made so that asymmetrical cells always present the same orienta-
tion to the observation device [36]. For impedance measurements,
the random orientation of cells with respect to the flow direction does
not generate any error: It is the flow-induced rotation of cell that
changes the shape factor [11,13,14].

For impedance measurements, hydrodynamical focusing [15]
overcomes measurement inaccuracies caused by cells flowing next to
the walls, so that symmetrical and Gaussian-like distributions are

retrieved. The principle is to pinch the sample flow with a secondary

sheath flow, thus enforcing particles to follow centered trajectories.
This enables standardization of f; and E for a robust measurement, but
implies a more intricate implementation of the Coulter principle [16].
Another strategy consists in removing the distorted pulses associated
with cells passing near of the aperture edges from the analysis (also
called pulse-editing). We provide here some examples of the numer-
ous techniques introduced over the years. Remarking that centered
paths generate ‘bell-shaped’ and symmetrical signatures, Dunstan
et al [17] proposed to assess the pulse symmetry for rejecting spuri-
ous signals. Another method was to exclude long pulses [8]: Near the
walls, flow speed is lower than at the center of the orifice; thus, RBCs
impacted by near-wall effects are expected to produce longer electri-
cal prints. However, the pulse duration depending on the particle vol-
ume, there is a relationship between the duration and the maximum
of the pulse, which is disregarded with a simple threshold on the pulse
duration. This explains the introduction of new pulse editing strategies
taking into account both the pulse maximum and the pulse duration
[18,19]. Methods combining several widths and/or several amplitudes
calculated from pulses are currently implemented in commercial
instruments, as suggested by the patent from Zhang et al [20]. Note
that pulse editing is a more general strategy, which has for instance
been used to measure the orientation of asymmetrical cells [35] or
identify doublets in optical flow cytometers [21].

Easier to implement and cheaper, classical systems combined
with pulse editing continue to be used, in spite of the higher robust-
ness of hydrodynamical focusing. Among current instruments, dif-
ferent pulse editing methods are used, but they are not necessarily
well documented. While the MCV is usually a robust measurement,
RDW has been recently shown to depend on the analyzer [22]. To
avoid such discrepancies, it is essential to control volume errors and
properly establish the quality of pulse editing methods. In particular,
while hydrodynamical focusing can be considered as the Reference
[23], it is rarely used to assess the accuracy of pulse editing
algorithms.

Industrial instruments generally suffer from accessibility issues,
which limits the characterization of measurement artifacts and thus
the design of pulse editing procedures. Recently, numerical simula-
tion has been found to reproduce the electrical signatures observed
in industrial instruments. Building upon this proof of concept
(described in the Material and Methods, Section 2), the present
work presents a series of simulations of electrical signatures for dif-
ferent trajectories of RBCs inside the sensing region of a Yumizen™
H2500 (HORIBA Medical, Montpellier, France), which is based on
the Coulter principle. Results highlight the link between measure-
ment errors and the flow-induced rotations of the cells which yields
a secondary peak on the pulses (see Section 3.1). This observation is
the foundation for two new pulse editing methods [24], one based
on the use of a neural network (NN) and the other on a metric
explicitly calculated on the pulses, designed to reject pulses associ-
ated with RBCs that rotate in the sensing region (see Section 2).
When applied to experimental data (Section 3.2), both methods
yield symmetrical volume distributions in agreement with results

obtained with hydrodynamical focusing.
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2 | MATERIALS AND METHODS
21 | Numerical simulations

211 | Numerical pipeline

Computing the dynamics of an RBC in the detection area is extremely
challenging due to the separation of scales: RBCs are first stretched
for tens of milliseconds, then pass through the sensing zone in a few
microseconds [12]. To overcome this difficulty, an innovative numeri-
cal pipeline has been designed [14] to predict the dynamics of RBCs
in the sensing zone and the corresponding electrical pulse, using the
YALES2BIO
~vyales2bio/). The RBC dynamics are predicted by solving a fluid-

in-house solver (https://imag.umontpellier.fr/
structure interaction problem [25,26,27] between the fluid outside
the RBC, the cytoplasm, and the RBC membrane. Then, from a
resulting sequence of RBC states along time inside the orifice, as
many electrostatic computations are performed. In each of them, one
RBC position/shape is used, the cell being assumed insulating. The
electrical field around the insulating cell is computed, and the addi-
tional resistance due to the presence of the cell (4R) is obtained by
comparison with a calculation without RBC. Hence, calculating AR for
the sequence of RBC consecutive positions leads to the resistive pulse
over time, associated with the RBC path and deformation in the aper-
ture. This numerical setup has been detailed and validated previously
[14]. More details on the numerical setup can be found in the Supple-

mentary Materials.

21.2 | Simulated cases

In this work, the role of numerical simulations is twofold: Understand-
ing measurement inconsistencies induced by cells flowing near the
aperture edges; building a numerical database for the training of a NN
capable of rejecting pulses irrelevant to volume assessments.

With the aim of investigating the impact of RBC paths on the
impedance measurements, several trajectories are simulated while
maintaining cell parameters constant. The RBC is represented as a dis-
coid of volume 93 um?®, whose shape has been defined analytically
[28]. The RBC has an aspect ratio Q of 0.65, with O defined as the
ratio between the cell volume and the volume of the sphere having
the same surface area as the RBC. The mechanical model of the RBC
membrane reproduces its composite structure, with different sub-
models representing the lipid bilayer of the membrane and its cyto-
skeleton [29,30]. This modeling is now classical and has been success-
fully applied and validated in numerous situations [14,25,26,27]. The
membrane mechanics is notably parameterized by the shear modulus
G, the area modulus E,, the bending modulus Ej. In agreement with
measurements available in the literature [31,32], we set:
G:=25x10°Nm Y5 E,=25x10 " Nm % E,=60x10""" Nm.
The viscosity of the suspending medium is ve,s = 107° m?s~ and its
conductivity ce =2.27Sm™ L. Regarding the fluid inside the RBC

1

membrane, a viscosity v, of 18.0x 107® m?s! is set, which is

@ /ISAC

Journal of Quantitative Cell Science

representative of viscosity values of hemoglobin solutions at ambient
temperature [32]. Ten different trajectories are investigated, from the
axis of the orifice to the near-wall region.

A numerical database is built for training a NN capable of
detecting if an RBC rotates in the aperture, given the associated elec-
trical pulse. In order to make the NN robust with respect to cells rhe-
ology and morphology, RBC parameters were varied in the following
ranges to build the database: vi, € (15.0 x 107%,20.0 x 10 m? s™%);
G, € (2.5 x 1075 160.0 x 10°® Nm™%); V, € (85, 100 um®); Q €
(0.65, 0.85). Altogether, the database is composed of 78 cases. All
simulations are performed by considering the industrial geometry and
operating regime provided by HORIBA Medical and illustrated in
Figure 1, which characterize the Yumizen™ H2500 (HORIBA medical,
Montpellier, France). More precisely, the aperture has a diameter of
50 um, a length of 75 um and the pressure drop ensuring the flow is
of 200 mbar.

22 |
rotation

Detection of the particle flow-induced

As reported in the literature [10,11], complex pulses shapes are
obtained when deformable and aspherical particles flow near the
aperture wall, while 'bell-shaped' signatures are obtained for centered
paths. Previously [14], we directly showed that RBCs deform and,
most importantly, rotate when flowing near the wall, which induces a
peak on the electrical pulse at the exact moment of the flow-induced
rotation. Golibersuch [13] also reported pulses presenting several
peaks when the aperture is long enough to allow RBCs to rotate sev-
eral times in the sensing region. Our pulse editing procedures consist
in detecting such rotations on the electrical pulses, in order to only
conserve 'bell-shaped' signatures from centered trajectories.

In the first method, 'bell-shaped' signatures are isolated by
thresholding a metric directly calculated from the pulses. With H the
maximum of the pulse, whatever the quantity analyzed (voltage or
resistance), let us define W, and Wy, two pulse widths computed with
thresholds H x p, and H x pg, respectively, (see Figure 2). p, and py
are included in (0,1), with p, > ps. We introduce R, the ratio between
Wy and Wy

Wy

=—x100. 2
R de (2)

the parameter p, is chosen in such a way that H x p,; intersects the
ascending and descending slopes of the pulse, and W, informs on
the time spent by the particle in the micro-orifice. If a secondary peak
is present on the pulse, W, is meant to measure its duration. Hence,
pu must be defined so that H x p, crosses the peak. Note that in the
absence of peak, W, should be closer to W,. Hence, R is expected to
be small in the case of a flow-induced rotation peak (see Figure 2(B))
and larger for a 'bell-shaped' pulse without peak (see Figure 2(C)). The
filtering then consists in applying a rejection threshold on the metric
R. In practice, we have used p, =7/8 and py = 1/2. However, tests
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(A) lllustration of quantities computed from an electrical pulse. In particular, W, and W, required for assessing the R metric are

depicted. Let us define in general W (T) as the pulse width calculated with a threshold 7. Then, we define W, = W (H x p,) and Wy =

W (H x pg), with H the pulse maximum. Calculations of R for a complex signature presenting a peak and a 'bell-shaped' pulse are given in (B) and
(C), respectively. Black triangles depicted in the graphs illustrate the resampling performed on the waveforms in order to make them intelligible by
the neural network (NN). This is required to represent all pulses with the same number of variables

shown as Supplementary Materials support that the quality of the
results does not depend on the exact values of these thresholds.

In the second method, the filtering is performed by a NN. A sim-
ple multi-layer perceptron of three layers is sufficient to address this
clustering problem. The first layer is composed of 21 neurons and
takes the pulse as an input. Pulses are resampled into 20 values by
taking into account the part of the curve located above H xp,, as
illustrated by black triangles in Figure 2(A). These 20 values are nor-
malized by H and given as inputs to the NN, in addition to W,. This
way, pulses of different durations are all expressed with the same
number of variables (see Figure 2(B), (C)). The reworked pulse is prop-
agated into the NN through the single hidden layer of 20 neurons
toward the output layer, composed of a sole neuron. Sigmoid activa-
tion functions are associated to all neurons of the model. Hence, the
NN renders a score included between O and 1. A database of
78 numerical pulses is considered for the model training. Pulses are
associated to target values of O or 1 whether the RBC has turned in
the aperture or not. Then, numerical pulses are split into a training
dataset made of 62 observations and a test dataset of 16 pulses. The

learning step is done on the training dataset in 10,000 epochs with a
batch size of 62 (the size of the training dataset) with the ADAM algo-
rithm (a variant of the gradient descent method) which aims at mini-
mizing the RMS error between NN predictions and target values.
When applied to the test dataset, the NN is found to properly isolate
pulses associated to rotating RBCs from others by applying a thresh-
old of 0.5 on NN scores. More information about the database and
the preliminary tests is provided as Supplementary Materials. The NN
implementation is done by means of the python library TensorFlow™
[33] (GOOGLE Inc.) which is publicly available (https://www.ten

sorflow.org).

2.3 | Experimental tests

2.3.1 | Experiment overview

To assess the accuracy of the pulse-editing methods, results from an
analyzer with the classical implementation of the Coulter principle
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combined with pulse editing are compared for each blood sample with
measurements from a device using hydrodynamical focusing. Distribu-
tion of measured volumes, MCV, and RDW are considered for the

comparisons.

2.3.2 | Flow sample and specimen description
Human peripheral blood samples were collected from 20 healthy
donors in K3EDTA tubes (VACUETTE™) and analyzed within the 6 h
after withdrawal. They were obtained from Etablissement Francais du
Sang, Montpellier, France.

2.3.3 | Instrument

The analyses are performed with a Yumizen™ H2500 commercialized
by HORIBA Medical. In the present work, two units of the Yumizen
H2500 are considered: the device dedicated to the RBCs analysis
based on the Coulter principle, and the system normally dedicated to
the optical platelet detection, in which hydrodynamical focusing is
used. In the first one, RBCs are counted and sized by the use of a clas-
sical implementation of the Coulter principle (as in Figure 1). Here, the
second unit is not used for its original purpose, but to count and size
RBCs with hydrodynamical focusing, to provide reference results. For
each blood sample, electrical pulses coming from the two units are
recorded separately. This is done by a dedicated in-house LabVIEW™
(National Instruments) code, detailed in the Supplementary Materials.
Acquisitions from the unit classically dedicated to RBCs are labeled
noHF, while the acquisitions from the hydrofocused platelet detector
used here for sizing RBCs are referred to as HF. Numerical simulations
are relevant to the classical implementation of the Coulter principle,

thus to measurements labeled by noHF.

3 | RESULTS
3.1 | Detection of the particle flow-induced
rotation from the associated pulse

This section introduces the fundamental concept from which the fil-
ters of Section 2.2 are designed. More precisely, the impact of the
flow-induced cell rotation on the measured volume and its relation-
ship with the trajectory are explained, keeping the intrinsic properties
of the RBC strictly identical. Considering the 10 possible RBC trajec-
tories depicted in Figure 3(A), electrical signatures are computed
(Figure 3(B)). The non-dimensional resistive perturbations AR™ are
obtained by scaling AR by the pulse maximum (viz. ) of the centered
path (Case 1), which is supposed to be a correct measure for the RBC
volume, free of edge effects. As the same RBC is considered for all
cases, H*, the maximum of AR’ pulses, informs about the errors in the
volume measurement associated with the RBC trajectory. In an 'ideal'

system, H* = 1.0 independently of the trajectory.
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The closer to the orifice edges is the particle path, the longer the
pulse duration, which makes it easy to order the pulses. For the most
centered paths (Cases 1-4), the pulses are 'bell-shaped' while more
complex signatures are observed for the near-wall trajectories (Cases
5-10). Figure 3(C), (D) show RBC consecutive positions in the orifice
for Cases 1 and 10, respectively. The RBC flowing along the axis
(Figure 3(C)) displays an elongated shape aligned with the orifice axis.
In contrast, an RBC evolving near the aperture edges rotates, which
induces a peak on the electrical perturbation, as highlighted by the
black arrows in Figure 3(D), (E). In industrial instruments, high-speed
flows are used to ensure a high throughput. Hence, high shear
stresses result in rotation and deformation of the RBCs, which cause
an increase of shape factor f; and a peak on the electrical pulse. The
time of exposure to the shear and the shear level depend on the tra-
jectory, which explains the variety of electrical signatures (Cases 5-
10, Figure 3(B)).

In the Coulter principle, the pulse maximum is supposed to be
proportional to the particle volume. Figure 3(B) thus shows that the
apparent volume of an RBC depends on the RBC trajectory. For
instance, comparing the maxima of Cases 1 and 10 in Figure 3(B) dem-
onstrates that an RBC flowing near the wall is seen 1.53 times bigger
than if it had flowed near the aperture axis. Figure 4(A) displays the
different non-dimensional measured volumes H* as a function of
the cell distance to the aperture axis (D), for different internal viscosi-
ties vin. Regarding case v, =18.0 x 107¢ m2s~1 in Figure 4(A), H* is
close to 1.0 in the core region of the aperture (D € [0; 13 um]). With
the perfectly centered path as the reference, the error at D = 13 um
is about 3%. H* increases with D between 13 and 17 um, then stabi-
lizes around a value of 1.53. These volume overestimates for near-
wall trajectories (D >13 um) explain the typical 'right-skewed' volume
distributions observed experimentally [7,8]. Simulations also show
that for near-wall trajectories, the apparent volume increases with the
internal viscosity (see Figure 4(A)). This confirms the experiments of
Mohandas et al [5] which showed an overestimation of the MCV
when the hemoglobin content of RBCs is abnormally high (which cor-
responds to high cytoplasm viscosity). Consequently, removing near-
wall trajectories has two advantages: Avoiding sizing errors in general
and making measurements robust to variations in the hemoglobin
content of the RBCs.

As defined in Figure 4(B), the orientation of the cell when the
pulse maximum is reached, 6,,, is computed and displayed in Figure 4
(C). If D >16 um, the time spent by the cell in the detection area is suf-
ficiently long and the shear undergone by the particle large enough
for the RBC to reach a 90 orientation inside of the aperture: The
RBC is then perpendicular to the electrical field. On the contrary, in
the core region of the micro-orifice, the cell barely rotates and 6,,, ~ 0’
when D <13 um. Between 13 and 16 um, the cell starts rotating, but
does not spend enough time in the aperture to reach 6,, = 90". The
fact that both H* and 6, display a similar sigmoid-like profile (see
Figure 4(A), (C)) supports the approach of detecting the flow-induced
RBC rotation for pulse edition to improve the volume assessment.

The evolution of the metric R (see Equation (2)) with D is shown

in Figure 4(D). When 6,, is small (D <13 um), high values of R are
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were obtained with the same RBC characteristics: vi, = 18.0 x 107°m?s™ 1, G, =25 x 10°*Nm™ 1 E, =25 x 100N m™%, E, = 6.0 x 10717 J,
V,=93 yms, and Q =0.65. The considered trajectories are shown in (A) and the corresponding pulses in (B). The pulses amplitudes in (B) are
scaled with the maximum of Case 1 (the centered path) which equals 12.6 Q. For sake of clarity, Cases 2 and 3 are not shown in (B). Pictures

(C) and (D) show a series of RBC consecutive positions inside the aperture for Cases 1 and 10, respectively. Figure (E) recall the electrical
signatures related to RBC dynamics of (C) and (D). The cell rotation (D) generates a peak on the associated impedance pulse, as highlighted by

black arrows in (D) and (E)

obtained (between 60% and 70%), while for cases where the RBCs
may reach 6,, =90° (D >16 um), R is below 30%. By comparing
Figure 4(A), (D), it is seen that rejecting pulses for which R is below
55% would for instance allow reducing the volume overestimation ()
from 53% to 10%. Thus, a pulse editing method with a threshold on R
is expected to separate pulses from rotating RBCs and 'bell-shaped'
pulses, for which RBCs do not rotate. For the NN-based pulse editing
method, each numerical pulse is associated with a target NN score of
1 or 0, whether 6,, is lower or higher than 15, respectively.

Our pulse editing algorithms have been designed using simulated
data. As a consequence, their success depends on how accurate and
representative the numerical results are with respect to real data. In a
previous study, we have proven that simulation is able to predict rele-
vant pulses both for RBCs and rigid spherical beads [14]. Further com-
parisons for RBCs are presented in the Supplementary Materials to
show the excellent agreement between pulse shapes. Overall, all sim-
ulated pulse shapes are found in the experiments, and they are repre-
sentative of the vast majority of the actual pulses (about 92%).

However, experiments may feature other pulses, corresponding for

instance to doublets or other blood cells, that can be easily separated
from the RBC pulses.

Pulse editing methods based on the detection of the flow-
induced RBC rotation are next tested on experimental data to quan-
tify the improvement in the accuracy of the hematological parameters
related to the RBCs volumes, the MCV, and the RDW.

3.2 | Application to experimental data

Let us consider two acquisitions performed on the same blood sample,
but obtained with the classical (noHF) and the hydrofocused systems
(HF). For each pulse coming from the classical acquisition, the maxi-
mum H of the voltage perturbation, the width ratio ® and the NN
score are computed. Figure 5 shows the scatter plot of R as a func-
tion of H by coloring the data points according the NN scores, for the
acquisition noHF. Two distinct clusters separated by a threshold of R
= 52% are observed in Figure 5. This threshold is close to the value

of 55% that was predicted numerically. Note that for the cluster
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located below R = 52%, H is between 1.6 and 3.0 V, while for the
cluster above R = 52%, H is between 1.0 and 2.25V. This is consis-
tent with the numerical results, which show that pulses with low R
are associated with cell rotation and volume overestimation (see
Figure 4(A), (C), and (D)). The NN modeling provides a clustering glob-
ally equivalent to R. Indeed, for R above 52%, NN scores are close to
1, while below 52%, values close to O are predicted by the NN.

Minor populations are also visible in Figure 5. First, measure-
ments at H below 0.75V are associated with platelets. Then, the
widespread population around H =3.5 V results from doublets or
bubbles in the aperture. Finally, measurements at R ~80% may be
explained by pulses presenting a small peak so that W, does not mea-
sure the time spent in the peak. This could be induced by doublets or
quasi-spherical RBCs, such as echinocytes. Note that the parameter
py May be increased in order to handle pulses with a small peak as
well. Otherwise, such minor populations could be discarded by apply-
ing relevant thresholds on R or H.

In the following, we investigate the effect of rejecting pulses
associated with rotating RBCs from the statistical analysis. Two
removal methods are assessed: R <52% and NN score <0.5. By doing
so, roughly 46% of the pulses are discarded. The distributions of H
obtained with the classical counter and the hydrofocused counter are
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shown in Figure 6(A). Note that the signals are treated and amplified
differently in the two counters, which explains the offset between the
distributions, and that the number of RBCs measured is different.
Nonetheless, a first observation is that hydrodynamical focusing yields
a symmetrical and Gaussian-like distribution while a right-skewed vol-
ume distribution is obtained with the classical system. However,
rejecting pulses with R below 52% or with NN scores below 0.5 is
shown to render symmetrical distributions (cases noHF- R and noHF-
NN in Figure 6(A)).

In order to provide a quantitative comparison between both sys-
tems, measurements are calibrated before computing the probability
density functions of cells volumes depicted in Figure 6(B). Voltage
pulses are calibrated in such a way that the averaged H for cases HF
and noHF- R (see Figure 6(A)) correspond to the MCV rendered by a
ABX Pentra™ DX120 (HORIBA Medical), used as a reference machine.
As shown by Figure 6(B), a good comparison is observed between
hydrofocused and classical systems, provided that a rotation filter is
used (see noHF- R and noHF-NN in Figure 6(B)).

(A 1500

--- HF
— noHF
----noHF-NN

1,000

Count

500

© :

MCV noHFIfL]

noHF
noHF — R
noHF — NN

80 90 100 110 120 130
MCV HFIfL]

FIGURE 6

Electrical pulses from the classical and the hydrofocused devices
were recorded for 20 blood samples in total. After calibration, mean
cells volumes (MCV) and RDWs were calculated. The MCV is the
mean of V,, and the RDW is computed as the standard deviation of V,,,
divided by the MCV. MCV and RDW are calculated from the ampli-
tudes distribution, by discarding the part of the curve that falls below
5% of the maximum occurrence, which naturally excludes platelets
and doublets associated with large volumes. The distribution curve is
smoothed with a moving average algorithm prior the calculation of
MCV and RDW. Correlations of MCV and RDW between the hydro-
focused system and the classical system with different filters are
shown in Figure 6(C), (D), respectively. Regarding the MCV (Figure 6
(C)), good Pearson correlation coefficients (R) are obtained for all
cases, even without sorting the pulses: When pulses are not sorted,
the MCV is consistently overestimated by 20%-25% in our setup.
Considering the RDW, results show that unfiltered data from the clas-
sical system are poorly correlated with hydrodynamical focusing (see
case noHF in Figure 6(D), R = 0.75). The correlation is significantly
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(A) Histograms of pulses maxima obtained from the classical system (noHF) and the system with hydrodynamic focusing

(HF) when analyzing a blood sample from a healthy donor. Case noHF- R is obtained by applying R <52% as a rejection criterion, while noHF-
neural network (NN) results from the removal of pulses whose NN score is below 0.5. (B) Probability density functions of red blood cellS (RBCs)
volumes, derived from pulses heights H, after calibration. Correlations of mean cell volumes (C) and RBCs distribution widths (D), between the

classical system and the hydrofocused analyzer, with and without filters



TARACONAT ET AL

CYTOMETRY_ -

improved to 0.88 and 0.89 with the use of the R based filter and the

NN modeling, respectively.

4 | DISCUSSION

For counting and sizing RBCs, impedance-based systems using the
Coulter principle without hydrodynamical focusing remain widely
used, because of their low fluid consumption, the simplicity of their
implementation and their lower cost.

The present study provides new insights on inaccuracies in the
sizing of RBCs in such analyzers. Using numerical simulations, we
showed 'bell-shaped' pulses when cells flow in the aperture core. On
the opposite, a variety of complex signatures are obtained when cells
flow near the wall: There, velocity gradients make RBCs rotate, which
generates a peak on the electrical pulse, leading in turn to over-
estimated RBCs volumes and right-skewed distributions. Furthermore,
this volume overestimation is shown to depend on the RBCs rheology.
Novel pulse editing methods are then proposed to reject pulses
affected by near-wall effects. In the first approach, the rotation asso-
ciated peak is detected by computing and thresholding a metric (R)
calculated from the pulse. In the second, 'bell-shaped' signatures of
central trajectories are isolated using a NN trained from numerical
simulations. These methods retrieve symmetrical RBC volume distri-
butions, in agreement with results from a system with hydrodynamic
focusing, which can be considered as the reference. Besides, very
good correlations are obtained with the reference in terms of MCV
and RDW with the two methods.

Further assessments of our approach are intended in the near
future. Since both filters provide close results, we will focus on the R
-based one, which is easier to implement on the automata as com-
pared with the NN. Actually, we are currently integrating the R-based
filter in the analyzer to apply it automatically and avoid time-
consuming data transfer and application of the filter on the personal
computer, as it was done in this proof of concept. In addition, we plan
to apply this method to other blood samples with wider variations in
MCV and RDW (for instance using pathological samples) to challenge
the filter.

The proposed filters are meant to detect flow-induced rotations
of particles. Note that in the case of more spherical particles, the
problem of rotation-associated overestimation of the volume disap-
pears. However, small electrical peaks [34,4,14] may be present at the
corner of the orifice. The parameters of the R -based filter could be
modified to detect such peaks, as discussed in Section 3.2.

Some blood analyzers use surfactants to modify the RBCs and
make them spherical, so that the sizing is more robust. The use of a
rotation-based filter may make the use of such complex and possibly
costly external fluids useless.

Filtering the data using R, which is a ratio of pulse widths, has
advantages and drawbacks: First, such a filter has two relative thresh-
old parameters that define the widths used to calculate R . These
parameters, p, and pg4 need to be tuned and may depend on the

external fluid used, the geometry, the flow speed and the type of
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particles to size. In general, when adapting the R-based filter to a new
machine, preliminary tests are needed to check and adapt p,, py and
the threshold value of R to reject or accept the pulses. However, we
have seen that the filter is not very sensitive to the values of those
thresholds (as illustrated in the supplementary materials). In addition,
the tuning process is easy, as the R-based filter should separate the
pulses into two well-defined subpopulations, as shown in Figure 5.
Such a property of the R -based filter is actually a major advantage
compared to other pulse editing methods [8,17,19,20]. One reason
for this is that R is actually independent of the RBC volume, which is
not the case of many other metrics used for pulse editing, such as the
pulse width [8]. This also guarantees a better robustness of the filter.
In addition, note that some filters based on the symmetry of the pulse
would not reject some near-wall symmetric pulses, while the R-based
filter does.

While many analyzers implement pulse editing methods, they are
rarely documented in a thorough way, and a stricter quality assess-
ment would be beneficial. In particular, we stress that it is possible to
have a true validation of pulse editing methods by comparing the
pulse edited data with data obtained in systems with hydrodynamic
focusing for the same blood, as presented in this article, and by com-
paring not only the MCV but also the RDW, which is more sensitive
to errors and is more and more employed as a diagnostic parame-
ter [3].

Finally, cells orientation in flow cytometers has been reported to
alter the optical measurements [35,36]. Numerical simulations of cells
dynamics in such devices could bring new understanding on such arti-
facts and potentially assist the development of more robust flow

cytometers.
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