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Abstract Although cerebral blood flow is the crucial

factor for cerebral infarction and the circle of Willis (CoW)

is considered the primary control structure for cerebral

hemodynamics, risk of cerebral infarction caused by the

morphological variation in the CoW has never been studied

due to lack of proper tools. Here, the alteration of cerebral

blood flow in CoW variation was quantitatively assessed by

a new analysis method using a microfluidic device that was

controlled by pneumatic valves. Using this device, the

occlusion of diverse major arteries was realized by closing

the channel with pneumatic valves. The morphological

variations of the CoW and their hemodynamics were

designed and analyzed after occlusion of the major arteries.

While the differences in hemodynamics of CoW variants

were not statistically significant compared with a complete

CoW without occlusion or with occlusion of the efferent

arteries, the occlusion of afferent arteries such as common

carotid artery and vertebral artery severely affected the

flow rate (28.4–48.8 %) and related arterial pressure of

efferent arteries (48.6 ± 6.7–36.0 ± 1.4 mmHg) in CoW

variants where the posterior communicating artery and the

P1 segment are absent, which is associated with cerebral

ischemic infarction. The novel analysis system using mi-

crofluidics provides a robust and accurate method, in which

the hemodynamics of individual morphological variation

and stenosis, and occlusion of vessels can be analyzed.

Thus, this method is particularly suitable for personalized

analysis of hemodynamics and may find new applications

in biomedical researches.

Keywords Microfluidics � Cerebrovascular circulation �
Circle of Willis � Infarction � Cerebral ischemia

1 Introduction

The brain depends essentially on the stable perfusion of

blood to maintain its functions. About 15–20 % of the

cardiac output of blood is supplied to the brain for cerebral

circulation. In spite of the complex and variable structures

of the cerebral vascular system, the major arteries between

the heart and the proximal brain maintain similar patterns

between individuals. Afferent blood supply into the brain

occurs through the left and right common carotid arteries

(CCAs), as well as through the left and right vertebral

arteries (VAs), which are united at the aortic arch. The

CCAs branch into an external carotid artery (ECA) and an

internal carotid artery (ICA) at the level of the fourth

cervical vertebra. The ICA branches into an anterior

cerebral artery (ACA) and a middle cerebral artery (MCA)

at the circle of Willis (CoW). The two VAs merge to create

a basilar artery (BA), which is connected to the CoW inside

the skull. The CoW is a ring-like arterial structure located
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at the base of skull. It is comprised of pairs of CCAs and

VAs that supply blood to the circle, which, in turn, dis-

tributes blood to the efferent anterior, middle, and posterior

cerebral arteries (ACA, MCA, and PCA) that transport

oxygenated blood throughout the cerebral structures.

Additionally, the anterior and posterior communicating

arteries (ACoA and PCoAs) connect the efferent arteries of

the CoW that redistribute the blood flow in the circle and

ensure a supply of blood to the correct side of the brain

(Osborn 1999; Edelman et al. 1990; Devault et al. 2008). In

spite of this important function of the CoW, about 42 % of

the population have a complete CoW structure where

underdeveloped or absent blood vessels have been identi-

fied (Eftekhar et al. 2006; Papantchev et al. 2007; Hoks-

bergen et al. 2000). Among them, approximately 9 % have

variations in the ACoA. Hypoplasticity or absence of P1

segment or PCoA has been reported in about 15–22 % of

individuals with morphological variations in their CoW

(Eftekhar et al. 2006; Papantchev et al. 2007). While

patients with one of these CoW variations do not become

ill under normal circumstances (with the exception that

these variations might trigger migraines; Bugnicourt et al.

2009; Cucchiara and Detre 2008), it has been reported that

reduced blood flow, due to hypoplasticity of PCoA with

accompanying pathologies (e.g., ICA occlusion), could

lead to health risks, including ischemic stroke (Schomer

et al. 1994). Additionally, the effects of ACA diameter and

other collateral abilities of the CoW with ICA occlusion

have been investigated (Cassot et al. 1995; Hendrikse et al.

2001; Rutgers et al. 2000; Tanaka et al. 2006; van Raamt

et al. 2006). However, the underlying hemodynamics and

related risks of stroke in cases of other occluded major

arteries have never been directly assessed.

Research about the relationship between artery

occlusion and stroke is mostly based on clinical case

studies (Schomer et al. 1994; Hendrikse et al. 2001;

Rutgers et al. 2000; Tanaka et al. 2006; van Raamt et al.

2006). The reason for the scarcity of these studies might

be the technical constraints involved in investigating the

relationships involved in a distinct condition. Computa-

tional simulations of cerebral blood flow are widely used

(Moore et al. 2006; Long et al. 2008), but restricted by

boundary conditions and the difficulty involved in

referring clinical cases. Thus, in vitro replicas were

produced from diverse materials such as silicon and wax

(Chung et al. 2010a, b; Wetzel et al. 2005), which mimic

the vascular structure, but could not reconstruct the ste-

nosis or occlusion of vessels. The in vivo animal model

enables us to reproduce only a limited number of

occlusion cases, such as the 11-vessel occlusion (11-VO)

model (Choi et al. 2010) or the transient MCA occlusion

(tMCA-O) mouse model (Braeuninger and Kleinschnitz

2009).

In this study, we present a novel technique using a

microfluidic system to study the relationship between the

hemodynamics of cerebral vascular system and stroke. A

network of microchannels with pneumatic-controlled

microvalves is applied to this system (Nam et al. 2007,

2009), which enables the closing and opening of the mi-

crochannel precisely through the use of an electrical signal

that reproduces stenosis or occlusion in all major arteries

around the CoW. Blood flow in the cerebral vascular sys-

tem obeys the physical rules of fluid mechanics, even

though it is modulated by the constriction and dilation of

vessels. A microfluidic system provides an excellent plat-

form to study the fluid mechanics because of its plasticity,

reproducibility, and well-studied fluid kinetics. Therefore,

a microfluidic system was adopted to study the relationship

between blood flow and the morphological variation of the

CoW and to elucidate the functional role of the CoW for

collateral circulation. Furthermore, the cerebral hemody-

namics of morphological variations was investigated in

cases of occlusion of the carotid arteries to evaluate the

effect of the structure the CoW on health risks, such as

ischemic stroke.

To the best of our knowledge, not only have cerebral

hemodynamics not been studied using a microfluidic sys-

tem, but also the risks associated with CoW morphology at

the site of various carotid artery occlusions have not been

studied. In this study, the hemodynamics of cerebral blood

flow in diverse CoW morphologies was analyzed by means

of the rules of fluid mechanics using a microfluidic device.

Also, hemodynamics and their relationship to cerebral

infarction in cases of occlusion were investigated.

2 Experimental setup

2.1 Fabrication of microfluidic system and control

of microvalves

The microfluidic device was fabricated using soft lithog-

raphy and consisted of two layers of PDMS (Dow-Corning,

Cortland, NY) fabricated as described previously (Nam

et al. 2007, 2009). The thick top layer was prepared with a

curing agent/PDMS ratio of 1:10, whereas the ratio of the

thin bottom layer was 1:30. The latter layer was spin-

coated for 30 s at 2,500 rpm. The thick layer was brought

together and aligned with the thin layer. The PDMS sur-

faces and a microscope slide were then simultaneously

treated with an O2 plasma cleaner (Femto Science, Hwas-

eong, Korea) at 50 W for 30 s, and the two surfaces were

brought together, forming an irreversible bond. Pneumatic

valves were connected through the tubing to the three-way

solenoid valves (LHDA0523112H; Lee Company, West-

brook, CT), which were used to vent or pressurize the
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PDMS valves. A one-chip eight-bit microcontroller

(PIC16F873A; Microchip Technology Inc., Chandler, AZ)

was embedded to control the three-way solenoid valves

(Choi and Jiang 2006). The pressure was set at 30 psi with

a mini-pressure regulator, which was connected to a bottle

of N2 gas.

2.2 Microfluidic system setup and operation

The geometry of normal main cerebral arteries was derived

from averaged literature data (Alastruey et al. 2007), which

is representative of 42 % of the population due to the

anatomical variations. The basic structure of the CoW

includes four afferent vessels (two CCAs and VAs) and

eight efferent vessels (two ECAs, PCAs, MCAs, and

PCAs) (Fig. 1). Inlet flows were generated by two syringe

pumps (Kd Scientific, Holliston, MA) connected to two

CCA channels (52.97 lL/min) and two VA channels

(16.77 lL/min) through plastic tubing (Tygon; Saint-

Gobain Co., Courbevoie, France) and a 20-G metal needle.

The channels were filled with a solution with 40 % glyc-

erol, which resembles the density (q = 1,053 kg/m3) and

viscosity (l = 3 mPa s) of human blood (Chung et al.

2010a, b). To measure the flow rate using a BLF21D laser

Doppler Flowmeter (LDF; Transonic Systems Inc., Ithaca,

NY), orgasol particles (/ = 3.5–6.5 lm; Arkema, Co-

lombes, France) were added to the solution. Flow rates

were measured by the volume of fluid from the outlets and

confirmed by the LDF measurements.

2.3 Computational hemodynamic remodeling

Since the height of microchannels is small compared with

the channel length, the mass and momentum balance

equations, such as the continuity equations and the Stokes

equations for a steady laminar and incompressible flow of a

Newtonian fluid with constant properties, are expressed by

the following equations:

oui

oxi

¼ 0 ð1Þ

uj

oui

oxj

¼ � 1

q
op

oxi

þ l
o2ui

ox2
j

 !
ð2Þ

where ui is the velocity component in the i direction, p is

the pressure, q is the fluid density, and l is the dynamic

viscosity. The fluid properties are evaluated at the operat-

ing temperature of 293 K.

The two-dimensional model was constructed with Sol-

idWorks 2010 software (SolidWorks Corp., Waltham, MA)

according to the structure characteristics and geometric

features of a miniature human CoW microfluidic device

and was transformed to finite element analysis software

(ANSYS V13.0 Workbench Modeler; ANSYS Inc., Can-

onsburg, PA) (Fig. 2). The finite element model of fluid

was then constructed in it. A total of four models, including

one normal CoW model and three CoW variant models,

were constructed. A structured mesh with around 3 9 104

tetragon and triangle elements was generated in the entire

Fig. 1 Experimental setup of the microfluidic system and image of

the microfluidic device for the cerebral vascular system. a Experi-

mental setup: Two different flows via CCA and VA inlet flow were

introduced by two separate syringe pumps. The flow rate was

measured by collection of outlet flow and laser Doppler flowmeter

(LDF). CCA common carotid artery, VA vertebral artery. b The

microfluidic device mimicking cerebral vascular system from PDMS:

The top pneumatic layer and bottom fluidic-channel layer were

visualized by filling with an aniline blue dye and a hematoxylin dye,

respectively. ACA anterior cerebral artery, MCA middle cerebral

artery, ICA internal carotid artery, PCA posterior cerebral artery, ECA

external carotid artery, BA basilar artery, ACoA anterior communi-

cating artery, PCoA posterior communicating artery, A1 horizontal

segment of ACA, and P1 horizontal segment of PCA. Pneumatic

valves were utilized to mimic the occlusion of arteries (O). Scale bar

1 mm. C Images of the microfluidic devices based on circle of Willis

(CoW) variations. CoW geometries with a complete CoW, b dupli-

cated ACoA, c absent PCoA, and d absent P1 segment were

magnified. Scale bar 1 mm
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fluid model. The no-slip velocity condition at solid

boundaries was applied to all the microchannel walls. All

meshes except for microchannel inlets and outlets were

assigned to vascular walls. The flow field was modeled as

steady and laminar Eqs. (1) and (2), and the inlet/outlet

boundary conditions were set as mass flow inlet and out-

flow, respectively. The blood-mimicking fluid

(q = 1,037 kg/m3; l = 4.1 mPa s) was used as a blood

material. While the flow rate in the microfluidic device has

been measured by the blood-mimicking solution with or-

gasol particles, the computational simulation was per-

formed by blood-mimicking fluid regardless of orgasol

particles. The Reynolds number was eight for CCA and 20

for VA. The numerical simulations were performed with

ANSYS V13.0 Workbench Fluent (ANSYS Inc.). Veloci-

ties that were identical to the experimental setup on a

microfluidic system were applied to afferent vessels. The

velocities of efferent vessels were set to match the results

(Supplementary Table 2) obtained from the experiments

for each of the conditions. The occlusion of arteries was

implemented with the wall setting of corresponding

meshes. The implementation process for iterative compu-

tation was equally divided into 500-time steps. Finally,

information about velocities and pressures for a miniature

human CoW microfluidic device was obtained by the

computational hemodynamic remodeling analysis.

2.4 Statistics

To estimate the degree of occurrence of stroke, a two-

dimensional plot of two evaluated arterial pressures

(APs)—a scattergram—was used. When AP was placed

within the AP ranges of 50–150 mmHg, it was identified as

normal. All calculations, evaluations, and displays of APs

Fig. 2 Analysis of

hemodynamic based on the

microfluidic system. a CAD

design b microfluidic model of

CoW, c segmentation of CoW

by Ansys� program, d static

pressure, e flow velocity in

complete CoW
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were implemented with MATLAB software (MathWorks

Inc., Natick, MA). To evaluate the significant differences

between APs, the one-way analysis of variance (ANOVA)

and the Bonferroni post-test were used. Statistical signifi-

cance was defined as p value \ 0.05. Statistical tests were

completed using GraphPad (GraphPad, La Jolla, CA).

3 Results and discussion

3.1 Hemodynamics in microfluidic system

Studies of vascular function using a microfluidic system

have been attempted for several reasons. The first reason

is that the fluid physics in the microfluidic channel are

very well characterized and resemble the flow mechanics

of the vascular system (Kenis et al. 1999; Squires and

Quake 2005). Blood flow in vessels can be either laminar

or turbulent (Fischer et al. 2007). While the low Rey-

nolds number of flow results in laminar flow, turbulent

flow is aroused in direct proportion to the velocity of

blood flow, the diameter of the blood vessel, and the

density of the blood. Also, it is inversely proportional to

the viscosity of the blood based on the following equa-

tion:

Re ¼ q � m � d=l ð3Þ

where Re is Reynolds’ number, m is the mean velocity of

blood flow, d is the vessel diameter, q is density, and l is

the dynamic viscosity of blood. Since Re had a range of

8–20, blood flow was considered and applied as laminar

flow in this study. To explore cerebral hemodynamics

using a microfluidic system, the first task was to evaluate

the precision of the flow mechanics in the miniature sys-

tem. In the microfluidic system, vessel dimensions were

reduced tenfold from the diameters of corresponding ves-

sels (Supplemental Table 1; Alastruey et al. 2007), whose

cross-sectional areas were reduced 1,884-fold. Reynolds

number as well as shear stress of flow is related to the flow

rate of blood and the dimension of the blood vessel. Since

the channel dimension in microfluidic system was

decreased tenfold, the applied flow rate should decrease in

proportional to the channel dimension, to adjust the same

theoretical Reynolds number and shear stress as those in

the vascular system. According to the law of volumetric

flow rate depending upon the cross-sectional surface, the

inlet flow was adjusted to 52.97 lL/min for the CCAs that

corresponded to the volumetric flow rate of 399.1 mL/min

and was similar to the clinical average (389 ± 73 mL/min

for left CCA [LCCA]; 381 ± 79 mL/min for right CCA

[RCCA]; Zhao et al. 2007). According to those criteria, a

flow rate of 16.77 lL/min was set for the VAs.

The flow rate of the major eight efferent arteries—pairs

of ACA, MCA, PCA, and ECA—was measured by analysis

of fluids collected directly from outlets by LDF (Fig. 1). To

determine the flow rate from the LDF value in a micro-

fluidic device, a simple channel with dimensions of

400 lm width and 100 lm depth was fabricated and the

outlet flow was analyzed. The analyses showed that the

LDF in the microfluidic channel exhibited a linear response

with outlet flow (Supplemental Figure 1), where the cor-

relation coefficient of the linear regression was 0.995 for 15

independent measurements. To compare the accuracy of

the measured flow rate to the clinical average (Table 1), the

measured flow rate in the microfluidic system was com-

puted by the reduction factor. The data measured by col-

lection of outflow were 90.8 % accurate (Pearson

correlation, r = 0.9076) and those measured by LDF were

98.9 % accurate (Pearson correlation, r = 0.9898).

3.2 Physical effect of CoW morphology

on hemodynamics

To analyze the effect of CoW morphological variations on

the hemodynamics of the cerebral vascular system, three

different variations were chosen and fabricated (Figs. 1, 2).

The tested variations include a double structure of ACoA,

and absence of PCoA and P1 segment, which represent the

most common variations in the CoW (Eftekhar et al. 2006;

Papantchev et al. 2007). The differences in the flow rates of

these variables, however, were not statistically significant

(Fig. 3, ANOVA Bonferroni test; p value = 0.9186).

Even though the hemodynamics of the CoW variants did

not indicate significant differences compared with the

complete CoW, two points of data deserved some com-

ment. First, the duplicated geometry of ACoA caused

decreased flows through the MCA and the ECA, and

increased PCA flow, like increased resistance in the

Table 1 Flow rates measured by collection of the outlet flow and by

laser Doppler Flowmetry (LDF) in the microfluidic system

Artery Clinical average

(mL/min)

Outlet flow

(mL/min)

LDF

(mL/min)

LACA 85 ± 26 79.4 ± 9.1 75.5 ± 15.3

RACA 80 ± 28 71.6 ± 18.8 70.7 ± 15.7

LMCA 150 ± 31 167.7 ± 26.4 133.4 ± 18.1

RMCA 145 ± 27 177.1 ± 19.5 125.8 ± 17.9

LPCA 66 ± 14 61.0 ± 12.7 61.3 ± 13.8

RPCA 63 ± 14 63.8 ± 8.7 55.9 ± 15.0

LECA 126 ± 61 105.1 ± 14 104.2 ± 19.3

RECA 129 ± 63 98.6 ± 6.0 102.5 ± 19.0

LACA left ACA, RACA right ACA, LMCA left MCA, RMCA right

MCA, LPCA left PCA, RPCA right PCA, LECA left ECA, RECA right

ECA
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anterior part of the CoW. Second, the absence of the PCoA

preferentially exerted an effect on the flows through the

ACA and the MCA, whereas an absent P1 segment pref-

erentially provided the blood for the PCA and the ECA.

This result implies that the geometry of the CoW is related

to the division of anterior circulation via the carotid system

and posterior circulation via the vertebrobasilar system

(Tao et al. 2012), whereas the CoW plays a role in primary

collateral circulation simultaneously.

Blood flow in vessels has been described as non-New-

tonian fluid flow (Marcinkowska-Gapinska et al. 2007).

The characteristic of blood is attributed to the presence of

hematocrits such as platelets and red blood cells, which

comprise approximately 45 % of blood volume. Since non-

Newtonian fluid does not follow the linear relationship

between shear stress and shear rate, viscosity is the most

important physiological property of blood. In this study,

the flow rate was measured using a blood-mimicking

solution with orgasol particles, which resembles the density

(q = 1,053 kg/m3) and viscosity (l = 3 mPa s) of human

blood and red blood cells. The physiological property of

the blood-mimicking solution supplements the conundrum

with viscosity correlated with interactions of hematocrits

experimentally, so that the measured flow rate in the

microfluidic system had 98 % accuracy compared to the

clinical data.

While the important parameters for blood flow in the

vascular system are the Reynolds, Dean, and Womersley

numbers (Ku 1997), the low flow rate of blood in arteries

leads to low Reynolds, Dean, and Womersley numbers

(Hirsch et al. 2012). Under the regime of low Reynolds,

Dean, and Womersley numbers, the flow is laminar and

parabolic that is more suited for steady Stokes equation,

rather than the full Navier–Stokes equations (Hirsch et al.

2012). Hence, the flow profile remains constant despite the

complexity of vessel network that allows to obey Poiseu-

ille–Hagen law (Hirsch et al. 2012).

To estimate the relevance of flow rates to cerebral

ischemia, the measured flow rate was converted to a

pressure measurement for each artery. The mean AP was

defined by the flow rate and related resistance in the artery

based on the Poiseuille–Hagen law (Papantchev et al. 2007;

Cassot et al. 1995),

p ¼ Q � 8 lg
pr4

: ð4Þ

where Q is the flow rate, l is the length of the vessel, g is

the viscosity of the blood, and r is the radius of the vessel.

When the measured flow rate was converted to the AP, the

APs of the ACA, the MCA, the PCA, and the ECA were

evaluated and found to be within a range of

63.2 ± 16.6–165.5 ± 17.2 mmHg, where the AP of the

MCA indicated the highest value compared with the other

arteries (Fig. 3).

Since the ischemic lesion is related to variation of the

CoW according to a report from a case of ICA occlusion

(Schomer et al. 1994), the effect of CoW variation on

APs was tested in the presence of occluded major arteries

(Figs. 4, 5). As shown in Fig. 3, the APs remained in the

range of 60–165 mmHg without an occlusive artery,

which reflected a constant cerebral perfusion pressure

(CPP) range of about 50–150 mmHg, due to autoregula-

tion (Steiner and Andrews 2006). Figure 4 shows that the

occlusion of efferent arteries such as the ACA, the MCA,

or the PCA did not have a significant effect on the

hemodynamic and correlated AP, whereas the occlusion

of afferent CCA and VA led to a significant decrease in

the AP. Accordingly, the APs remained constant in a

complete CoW, as well as in the variant CoWs where the

ACA, the MCA, and the PCA were occluded. In contrast,

the APs decreased below the critical 50 mmHg value

when the CCA or the VA was occluded (Fig. 4). In cases

of LCCA occlusion, the pressures of the LACA, the

RACA, and the LECA were below 50 mmHg in the

Fig. 3 Flow rates and evaluated arterial pressures (APs) of efferent

vessels for four CoW models without occlusion. a Flow rates of four

efferent vessels. b The evaluated AP of four efferent vessels. The

dotted lines indicate the normal range of mean APs. The ACA, the

PCA, and the ECA show the normal APs, whereas the MCA shows

slightly high AP, regardless of CoW variations
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complete CoW as well as in the other variations. Addi-

tionally, the LMCA pressure decreased to

48.6 ± 6.7 mmHg in the absence of the PCoA. When the

RCCA was occluded, the pressures of the LACA, the

RACA, and the RECA were below 50 mmHg in the

complete CoW as well as in the other variations. The

RPCA was exceptionally low (36.0 ± 1.4 mmHg) in the

absence of P1. When inlet flow via the VA was blocked,

the pressures of the LPCA and the RPCA decreased to

39.4 ± 2.6 and 40.8 ± 7.4 mmHg, respectively, in the

absence of PCoA (Fig. 5). It indicates that the CoW

morphology is important for the regulation of arterial

pressure and morphological variations can cause partial

low pressure, which may have effects on the blood supply

in cerebral vascular network.

3.3 Risk of infarction correlated with CoW

morphology

Although CoW is primarily responsible for the collateral

circulation by redistributing blood in circumstances where

the supply is diminished by obstruction of the main afferent

arteries (Liebeskind 2003), morphological variations in

CoW anatomy are common: A complete CoW configura-

tion was present in 45 % of subjects, a variant that has two

or more ACoAs was found in 8.6 % of population, hypo-

plastic PCoA was found in 22.3 % of the population, and

hypoplastic P1 segment was found in 14.6 % of the pop-

ulation (Alpers et al. 1959; David and Moore 2008). Thus,

it is necessary to be concerned about what effect occlusion

of main arteries will have on blood flow in the presence of

Fig. 4 Scattergrams of the data sets for evaluated APs according to

occlusive vessels in all four CoW models tested in this study.

Conceptual diagram of the graphic representation of the data sets for

APs calculated from the experiential results. All AP data were plotted

in a two-dimensional way as ACA–ECA (filled circle) and MCA–

PCA (filled diamond). This representation indicates that if any AP

data set is placed within the range of 50–150 mmHg, it could be

considered normal; if it is outside of this range, it is considered

abnormal (a). All AP data without occlusion are placed within the

normal range (b). The efferent vessel occlusions as ACA occlusion

(c), LMCA occlusion (d), RMCA occlusion (e), and PCA occlusion

(f) did not affect the AP, whereas the afferent vessel occlusions as

LCCA occlusion (g), RCCA occlusion (h), and VA occlusion

(i) affect the AP, particularly by decreasing AP. LMCA left MCA,

RMCA right MCA, LCCA left CCA, RCCA right CCA
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any of these morphological variations. In fact, some

pathology studies have shown a correlation between

absence of PCoA and border zone infarction (Schomer

et al. 1994; Hendrikse et al. 2001). Nevertheless, the effect

of morphological variations in the CoW on cerebral

ischemia has never been intensively studied, except in the

cases of severe stenosis or occlusions of the ICA. In this

study, hemodynamics that may be influenced by the

occlusion of the main arteries in variant CoWs were

investigated for the first time using a microfluidic system.

The pathological symptoms related to an incomplete

CoW have been mostly described for cases of ICA stenosis

(Schomer et al. 1994; Cassot et al. 1995; Hendrikse et al.

2001; Rutgers et al. 2000; Tanaka et al. 2006; van Raamt

et al. 2006; Henderson et al. 2000), with the exception of

migraine (Bugnicourt et al. 2009; Cucchiara and Detre

2008). First, blood circulation was analyzed without closing

any channel to test the relationship between hemodynamics

and morphological variations in the CoW (Fig. 3). Flow rate

and correlated APs did not show significant differences

between a complete CoW and the CoW variants

(p value = 0.9186 for flow rate and p value = 0.8163 for

evaluated AP; ANOVA test). In detail, the flow rate of the

PCA increased by 7.5 % and the flow rate of the MCA and

the ECA decreased by 4.9 and 9.7 %, respectively, com-

pared with those of a complete CoW in cases of a duplicated

ACoA. When the PCoA is absent in the CoW, the flow rates

of the ACA, the MCA, and the PCA decreased by 4.4, 17.2,

and 24.8 % respectively, and those of the ECA increased by

5.4 %. On the other hand, the flow rates of the ipsilateral

PCA and the ECA decreased by 18.5 and 3.1 %, respec-

tively, but those of the contralateral PCA and the other

efferent arteries increased by 57.2, 7.1, 0.5, and 18.5 %,

respectively, in CoW variants with an absent P1 segment

(Supplementary Table 2).

Although it has been reported that the morphometric

variation of the CoW is correlated with higher risk of

ischemic stroke in patients with ICA occlusion (Schomer

et al. 1994; Cassot et al. 1995; Hendrikse et al. 2001;

Rutgers et al. 2000; Tanaka et al. 2006; Battacharji et al.

1967), the clinical significance of occlusion among other

arteries has never been studied specifically, even though

stenosis or occlusion can occur in these other arteries. The

ICA, MCA, ACA, PCA, and VA occlusions have been

found in 62, 10.1, 1.3, 1.3, and 15.2 %, respectively, of

patients with atherosclerotic infarction (Timsit et al. 1992).

As shown in Fig. 4, the evaluated AP of efferent arteries

remained in the range of 50–150 mmHg when the efferent

arteries (ACA, MCA, PCA, and ECA) were occluded. Since

the range of CPP has been defined as the constant range of

pressure due to autoregulation (Steiner and Andrews 2006),

it implies that the occlusion of efferent arteries will not be

directly associated with ischemic symptoms. The lower

limit of the mean AP for autoregulation is 50–60 mmHg for

maintaining capillary pressure at a value of 35 mmHg in a

normal case (Cassot et al. 1995). On the other hand, the

occlusion of afferent arteries, CCA and VA, caused a

noticeable fall in efferent AP (Fig. 5). The occlusion of

LCCA or RCCA decreased ACA pressure by 18.8 %; in the

CoW variant with an absent PCoA, the pressure decreased

by 18.2 %, whereas a complete CoW and other CoW

variants did not show a significant difference. This result

indicates repeatedly that the PCoA is involved in anterior

circulation. The geometry of the ACoA, especially ACA

diameter, has been thought to have a pathological effect on

ischemic lesions due to occlusions in the ICAs (Battacharji

et al. 1967; Cassot et al. 1995). On the other hand, more

severe effects were exerted by the occlusion of the CCA on

the flows of the MCA and the PCA. The occlusion of the

CCA decreased the pressure of the ipsilateral MCA by

40.8 % in the CoW variant with an absent PCoA, and the

pressure dropped to 48.6 ± 6.7 mmHg. The result is con-

sistent with clinical findings, where the correlation between

an absent PCoA and the risk of ischemic cerebral infarction

has been verified in patients with ICA occlusion (Schomer

et al. 1994). On the other hand, an absent P1 segment

decreased the pressure of the ipsilateral PCA by 48.8 % to

Fig. 5 The evaluated AP of efferent vessels in case of occluded

arteries (occl.) compared to those of complete CoW. a Complete

CoW. b CoW with duplicated ACoA. c CoW with absent PCoA.

d CoW with absent P1 segment
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36.0 ± 1.4 mmHg as a result of CCA occlusion. The

occlusion of the VA mostly affected the pressure of the

PCA, but it also decreased the pressure of 28.4 % of CoW

variants with an absent PCoA and 1.3 % of CoW variants

with an absent P1 segment (Fig. 5). By realizing the

importance of the occlusion of diverse arteries, this study

showed that CoW variations might have diverse effects on

hemodynamics and correlated ischemic risk in the cerebral

vascular system. But the greater accomplishment of this

study is the possibility it offers to estimate the location and

degree of risk of ischemic stroke based on the flow

mechanics of blood. Until now, the relationship between

morphometric variation of the CoW and ischemic stroke

has never been quantitatively analyzed, and parts of the

results in this study were verified by clinical findings. Thus,

the other unreported pressure drop due to CCA or VA

occlusion can be considered important enough to deserve

further studies with clinical validation.

3.4 Computational hemodynamic remodeling

To verify the evaluated AP effect on cerebral blood flow, a

computational remodeling of the flow rate was undertaken

(Fig. 6). For the simulation of cerebral blood flow, it is

necessary to apply, not only the inlet flow rate, but also the

outlet flow rate. In our computational remodeling of the

measured flow rate, the physiological values of blood, such

as density or viscosity, have been considered (Fig. 6). Even

though autoregulatory vasodilation did not play a crucial

role in risk of ischemic stroke (Cassot et al. 1995), a more

accurate evaluation of AP depends on the physiological

values of blood vessels. For this purpose, a better knowl-

edge of the major cerebral vessels, microvasculature, and

the cerebral vascular system is required.

In the complete CoW without occlusion (Fig. 6a), the

velocities and corresponding pressures (not shown) indi-

cated bilateral symmetry. The vicinities of the CCA, the

MCA, the BA, and the P1 segment showed the highest

velocities, whereas those of the ACoA and the MCA

showed the lowest velocities. Also, the pressure of each

artery remained constant in the range of 50–150 mmHg.

The occlusion of afferent arteries such as CCA and VA

caused the destruction of bilateral symmetrical structure.

Particularly, LCCA occlusion showed the most noticeable

change in arterial flow and pressure; significantly reduced

blood flows and APs of left CCA, left MCA, and right P1;

and significantly increased blood flows and APs of left

PCoA, the ACoA, right A1, and left P1. In the other CoW

models, LCCA occlusions led to similar patterns compared

with the complete CoW. Figure 6 clearly shows the

hemodynamics in the CoW structure, which is due to

autoregulation, particularly a reduced ACoA flow and

pressure compared with the normal CoW in a double

structure of the ACoA (Fig. 6b), increased flows and

pressures of the P1 and right PCoA compared with normal

CoW in the absence of PCoA segment (Fig. 6c), and

decreased flows and pressures of A1, the ACoA, and right

PCoA compared with the normal CoW in the absence of P1

segment (Fig. 6d). Finally, the bilateral equilibrium was

destructed, and the MCA or PCA pressures showed a

decrease below 50 mmHg. These results were consistent

with the results measured from the flow rate (Fig. 4).

Fig. 6 Computational

remodeling of flow velocity.

a Complete CoW. b CoW with

duplicated ACoA with LCCA

occlusion. c CoW with absent

PCoA with LCCA occlusion.

d CoW with absent P1 segment

with LCCA occlusion
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Since the cerebral vascular system, including diverse

diametric arteries, branches, and the velocity of blood flow,

increases at specific locations and under pathological

conditions, such as stenosis or occlusion of the arteries, the

flow in a complete vascular system is hard to simulate.

Thus, a reliable in vitro model system is needed, and a

microfluidic system might be the best way to investigate

the flow mechanics under diverse conditions. Moreover,

the microvalves were adopted that can mimic not only

occlusion of any required artery, but also stenosis of ves-

sels by controlling the applied pressure (Nam et al. 2007,

2009). By taking advantages of these benefits in the initial

stages of developing the microfluidics, the minimized

system could be applied to studying the hemodynamics of

the vascular system (Cokelet et al. 1993; Duffy et al. 1998;

Shevkoplyas et al. 2003). Recent investigations into the

vascular system using a microfluidic system focused on the

microcirculatory dynamics of red blood cells (Quinn et al.

2011), flow mechanics of the vascular endothelium, vali-

dating computational simulations (Chiu and Chien 2011),

angiogenesis, cell–cell interactions (Chung et al. 2010a, b),

and reconstruction of the alveolar-capillary barrier in a

minimized artificial lung phantom (Huh et al. 2010).

Although computational simulation has been proven as

an effective method for the study of hemodynamics in

cerebral vascular system, the simulation study is based on

the several suppositions. Since the reliability of computed

results are limited owing to the suppositions such as

regarding blood flow in vessels as a Newtonian fluid,

neglecting property of vessel wall and others, numerical

results should compare fluid dynamic data from laboratory

and clinical studies (Hassan et al. 2004). The microfluidic

system in this study suggested a reliable model platform,

where the flow rate in the microchannels indicated 98.9 %

accuracy compared to the clinical data. Another advantage

of the microfluidic model system is that the hemodynamic

had similarity to non-Newtonian fluid in the vessel by

using a blood-mimicking solution with orgasol particles

presenting hematocrits in the vessels (Chung et al. 2010a,

b). Thus, the model system will mediate the differences

between the computed results and clinical reality.

4 Conclusion

We have developed a novel analysis method for cerebral

blood flow by using a microfluidic device. There are sev-

eral discrepancies between the blood vessel and microflu-

idic channel with square channels and planar channel

system. Furthermore, the blood flow in blood vessel

including endothelial cells is very complicated compared

with that in the simple microfluidic system. Despite these

limitations, the flow rates and correlated APs in

microfluidic system are consistent with the clinical find-

ings. Therefore, application of the microfluidic system for

the study of cerebral hemodynamics could be of interest to

clinicians. Using the microfluidic system and the micr-

ovalves, the hemodynamics of the most complicated cases,

including moyamoya disease, aneurism, or stenosis

accompanied with occlusion or embolism, could be mod-

eled and evaluated. This will not only help with pre-sur-

gical planning, but will also enable researchers to study

cerebral ischemia in various clinical cases. Therefore, the

system presented here has broad applicability for the study

of cerebrovascular disease.
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