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Abstract

Red blood cell (RBC) aggregation and disaggregation are key factors in microcirculatory
flow, and their disturbance can lead to alterations in the rheological properties of blood
in disorders such as chronic lymphocytic leukemia (CLL). This study aimed to determine
the critical shear rate required to fully disaggregate RBC aggregates using samples from
healthy individuals, providing a reference point for evaluating pathological changes. Using
a microfluidic system and software-image-based flow analysis, RBC disaggregation was
assessed by the Aggregation-Area Indicator at a high shear rate (AAlf) changes and the
number of undestroyed aggregates. The defined critical shear rate at 446 s~! was applied
to assess RBC disaggregation in CLL patients, both untreated and treated with Obinu-
tuzumab /Venetoclax or Ibrutinib. CLL samples exhibited significantly elevated AAly
values compared to controls, indicating a greater resistance to shear-induced dispersion.
Although both treatments reduced the number of stable aggregates, neither therapy fully
normalized RBC disaggregation to the levels observed in healthy controls. Moreover, there
was a notable heterogeneity among Ibrutinib-treated patients, revealing different therapeu-
tic effects on RBC rheology. These findings suggest alterations in the RBC rheology in CLL
despite therapy and support the use of a shear-dependent disaggregation analysis as a com-
plementary tool for understanding and monitoring CLL-related hematologic abnormalities.

Keywords: red blood cell disaggregation; microfluidic device; software image flow analysis;
Obinutuzumab-Venetoclax; Ibrutinib

1. Introduction

Red blood cells (RBCs), the most abundant type of blood cells, are the primary deter-
minants of rheological blood behavior. Their physical properties influence blood viscosity,
flow resistance, and microcirculatory perfusion. The characteristic biconcave shape and
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specific membrane protein composition allow them to deform and pass through capillaries
smaller than their diameter, maintaining continuous microcirculatory blood flow [1].

At low shear rates (<1-10 s~!), RBCs aggregate due to intercellular adhesion, form-
ing two- and three-dimensional structures. The aggregation results in the formation of
rouleaux—ypiles of RBCs resembling stack of coins. As aggregation intensifies, these linear
arrays may develop branches, leading to the emergence of more complex structures. In
some cases, interconnected rouleaux form continuous networks that may further assemble
into large, three-dimensional aggregates, depending on the intercellular adhesion forces [2].
RBC aggregation is a reversible, dynamic process that increases blood viscosity at low shear
rates and plays a key role in regulating microvascular blood flow [3].

The aggregation of RBCs is controlled by a balance between intrinsic factors (cell prop-
erties such as deformability, membrane fluidity, and surface charge) and extrinsic factors
(including hematocrit and plasma levels of high-molecular-weight proteins). A reduction
in cell elasticity and membrane fluidity increases cell adhesion and promotes aggregation,
impairing blood flow and increasing vascular resistance [4]. The external factors also have
a significant impact on aggregation. Elevated levels of high-molecular-weight proteins (e.g.,
fibrinogen) or polymers (e.g., Dextran 70 kDa) enhance RBC aggregation by promoting
cell—cell interactions [2,5].

As shear rates increase above a critical value, hydrodynamic forces exceed the weak
adhesive interactions between aggregated RBCs, leading to their dispersion and, thus, to a
decrease in blood viscosity. This process is essential for maintaining hemodynamic stability,
particularly in microcirculation [6,7].

Excessive RBC aggregation and impaired RBC disaggregation could disrupt oxygen
delivery and promote vascular resistance [8,9]. The dynamics of RBC aggregation and
disaggregation are closely linked to cellular deformability and surface characteristics.
These properties can be altered by various factors, including cellular aging, oxidative
stress, and the activity of proteolytic enzymes, all of which influence the composition
and function of the RBC membrane and intercellular interactions. In inflammatory states,
elevated levels of chemotactic factors, reactive oxygen species (ROS), and proteolytic
enzymes further damage RBCs, reducing their flexibility, promoting aggregation, and
hindering proper disaggregation. The ability of RBCs to dynamically transition between
aggregation and disaggregation states plays a vital role in modulating blood flow resistance
and ensures efficient oxygen delivery throughout the microcirculation. Disruptions in this
finely tuned balance, as seen in conditions like hyperviscosity syndromes, diabetes, or
chronic inflammatory conditions, can lead to impaired microcirculation and an increased
risk of cardiovascular complications [10-12]. Inflammation is thought to be involved in the
initiation and progression of several chronic lymphoproliferative disorders of the B-cell
type, such as CLL, non-Hodgkin lymphoma, multiple myeloma, etc. [13].

CLL is a type of cancer characterized by the accumulation of abnormal B cells in
the blood and bone marrow [14]. The malignant cells often infiltrate the lymph nodes,
spleen, and liver, leading to various complications. In CLL, malignant B cells partly escape
programmed death by overproducing BCL-2, an anti-apoptotic protein that inhibits the
normal process of apoptosis. Another critical mechanism supporting CLL cell survival
is the activation of the B-cell receptor (BCR) signaling pathway, which also leads to the
increased production of inflammatory cytokines and promotes a microenvironment con-
ducive to leukemic cell persistence [15]. Pro-inflammatory cytokines and chemokines, such
as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-«), and B-cell activation factor
(BAFF), were found to be elevated in CLL patients [16,17]. These inflammatory mediators
can affect RBC behavior, potentially leading to altered aggregation dynamics.
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Furthermore, CLL is associated with autoimmune complications, including autoim-
mune hemolytic anemia (AIHA), where the immune system wrongly targets and destroys
RBCs [18]. The occurrence of AIHA can further exacerbate disruptions in RBC aggregation
as a consequence of their impaired morphology and function [19]. These factors highlight
the impact of chronic inflammation in CLL on the aggregation-disaggregation process and
microcirculatory dynamics of RBCs.

Several inhibitors targeting the BCL-2 family are developed, among which Venetoclax
stands out as a selective BCL-2 inhibitor that effectively induces apoptosis in CLL cells [20].

Another major advancement in CLL therapy is Ibrutinib, a first-in-class Bruton’s tyro-
sine kinase (BTK) inhibitor. It binds irreversibly to a cysteine residue (Cys481) within the
active site of BTK, thereby disrupting key signaling pathways that support the proliferation
and survival of malignant B cells [21].

In the past decade, advances in microfluidic technologies have significantly enhanced
the experimental characterization of RBC properties, as well as the rheological behavior
of blood [22]. In this context, microfluidic systems offer a significant advantage since they
allow for precise fluid flow control, enabling a detailed examination of RBC deformability,
aggregation, and disaggregation under various conditions. These emerging technologies
provide valuable insights into the effect of the mechanical properties of RBCs on blood
viscosity, microcirculatory flow, and overall hemodynamics. In particular, microfluidic
systems enable the study of pathological conditions, such as sickle cell disease, diabetes,
CLL, and other disorders, in which altered RBC behavior contributes to impaired oxygen
delivery and increased vascular resistance [9,23-25].

Recently, we developed a Software Image Flow Analysis platform to differentiate the
effects of various targeted therapies on the aggregation behavior of RBCs in CLL [25]. We
found that RBC aggregation was significantly higher in untreated CLL patients than in
healthy controls. Targeted therapy with a combination of Obinutuzumab and Venetoclax
did not lead to an improvement in RBC aggregation compared to untreated CLL patients,
which suggests that the therapy does not directly modulate the processes contributing
to an altered RBC rheology. In contrast, the treatment with Ibrutinib restored the RBC
aggregation levels to those observed in healthy individuals. This indicates that Ibrutinib
may exert beneficial effects not only on malignant lymphocytes but also on blood rheology.
The likely mechanism involves its immunomodulatory activity, which reduces chronic
inflammation and circulating cytokine levels—factors known to affect RBC membrane
properties and promote aggregation.

In this study, we further extend our investigation by examining the critical shear rate
required for effective RBC disaggregation in healthy individuals and assess its clinical rele-
vance in CLL patients. Using a microfluidic software-image-based flow analysis platform,
we aim to quantitatively evaluate RBC aggregation dynamics, identify potential alterations
in key rheological parameters associated with CLL, and evaluate the response of the applied
therapies. Our results revealed impaired RBC disaggregation in the samples of untreated
CLL patients, and a partially reduced number of aggregates in Obinutuzumab /Venetoclax-
and Ibrutinib-treated patients. Moreover, Ibrutinib-treated patients displayed high inter-
individual variability in the rheological response.

2. Materials and Methods
2.1. Study Groups and Ethics Statement

This study enrolled a total of 27 patients with CLL who were admitted to the National
Specialized Hospital for Active Treatment of Hematological Diseases, Sofia, Bulgaria. The
diagnosis of CLL was established following the current CLL guidelines [26,27]. Exclusion
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criteria were as follows: patients with comorbid conditions such as diabetes, renal disease,
autoimmune diseases, or hyperlipidemia were excluded from participation.

The study cohort was divided into three groups: 8 untreated patients (3 females,
5 males; mean age: 60.5 &+ 12.3 years) with asymptomatic or mild disease; 11 patients
undergoing therapy with a combination of Obinutuzumab/Venetoclax (5 females, 6 males;
mean age: 69.6 + 7.5 years); and 8 patients receiving treatment with Ibrutinib (3 females,
5 males; mean age: 64.13 & 9.2 years).

The control group included 16 healthy volunteers (10 females, 6 males; mean age:
56.4 & 6.8 years) with no history of chronic or oncohematological diseases and who are free
of medication at the time of enrollment.

All patients and healthy subjects gave their written informed consent for participa-
tion. The study protocol was approved by the Ethics Committee of the Institute of Bio-
physics and Biomedical Engineering, Bulgarian Academy of Sciences (Approval No. 378H/1
26 March 2024), and conducted following the Declaration of Helsinki.

2.2. Blood Collection and Sample Preparation

Peripheral blood samples were obtained from CLL patients following an overnight
fast, coinciding with their routine hospital visits. Venous blood was drawn into two
6 mL Vacutainer tubes containing KEDTA (Becton Dickinson and Company, Franklin
Lakes, NJ, USA). RBCs were subsequently isolated following the methodology outlined
by Alexandrova-Watanabe et al. [24]. In brief, following centrifugation of the collected
blood (Universal 320 R centrifuge, Hettich, Germany) at 1500 g for 10 min, the supernatant,
comprising plasma and white blood cells, was carefully removed. The remaining RBCs were
resuspended and washed twice with phosphate-buffered saline (140 mM NaCl, 2.7 mM K(l,
8 mM Na,HPO,, 1 mM KH,POy). The final RBC suspension was adjusted to a hematocrit
of 40% (by centrifuge Haematokrit 200, Hettich, Germany).

2.3. Stimulation of RBC Aggregation

In order to induce RBC aggregation with comparable strength and kinetics to that
caused by plasma proteins such as fibrinogen, while avoiding the variability of patient
plasma [28,29], 5 uL of RBCs from each blood sample, obtained from healthy controls and
CLL patients, were mixed with 195 uL of Dextran 70 solution (4 g/dL). The chosen Dex-
tran concentration offers a balance between physiologically relevant aggregation and low
solution viscosity, providing a standardized model for comparing healthy and pathological
RBC samples [30]. This dilution reduced the final hematocrit of the RBC suspension to 2%
across all experiments.

2.4. Viscosity Measurements

The viscosity of RBC suspensions diluted in Dextran 70 (as described in Section 2.3)
was measured under steady-state flow conditions employing a Brookfield programmable
rotational viscometer type DV-II + Pro (Brookfield Engineering Laboratories, Inc., Mid-
dleboro, MA, USA). Before measurements, the viscometer was calibrated using water at
a temperature of 37 °C to ensure accuracy. At the same temperature, the viscosity of the
diluted RBC suspensions was determined to be 1.12 + 0.04 mPa.s.

2.5. Microfluidic System Description and Experiments

An air-pressure-driven BioFlux microfluidic system (Cell Microsystems, Durham, NC,
USA) was employed to study RBC aggregation under flow conditions [25]. This system
provides a high-resolution imaging platform optimized for in-flow rheological analyses.
It includes the BioFlux 200 electro-pneumatic flow control pump, a Lumascope 620 in-
verted fluorescence microscope, Lumascope 620 (Etaluma, San Diego, CA, USA), BioFlux
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microfluidic plates, and a computer workstation equipped with Lumaview software (Ver-
sion: 19.07.12) for system control and data acquisition.

The RBC aggregation assays were conducted in BioFlux 24-well plates configured
for 0-20 dyn/cm? shear stress. Each plate contained eight microfluidic channels with a
cross-sectional width of 350 um and a height of 75 um [25].

2.6. Design of the Aggregation Experiments

Microfluidic channels were loaded with 200 pL of each diluted RBC suspension
prepared in Dextran 70. To eliminate pre-existing RBC aggregates, the suspensions were
initially perfused through the channels at a high shear stress of 5 dyn/cm? (corresponding
to a shear rate of 446 s!) for 5 min. Following this, the flow was abruptly reduced to a
low shear stress of 0.1 dyn/cm? (shear rate of 8.9 s~!) for an additional 5 min to promote
aggregation under low-flow conditions.

Subsequently, flow was completely halted, and RBC aggregates were visualized using
an inverted phase-contrast microscope. Image acquisition began 30 s after flow cessation,
with at least five images captured every 2 s along the full visible length of the channel at
randomly selected locations.

The 2D images presented in this study are extracted from a cross-section of the mi-
crochannel, captured near the bottom surface (i.e., the bottom wall of the microchannel).
Thus, the phase-contrast microscopy is focused near the bottom of the microchannel. There-
fore, the horizontal axis (x-axis) represents the position along the length of the microchannel
(i.e., the direction of flow), while the vertical axis (y-axis) corresponds to the distance per-
pendicular to the microchannel floor. Furthermore, the visualized plane in the images
does not show the full height of the microchannel, but only a thin optical section near
the microchannel wall. This allows for detailed observation of cell-cell and cell-surface
interactions, which are relevant for analyzing the dynamics of aggregation under flow.

2.7. Design of the Disaggregation Experiments

For the experiment aimed at determining the critical shear rate, RBC aggregates
formed in suspensions from healthy individuals were exposed to increasing shear stresses
of1,2,3,4,5 and 6 dyn/ cm?, corresponding to shear rates of 89, 178, 268, 357, 446, and
535571, respectively. The critical shear stress was defined as the minimum shear stress at
which complete disaggregation was observed. This parameter was determined in samples
from untreated CLL patients and subsequently applied in experiments assessing the degree
of RBC disaggregation after the applied targeted treatments.

After each applied shear rate (maintained for 5 min), undestroyed RBC aggregates—i.e.,
those not disaggregated by the applied flow—were visualized using phase-contrast microscopy.
Image acquisition began 30 s after the cessation of flow, with at least five images captured every
2 s along the entire visible length of the microfluidic channel. Fields of view were randomly
selected to ensure representative sampling.

2.8. Computational Image Analysis for Red Blood Cell Aggregate Classification and Visualization

For this study, based on the developed computational approach [25] to analyze and
quantify RBC aggregates, a custom macro software application (Software Image Flow
Analysis platform) within the Image J 1.54¢g [https:/ /imagej.net/ij/, accessed on 11 Novem-
ber 2024] environment was implemented. This software application, constructed using
Image J’s scripting capabilities, executes a methodical procedure to evaluate and visually
represent RBC aggregates according to their size characteristics. The Software Image Flow
Analysis (workflow) proceeds through multiple distinct stages.

Initially, the system imports image data into the Image J 1.54g platform. The images
are further processed to prepare them for accurate analysis. This preparation involves
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binary conversion utilizing Image J’s thresholding functionalities, distinguishing RBC
aggregates from the background. After thresholding, additional programming steps are
applied to ensure that each RBC aggregate is processed as a cohesive region, preserving the
structural integrity necessary for accurate quantitative analysis.

For the next stage, the analytical parameters (the area and number of RBC aggregates)
are chosen, with particular emphasis on dimensional quantification. The classification crite-
rion is the surface area, expressed in square micrometers (um?). This metric is calculated
by quantifying the pixel composition of each aggregate through the area parameter within
the Set Measurements function of Image J, and the result is then converted into real-world
size (um?) based on the image’s scale.

The next functional step is the realization of the quantitative evaluation that includes the
Analyze Particles functionality of Image ] to determine RBC aggregates with specific criteria:
e Identifying RBC aggregates with dimensional parameters exceeding 50 um? with no

defined upper limit;

e Systematic cataloging within the Region of Interest (ROI) Manager of Image ] for
further analysis processing.

Visual differentiation is accomplished through a dimensional classification scheme
with the corresponding color designation (Table 1).

Table 1. Classification of RBC aggregates by size and color mapping.

Area Range (um?) Color
<99 White
100-330 Green
331-660 Blue
661-1320 Light Blue
1321-2700 Purple
>2701 Yellow

Each identified RBC aggregate undergoes individual analysis involving ROI Manager
selection, dimensional assessment, and appropriate color application through visualization
functions. Each identified RBC aggregate is visualized by delineating its perimeter with
a colored outline. The color of each outline corresponds to the aggregate’s size classifi-
cation, creating a clear visual representation of the size distribution within the image. A
standardized line ensures optimal border visibility for all RBC aggregated structures.

This final step indicates the completion of the analytical process, with all aggregates
classified, color-coded, and quantified according to their respective size categories (i.e., the
number of RBC aggregates and the total area of RBC aggregates at each defined colored
size interval).

2.9. RBC Aggregation Indices

Two primary parameters were used to quantify RBC aggregation through image anal-
ysis: the RBC Aggregate-Area Indicator (AAI) and the Number of RBC Aggregates (NA),
both assessed under low (L)- and high (H)-shear-rate conditions (denoted as subscripts).

The NA parameter was defined as the average number of distinct RBC aggregates per
unit area of the microscope’s visual field. AAI quantifies the extent of RBC aggregation by
comparing the area covered by RBC aggregates to the total area of the visual field of the
microscope. AAI, represents the degree of RBC aggregation under low-flow conditions
and is calculated by the following formula [adapted from 3]:

AAI; = % (1)
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where S, (in pixels) is the total sum of areas of the aggregates after the flow of 8.9 57!, and

S1 (in pixelsz) is the total observed area of one visual field of the microscope. AAly presents

undispersed RBC aggregates at high-flow conditions, which are calculated by the formula:
Adly =2, @

51

where S; (in pixels) is the total observed area of one visual field of the microscope

(1600 x 300 pixels?), and S; (in pixels) is the total sum of areas of RBC aggregates which

were not disaggregated at high shear rate.

2.10. Clinical and Hematological Indices

The clinical and hematological indices were obtained from the National Specialized
Hospital for Active Treatment of Hematological Diseases, Sofia, Bulgaria. Biochemical
analyses were performed using the Architect ¢4000 and Beckman Coulter AU480 analyzers
(Chaska, MN, USA). Hematological analyses were conducted with the Siemens ADVIA
2120i (Tarrytown, New York, USA) and Dirui BF-7200 Plus systems (Dirui Industrial
Co., Ltd., Changchun, China). Fibrinogen levels were assessed using the Sysmex CS-2500
coagulation analyzer (Sysmex Corporation, Kobe, Hyogo Prefecture, Japan). All procedures
were carried out in accordance with standard clinical protocols.

2.11. Theoretical Assumptions on Flow Field, Shear Rate Distribution, and Shear-Induced RBC
Migration in the Context of BioFlux Experimental Analysis

Given the dilute nature of the erythrocyte suspension (2% hematocrit in 4 g/dL
Dextran 70), it exhibits a nearly constant viscosity (1.12 = 0.04 mPa.s at 37 °C), supporting
the assumption that it behaves approximately as a Newtonian fluid. Under this assumption,
the velocity profile along the channel height is almost parabolic, and the shear rate varies
linearly, ranging from zero at the centerline to a maximum at the walls. A schematic
illustration of the expected velocity and shear rate profiles is provided in Figure 1. This
spatial variation in shear rate is critical for understanding aggregation dynamics. Even
at relatively high nominal wall shear stress (e.g., 5 dyn/cm?), regions of low shear rate
remain near the channel centerline. These zones allow for the partial retention of aggregates
(rouleaux), as the shear forces present may be insufficient for complete disintegration, a
phenomenon previously reported in similar microfluidic studies [31].

Shear rate (normalized)

Channel height (normalized)

0.0 0.2 0.4 0.6 0.8 1.0
Velocity (normalized)

Figure 1. Velocity and shear rate profiles in a rectangular microchannel (Newtonian fluid).
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The analytical expressions used in this study to estimate the nominal and local shear
rates in the microfluidic system are presented below.

2.11.1. Nominal Shear Rate

Due to the non-uniform shear rate profile in rectangular microchannels, the shear
rates reported in this study refer to nominal values, calculated based on the geometry of
the channel and the imposed flow conditions. Specifically, the nominal shear rate v,,,,, is
approximated by the following formula [32]:

‘ 6Q
Ynom = wh? 3)

where Q is the volumetric flow rate, w is the channel width, and & is the channel height.

The BioFlux 200 software to V2.6.0.9 directly calculates it at a given nominal shear
stress value Tyom = Vyom, Where the value of the effective dynamic viscosity p is exper-
imentally determined for the studied RBC suspension (see Section 2.4). The volumetric
flow rate Q is indirectly determined by the applied pressure differential (AP) set by the
BioFlux control software and is internally calibrated for the channel geometry. It is obvious
that the nominal shear rate defined by Equation (3) coincides with the maximal shear
rate, and it provides a standardized comparative metric for aggregation/disaggregation
across experiments.

2.11.2. A Local Shear Rate Approximation

The BioFlux system does not provide direct access to spatially resolved flow fields or
shear rate profiles. Thus, building upon the nominal shear rate defined above, we now
present a physically grounded approximation for the local shear rate within the micro-
channel, which more accurately reflects the shear conditions in the studied RBC suspension
flow. This local shear rate will be used throughout the subsequent analysis of the study.

Because the velocity profile u(y) across the channel height y € {— %, %} , is parabolic; it
can be expressed as follows:

uly) = (1~ (2,1/)2) @

where 1 = % is the mean flow velocity.

The local shear rate (velocity gradient) is the spatial derivative of velocity:

du
dy

12

W) = | 5| = 52l ©

The maximum shear rate occurs at the channel walls y = :t%
: (. h 6Q .
Yimax = Y(iz) = W = Ynom (6)
To obtain the average local shear rate experienced by particles or cells distributed over
the channel height, we take the spatial average of () :

. 115 . 1 1% 121 3u
Yiocal = E/ B Y(y)d}/ :ﬁ/ " hTh/‘d'Y = 7 (7)
-2 -2

Using u = %, this simplifies to the following;:

: 30 1.
Yiocal = 2wh = E’Ynom (8)
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This result shows that the average local shear rate in the channel cross-section is
approximately half of the nominal (maximum) shear rate defined at the walls. Physically,
this indicates that the RBC suspension experiences a range of shear rates, from zero at the
center to the maximum shear rate v,,,,, at the microchannel wall. The average shear rate is
approximately half the maximum. Therefore, using v;,c,; ~ %ynom is a physically sound
and practical approximation for microfluidic experiments involving near-Newtonian fluids.

2.11.3. Shear-Induced Migration in the Context of Dilute RBC Suspensions

Although the present study did not explicitly investigate shear-induced migration of
RBCs, it is worth noting that such migration can occur even under the present experimental
conditions involving a dilute RBC suspension (2% hematocrit) in a Newtonian medium
(4 g/dL Dextran 70). While classical models of shear-induced migration, such as that of
Phillips et al. [33], are mainly applied to concentrated suspensions, previous theoretical and
experimental studies [34,35] have shown that individual deformable RBCs can also exhibit
lateral migration in shear flow due to asymmetric deformation and cell-flow interactions.

2.12. Statistical Analysis

Data are presented as Me (Q1; Q3), where Q1 is the first and Q3 is the third quartile,
respectively. The Shapiro-Wilk test was used to evaluate the type of distribution of the
data sets. As the results did not confirm normal data distribution in all groups and the
variances between the groups were unequal, we used a non-parametric Mann-Whitney test
to compare the data of each CLL group with the control group. We considered differences
to be significant if p < 0.05.

Local shear rate profiles were computed using Maple 15 software, Maplesoft [https:
/ /www.maplesoft.com], accessed on 5 June 2025.

3. Results
3.1. Clinical and Hematological Characteristics of the CLL Patients and Healthy Controls

The clinical and hematological indices for the CLL patients” groups and the healthy
volunteers are presented in Table 2. There were no significant differences in the key hema-
tologic indices between the patient and control groups. However, a lower hemoglobin (Hb)
level was observed in the group of patients treated with the combination of Obinutuzumab
and Venetoclax. A further analysis revealed some differences within the patient groups
themselves. Specifically, lower RBC counts and Ht levels were observed in four patients
undergoing Obinutuzumab/Venetoclax treatment, as well as in one untreated patient.
Additionally, increased mean corpuscular volume (MCV) and red blood cell distribution
width (RDW) values were found in two patients treated with Obinutuzumab/Venetoclax
and one untreated patient. Moreover, lower lymphocyte and white blood cell (WBC) counts
were detected in five patients in the Obinutuzumab/ Venetoclax-treated group. Therefore,
although some hematological parameters were altered in some patient groups, the overall
differences between patients and healthy controls were minimal.
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Table 2. Clinical (age, gender, and Rai stage), and laboratory indices (RBC count; hemoglobin, Hb;
hematocrit, Ht; mean corpuscular volume, MCV; mean corpuscular hemoglobin, MCH; mean cor-
puscular hemoglobin concentration, MCHC; red blood cell distribution width, RDW; total bilirubin;
white blood cell, WBC; lymphocytes; platelet count; and fibrinogen) determined for healthy controls
and CLL patients. Data are presented as Me (Q1; Q3).

Groups
o Health CLL Patients C}{Ie“cl:‘t,liints CLL Patients
Characteristics Reference y Without . 8 Receiving
Values Controls Treatment Obinutuzumab/ Ibrutinib
(n=16) (n =8) Venetoclax (@ =8)
(n=11)
Age (years) - 58 (45.3; 65.8) 65 (49; 70.8) 72 (64.5; 74.8) 62.5 (54.3; 73.8)
Gender (F/M) 10/6 3/5 5/6 3/5
Rai stage 0 1-4 1-4
RBC count (T/L) 4.60-6.20 4.42 (4.36; 4.59) 5.16 (4.68; 5.26) 4.62 (4.46; 4.82) 4.91 (4.67; 5.09)
Hb (g/L) 140.00-180.00 143.0 (139; 149) 148.5 (141; 160) 140.0 (120; 148) * 141 (138; 147)
Ht (L/L) 0.40-0.54 0.44 (0.41; 0.48) 0.44 (0.42; 0.46) 0.41 (0.37; 0.43) 0.43 (0.41; 0.46)
MCV (fl) 80.00-95.00 89.5 (86.7; 93.0) 87.9 (85.8; 93.8) 88.1 (82.9; 93.6) 89.2 (85.9; 91.0)
MCH (Pg/L) 27.00-32.00 30.1(29.1; 31.4) 30.3 (28.5; 31.5) 30.1(27.7; 31.3) 29.7 (27.5; 30.2)
MCHC (g/L) 320.00-360.00 345.0 (325.0; 349.5) 339.5 (324; 345) 337.0 (328; 341) 333 (306; 344)
RDW % 11.60-14.80 13.5 (12.6; 14.3) 13.5 (13.2; 15.4) 13.9 (13.3; 14.7) 14.1 (13.5; 14.6)
WBC 3.50-10.50 6.0 (5.5; 6.8) 21.2(10.1; 71.2) * 3.89 (2.82; 4.20) 6.1 (4.8;8.1)
Tofii’élllj‘ﬁl)’m 3.40-20.50 17.4 (8.1, 18.5) 12.0 (8.8; 37.9) 13.0 (9.5; 21.5) 13.4(11.3; 18.4)
Lymphocytes (ABS) 1.10-3.80 1.84 (1.78; 2.14) 15.8 (5.4; 62.4) * 1.2 (1.0; 1.5) 1.8 (1.1;3.4)
Platelet count x 10°/L 142.00-440.00 290.0 (178.0; 337.5) 200 (168; 239) 161 (131; 214) 154 (142; 195)
Fibrinogen (g/L) 1.80-4.50 2.3 (1.98;2.65) 3.1(2.3;3.9) 2.6 (2.4;2.7) 29(2.7;3.1)

* Denotes a statistically significant difference (p < 0.05) in the laboratory indices between the groups of patients
with CLL and the control group.

3.2. Evaluation of Critical Shear Rate for RBC Disaggregation in the Healthy State

An accurate determination of the shear rate of RBC aggregation-disaggregation under
experimental conditions is crucial for the precise simulation of microcirculatory conditions
and the reliable comparison of healthy and pathological conditions.

In the initial step of our experiments, we aimed to identify the nominal shear rate
required to fully disperse RBC aggregates (formed under low-flow conditions) using cells
from healthy donors. To achieve this, RBC aggregates formed in the microchannel under the
first mode of operation—i.e., at a low shear rate (as outlined in Section 2.7)—were subjected to
six progressively increasing shear rates (Table 3). The disaggregation process was examined by
assessing the number and size of RBC aggregates, as well as the Aggregate-Area Indicator at
high-flow conditions (AAlp). The latter is a quantitative and reliable parameter for evaluating
the aggregation state (described in Section 2.9) at high-flow conditions. The critical minimum
shear rate required for disaggregation was determined based on the change in AAly in
response to the applied shear rates. The experiments were conducted until the shear rate
reached a level where the AAly no longer exhibited significant changes, indicating that the
disaggregation state had stabilized.

Figure 2 shows representative images of RBC aggregates at four selected shear rates
(89 s1 268 s71 446 571, and 535 s’l) using a BioFlux microfluidic system and helps
visualize the critical shear rate of 446 s~! beyond which RBC disaggregation reaches
a plateau.

The extent of RBC disaggregation was accurately determined using Software Image
Flow Analysis (described in Section 2.8), which involved assessing the area and number
of RBC aggregates not dispersed at the applied shear rates in the obtained images. This
software algorithm distinguishes undispersed aggregates based on their size.
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Table 3. Aggregation-Area Indicator (AAly) and Number (NAp) at high-flow conditions of undis-
persed RBC aggregates calculated at six progressively increasing shear rates.

Sheaz 1Rate NAg AAly

(s

89 125.7 +23.4 0.0524 4 0.0115
178 87.0+15.6 0.0332 4 0.0066
268 54.9 £9.2 0.0198 4 0.0043
357 463 +11.6 0.0158 =+ 0.0042
446 17.0 £ 5.7 0.0054 4 0.0017
535 153+ 1.3 0.0052 4 0.0006

Figure 2. Representative images of RBC aggregates from healthy individuals obtained with the
BioFlux microfluidic system under high-flow conditions at (A) 89 s~1; (B) 268 s71; (C) 446 571, and
(D) 535 s~ 1. Scale bar—50 pm.

To facilitate interpretation, the visualizations were color-coded to differentiate aggre-
gates by size, particularly at higher shear conditions. In these conditions, populations with
smaller aggregate sizes (100-330 um?) are more prevalent. This approach enhances the
clarity and accuracy of the analysis, especially when examining the effects of varying shear
rates on RBC disaggregation.

The color scale applied to the images shown in Figure 2 is further illustrated in Figure 3,
providing insight into the size-based classification of RBC aggregates.

As can be seen in Figure 3A, the shear rate of 89 s~ (close to low-flow conditions)
is sufficient to destroy the aggregates larger than 1320 um?. The image shows relatively
large RBC aggregates and rouleaux formations. The aggregates with sizes in the range
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of 661-1320 um? were occasionally observed, and their number averaged to 7 + 2.6. It
should be noted that, according to theoretical assumptions, these aggregates tend to migrate
toward the center of the visual field of the channel, consistent with the theoretical model
described in 3.2.1. The dominant population consisted of Rouleau formations with sizes of
100-330 um? and NA =119 + 21 (Figure 3A). The overall Aggregation-Area Index AAly
had a value of 0.05 = 0.01 (Table 3). This behavior demonstrated that the applied shear rate
cannot disperse all present RBC aggregates.

O ¢ Y
‘“q?’(‘,oq o o°

8o % &

Figure 3. Color-coded representative images of RBCs aggregates from healthy donors, corresponding
to those presented in Figure 1, obtained using the BioFlux microfluidic system under high-flow
conditions at shear rates of (A) 89 s~1, (B) 268 s~1, (C) 446 s~1, and (D) 535 s~ 1. Aggregated
populations are highlighted, enclosed with green (100-330 um?) and blue (331-660 um?2) contours,
while individual disaggregated RBCs (area < 99 um?) are outlined in white. Scale bar—50 yum.

As the shear rate increases to 268 s~1, the dispersion of RBC aggregates becomes
greater because the shear force breaks up the larger aggregates. Despite the increased shear
rate, interaction between RBCs was still observed (Figure 3B), with rouleaux being the
primary formation. The number of detectable small aggregates was significantly reduced
(NA =54 £ 9), approximately half of that observed at a lower shear rate (i.e., 89 s71).

At a higher shear rate of 446 s~1, the shear forces were sufficient to disaggregate the
majority of RBC aggregates. Fewer rouleaux structures were visible (NA =17 £ 5.7), and
the disaggregated individual RBCs become the dominant population (Figure 3C). Beyond
the shear rate of 446 s~!, the observed changes in RBC disaggregation were minimal and
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not statistically significant (a shear rate of 535 s~! resulted in NA = 15.3 4 1.2 (Figure 3D), in-
dicating that the applied shear forces were sufficient to break up the aggregates completely).
The AAl for the shear rates of 446 s~ ! and 535 s~ ! was found to be 0.0054 4 0.0017 and
0.0052 £ 0.0006, respectively (Table 3).

The NA of the undispersed RBC aggregates and AAly values calculated for the
selected shear rates are presented in Table 2 and graphically illustrated in Figure 4.

0.06
150
0.05{ T\ +

0.04

0.01

AAIY
NA

) 180 270 360 450 540 90 180 270 360 450 540
Shear rate (5_2) Shear rate (572)
Figure 4. Aggregation-Area Indicator (AAly) and Number of Undispersed RBC Aggregates (NAg)
at high-flow conditions of undispersed RBC aggregates as a function of the shear rate.

As shown in Figure 4, the AAly gradually decreases as the shear rate increases,
reaching its minimum value at 446 s 1. Further increases in shear rate did not result in any
significant changes in AAly, indicating that most RBC aggregates were dispersed. Similarly,
at 446 s~!, the number of undispersed aggregates reached its lowest value, aligning with
the plateau in AATy.

Therefore, the shear rate of 446 s—! was considered to be the critical shear rate at
which RBCs are dispersed, as the observed changes in AAly or the number of undispersed
aggregates after this point are negligibly small. This shear rate can, therefore, be used in
experimental simulations of flow conditions in small blood vessels. It will be applied in
subsequent experiments to investigate the behavior of aggregates in patients with CLL and
to evaluate the efficacy of treatment.

The local shear rate profiles corresponding to nominal shear rates of 89 s~1, 178 s 1,
268 571,357 571,446 571, and 535 s, calculated using Equations (1)—(6), are presented in
Figure 5. From the plots in Figure 5, we determined the numerical ranges of local shear
rates at positions between 25 and 37 um from the microchannel centerline for each nominal
shear rate. This selected region, spanning 25 to 37 pm, corresponds to the approximately
10- to 15-micrometer-thick zone above the bottom surface of the channel, as defined by
the BioFlux system, where RBC aggregation and disaggregation are mostly observed. The
numerical intervals of local shear rates within this region along the horizontal axis for each
nominal shear rate are summarized in Table 4.

Based on the numerical intervals of the local shear rates determined above, we next
correlate these values with the sizes of the observed RBC aggregates, as depicted in Figure 3.
At local shear rates within the range of 59.33 s71t083.25s71 both individual RBCs and
aggregates with areas ranging from 100 to 330 um? and 331 to 660 um? are observed
(Figure 3A). When the local shear rate increases to the range of 178.00 s~ ! to 249.75 s !
(Figure 3B), RBC aggregates in the 331-660 um? range are no longer present, and the
frequency of aggregates in the 100-330 um? range is reduced. At shear rates exceeding
296.67 s~! to 416.25 s~ ! (Figure 3C,D), RBC aggregates in the 100-330 um? range are
rarely observed.
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Figure 5. Calculated local shear rate profiles across channel half-height for various nominal
shear rates.

Table 4. Numerical ranges of local shear rates at positions between 25 and 37 um from the microchan-
nel centerline.

Nominal Shear Rate (s-1) Local Shear Rate at 25 um  Local Shear Rate at 37 um

() (s

89 59.33 83.25
178 118.67 166.50
268 178.00 249.75
357 237.33 333.00
446 296.67 416.25
535 356.00 499.50

3.3. RBC Disaggregation and Rheological Indices in CLL Patient Groups and Healthy Individuals

The degree of RBC dispersion is influenced by the previously formed rouleaux and
3D aggregates under low-flow conditions, as well as the intrinsic characteristics of the
cells. These factors have important implications for understanding the dynamics of RBC
aggregation, particularly in diseases such as CLL, where an altered blood rheology may
play a role. To investigate this, we first explore RBC aggregation at a low shear rate (8.9 s~!)
(Figures 6 and S1). In the healthy control group, aggregation was minimal and consisted
mainly of rouleaux and branched rouleaux formations (Figures S1A and 6A). In contrast,
the Software Image Flow Analysis revealed a marked increase in aggregation among CLL
samples, where larger RBC aggregates and complex 3D clusters were the predominant
populations (Figures 6B and S1B)—structures that were absent in the controls. A similar
aggregation pattern was observed in RBC suspensions from CLL patients treated with
Obinutuzumab/Venetoclax, suggesting that this treatment does not fully reverse the altered
aggregation (Figures 6C and S1C). In contrast, Ibrutinib-treated patients exhibited reduced
aggregation, approaching those observed in the healthy control group (Figures 6D and S1D).
These findings were detailed and commented on in our previous work investigating the
effect of the disease state and therapeutic intervention on RBC aggregation under low-shear
conditions in CLL patients [25]. However, it should be noted that the total Aggregation-
Area Indicator under a low shear rate (AAl} ) was significantly elevated across all CLL
groups compared to the controls (Table 5). The number of aggregates (NA) in those
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conditions decreased by approximately 30% in untreated CLL and those treated with
Obinutuzumab /Venetoclax (Table 5). This reduction in aggregate count is attributed to the
formation of larger, more complex 3D networks and cell clusters, which merge individual
aggregates into fewer, but substantially larger, structures (Figures 6B-C and S1B,C).

Figure 6. Color-representative images of RBC aggregates, corresponding to the samples shown
in Figure S1. The images were acquired using the BioFlux microfluidic system under low-flow
conditions (shear rate of 8.9 s~1), from the following: (A) healthy individuals; (B) patients with CLL
not requiring treatment; (C) CLL patients treated with Obinutuzumab/Venetoclax; and (D) CLL
patients treated with Ibrutinib. RBC aggregate populations are presented with color-coded contours
based on their projected area: green (100-330 um?), blue (331-660 um?), light blue (661-1320 pm?),
purple (1321-2700 um?), and yellow (>2701 pum?). Unaggregated individual RBCs (area < 99 pm?)
are presented with white contour. Scale bar—50 pum.

We examined the behavior of RBCs under a high shear rate (446 s 1), simulating the
hemodynamic environment within narrow vessels. Using Software Image Flow Analysis,
we assessed the proportion of RBC aggregates that remained intact despite the exposure to
a high shear flow (Figure 7). In the healthy control group, only a small number (<13) of
aggregates, formed by a few numbers of cells, were observed to remain without breaking up
under high-shear conditions (Table 5, Figure 7A). These aggregates were readily dispersed
under flow, as expected in physiologically normal conditions.
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Table 5. Aggregation-Area Indicator (AAI) and Number of RBC Aggregates (NA), at low- (AAIL,
NA}) and high-shear-rate (AAly;, NAy) conditions. Data are presented as Me (Q1; Q3) for the
control healthy group, untreated CLL patients, patients treated with Obinutuzumab/Venetoclax, and
patients treated with Ibrutinib.

Low Shear Rate High Shear Rate
Groups
AAILL NAL AAIy NAg

Controls 0.11 (0.09; 0.12) 168 (132; 183) 0.003 (0.002; 0.004) 11.5 (9.5; 14.0)
Untreated CLL 0.14 (0.13;0.16) *  92.0 (74.3; 147.8) * 0.007 (0.004; 0.011) * 23.0 (19.7;24.2) *
Obinutuzumab/ 4 ;5 ) 57 15) * 104 (73; 138) * 0.006 (0.005; 0.007) * 18 (15;21) *

Venetoclax
Tbrutinib 0.15 (0.13; 0.16) * 173 (161;194) 000 (0.004;0.007) * (n =5)/ 17 (14;21) (n = 5)/

0.020-0.22 * (n = 3) 19-22* (n =3)

* Indicates a statistically significant difference (p < 0.05) in the values of aggregation indices for CLL patient groups
compared to healthy controls.

Figure 7. Color-coded representative images of RBC aggregates, presented in Figure S2, based on
the developed Software Image Flow Analysis. Images were acquired using the BioFlux microfluidic
system under high-flow conditions (after a flow rate of 446 s~ 1). Images are shown for the following:
(A) healthy individuals; (B) patients with CLL not requiring treatment; (C) CLL patients receiving
Obinutuzumab/Venetoclax; and (D) CLL patients treated with Ibrutinib. RBC aggregated populations
are outlined in green (100-330 um?), while individual unaggregated RBCs (area < 99 um?) are
presented with white contours. Scale bar—50 um.

In the untreated CLL group, the number of RBC aggregates that remained intact under
high-shear conditions was approximately twice as high as those observed in the control
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group under the same experimental settings (Figure 7B). Correspondingly, the AAly also
exhibited higher values compared to the control one (p = 0.05; Table 5), indicating an
increased aggregate stability and resistance to shear-induced dispersion in CLL.

In the case of the two treated groups, patients receiving Obinutuzumab / Venetoclax
and those on Ibrutinib, the number of RBC aggregates that remained intact under high-
shear conditions was lower than in the untreated CLL group but still elevated compared to
healthy controls (Figure 7C,D, Table 5). The AAly was significantly higher in both treated
groups compared to controls. However, a notable heterogeneity was observed within the
Ibrutinib-treated group. Specifically, for five, the AAly values were comparable to those
seen in the Obinutuzumab/ Venetoclax-treated group, while, in other cases, the AAly values
were the highest across all study groups. Importantly, although the number of undispersed
aggregates in these five cases was close to that of the Obinutuzumab / Venetoclax-treated
group, it did not differ statistically from the control group (p > 0.05). In contrast, the NAy
of the remaining cases was similar to the untreated group, showing a significant increase
relative to controls (p = 0.001) (Table 5).

In addition, a relationship can be established between the areas of the aggregates and
the local shear rates based on the calculated intervals presented in Table 4. At local shear
rates exceeding the range of 296.67 s~ ! to 416.25 s !, in Figure 7A-D, individual RBCs and
RBC aggregates with an area of 100-330 um? are observed. These smaller aggregates are
more prominent in samples from patients with CLL, including both untreated individuals
and those treated with the Obinutuzumab/Venetoclax regimen.

Due to insufficient information, an accurate and generalized assessment of the rela-
tionship between local shear rates in the wall and the area of RBC aggregates cannot be
made. However, with some conditionality, we can state that, with increasing local shear
rates in the microchannel wall, the areas of RBC aggregates decrease.

4. Discussion

RBC aggregation—disaggregation is a key phenomenon affecting blood flow, particu-
larly in microvascular systems, where RBCs are subjected to varying shear rates. The shear
flow influences the behavior of RBCs, which, in turn, can affect the overall blood viscosity
and oxygen delivery [36]. Under normal physiological conditions, RBCs aggregate in low-
shear conditions (<1-10 s 1), and disaggregate under higher shear rates [30]. Estimating
the shear rate of erythrocyte dispersion is essential for experimental research and clinical
applications. Understanding how RBCs behave at different shear rates can help model the
effects of various pathologies on blood flow and oxygen transport.

In this work, we determined the critical shear rate at which almost complete disaggre-
gation occurs in RBC suspensions from control subjects, allowing for a further assessment
of the deviations in rheological parameters associated with CLL disease. Thus, determining
the main indices of RBC aggregation would help to clarify the changes in the blood rheology
of CLL compared to healthy conditions.

A key point to clarify is that the microfluidic system employed in this study uses
rectangular microchannels to approximate the conditions of narrow blood vessels. This
geometrical approximation has important implications for flow characterization. Notably,
despite the application of high nominal shear rates in our experiments, RBC aggregates were
consistently observed within the rectangular microchannels. As described in Section 2.11,
this observation can be attributed to the non-uniform shear rate distribution inherent to
laminar flow in rectangular geometries.

While this study involves certain modeling assumptions, the primary objective remains
to assess and compare the extent of residual RBC aggregation between CLL patients and
healthy controls at high-flow conditions.
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The dispersion of RBC aggregates depends on several factors, including the size of
aggregates formed under low-flow conditions, the applied shear rate, and the intrinsic
properties of the RBCs themselves. The process of the aggregation of RBCs is an important
prerequisite for the subsequent dispersion that occurs in small vessels. Our recent work
has demonstrated that the rheological behavior of RBCs from untreated CLL patients
significantly differs from that of healthy controls [25]. Specifically, CLL samples exhibited
increased cell aggregation and the formation of large three-dimensional aggregates, which
were absent in healthy controls. The present findings revealed that RBC aggregation in
healthy individuals is reversible under a low shear rate and effectively disperses at higher
flow conditions (446 s~1). This reversible behavior enables RBCs to adapt to varying
hemodynamic conditions within the bloodstream. In contrast, in CLL patients, more
persistent aggregation was observed even at higher shear rates, indicating a disruption in
the normal behavior of RBCs. The impaired process of aggregation—-disaggregation is likely
linked to the reduced cell deformability and/or morphological alterations in the RBCs.

Other factors contributing to this abnormal behavior include the size of the RBC
aggregates and the viscosity of the surrounding medium. Since all experiments were
conducted under the same controlled conditions regarding viscosity, the intrinsic properties
of RBCs were, therefore, the primary factor contributing to the abnormal cell behavior in
CLL cases. The RBC aggregated population (100-330 um?) formed at a low shear rate was
resistant to disruption at the shear rate of 446 s~ !—identified as the critical shear rate for
RBC disaggregation in healthy samples. These aggregates likely require even higher shear
rates to disperse fully. Moreover, the AAly exhibited notably higher values in the CLL
untreated group than in the healthy control group. The increase in AAly values aligns
with the hypothesis that, in its untreated state, CLL leads to the formation of either less
deformable or relatively more RBC aggregates, which are more difficult to disperse. These
findings suggest significant changes in the structural and mechanical properties of CLL
RBCs compared to healthy cells. This is consistent with previous reports showing that
several diseases, including various types of leukemia, can significantly alter the rheological
properties of RBCs [37].

Although no direct relation was found between CLL and RBC membrane defects,
it has been reported that some chronic diseases, particularly those affecting the immune
system or inducing inflammation, could impair the membrane of RBCs as they traverse
damaged tissues. In this context, endothelial cell damage has been observed in chronic
lymphoproliferative diseases, potentially contributing to the altered mechanical behavior
of RBCs in CLL [38]. In conditions such as CLL, where the immune system is compromised
and inflammation is elevated, RBCs may experience mechanical stress through their pas-
sage in abnormal microenvironments. In support of this statement, the work by Yoon et al.
demonstrated that the elevated secretion of inflammatory cytokines such as IL-6 alters the
CLL microenvironment and is associated with the progression of CLL [39]. Consistent with
these findings, other studies have also reported elevated levels of the pro-inflammatory
cytokines IL-6 and IL-10 in patients with CLL compared to healthy individuals, further im-
plicating inflammation as a contributing factor to altered RBC function [16,40]. Expanding
on this, Uziel et al. further explored the interactions between CLL cells and endothelial
cells, showing that exosomes released from CLL cells “educate” endothelial cells to become
IL-6-producing cells, thereby reinforcing the pro-inflammatory microenvironment [41]. To
gain more insights into RBCs” morphometric and nanomechanical features in CLL patients,
we plan to evaluate the cell morphology and plasma membrane elasticity that would be a
subject of our future publication.

Both patient groups treated with Obinutuzumab/Venetoclax and Ibrutinib in our
study showed almost similar behavior at a high shear rate. However, in the low shear
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flow, some differences in terms of the size and the structure of the formed aggregates were
established. It was found that the RBC aggregation state in Obinutuzumab /Venetoclax-
treated samples did not differ from the untreated one, in contrast to Ibrutinib, where the
aggregation state of RBCs was restored to levels seen in healthy controls [25].

Nevertheless, the number of undispersed aggregates under high-shear conditions,
although reduced in both treated groups compared to the untreated CLL group, remained
higher (Table 5), indicating that the applied treatment had only a partial effect on RBC
aggregation dynamics. Although no statistically significant difference was observed be-
tween the treated groups and the untreated CLL patients, it is important to note that
the AAIp values for the high shear rate were lower in all patients treated with Obinu-
tuzumab/Venetoclax and in 63% of those treated with Ibrutinib. Conversely, higher AAly
values were observed in the remaining Ibrutinib-treated cases (Table 5), suggesting a poten-
tial treatment-dependent RBC disaggregation. Despite these observed trends, AAl values
in both treated groups remained statistically distinct from healthy controls. This finding
suggests that, while treatments, particularly Ibrutinib, may affect the RBC aggregation
behavior, they do not fully restore disaggregation to normal levels. This result indicates
that, even with treatment, some abnormality in the dispersion of RBC aggregates may
still exist. This may indicate the presence of a persistent disease-related change in the
mechanical and morphological properties of cells or reflect a mechanism by which these
treatments, despite their efficacy in other areas, do not fully normalize aggregate dynamics.

The considerable heterogeneity observed within the Ibrutinib-treated group may
suggest that the therapeutic response to Ibrutinib may vary among patients. Some pa-
tients may show improvements in disaggregation behavior comparable to those seen with
Obinutuzumab /Venetoclax therapy, while others may exhibit less pronounced effects in
disaggregation patterns. Overall, these findings emphasize that, while treatments such
as Obinutuzumab/Venetoclax and Ibrutinib may ameliorate certain aspects of the dis-
ease, they do not fully normalize the process of aggregation-disaggregation dynamics and
may exhibit variability in their effectiveness among individual patients. The individual
variability of undispersed aggregates and elevated AAly values, particularly in a subset
of Ibrutinib-treated patients, warrants further investigation to determine whether these
patterns correlate with long-term clinical outcomes such as disease progression or the
therapeutic response.

5. Conclusions

This study underscores the role of RBC aggregation-disaggregation dynamics as
a contributing factor to the rheological disturbances observed in CLL, with potential
implications for microvascular function.

The determination of critical shear rates and AAly values provided a quantitative
assessment of RBC behavior in CLL, allowing for comparisons between healthy individuals,
untreated patients, and those receiving targeted therapies. While treatments with Obinu-
tuzumab/Venetoclax and Ibrutinib reduced the number of undispersed aggregates, neither
therapy fully normalized RBC disaggregation behavior to the levels observed in healthy
controls. Notably, Ibrutinib-treated patients exhibited considerable individual variability,
which suggests differential therapeutic impacts on the RBC rheology.

These findings suggest that CLL-associated changes in RBC aggregation—disaggregation
behavior are not entirely reversible with the current therapies. The altered RBC dynam-
ics, particularly in the form of elevated AAly values, may represent a residual marker of
disease activity or a reflection of long-term pathophysiological changes in RBCs. Further
investigation is warranted in order to assess the clinical significance of these rheological
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abnormalities, their correlation with disease progression, and their potential as therapeutic or
prognostic biomarkers.
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RBCs  red blood cells

CLL Chronic Lymphocytic Leukemia

BCR B-cell receptor

IL-6 interleukin-6

TNF-«  tumor necrosis factor-alpha

AIHA  autoimmune hemolytic anemia

AAI Aggregate-Area Indicator

NA Number of Aggregates

AAI;,  Aggregate-Area Indicator at low-flow conditions
AAly  Aggregate-Area Indicator at high-flow conditions
Hb hemoglobin
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