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Abstract

Purpose of review—Hyperviscosity syndromes can lead to significant morbidity and mortality.
Existing methods to measure microcirculatory rheology are not readily available and limited in
relevance and accuracy at this level. In this review, we review selected hyperviscosity syndromes
and the advancement of their knowledge using microfluidic platforms.

Recent findings—Viscosity changes drastically at the microvascular level as the physical
properties of the cells themselves become the major determinants of resistance to blood flow.
Current, outdated viscosity measurements only quantify whole blood or serum. Changes in blood
composition, cell number, or the physical properties themselves lead to increased blood viscosity.
Given the significant morbidity and mortality from hyperviscosity syndromes, new biophysical
tools are needed and being developed to study microvascular biophysical and hemodynamic
conditions at this microvascular level to help predict those at risk and guide therapeutic treatment.

Summary—The use of “lab-on-a-chip” technology continues to rise to relevance with point
of care, personalized testing and medicine as customizable microfluidic platforms enable
independent control of many in vivo factors and are a powerful tool to study microcirculatory
hemorheology.
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Introduction

William Harvey, an English physician, became the founder of physiology after correctly
first describing human circulation in his “De Motu Cordis” published in 1628 [1]. Factors
involved in blood flow remained largely unknown interesting Jean Leonard Marie Poiseuille
to answer this question by studying blood flow through glass tubes. He found blood too
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difficult to use, with inconsistent results, so most of his studies used simpler liquids such as
water and alcohol. From this, Poiseuille’s Law characterizes the relationship of the flow rate
of a liquid as a function of driving pressure, radius and length of the tube and viscosity of
the liquid [2].

Viscosity, a material property of a fluid, describes its internal resistance to shearing motions,
in which different parts of the fluid move with different velocities [3] (Figure 1). Isaac
Newton hypothesized viscosity is independent of fluid characteristics, an intrinsic property
of that fluid, termed Newtonian fluid [4].

The Ancients were the first to recognize the complexity, or four humours of blood: yellow
bile, mucous, blood and black bile, what we now recognize as a suspension of plasma,
buffy coat, erythrocytes and deoxygenated red cells [2]. Further, blood plasma is a complex
suspension of macromolecules (fibrinogen, immunoglobulin, albumin, lipoproteins) and
organic/inorganic substances in an electrolyte solution [5].

Whole blood and serum viscosity can be measured using capillary, falling-sphere, or
rotational viscometers, but these techniques assume blood is a “continuum” fluid, meaning
its physical properties do not change at different size scales, and becomes problematic when
considering viscosity at the level of the microvasculature for the following reasons [6,7].

The diameter of blood vessels forming human circulation range from a few centimeters
down to a few microns, while the diameter of a single erythrocyte is approximately eight
microns [3,8]. The complexity of blood viscosity increases substantially at the microvascular
level as the physical properties of the cells themselves become the major determinants

of resistance to blood flow. As blood does not behave as a homogenous, Newtonian

fluid in these miniscule vessels, consideration of blood flow in the microvasculature must
consider the complex physical properties of the cells, their sizes, properties and number

in suspension. Poiseuille’s difficulty with using blood ex-vivo was in part to blood’s non-
Newtonian characteristics, as its viscosity is not constant and decreases with increasing
shear rate [9] (Figure 2). This becomes relevant inside the body as blood travels from larger
vessels to the microcirculation. Viscosity is also a strong function of hematocrit and because
of several non-Newtonian effects in the microvasculature, the hematocrit of blood actually
changes in smaller vessels, further changing viscosity yet again.

In 1965, Fahey coined the term “hyperviscosity syndrome” to describe the mucous
membrane bleeding, retinopathy and loss of vision and neurological disorders associated
with elevated serum viscosity [10] (Figure 3). Simply, blood becomes hyper-viscous when
there is an increased number of blood cells or plasma proteins, plasma proteins are altered,
decreased cell deformity or increased cell adhesion/aggregation, as detailed in selected
hyperviscosity syndromes below. This increased viscosity results in impaired circulatory
blood flow. Symptoms manifest in the lungs as dyspnea, hypoxia, hemorrhage and
respiratory failure; the central nervous system as confusion, headache, focal neurological
deficits and coma; along with impaired vision, retinal hemorrhages, myocardial and limb
ischemia, renal vein thrombosis and priapism [11].
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Given current viscosity measurements only quantify whole blood or serum and viscosity
changes drastically at the microvascular level as single cells travel, one can argue, especially
physician engineers like ourselves, that new, readily accessible tools are necessary to
quantify effective viscosity at the microvascular level given the significant morbidity and
mortality from hyperviscosity.

Microfluidics

In vivo studies on hemorheology are nearly impossible due to difficulty in visualizing and
manipulating animal microvasculature therefore creating a need for physiologic in vitro
investigations. Microfluidic technology rose to popularity within the science and engineering
fields in the 1980’s. These “miniaturized total analysis systems,” or “lab-on-a-chip,” enable
study at the microscopic level [12]. Photolithography masks, commonly silicon wafers,

are etched with complete control of size, down to the submicron scale, and geometry of
microfluidic channels. This fabrication technology is akin to computer microchip circuits.
Polydimethylsiloxane (PDMS) is used atop these chips for molding. PDMS allows for cost
effectiveness, easy in fabrication and batching. PDMS is also transparent allowing for direct
optical data collection [13] (Figure 4).

Today, this technology remains integral in biomedical research due the ability to

mimic desired in vivo environment. Uses range from study of single cell mechanics to
endothelialized microvessels and organs on a chip [14-16]. Required sample size typically
is very low, conserving precious samples. These devices are often scalable, resulting in
ease in reproducibility and cost efficiency [13]. In addition, microfluidic systems also allow
for independent control of many in vivo factors to further study various contributors to
pathophysiology in healthy and diseased states [12,17**].

Hyperviscosity syndromes

The patients Fahey reported suffered from macroglobulinemia or multiple myeloma, but
more disease states are now linked to hyperviscosity.

Acute leukemia

Hyperleukocytosis, defined as a peripheral blood leukocyte count greater than one hundred
thousand per microliter, is an emergency in acute leukemia. The increased viscosity is
multifactorial but predisposes to occlusion of the microvasculature, termed leukostasis. The
high blast count and leukocyte aggregates result in stasis in the smaller blood vessels.
Leukocyte blasts promote adhesion to self and the vascular endothelium. The damaged
endothelium leads to loss of vascular integrity, modifying the endothelial phenotype from
antithrombotic to prothrombotic phenotype [11].

Leukemia cells themselves have been shown to be less deformable than non-pathologic
leukocytes [18], with stiffness varying among leukemia cell types [19], and further stiffened
after chemotherapy exposure [20].
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Complicating the issue, hematocrit often decreases as leukemic cell counts rise and acute
leukemia patients often present with anemia. As hematocrit is a major determinant of

whole blood viscosity, red cell transfusions are avoided unless hemodynamically unstable to
avoid furthering the hyperviscosity [21]. Intravenous fluids are given at increased rates and
leukapheresis can also be performed in attempts to decrease viscosity [22].

Emergency initiation of chemotherapy can be used to quickly reduce blast count; often
before specific leukemia diagnosis is made. As treatment of acute promyelocytic leukemia is
vastly different from other myeloid subtypes, Emde et al designed a microfluidic for rapid
detection of PML-RARa in less than one hour [23].

Sickle cell disease

Sickle cell disease (SCD) is the most frequent genetic disease in the world and results

from a single nucleotide mutation in the beta globin gene. This amino acid change

results in hemoglobin polymerization, changing the erythrocyte from biconcave to “sickled”
shape when deoxygenated [24]. These sickled cells are rigid with decreased deformability,
aggregating at low shear rates and increasing viscosity. Sickled erythrocytes increase blood
viscosity through intrinsic properties of the sickled cells as well as abnormal interactions of
these cells with leukocytes, platelets, vascular endothelium, and clotting factors.

The disease is characterized by hemolytic anemia and vaso-occlusive events, leading to
blood cell adhesion to endothelium, resulting in a strong inflammatory state, ischemia

and reperfusion [25]. Sequela of this hyperviscosity syndrome manifests with painful vaso-
occlusive crises, acute chest, strokes, vasculopathy and kidney disease, among others.

Various commercial methods, such as ektacytometry, micropore filtration assay,
micropipette aspiration and atomic force microscopy, can quantify the deformability of
erythrocytes but these are not easily accessible or clinically relevant for heterogenous
small volumes or single cells. Guruprasad et al paired a microfluidic microvasculature
device with automated particle tracking program to measure single-cell deformability on
heterogenous red blood cell (RBC) populations [26]. Szafraniec combined microfluidics
with computational technologies to study the effective viscosity under varying oxygen
conditions [27**]. Alapan et al designed microfluidic devices to evaluate RBC deformability
and endothelium adhesion [28,29]. Monitoring RBC deformability has implications to
monitor for clinical events and changes with therapies. Zhang et al designed a microfluidic
device combined with a principal component analysis to quantify microvascular occlusion
and SCD severity [30*].

Hydroxyurea, the standard of care medication to treat SCD, upregulates production of
non-sickled hemoglobin F, decreasing sickled cells and viscosity. Using a microfluidic with
endothelialized, bifurcating channels, Tsai et al showed in patients on hydroxyurea, less than
10% of channels occluded, compared to half of the channels occluding in patients not on this
disease-modifying medication [16].

The hyperviscosity of SCD is also impacted by plasma osmolality. Inability to concentrate
urine is a hallmark of sickle cell nephropathy and sickle red cells are chronically
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dehydrated due to dysfunctional ion channels. Intravenous fluids are a hallmark of treatment
during vaso-occlusive crises, yet the specific type of intravenous hydration remains
controversial. Work by Carden et al showed modifying the extracellular fluid tonicity altered
deformability, adhesivity and occlusion risk on microfluidic vascular models [31].

Transfusion support is a mainstay therapy in SCD, whether preventing or treating adverse
events. Transfusion support balances increasing the oxygen carrying capacity of blood by
decreasing sickled cells and increasing AA hemoglobin with the increase in blood viscosity
which can decrease tissue perfusion [24]. As such, simple transfusion guidelines are in place
for target post transfusion hematocrit values [32]. Work by Schmalzer et al showed simple
transfusion alone is not as beneficial as exchange transfusion as viscosity is affected by

total hematocrit level as well as the deformability of the cells [33]. This was supported by
Lu et al with use of a microfluidic device to mimic exchange and simple transfusions and
showed exchange transfusion had a significant effect on improving velocity under hypoxic
conditions whereas the latter did not [34].

Waldenstrom macroglobulinemia

Waldenstrom macroglobulinemia (WM), is an indolent malignancy of B lymphocytes,
resulting in overproduction of the monoclonal protein, immunoglobulin M. IgM is
pentameric, with a high axial length-to-width ratio making it the largest immunoglobulin,
resulting in significant increases in serum viscosity with slight increases in levels [7,35].
Hyperviscosity syndrome is commonly observed in WM, affecting 10-30% of patients [35].
This was first reported in 1944 by Jan Waldenstrom who cared for two patients with
oronasal bleeding, elevated erythrocyte sedimentation rates, and elevated viscosity with
macroglobulinemia [36]. Not all patients with WM require treatment at all, or at the time of
diagnosis. Hyperviscosity is an indication to initiate treatment, though the ability to measure
plasma viscosity is not readily available [37]. Noting this in 1965, Fahey commented on the
large inability to measure viscosity and provided readers instructions on how to measure
using either a ten dollar device purchased at a local instrument supply store or a 0.1 milliliter
pipette [10].

The consensus panel from the Second International Workshop on WM recommended
those with smoldering WM be followed and not treated until symptomatic, regardless of
serum IgM levels.[38] Predictors of development of symptomatic hyperviscosity in WM
patients remain sparse. Abeykoon et al found serum IgM and viscosity to be statistically
significant predictors of symptomatic hyperviscosity, while MacKenzie et al reported a
direct correlation between whole blood viscosity and relative serum viscosity among their
patients, there was note of a symptomatic patient with low serum viscosity but high whole
blood viscosity, indicating red cell paraprotein interaction [39,40]. Gustine et al studied
serum IgM levels at which it would be reasonable to initiate treatment given the risk of
developing symptomatic hyperviscosity, though commented results were limited as most
patients did not have serum viscosity measurements [41].

Once hyperviscosity syndrome develops, rapid treatment focuses on plasmapheresis as short
term treatment with occasional initiation of chemotherapeutic agents, such as ibrutinib,
to maintain response and prevent recurrence [35]. Recent work by Karel et al used
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microfluidics with and without atherosclerotic stenosis to study the effect of the Btk
inhibitor ibrutinib on thrombus formation using WM patient’s blood [42*]. Ibrutinib reduced
platelet deposition, thrombus size and contraction around the stenotic microfluidic vessel.

Polycythemia vera

Polycythemia vera (PV) is the most common myeloproliferative neoplasm characterized

by the V617F activating mutation in the tyrosine kinase JAK2, resulting in clonal
proliferation of multipotent hematopoietic cells [43]. Classical presentation is characterized
by erythrocytosis, leukocytosis, and thrombocytosis [44]. The prominent feature of this
disease is elevated RBC mass from uncontrolled proliferation of erythroid lineage, resulting
in increased hemoglobin concentration, hematocrit value and blood viscosity [45].

It has also been shown PV erythrocytes demonstrate pro-adhesive features to the
endothelium, further increasing the risk of circulatory complications [43,46]. Patients with
PV are at high risk for vaso-occlusive events including cerebral ischemia, hemorrhage

and stroke, which may be a presenting symptom in 15% or more patients [47*]. Cerebral
ischemic events result from increased blood viscosity and platelet activation within the
central nervous system vessels.

Wang et al developed a point of care microfluidic for JAK2 testing within one hour with
high accuracy, operability, and cost efficiency [48]. Lin et al designed a microfluidic capable
of distinguishing PV based off erythrocyte hemagglutination using a single finger prick of
whole blood [49].

SARs-Co-V2

Coronavirus disease 2019 (COVID-19), caused by the novel coronavirus SARS-CoV-2 is the
newest hyperviscosity syndrome. The estimated rate of spread of SARS-CoV-2 is 40-fold
higher than SARS-CoV, making it more difficult to control and the need for quick, accurate,
inexpensive and widely accessible testing, patient monitoring and treatment [50**].

Everything was unknown as this disease quickly became a global pandemic and COVID-19
associated coagulopathy and thrombosis was quickly reported, especially among critically ill
patients. Elevations in factor VIII and fibrinogen, circulating prothrombotic microparticles
were thought to lead to hyperviscosity [51*,52**]. Hyperviscosity is known to cause
endothelium damage and therefore a risk factor for thrombosis. Grobbelaar et al using a
microfluidic showed SARS-CoV-2 spike protein S1 induced fibrinogen, a major determinant
of blood viscosity, to elevated levels and resistant to fibrinolysis [53*]. This hyperviscosity,
along with hypercoagulability from endothelial dysfunction and platelet activation, leading
to abnormal blood flow along with hypoxia and immune dysfunction were postulated to lead
to thrombogenesis in COVID-19 [54].

Mungmunpuntipantip et al reported increased blood viscosity on admission in cases
resulting in fatality versus non-fatal cases [55*]. Renoux et al showed different
hemorheological profiles among COVID-19 patients compared to healthy controls with
COVID-19 patients having increased RBC aggregation and decreased deformability [56*].
Nader et al demonstrated COVID-19 patients had increased blood viscosity and RBC
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aggregation with lower hematocrits than healthy controls; plasma fibrinogen was shown

to strongly drive to RBC hyper-aggregation in vitro. Furthermore, RBC aggregation and
blood viscosity was increased in hypoxic COVID-19 versus normoxic COVID-19 patients
[57*]. Lakshmanan et al designed a microfluidic bleeding device to evaluate antithrombotic
agents for use in COVID-19 patients [58].

Buzhdygan et al used a microfluidic with the SARS-CoV-2 spike protein to model its
proinflammatory response altering the blood brain barrier, possibly explaining some of the
neurological complications seen in these patients [59].

As point of care testing became widespread, microfluidic assays were advantageous, using
little reagents and quickly providing precise results; Biomérieux’s BioFire system is just one
example of microfluidic technology granted emergency use authorization [60*,61].

Conclusions

Hyperviscosity syndromes can lead to significant morbidity and mortality. Existing methods
to measure microcirculatory rheology are not readily available and limited in relevance and
accuracy at this level, given blood’s non-Newtonian properties in small vessels. Clearly,
there is a need for simple and inexpensive devices that can provide rapid information about
microcirculatory hemorheology. Microfluidic platforms are a powerful tool with which

to study related factors from a different perspective to help predict and guide treatment.

As evidenced by the widespread use of microfluidic platforms in the study of the novel
SARs-CoV-2 pandemic, microfluidics will continue to advance to the forefront of diagnostic
and laboratory testing.
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Key Points
. Hyperviscosity syndromes can lead to significant morbidity and mortality.
. Existing methods to study microcirculatory rheology are not readily available

and limited in relevance and accuracy at this level, given blood’s non-
Newtonian properties in small vessels.

. Microfluidic platforms enable independent control of many in vivo factors
and are a powerful tool to study microcirculatory hemorheology in healthy
and diseased states in hopes to help predict outcomes and guide treatment.
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Figure 1. What is viscosity?.
Simply put, a fluid’s resistance to flow. Homogenous fluids with increasing viscosity from

left to right as depicted with water, olive oil and honey.
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Figure 2. Hemorheology, macro to microcirculation.
As vessel cross-sectional area increases markedly from arterioles to capillaries, applied

pressure and blood velocity drop significantly. Travelling from capillaries to venules to
veins, cross-sectional area decreases resulting in continued decrease in applied pressure with

small increases in blood velocity.
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Figure 3. “Hyperviscosity Syndrome.”
Characterized by mucous membrane bleeding, retinopathy and loss of vision and

neurological disorders associated with elevated serum viscosity.
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Figure 4. Microfluidic technology.
Illustration depicting microfluidic technology. Sample fluid is pumped at physiologic

flowrate into PDMS device designed with specific microvascular geometry and size. Data is
collected via videomicroscopy.
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