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Abstract: The aggregation of red blood cells (RBCs) in normal blood (non-coagulation) has been
quantitatively measured by blood pulsatile flow based on multiple-frequency electrical impedance
spectroscopy. The relaxation frequencies f c under static and flowing conditions of blood pulsatile
flow are utilized to evaluate the RBC aggregation quantitatively with the consideration of blood flow
factors (RBC orientation, deformation, thickness of electrical double layer (EDL)). Both porcine blood
and bovine blood are investigated in experiments, for the reason that porcine blood easily forms
RBC aggregates, while bovine blood does not. The results show that the relaxation frequencies f c of
porcine blood and bovine blood present opposite performance, which indicates that the proposed
relaxation frequency f c is efficient to measure RBCs aggregation. Furthermore, the modified Hanai
equation is proposed to quantitatively calculate the influence of RBCs aggregation on relaxation
frequency f c. The study confirms the feasibility of a high speed, on-line RBC aggregation sensing
method in extracorporeal circulation systems.
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1. Introduction

Cardiovascular diseases (CVDs) have been reported to account for 31% of the total mortality all
over the world, according to the World Health Organization (WHO) [1]. Patients with serious CVDs
have microcirculatory disorders that are found to be strongly associated with the biophysical properties
of blood [2]. Hence, the biophysical properties of blood, such as the viscosity [3–5], hematocrit [6,7],
RBC deformability [8,9], erythrocyte sedimentation rate (ESR) [10,11], RBC aggregation [12–14] and
other factors [15–17], are widely tested to diagnose the pathological or physiological disorders of
CVDs. Among the biophysical properties of blood, RBC aggregation is the major cause of the
non-Newton flow properties of whole blood, and it has been popularly utilized to diagnose the
inflammatory diseases in clinic, since the level of aggregation rises enormously in association with
diabetes [18], sepsis [19], myocardial ischaemia [20] and so on. Up to now, various researchers have
paid attention to the measurement of RBC aggregation, and some novel techniques based on laser
backscattering [21,22], microscopic counter [23,24], ultrasound backscattering [25–27] and electrical
impedance spectroscopy [28,29] have been developed and described.

Compared with other methods for RBs aggregation measurement, the electrical impedance
spectroscopy method is much more suitable for the non-invasive measurements, as the electrical
signal easily penetrates blood and tissues with quite fast frequencies, especially for the “point of
care” devices. Therefore, some researchers have investigated the relationship between the electrical
impedance/conductivity and RBC aggregation based on single-frequency electrical impedance
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measurements [30–32]. However, the previous impedance/conductivity measurements of RBC
aggregation have the problem to distinguish the aggregation from the blood flow factors (RBC
orientation, deformation and thickness of EDL). Additionally, impedance/conductivity-based
single-frequency electrical impedance spectroscopy measurements are frequency dependent [28,29],
and it is difficult to determine the appropriate frequency for each application. Moreover, there is
still less of the quantitative calculation of the relationship between RBC aggregation and electrical
impedance spectroscopy. Therefore, it is of great significance to develop a RBC aggregation
measurement method that can overcome the blood flow factors (RBC orientation, deformation,
thickness of EDL) to better evaluate RBC aggregation accurately. In our previous research, RBC
aggregation during blood coagulation has been measured [13]. The influence of blood coagulation on
RBC aggregability was investigated. However, even though there is no blood coagulation, the normal
blood impedance parameters (impedance, conductivity, relaxation frequency) still differ with pulsatile
flow. Why they are different, how to measure RBC aggregation in normal blood (non-coagulation),
and how to quantitatively evaluate the influence of RBC aggregation on blood electrical impedance
performance are still unsolved problems.

In this study, RBC aggregation in normal blood was measured by multiple-frequency electrical
impedance spectroscopy using the pulsatile blood flow. The influence of RBC aggregation on blood
electrical impedance performance (impedance, conductivity, relaxation frequency) is investigated. The
relaxation frequency f c from the multiple-frequency electrical impedance spectroscopy Nyquist-plot is
utilized to quantitatively investigate RBC aggregation. Additionally, the modified Hanai equation is
proposed to quantitatively analyze the influence of RBC aggregation together with the RBC orientation,
deformation, and thickness of EDL. This study brings new insights for the development of bio-sensors
and bio-electronics for on-line RBC aggregation measurement technology by multiple-frequency
electrical impedance spectroscopy.

2. Materials and Methods

2.1. Blood Samples

Both porcine and bovine blood were utilized in view of the ethical problem of using human blood
and the large amount needed. In order to stop blood coagulation, trisodium citrate solution was added
to the blood samples (volume fraction: blood/trisodium citrate solution = 9:1), immediately after the
blood samples were withdrawn from porcine and bovine subjects. The animal blood was purchased
from a slaughterhouse the morning before the experiments. The blood samples were then immediately
transferred to the experimental room. The hematocrit of the porcine and bovine blood were around
Hct = 41%, which was obtained by centrifugation for 5 min under a rotation speed of 20,000 r/min.

2.2. Experimental Condition

According to previous research, porcine blood easily generates RBC aggregates, whereas bovine
blood does not. Hence, in this study, porcine blood is utilized for the RBC aggregation measurements,
and bovine blood is for comparison. RBC aggregation is reversible, which means that aggregates can
be separated by flow force. To clearly investigate the dielectric response of RBC aggregation, pulsatile
blood flow is adopted by altering the rotation speed of the centrifugal pump with a pulsatile period of
tp = 100 s, as shown in Figure 1a. Flow rate Q(t) increases until Qmax(t) = 2.70 L/min during t1 = 60 s,
and after that it is suddenly decreased and maintained at Q(t) = 0 L/min after the time tstop = 85 s. The
total volume of the blood in the blood circulation system is around V0 = 700 mL. After that, the blood
flow repeats this pulsatile pattern. The shear rate of blood inside the tube could be obtained by the
following equation:

γm =
64Q(t)

πd3
1

(1)
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where γm is the mean shear rate of blood in the tube; d1 is the internal diameter of the used blood tube.
Under the condition of the maximum flow rate, the mean shear rate is around 535 S−1, which is high
enough to separate the RBC aggregates [22].
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Figure 1. Experimental condition: (a) Pulsatile blood flow, (b) Nyquist plot, (c) Equivalent circuit model.

2.3. Experimental Condition

In this study, the relaxation frequency f c is utilized to evaluate the RBC aggregation, which is
obtained from the Nyquist-plot fitted by the real part of impedance Z* (resistance R) and the image
part of impedance Z* (reactance X), as shown in Figure 1b. The relaxation frequency f c is obtained
from the frequency of the highest point in Figure 1b. In porcine blood, RBCs always meet together
to form a “rouleaux” aggregation, which changes the f c of the blood. That is the reason why in
this study f c is found to be more suitable for the measurement of RBC aggregation. According to
the equivalent circuit model of blood (shown in Figure 1c) and series-parallel circuit theory, which
consists of plasma resistance Rplasma, RBC resistance RRBC, RBC membrane capacitance CmRBC, RBC
aggregation resistance RAgg and RBC aggregate membrane capacitance CmAgg, the relaxation frequency
f c of blood is achieved by the following equation:

fc =
1

2π ·
(

Rplasma(RRBC+RAgg)
Rplasma+RRBC+RAgg

+ Rplasma

)
· ( CmRBCCmAgg

CmRBC+CmAgg
)

(2)

The value of relaxation frequency f c is influenced by Rplasma, RRBC, CmRBC, RAgg and CmAgg, and
it means that relaxation frequency f c is much more sensitive to blood electrical characteristics change
induced by RBC aggregation, compared with previous research based on impedance.
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3. Results

3.1. Experimental Setup

Figure 2a shows the blood circulation system for the RBC aggregation experiments. A blood
reservoir (Senko Medical Instrument Mfg. Co., Ltd., Kasukabe, Japan) is utilized to store the fresh
blood, and it is kept inside a thermostatic bath at T = 37 °C. A centrifugal pump (HCF-MP23, Mara,
Kasukabe, Japan) is used to make the blood flow inside the blood tube. Different flow rates are
obtained by controlling the rotation speed of the centrifugal pump. The flow rate is measured by
a flow meter (T106, Transonic Systems Inc., Newyork, NY, USA). Two stainless steel rings with the
length of l1 = 30 mm are applied as the sensor to measure the impedance of blood, and their sizes are
illustrated in Figure 2b. The impedance signal is then obtained by an IM7581 impedance analyzer
(Hoiki Company, Nagano, Japan) and analyzed by the personal computer (PC). The internal diameter
of the blood tube used is around d1 = 9.5 mm, and the external diameter is around d2 = 11 mm. All of
the blood tube and reservoir are coated with heparin to avoid coagulation.
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Figure 2. Experimental setup: (a) Blood circulation system, (b) Sensor.

3.2. Impedance of the Pulsatile Blood Flow

Previous electrical impedance spectroscopy studies on RBC aggregation measurements are all
based on impedance/conductivity, which is frequency-dependent and not sufficient to distinguish
the influence of RBC aggregation and blood flow factors (RBC orientation, deformation, thickness of
EDL). Figure 3a illustrates the impedance performance of porcine blood with pulsatile flow during the
experiments. It is observed that the impedance of porcine blood Z*(t) changes with the measurement
frequency. In the case that the frequency is f = 0.1 MHz, at the beginning, the impedance of porcine
blood Z*(t) is around Z0*(t) = 790.4 Ω. Then, the impedance of porcine blood Z*(t) decreases as flow
rate Q(t) increases, and then the impedance remains almost constant around Zs*(t) = 626.4 Ω. In the
case that the flow rate Q(t) falls after the time tp = 60 s, the impedance of porcine blood Z*(t) goes up
gradually to the original value Z0*(t) = 790.4 Ω. The impedance change shows the pulsatile regular
pattern, which is thought to be caused by the pulsatile flow rate. Additionally, the impedance Z*(t)
of porcine blood under different frequencies shows the same trend of variation, however, the rate of
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decrease of the impedance Z*(t) is becoming smaller in the case that frequency is higher. In the case
that the frequency is f > 10 MHz, the decreasing and increasing variation are difficult to observe.
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The impedance Z*(t) of bovine blood presents a similar decreasing and increasing trend as that
of porcine blood, which is shown in Figure 3b. However, the rate of decrease of the impedance Z*(t)
is much smaller than the impedance decrease of porcine blood. Usually, according to the previous
studies, the rate of decrease g(f ) is obtained from the ratio of the impedance of blood at the original
time tp = 0 s and the constant time tp = 40 s:

g( f ) =
Z∗0 (t)− Z∗s (t)

Z∗0 (t)
(3)

where Z0*(t) is the impedance of blood at the original time tp = 0 s under the frequency of f = 0.1 MHz;
Zs*(t) is the impedance of blood at the time tp = 40 s under the frequency of f = 0.1 MHz that the
impedance is almost constant.

According to Equation (3), both the rate of decrease g(f ) of porcine blood and bovine blood are
positive values. In the case the frequency is higher, the difference of g(f ) becomes smaller. For example,
the g(f ) of porcine blood under the frequency of f = 10 MHz is 6.51%, whereas that of bovine blood
is 5.13%. Even though the rate of decrease g(f ) of porcine blood is a little higher than that of bovine
blood, the value changes with different measurement frequency and different blood samples. In other
words, with the previously used rate of decrease g(f ) is difficult to differentiate the influence of RBC
aggregation and blood flow factors.

3.3. Conductivity of the Pulsatile Blood Flow

Figure 4a illustrates the conductivity change of porcine blood under pulsatile flow. Different
from the impedance performance, the conductivity σ* of porcine blood increases with the flow rate
Q(t). In the case that f = 0.1 MHz, the conductivity σ* of porcine blood is σ* = 1.07 S/m. It goes up
to σ* = 1.35 S/m, in the case that Q(t) is increasing. In the case that Q(t) decreases to zero, the σ* falls
down to the original value as well. The same trend is also found in bovine blood, which is shown in
Figure 4b. It is obvious that the σ* of both porcine blood and bovine blood are affected by the frequency
and flow rate, which brings the difficulties to identify the RBC aggregation in these blood samples. It
means that a much more effective parameter should be found to easily evaluate RBC aggregation.
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3.4. Relaxation Frequency of Pulsatile Blood Flow

Compared with the previously used rate of decrease g(f ) based on the impedance/conductivity,
the proposed RBC aggregation parameter Rag based on relaxation frequency f c from multiple-frequency
electrical impedance spectroscopy measurements is confirmed to make it much more efficient and
easier to quantitatively measure RBC aggregation. In this study, in order to investigate the influence
of RBC aggregation on the dielectric characteristics of blood, and find a parameter to quantitatively
evaluate the RBC aggregation, relaxation frequency f c is measured during the pulsatile flow.

Figure 5a illustrates the relaxation frequency f c of porcine blood under pulsatile flow rate Q(t).
The f c is obtained by the multiple-frequency electrical impedance spectroscopy and the Nyquist-plot
introduced in Section 2. Hence, f c is also called the multiple-frequency parameter. It is seen that, at the
beginning, the f c of porcine blood (red point) is around f c = 1.96 MHz, and it increases quickly in the
case that the flow rate Q(t) is increasing. Then, the f c of porcine blood remains almost stable around f c

= 2.51 MHz until a gradual decrease is seen after the time tp = 60 s. However, the f c of bovine blood
shows the opposite trend, seen in Figure 5b, it falls down sharply with the flow rate Q(t) from f c =
3.22 MHz to f c = 2.33 MHz, and then increases gradually in the case that the flow rate is stopped
after the time tp = 60 s. From the variation of f c, the behavior of porcine blood and bovine blood is
quite different: one increases with flow rate, whereas the other one decreases. As mentioned above,
the RBCs of porcine blood quite easily form the RBCs aggregates (“rouleaux”), whereas the RBCs of
bovine blood do not. Here, the difference of f c is thought to be caused by the RBC aggregation, which
means that the RBC aggregation can be quantitatively investigated by f c.

This study points out a novel method to measure RBC aggregation with pulsatile flow, and it
will be quantitatively investigated in the discussion part. Equation (4) is proposed to quantitatively
describe the RBC aggregation Rag based on the relaxation frequency. Unlike the previous research, the
f c of blood flow under both the static (tp = 0 s) and flowing (tp = 40 s) conditions are exploited:

Rag =
fc(40)− fc(0)

fc(0)
(4)

where Rag is the proposed RBCs aggregation parameter; f c(0) is the relaxation frequency at the time tp

= 0 s; f c(40) is the relaxation frequency at the time tp = 40 s, when the relaxation frequency is stable.
According to the above equation, the RBC aggregation of porcine blood is Ag = 28.06%, while

that of bovine blood is Rag = −27.64%. The positive value of Rag means the RBC aggregation, and the
negative value of Rag is thought to be caused by the blood flow factors (RBC orientation, deformation,
thickness of EDL) which will be further discussed in the discussion part. The difference in sign of
the relaxation frequency for porcine blood and bovine blood is caused by the RBC aggregation, since
porcine blood quite easily forms RBC aggregates while bovine blood does not. From the results, it
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is obvious that the proposed RBC parameter Rag based on the relaxation frequency is efficient to
quantitatively describe the RBC aggregation and exclude the influence of blood flow factors.
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Figure 5. Experimental relaxation frequency of blood: (a) Porcine blood, (b) Bovine blood.

4. Discussion

4.1. Modified Hanai Equation

In order to quantitatively investigate the influence of RBC aggregation based on relaxation
frequency f c, and explain the relaxation frequency difference between porcine blood and bovine
blood, the traditional Hanai equation for the electrical impedance calculation of inheterogeneous
systems of dense colloids is modified from the view point of blood flow factors (RBC orientation,
deformation, EDL thickness) and RBC aggregation. In this study, blood is simplified as a solution of
RBCs and plasma, and the relaxation frequency f c from modified Hanai equation is firstly utilized in
the measurement of RBC aggregation during pulsatile flow. Since the blood flow inside the tube could
be treated as Poiseuille flow, it indicates that the shear rate near the tube wall is higher than that near
the tube center. This inhomogenerous distribution of shear rate means that the RBC aggregation is
separated into a high shear rate region, and the RBC orientation, deformation, and thickness of EDL
(blood flow factors) are also changed by the inhomogenerous shear rate.

In order to quantitatively calculate the influence of RBC aggregation during the pulsatile flow, the
modified Hanai equation is obtained as follows:(

ε∗blood(r,t)−ε∗RBC(r,t)
ε∗plasma(r,t)−ε∗RBC(r,t)

)(
ε∗blood(r,t)

ε∗plasma(r,t)

)−C1
(

ε∗blood(r,t)+A′ε∗RBC(r,t)
ε∗plasma(r,t)+A′ε∗RBC(r,t)

)−C2

·(
ε∗blood(r,t)+B′ε∗RBC(r,t)

ε∗plasma(r,t)+B′ε∗RBC(r,t)

)−C3

= 1− Hct

(5)

where ε*
blood(r, t) is the permittivity of whole blood; ε*

RBC(r, t) is the permittivity of RBC; ε*
plasma (r, t)

is the permittivity of plasma; Hct is the hematocrit of blood.
It is known that RBCs are dish-like shape, so in this study, to simplify the calculation, RBCs

are treated as elliptical particles. Due to the elliptical shape of RBCs, the orientation of RBCs in the
tube will influence the dielectric characteristics of blood. It means that the RBCs near the tube wall
(high shear rate) are oriented along the longitudinal direction (flow direction), RBCs aggregates are
separated in the high shear rate region; the RBCs near the tube axis are in the low shear rate region,
hence, they are easily form RBC aggregations and in a random direction, as is shown in Figure 6. Some
parameters are obtained from previous studies [33,34].
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The impedance of whole blood is achieved according to the above equations, as is shown in
Equation (6). Moreover, the relaxation frequency f c is then achieved by the Nyquist plot shown in
Section 2:

Z∗ =
(

2π
L

∫ d1/2

0
jωε0ε∗blood(r, t)rdr

)−1

(6)

where ε0 is vacuum permittivity [31].

4.2. Shear Rate of the Pulsatile Flow

In this study, pulsatile flow is applied to separate the RBC aggregates, which means that the flow
rate Q(t) changes with time (shown in Figure 1). Additionally, according to the theory of Poiseuille flow,
the shear rate distribution of flow inside the tube is inhomogeneous, as is shown in Figure 6. Therefore,
the shear rate γe(r, t) is a function of the radial distance r and the time t. In order to quantitatively
calcuate the influence of RBC aggregation, firstly, the velcocity ue(r, t) of blood flow inside the tube with
circular cross section under the condition of pulsatile pressure gradient is obatained by the following
equation [35]:

ue(r, t) =
Pe

iωρ

1−
J0

(
α(r, t)yi3/2

)
J0

(
α(r, t)i3/2

)
eiωt (7)

α(r, t) = r
√

ωρ

η
(8)

where α(r, t) is the Womersley number which changes with the radial distance r, the angle speed ω, the
density ρ of blood and the viscosity η of blood; Pe is the pressure coefficient; r is the radial distance to
the tube center; Rr is the radius of blood tube; y is the distance ratio of the calculation point to the tube
center, and the value is y = r/Rr; i indicates the imaginary part; J0 is the zero order Bessel function.

Therefore, the inhomogeneous shear rate γe(r, t) of the blood inside the circular tube under the
condition of pulsatile flow is achieved:

γe(r, t) =
due(r, t)

dr
=

Pe

iωρ

α(r, t)i3/2 J1

(
α(r, t)yi3/2

)
J0

(
α(r, t)i3/2

)
eiωt (9)

By Equation (8), the dynamic shear rate of the blood flow during pulsatile flow is quantitatively
calculated. Then, it is utilized for the investigation of RBC aggregation during pulsatile flow.

4.3. Quantitative Calculation of RBC Aggregation

According to the experimental results in Figure 5, the relaxation frequencies f c of porcine blood
and bovine blood during pulsatile flow show the oppsite trend. In this study, the different behaviors
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are thought to be caused by the RBC aggregation. Due to the influence of shear rate γe(r, t), the RBCs
inside the blood tube show different behaviors: the RBC orientation, deformation, and the thickness
of EDL are changed in the high shear rate region; the RBCs in the low shear rate region quite easily
form RBC aggregates, as is shown in Figure 6. In the case that the real pulsatile flow rate is input into
the above equations, and the modified Hanai equation (Equation (5)) is available for the quantitative
calcuation of the influence of RBCs on f c.

Figure 7 illustrates the calculation results of the influence of RBC aggregation on the f c of blood
based on the modified Hanai equation. It is seen in Figure 7a that, at the beginning, the flow rate Q(t)
of porcine blood inside the tube is quite small, and so is the shear rate γe(r, t). Hence, the RBCs quite
easily form RBC aggregates. Here, to simplify the calculation, we assume that all of the RBCs are
aggregated as the “rouleaux” structure, which is treated as a big particle with the same diameters Dy

and Dz as a single RBC, and only the diameter in the x direction Dx changes. Moreover, the orientation
of the RBC aggregation is random, so the the deformation and the thickness of RBCs remains stable.
Then, with the increasing flow rate Q(t), the shear rate γe(r, t) shows an inhomogeneous distribution.
In the high shear rate region, the high shear rate separates the RBC aggregations into single RBCs.
Additionally, the separated RBCs are oriented along the longitudinal direction, and their shape and
thickness are deformed by the generated shear force. The normalized relaxation frequecy f cr of porcine
blood goes up quickly from f cr = 0.75. After that, the normalized relaxation frequency f cr keeps around
f cr = 1 in the case that all of the “rouleaux” aggregations of RBCs are separated and all of the RBCs are
oriented. In the case that the pusatile time tp > 60 s, the flow rate Q(t) is stopped, the shear rate γe(r, t)
becomes smaller, and then, the RBCs gather together again to form a “rouleaux” aggregation, and their
shape and the thickness of the electrical double layer are restored to the orginal value. Therefore, the
normalized relaxation frequency f cr falls quickly from f cr = 1 to f cr = 0.75.

 

2 

 

 

 
Figure 7. Calculation results based on the modified Hanai equation: (a) Porcine blood, (b) Bovine blood.

Since it is difficult for bovine blood to form RBC aggregates, only the blood flow factors (RBC
orientation, deformation, thickness of EDL) are changed with shear rate during the calculation based
on the modified Hanai equation (no RBC aggregation). It is shown in Figure 7b that the normalized
frequency f cr of bovine blood presents the opposite behavior as that of porcine blood: it decreases
quickly in the case that flow rate is increasing, then remains almost stable, and finally goes up quickly
in the case that the flow rate is stopped. The relaxation frequency variation with the degree of RBCs
aggreation has been studied in our previous work [13].

From the comparison of porcine blood and bovine blood, it could be found that the RBC
aggregation greatly influences the relaxation frequency of blood. In other words, by measuring
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the relaxation frequency variation of blood during the pulsatile flow, the RBC aggregation is
obtained quantitatively.

5. Conclusions

In this study, the influence of RBC aggregation on the dielectric properties of normal blood
(non-coagulation) during pulsatile flow has been quantitatively investigated. Different experiments
with both porcine blood and bovine blood have been carried out under pulsatile flow. The experimental
data indicate that the impedances Z*(t) of both the porcine blood and bovine blood decrease, while
the blood flow rate Q(t) increases. However, the relaxation frequency f c of porcine blood shows
opposite behavior with that of bovine blood: it goes up from f c = 1.96 MHz to f c = 2.51 MHz, and
then falls quickly in the case that blood flow is stopped; the f c of bovine blood decreases at the
beginning from f c = 3.22 MHz to f c = 2.33 MHz, and then increases quickly in the case that blood flow
is stopped. The modified Hanai equation is proposed to quantitatively calculate the difference of the
relaxation frequency. The results indicate that RBC aggregation is responsible for this phenomenon.
The RBC aggregation parameter Rag is proposed to describe the RBC aggregation. This study confirms
the feasibility of a novel RBC aggregation measurement method for CVDs based on the relaxation
frequency f c with pulsatile flow, which is effective to exclude the influence of blood flow factors (RBC
orientation, deformation, thickness of electrical double layer).
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the experiments. J.L. proposed the idea and experimental method.

Funding: This work was supported by the Natural Science Foundation of Zhejiang Province: LY19E050010
and LY18E050012.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization. Hearts: Technical Package for Cardiovascular Disease Management in Primary Health
Care; World Health Organization: Geneva, Switzerland, 2016.

2. Chien, S. Red cell deformability and its relevance to blood flow. Annu. Rev. Physiol. 1987, 49, 177–192.
[CrossRef] [PubMed]

3. Pop, G.A.; Bisschops, L.L.; Iliev, B.; Struijk, P.C.; van der Hoeven, J.G.; Hoedemaekers, C.W. On-line blood
viscosity monitoring in vivo with a central venous catheter, using electrical impedance technique. Biosens.
Bioelectron. 2013, 41, 595–601. [CrossRef] [PubMed]

4. Richardson, P.D. Effect of blood flow velocity on growth rate of platelet thrombi. Nature 1973, 245, 103–104.
[CrossRef] [PubMed]

5. Jain, A.; Graveline, A.; Waterhouse, A.; Vernet, A.; Flaumenhaft, R.; Ingber, D.E. A shear gradient-activated
microfluidic device for automated monitoring of whole blood haemostasis and platelet function.
Nat. Commun. 2016, 7, 10176. [CrossRef] [PubMed]

6. Lee, H.Y.; Barber, C.; Rogers, J.A.; Minerick, A.R. Electrochemical hematocrit determination in a direct
current microfluidic device. Electrophoresis 2015, 36, 978–985. [CrossRef] [PubMed]

7. Li, S.; Collins, A.J. Association of hematocrit value with cardiovascular morbidity and mortality in incident
hemodialysis patients. Kidney Int. 2004, 65, 626–633. [CrossRef] [PubMed]

8. Guo, Q.; Duffy, S.P.; Matthews, K.; Deng, X.; Santoso, A.T.; Islamzada, E.; Ma, H. Deformability based sorting
of RBCs improves diagnostic sensitivity for malaria caused by Plasmodium falciparum. Lab Chip 2016, 16,
645–654. [CrossRef] [PubMed]

9. Tatsumi, K.; Katsumoto, Y.; Fujiwara, R.; Nakabe, K. Numerical and Experimental Study on the Development
of Electric Sensor as for Measurement of Red Blood Cell Deformability in Microchannels. Sensors 2012, 12,
10566–10583. [CrossRef] [PubMed]

10. Pribush, A.; Meyerstein, D.; Meyerstein, N. The mechanism of erythrocyte sedimentation. Part 1: Channeling
in sedimenting blood. Colloids Surf. B Biointerfaces 2010, 75, 214–223. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev.ph.49.030187.001141
http://www.ncbi.nlm.nih.gov/pubmed/3551796
http://dx.doi.org/10.1016/j.bios.2012.09.033
http://www.ncbi.nlm.nih.gov/pubmed/23089327
http://dx.doi.org/10.1038/245103a0
http://www.ncbi.nlm.nih.gov/pubmed/4582758
http://dx.doi.org/10.1038/ncomms10176
http://www.ncbi.nlm.nih.gov/pubmed/26733371
http://dx.doi.org/10.1002/elps.201400466
http://www.ncbi.nlm.nih.gov/pubmed/25640582
http://dx.doi.org/10.1111/j.1523-1755.2004.00425.x
http://www.ncbi.nlm.nih.gov/pubmed/14717934
http://dx.doi.org/10.1039/C5LC01248A
http://www.ncbi.nlm.nih.gov/pubmed/26768227
http://dx.doi.org/10.3390/s120810566
http://www.ncbi.nlm.nih.gov/pubmed/23112616
http://dx.doi.org/10.1016/j.colsurfb.2009.08.036
http://www.ncbi.nlm.nih.gov/pubmed/19766465


Sensors 2019, 19, 1095 11 of 12

11. Kang, Y.J. Microfluidic-Based Measurement Method of Red Blood Cell Aggregation under Hematocrit
Variations. Sensors 2017, 17, 2037. [CrossRef] [PubMed]

12. Yeom, E.; Lee, S.J. Microfluidic-based speckle analysis for sensitive measurement of erythrocyte aggregation:
A comparison of four methods for detection of elevated erythrocyte aggregation in diabetic rat blood.
Biomicrofluidics 2015, 9, 024110. [CrossRef] [PubMed]

13. Li, J.; Sapkota, A.; Kikuchi, D.; Sakota, D.; Maruyama, O.; Takei, M. RBCs aggregability measurement
of coagulating blood in extracorporeal circulation system with multiple-frequency electrical impedance
spectroscopy. Biosens. Bioelectron. 2018, 112, 79–85. [CrossRef] [PubMed]

14. Kaliviotis, E.; Sherwood, J.M.; Balabani, S. Partitioning of RBC aggregates in bifurcating microscale flows.
Sci. Rep. 2017, 7, 44563. [CrossRef] [PubMed]

15. Fu, Y.; Guo, J. Blood Cholesterol Monitoring With Smartphone as Miniaturized Electrochemical Analyzer for
Cardiovascular Disease Prevention. IEEE T. Biomed. Circuits Syst. 2018, 12, 784–790. [CrossRef] [PubMed]

16. Yao, J.; Sugawara, M.; Obara, H.; Mizutani, T.; Takei, M. Distinct Motion of GFP-Tagged Histone Expressing
Cells Under AC Electrokinetics in Electrode-Multilayered Microfluidic Device. IEEE Trans. Biomed. Circuits
Syst. 2017, 11, 1450–1458. [CrossRef] [PubMed]

17. Zhang, J.; Yuan, D.; Sluyter, R.; Yan, S.; Zhao, Q.; Xia, H.; Tan, S.; Nguyen, N.; Li, W. High-throughput
separation of white blood cells from whole blood using inertial microfluidics. IEEE Trans. Biomed. Circuits
Syst. 2017, 11, 1422–1430. [CrossRef] [PubMed]

18. Bauersachs, R.M.; Shaw, S.; Zeidler, A.; Meiselman, H.J. Hemorheological findings in uncontrolled type II
diabetes mellitus: Effects of acute insulin therapy. Clin. Hemorheol. 1987, 7, 432.

19. Baskurt, O.K.; Temiz, A.; Meiselman, H.J. RBC aggregation in experimental sepsis. J. Lab. Clin. Med. 1997,
130, 183–190. [CrossRef]

20. Rainer, C.; Kawanishi, D.T.; Chandraratna, P.A.N.; Bauersachs, R.M.; Reid, C.L.; Rahimtoola, S.H.;
Meiselman, H.J. Changes in blood rheology in patients with stable angina pectoris as a result of coronary
artery disease. Circulation 1987, 76, 15–20. [CrossRef] [PubMed]

21. Shin, S.; Hou, J.X.; Suh, J.S. Measurement of cell aggregation characteristics by analysis of laser-backscattering
in a microfluidic rheometry. Korea-Aust. Rheol. J. 2007, 19, 61–66.

22. Shin, S.; Park, M.S.; Ku, Y.H.; Suh, J.S. Shear-dependent aggregation characteristics of RBCs in a
pressure-driven microfluidic channel. Clin. Hemorheol. Microcirc. 2006, 34, 353–361. [PubMed]

23. Kavitha, A.; Ramakrishnan, S. Assessment of human RBC aggregation using image processing and wavelets.
Meas. Sci. Rev. 2007, 7, 43–51.

24. Bozzo, J.; Hernandez, M.R.; Del Giorgio, A.; Ordinas, A. RBC aggregability is increased by aspirin and flow
stress, whereas dipyridamole induces cell shape alterations: Measurements by digital image analysis. Eur. J.
Clin. Investig. 1996, 26, 747–754. [CrossRef]

25. Savéry, D.; Cloutier, G. A point process approach to assess the frequency dependence of ultrasound
backscattering by aggregating RBCs. J. Acoust. Soc. Am. 2001, 11, 3252–3262. [CrossRef]

26. Gyawali, P.; Ziegler, D.; Cailhier, J.F.; Denault, A.; Cloutier, G. Quantitative Measurement of Erythrocyte
Aggregation as a Systemic Inflammatory Marker by Ultrasound Imaging: A Systematic Review. Ultrasound
Med. Biol. 2018, 4, 1303–1317. [CrossRef] [PubMed]

27. Yeom, E.; Nam, K.H.; Paeng, D.G.; Lee, S.J. Effects of RBC aggregates dissociation on the estimation of
ultrasound speckle image velocimetry. Ultrasonics 2014, 54, 1480–1487. [CrossRef] [PubMed]

28. Zhbanov, A.; Yang, S. Effect of erythrocyte sedimentation and aggregation on the conductivity of blood in
a miniature chamber. In Proceedings of the Sixth International Conference on Quantum, Nano and Micro
Technologies, Los Alamitos, CA, USA, 19–24 August 2012.

29. Zhbanov, A.; Yang, S. Effects of aggregation on blood sedimentation and conductivity. PLoS ONE 2015, 10,
e0129337. [CrossRef] [PubMed]

30. Kaliviotis, E.; Ivanov, I.; Antonova, N.; Yianneskis, M. Erythrocyte aggregation at non-steady flow conditions:
A comparison of characteristics measured with electrorheology and image analysis. Clin. Hemorheol.
Microcirc. 2010, 44, 43–54. [PubMed]

31. Baskurt, O.K.; Mehmet, U.; Meiselman, H.J. Time course of electrical impedance during red blood cell
aggregation in a glass tube: Comparison with light transmittance. IEEE Trans. Biomed. Eng. 2010, 57, 969–978.
[CrossRef] [PubMed]

http://dx.doi.org/10.3390/s17092037
http://www.ncbi.nlm.nih.gov/pubmed/28878199
http://dx.doi.org/10.1063/1.4917023
http://www.ncbi.nlm.nih.gov/pubmed/25945136
http://dx.doi.org/10.1016/j.bios.2018.04.020
http://www.ncbi.nlm.nih.gov/pubmed/29698811
http://dx.doi.org/10.1038/srep44563
http://www.ncbi.nlm.nih.gov/pubmed/28303921
http://dx.doi.org/10.1109/TBCAS.2018.2845856
http://www.ncbi.nlm.nih.gov/pubmed/30010594
http://dx.doi.org/10.1109/TBCAS.2017.2729584
http://www.ncbi.nlm.nih.gov/pubmed/28809711
http://dx.doi.org/10.1109/TBCAS.2017.2735440
http://www.ncbi.nlm.nih.gov/pubmed/28866599
http://dx.doi.org/10.1016/S0022-2143(97)90094-9
http://dx.doi.org/10.1161/01.CIR.76.1.15
http://www.ncbi.nlm.nih.gov/pubmed/3594763
http://www.ncbi.nlm.nih.gov/pubmed/16543657
http://dx.doi.org/10.1046/j.1365-2362.1996.1960540.x
http://dx.doi.org/10.1121/1.1419092
http://dx.doi.org/10.1016/j.ultrasmedbio.2018.02.020
http://www.ncbi.nlm.nih.gov/pubmed/29661483
http://dx.doi.org/10.1016/j.ultras.2014.04.017
http://www.ncbi.nlm.nih.gov/pubmed/24794508
http://dx.doi.org/10.1371/journal.pone.0129337
http://www.ncbi.nlm.nih.gov/pubmed/26047511
http://www.ncbi.nlm.nih.gov/pubmed/20134092
http://dx.doi.org/10.1109/TBME.2009.2036598
http://www.ncbi.nlm.nih.gov/pubmed/19932990


Sensors 2019, 19, 1095 12 of 12
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