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ABSTRACT: Thrombus formation is quantitatively measured awmdluated by the electrical
impedance spectroscopy method in this study, wbdctiirms the possibility for the application of a
promising non-invasive thrombus detection methdee impedance parametgr(t) of blood from
the electrical impedance spectroscopyutilized to elaborate the impedance performaotélood
during thrombus formation process. Experimentaliltesndicate that the impedanz¥(t) of blood has
regular variations under the formation of thrombarkjch could be divided into three stages. Modified
Hanai equation is proposed to quantitatively expbthe three stages of impedarit) variation. The
amount of fibrin and thrombus clot is founded to dmeounted for the impedance variation of blood,
which confirms the feasibility and theoretical lsasbf the non-invasive and on-line thrombus

bio-detection technology for patients with sericasdiovascular disease
Keywords: Blood, thrombus, electrical impedance spectrogcfilprin, red blood cell, biosensor

1. Introduction

Cardiovascular disease€sS\/Ds) have become an extremely dangerous diseaseesltioe world.
According to the statistic study, CVDs are almastcainted for 32.3% of all the deaths in the United
States (Go et al., 2013), and the total numberatépts with CVDs in China has increased to 0.29
billion recent years (Chen et al., 2018). Amongtlai mortality caused by CVDs, thrombosis has
been reported to play a significant role for thatteof CVDs patients (Rhea et al., 2019; Teuteberg
et al., 2015). How to measure the thrombus comditibpatients in early stage has become the key
therapy to save the life of patients with CVDs. tdmow, several methods have been developed by
researchers to detect the thrombus condition aémiat According to the measurement principles,
generally applied thrombus detection methods cdadddivided into thrombelastogram (TEG),
computed tomography (CT), nuclear magnetic resaameging (MRI), optical coherence tomography
(OCT), and ultrasound scanning. TEG is based ormtbehanical force/torque measurement from the
elasticity change of blood during blood coagulatiashich makes it difficult to be utilized for comta
on-line detection (Feller et al., 2014; Li et &019). CT and MRI could obtain the micro structofe
thrombus even inside patient’'s body (Heo et all,720aini et al., 2017). However, they always requi
quite expensive facilities, and the utilizationXafay or other radiant rays may bring harm to hurbedy.
OCT exploits the light signal for tomography, bhetlight has the problem to penetrate the tissnds a
blood (Amabile et al., 2015; Imola et al., 2015)litrakound scanning has been widely utilized for



thrombus detection, but it still has the diffictdtdistinguish the micro bubbles and thrombus (faing
et al., 2015; Hon et al., 2019).

Compared with the above methods for thrombus detectlectrical impedance spectroscopy (EIS) is
appropriate for the non-invasive thrombus detectohre to the advantage that high frequency eledtric
signal has good penetration ability for tissues blodd (Wang et al., 2017). It is reported that Etsild
distinguish the information of cells and even pimdeeasily (Oseev et al., 2017). Therefore, EIf is
promising method for on-line and non-invasive thbms detection method for patients with CVDs.
However, only a few researchers studied the pdigilif EIS for thrombus detection (Asakura et al.,
2015; Kailashiya et al., 2015). Additionally, thedationship between the impedance signal and thusmb
formation process is still not explored clearly,isthmakes the theoretical basis of this promisindine
thrombus detection method missing. It means that tivb impedance of blood changes during thrombus
formation is still not clear, hence, the furtheplbigation of the EIS measurement for thrombus d&tec
is limited.

In this study, thrombus formation is quantitativeheasured and evaluated based on the electrical
impedance spectroscopy method. The experimentéraysith impedance analyzer is established to
measure the impedance performance of blood duhrgmbus formation. The impedance sig@(t)
under different input frequendyis recorded and analyzed, and three variatiorestafjblood impedance
Z*(t) are founded. In order to quantitative investigdtee relationship between the impedance
performance and thrombus formation process, theserdional Hanai equation is modified from the
viewpoint of RBCs parameters (RBC orientation, R@&formation, RBC electrical double layer (EDL)
thickness). Finally, the modified Hanai equationtifized to quantitatively analyze the variatiohbdéood
impedance during thrombus formation. This studyshoew insights for the further development of a
promising biosensing technology of on-line and norasive thrombus measurement for patients with

CVDs based on the electrical impedance spectroscgiiyod.

2. Materialsand M ethods
2.1. Experimental setup

Fig. 1 shows the experimental setup of the elatrimpedance measurement system for blood
thrombus detection. The experimental setup consises container with two electrodes, an impedance
analyzer (IM7581, Hioki E.E. Corporation, Japamy @ personal computer (PC). During the experiments
blood is put inside the container which has a gap mm between the two electrodes. Additionally th
two electrodes of the container are connected thithimpedance analyzer by two terminal probes. The
input AC signal with high frequency is generated tine impedance analyzer, and the measured
impedance signal of blood is also collected byithpedance analyzer. All the collected data are dave

and processed by the PC. The size of the electindbe container is around 10 mmx20 mm.
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Fig. 1. (Color online) Experimental setup of theattical impedance measurement system for blood
thrombus detection.

2.2. Blood samples

Due the ethical problem and the needed large amthenporcine blood was utilized instead of human
blood in the experiments. Porcine blood has be#izad to replace human blood in many early stage
researches, since it is quite similar to human dhlaspecially for blood thrombus detection (Li &f a
2018). The fresh blood sample was withdrawn fropoecine in the slaughterhouse in the early morning,
and then mixed immediately with tri-sodium citradelution (3.28%) to prevent the natural blood
thrombus process. The volume ratio of blood ardddium citrate solution is kept around 9:1. Afteat,
the blood sample was transferred to the experirhtaitan short time.
2.3. Experimental condition

Fresh porcine blood with 10% volume percent of 328&-sodium citrate solution was applied for the
experiments. The hematocrit of the used porcinedloas aroundi=46.5%. During the experiments, 1
mL porcine blood (with tri-sodium citrate solutiomjas put inside the container. Then, B0 CaCl
solution with a weight fraction of 2% was addeditihe blood to generate thrombus. The input signal
applied on the two electrodes of the container aa#\C current with a value @£0.1 mA, and it swept
from f=0.1 MHz tof=300 MHz (frequency scanning range of IM7581), Whis used to obtain the

suitable frequency range for blood impedance measeint.

3. Reaults
Fig. 2 illustrates the experimental results of #hectrical impedance measurement during thrombus
formation. As is mentioned in Part 2.3, porcinedolavith a hematocrit ofi=46.5% was utilized for the

measurement. Cagbkolution with a weight fraction of 2% was addetbithe porcine blood for the



generation of blood thrombus. It is shown in Figthat the impedancg*(t) of blood varies after the
injection of CaC] solution. Under the condition of different inpoéduencies, the variation of impedance
Z*(1) is different. In the case that the input frequeisdf=0.1 MHz and=0.5 MHz, the impedancg*(t)
change of blood during thrombus formation is naabte. However, in the case that the input frequenc
is f=1 MHz, f=5 MHz andf=10 MHz, the impedance change is remarkable.

Fig. 2 (b) demonstrates the impedar€#®t) performance during thrombus formation under the
condition of input frequencf=1 MHz. It is obvious that the change of impedant) could be divided
into three stages during the total measurement tfme40 minutes. At the first 2 minutes, after the
injection of CaC] solution, the impedancgt(t) falls down quickly fromz*(t)= 19.55Q to Z*(t)= 19.43
Q. This is thought to be caused by the generatiofiiboin. According to the theory of thrombus
formation in previous studies, at the early staglepod coagulation factors will react and the
fibrinogen changes into fibrin which is confirmey dther researchers (Esther et al, 1999; Ahmad et
al, 2017). The conductivity of fibrin is much larg@gan that of the fibrinogen, which brings the
decreasing of blood impedandene influence of fibrin is discussed in SectionMter that, during the
time t=2 minutes tot=20 minutes, the impedanc&(t) increases slowly, which is caused by the
generation of thrombus clot. Finally, during theeit=20 minutes td=40 minutes, the impedana&(t)
rises up quickly to the value @*(t)= 19.65Q. This same variation trend of blood during thrombu
formation also occurs under the input frequency=% MHz andf=10 MHz. The variation of blood
impedanceZ*(t) during thrombus formation is thought to be indlibg the generation and the amount of

fibrin and thrombus clot, which will be quantitagly discussed in Part 4.
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Fig. 2. (Color online) Experimental results of #lectrical impedance measurement for blood coagalat
(a) Impedance performance under different inpugdencies; (b) Impedance performance uridér
MHz.

4. Discussion

In the experiments, the impedari€gt) of blood varies during thrombus formation, whishhought to



be influenced by the fibrin and thrombus clot gatien. According to precious studies, the thrombus
formation process is quite complicated, many bloodgulation factors works together. Generallyhia t
case that thrombus generates, the fibrinogen snmadevelops into fibrin which has a fibrous suiuet
And then, blood cells are gathered together byrté®vork of fibrin, which is the widely accepted
thrombus formation process. Compared with othehou for thrombus detection, such as TEG method
(Feller et al., 2014; Li et al., 2019)|Emethod is more sensitive and it is able to ddtexdifference
at the early stage, since the impedance changesdmtaly at the first stagdn order to
quantitatively investigate the impedance changidurlood coagulation, the modified Hanai equation
exploited to calculate the three stages showndnXb).
4.1 Modified Hanai equation

The conventional Hanai equation is generally widizto calculate the colloid solution with high
concentration. Here, the Hanai equation is modif@dhake it suitable for the calculation of bloddhe
modified Hanai equation is modified from the poimit RBCs parameters (RBC orientation, RBC
deformation, RBC EDL thickness) (Li et al., 201Bjowever, the Hanai equation in that study is only
available for the simplified blood model with thedrblood cell and plasma, which means that it Iy on
suitable for the model of a solution with one kiofdcells. That research is used for the red blosltl c
aggregation investigation. It is not sufficient fbe investigation of thrombus formation, which tzns
red blood cells, fibrin and plasma. In this stuithg impedanc&*(t) of blood during thrombus formation
could be calculated by the modified Hanai equatidgth the consideration of red blood cells, fibrinda
plasma. Generally, more than 90% of the total bloelts in real blood are RBCs. In order to simptifig
calculation, the whole blood is treated as thetgmiuwf RBCs and plasma. Before thrombus clot oesur
fribrin generates quickly which could be simplifiad in the long cylinder shape. Additionally, thimm
clot is treated as the coagulation of several RB{&se, the modified Hanai equation could be utdifer

the calculation of the impedance change duringnitmes formation process, which is shown as the

following:
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wheree pooq IS the permittivity of bloodg rgc is the permittivity of RBC:™ pooq IS thepermittivity of the
blood only with plasma and fibrim;*masmais the permittivity of plasma:CT is the hematocrit of blood;
¢ FbiS the permittivity of fibrin;Hg;, is the volume percent of fibrin.

And ¢ rac could be obtained by the following equations:
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v= B.O,P, (4)
(D, +2d,)(D, +2d, JD, +2d,)

wheres’kCp is the permittivity of cytoplasm inside RBGs;, is the permittivity of RBCs membrane;is

the volume percent of cytoplasm inside RBGsH,, andd, are the RBC EDL thickness iy andz axis,
respectively.

Furthermoreg pasma ¢ p @ande , are obtained by the following:

.
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wheregpasma@Ndopasma@re the relative permittivity and relative condvity of plasma, respectivelyn,
andg,, are the relative permittivity and relative conduity of RBCs membrane, respectivel; ando,
are the relative permittivity and relative conduityi of RBCs cytoplasm, respectively; is vacuum
permittivity (Bitbol and Quemada, 1985).

In this studyas mentioned above, blood is simplified as thetsniwf RBCs and plasma. RBCs are

treated to be in the elliptical shape. Hetg, C, and C; are the deformation factors of RBCs which are
obtained by the following:
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wherel,, L,and L, are the depolarization factors along they andz axis of RBCs in terms of the
elliptic integrals (Asami, 2002):
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whereDy, Dy, andD, are the diameters of RBCs alongy andz, respectively.
A’ andB’ are the orientation factors induced by the oa¢inh of RBCs, as the following:

_ b+Jb*-c _ b=vb’-c 3
A=—Y" ~ B=— 13
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. L(d-a,)+ Ly(12—ay)+ L{1-a,) (14)

c=a,L,L,+a,L,L +a,lL, (15)
whereay, ay, anda, are the RBCs in the direction xfy andz axis, respectivelyn this study, the
blood is under the static condition, the orientatif RBCs is treated to be random=a,=a,=1/3).
Additionally, the parameterG,r, C,r, Csr, A-’ and B for fibrin are obtained by same method according
the radius and orientation of fibrin.
Based on the proposed modified Hanai equation,infpedancezZ*(t) of blood could be obtained

according to the following equation:
* . % -1
Z' (t) = (j2nfAgy 000/ L) (16)

whereA is the area of the electrode of the contaithers the distance between the two electrodes of
container, which is shown in Fig. 1.
The parameters utilized in the calculation kool impedance during thrombus formation based on

the modified Hanai equation are shown in the supptgtary material Table S1.
4.1 Calculation results

Fig. 3 illustrates the calculation results of thpedance performance during thrombus formationdase
on the modified Hanai equation. The calculationites Fig. 3 shows great agreement with experimmlent
result in Fig. 2(b). As shown in Fig. 3, the penfiance of blood relative impedance differedcg*(t)
during thrombus formation process could be divided three stages: in Stage I, the relative impedan
differenceAZ*(t) of blood falls down quickly; in Stage Il, it risaup slowly; in Stage lll, the relative
impedance differencAZ*(t) of blood goes up quickly. And the relative impeda differenceAZ*(t) is
obtained by the following:
_Z, ()-Z (min)

= x100% (17)
Z, (min)

AZ/ (t)

whereZ,” (t) is the relative impedance under different tim& £ (min) is the minimum value of the
impedance difference.

In order to quantitatively investigate the variatiof blood impedance during thrombus formation, the
modified Hanai equation is utilized according te thhysiological process of thrombus formation. For
normal blood, it could be treated as the solutibrRBCs and plasma. At the beginning, the relative
impedanceZ*(t) of blood is set ag *(t)=1.00. After the injection of Cagbkolution, 6<t<<2 minutes,
fibrin generates quickly. Hence, during the caltialg fibrin with a cylinder shape is added in thleod
together with the elliptical shaped RBCs. Subsetiyethe relative impedance differens&,*(t) of blood
from the calculation falls down fromz *(t)=1.73% toAZ*(t)=0, which shows the same trend with the
experimental results, as is shown in FigTBe conductivity of fibrin is much larger than thadtthe

fibrinogen, which brings the decreasing of bloogh@nance. Fibrin is thought to be responsible for



the decreasing a&fZ*(t).

After that, about>2 minutes, thrombus clot is formed inside the bloblderefore, besides the RBCs
and fibrin, micro thrombus clot was added into tiaculation which is treated as the coagulation of
several RBCs. That is to say, thrombus clot brithgs increasing of the relative impedance difference
AZ*(t) of blood, while fibrin make the relative impedandifferenceAZ*(t) of blood decrease. Hence,
during the Stage I, the relative impedance difieseAZ*(t) of blood only rises up slowly to around
AZ*(1)=2.15%.

After t>20 minutes, bigger thrombus clot is formed insitleod, while the amount of fibrin does not
grow. The calculation result in Stage Ill illustata quick increase of blood relative impedanderdifice
AZ*(1) from AZ*(1)=2.15% toAZ*(t)=4.55%, which is in agreement with the experimergault shown
in Fig. 2(b).

From the calculation results in Fig. 3 and the expental results in Fig. 2, it is confirmed thaeth
generation of fibrin and thrombus clot brings tlagiation of blood impedandatifferenceAZ*(t). Namely,
by measuring the variation of blood impedance diffieeAZ*(t), the thrombus formation process could
be detected by the electrical impedance spectrgsamlpich is a promising on-line and non-invasive

thrombus detection method.
Blood Stage I Stage I Stage I
0§g§$0®5§ = m%\
\ﬂyﬁ @ ~.
N 7 @/

RBC Plasma FlbrmT T

5

b
n

w
w W A
M M M

—
— W N
M M " M

Relative impedance difference
AZX(1) [%]
o S

(=}

10 20 30 40

S

Experimental time 7 [minute]

Fig. 3. (Color online) Calculation results of tHedarical impedance variation during thrombus fotioma
based on the modified Hanai equation.
5. Conclusion
In this study, the impedance variation of bloodiniyithrombus formation is measured by electrical
impedance spectroscopy. The variation of blood oapee could be divided into three stages, and the

conventional Hanai equation is modified to quatititdy calculate the impedance change of bloodrdyri



thrombus formation. The generation of fibrin isified to cause the decreasing of blood impedandken
case that<<2 minutes after the CagCkolution is injected. Meanwhile, micro thrombustchas been
confirmed to increase the impedance of blood dutimgmbus formation in the case that2 minutes.
This study shows the possibility and the theorégsgdence of the promising on-line and non-invasiv

detection method for thrombus formation based entatal impedance spectroscopy.
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Highlights
e Impedance variation during thrombus formation is measured based on
electrical impedance spectroscopy.
e The variation of blood impedance during thrombus formation is found
to be divided into three stages.
e Modified Hanai mixture formula which considers red blood cell
orientation, deformation and EDL (electrical double layer) are applied to
caculate the three stages of impedance change during thrombus
formation.
e The amount of fibrin and thrombus clot is found to be accounted for the

impedance variation of blood.
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