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論文内容の要旨

Chapter 1: Introduction 

In blood vessels with diameters larger 出an 300 J.Ul1, blood may be modeled ぉ ahomogeneous fluid; however, in 

small vessels, i.e. capillaries, arterioles, and venules，血e particulate na佃re of blood becomes more app訂'ent， and 

individual cell motion a宵ects 血e blood flow. Red blood cells (RBCs) 紅'e the most important constituent of blood, 

and comprise around 45% volume fraction of bl∞d. In microvessels, the dynamics and deformation of RBCs at 

physiologically relevant hematocrits are more complex and differ from th剖泊 a dilute suspension. Deformation of 

RBCs lea也 to inte陀S出g fea伽res in microcirculation (F創官官us effect, F伽a凶・Lindqvist effect and formation of a 

cell-depleted peripherallayer), and plays a very important role in 仕iggering the release of signaling molecules such ぉ

adenosine 凶phosphate (ATP) in physiological prlωesses. 

Due to packing of RBCs expe巾n印刷 techniques still encounter di伍culties owing to opaque im~ges (light absorption 

by hemoglobin and light scattering by RBCs). Numerical modeling, however, can 白川ler our understanding about 

many physiological and pathological processes in microcirculation. It is important to simulate blood flow based on 

cellular scale modeling; hence, we must model RBCs explicit1y. An RBC is a biconcave cell with a high s町白ce to 

volume ratio, in which a Newtonian solution of hemoglobin is enclosed by a thin membrane. 百le membrane consists 

of a lipid bilayer underlined by a spec甘in network, exhibiting small resistances to shear and bending. 羽山 is a 

fluid-structure interaction problem, where the solid mechanics of the membrane must be coupled with the fluid 

mechanics of由e cytoplasm (interior liquid) and plasma (exterior liquid). Despite the progress in RBCs modeling and 

their promising results, high compu旬tional expense remains a major problem, particularly for blood flow in vessels 

with diameters of tens or hundreds of micrometers, involving hundreds or thousands of RBCs. Thus, the dynamics and 

deformation ofRBCs in microvessels is not quantified. 

百世s thesis dealt with the accurate three-dimensional compu旬.tional modeling and large-scale simulation of RBCs flow 

in microvessels. 百le aims of the 出esis were: 

1. Developing a highly scalable parallel computational 仕ameworkfor large-scale simulations of dense cellular f1ow. 
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11. Validating the devel'Oped m'Odel qualitatively and quantitatively. 

皿. Quantif拘gthe RBC dynamics and def'Ormati'On in micr'Ovessels f'Or vari'Ous conditi'Ons. 

h 出is 出esis， we 白"St expla泊.ed numerical model based 'On 出e particle meth'Od and parallel implementati'On 'Of this 

meth'Od 'On distributed mem'Ory systems. We 白endem'Ons回tedthe acc町acy 'Of the devel'Oped method by predicting 血e

apparent visc'Osity, cell-depleted layer thickness and F担首æus effect 仕om simulati'Ons. Finally we quantitied RBC 

def'Ormati'On and d戸m凶cs at dense cellular t1'Ow in microvessels. We 出en c'Oncluded this thesis. with discussing 

'Ong'Oing w'Ork, and giving s'Ome sc'Opes ぉ出e 白加re plan 'Of this research. 

Chapter 2: Numerical methods 

We empl'Oyed a meshless (particle) method t'O 

m'Odel microvascular blood t1'Ow. Blood was assumed 

ぉ a dense suspensi'On 'Of initially bic'Oncave RBCs in 

Newt'Onian plasma All 出e ∞mponen臼'Of bl'Ood, 

including plasma, • cyt'Oplasm and membrane were 

rep陀sented by a 白首旬 number 'Of particles (Fig. 1). 

A tw'O-dimensi'Onal spring netw'Ork 'Of membrane 

particles was c'Onstructed t'O model the def'Ormati'On 'Of 

RBCs.ηle g'Oveming eq凶ti'Ons (白e c'On出uity and 

Navie-St'Okes equati'Ons) were discretized by using the 

m'Oving particle semi-implicit method. F'Orces 

generated by the s仕etchinglc'Ompressi'On and bending 

RBC membrane .' ; ;:パ
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Figu問 1: All the c'Omp'Onen臼'Ofbloodmodeled by 
discretizing them t'O a 白lite number 'Of particles. 

'Of the membrane were substituted int'O the extemal f'Orce 旬rm in Navie-St'Okes equati'Ons f'Or membrane particles 'Only. 

Because the membrane m'Oti'On is 仕ヨ.cked directly by membrane particles, the n'O-slip c'Onditi'On at the membrane is 

satistied in this procedure. B'Oundary conditi'Ons were no-slip at the wall and a peri'Odic boundary c'Onditi'On at the inlet 

and 'Outlet. We c'Onfirmed 出at this model simulated the def'Ormati'On 'Of single RBCs by 'Optical tweezers stretching and 

the def'Ormati'On in shear t1'Ow with g'∞dacc凹ヨcy.

Chapter 3: ParaUel computation for large-scale simulation 

In this Chapter, t'O simulate blood t1'Ow in relatively large microvessels with th'Ousands 'Of RBCs, we devel'Oped a 

highly scalable alg'Orithm f'Or p置ヨllel c'Omputing. 百le c'Omputati'Onal d'Omain was divided int'O severョ1 sub-d'Omains 

and dis廿ibuted 白n'Ong 出e process'Ors 'Of c'Onc田rent parallel processing sys旬ms. In this m'Odel, the numbering 'Of 

membrane particles and their netw'Ork c'Onnecti'Ons were designed 泊 aparticular 'Order t'O minim包ec'Ommunicati'On. F'Or 

c'Ommunicati'On between prlωess'Ors we used a message-pぉsing inter危ce (MPI) library, including n'On-bl'Ocking 

c'Ommunicati'On. In a str'Ong scaling 旬st， we 'Obtained a linear speedup wi出 the number 'Of CPU c'Ores, and we 

dem'Ons回ted 出at 'O町 model c加 simulate 0(103) RBCs at high Hct blood t1'Ow (45%) 血rough 凶-ge microvessels σig. 

2). 
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Figu問 2: An example 'Of a large-scale simulati'On f'Or D = 50 凹nand Hct = 45%: (a) A snapsh'Ot 'Oftypical RBCs. 

(b) The d'Omain is cut 出血ecen回1 plane 'Ofthe vesse~ and c'Ol'Ors represent the l'Ocal velωity in fl'Ow directi'On. 

Chapter 4: Dense ceUular flow simulation with accurate dynamics and rheology 

ln Chapter 4, the results 'Of numerical simulati'On were qualitatively and quantitatively investigated and care削除

∞mp訂ed wi由 experimental results. Several simulati'Ons 'Of bl'O'Od fl'Ow in microvessels, typical 'Of microcirculati'On 

佃d micr'Ofluidic devices were perf'Ormed. 百leωbe Hctwぉ ranged 仕om 20 t'O 45%, and 出e microvessel diameters 

were in 血e range 企om9t'O 50μm. We visualized simulated blood fl'Ow in microvessels. lnq凶litative c'Omparis'Ons 

with available e却e出nen凶 images， '0町 model reproduωd RBCs c'Onfigurati'On successively. F'Or the first time, the 

dynamic 'Of individual RBCs including 旬池田ading and tumbling behavi'Or at dense (450/0) cellular fl'Ow wぉ

investigated. 百四 membraneparticles displacement f'Or RBCs cl'Ose t'O the vessel wall exhibited a different m'Oti'On 企om

th'Ose 白r 仕omthe wall, suggesting the 'Occurrence 'Of the swinging m'Oti'On.ηle swinging 企'equency 'Of RBCs decreased 

wi出 increasing the distance 企om vessel wall. A tumbling-like 'Or semi tlipping m'Oti'On was 'Observed in 血e

intermediate 問gi'On i. e., Rl4 < r < Rl2, where R is the vessel radius. 百lÍs behavi'Or 'Of RBCs disappeぽed 出血e near 

centerline regi'On ぉ RBCs f'Ormed a parachute shape. 百四 prominent tank treading and tumbling alm'Ost disappeared 

wi由 decreasing the vessel size t'O capillaries 

wh'Ose diameters is in the 'Order 'Of 組 RBC

diameter. 

F'Or quanti旬.tive validati'On, we focused 'On 

collective dynamics 'Of many RBCs. Analysis 

'Of the simulati'On results wぉ perf'Ormed t'O 

study the interesting features 'Of the blood 

flow in microcirculati'On arising 仕om RBC 

def'Ormati'On, i. e. F樹立æ凶・Lindqvist e自己ct，

F創立æus e依ct， and 由e f'Ormati'On 'Of a cell 

depleted peripheral layer. First，由eF創立富山

effect (n釘ow 同be hematocrit く discharge

hematocrit) was c'Onsidered. Our 

simulati'Ons yielded very good agr切mentwith

empirical expressi'Ons f'Or vari'Ous vessel sizes 

andωbe Hcts. T'O study the F乕r誦s effect, 

the local Hct 加d velocity profile were 
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Figure 3.ηle relative apparent visc'Osity as a function 'Of vessel 

diameter and Hct. Simulated results (symb'Ols) are c'Omp訂'ed with 

experim印刷 resultsby Pries et al. (1992). 

佃alyzed. 百le radial variati'On of the local Hct dem'Ons回.ted high c'Oncen回.ti'On near the vessel centerline with a 
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sharp dr'Op ne紅白e wall due t'O由e RBCs migrati'On and 白e f'Onnati'On 'Of cell-depleted peripherallayer (CDPL). 百le

velocity profiles near 出e center 'Ofthe vessel seemed a nearly flat (plug fl'Ow) profile, but the vel'Ocity near the wall had 

as旬ep grョdient， which matched the vel'Ocity grョdient 'OfP'Oiseuille fl'Ow. Velocity profile bluntness wぉ increased wi血

increasing Hct values. F'Or further validati'On, the CDPL f'Onnati'On was analyzed. Our numerical results were in good 

agreement wi白白e previ'Ous experimen胞1 data. Finally, the apparent visc'Osity 'Of bl00d fl'Ow 泊 microcirculati'On，

which is refered ぉ F泊rræus-L血dqvist effect, wぉ calculated 合om the simulati'Ons. Our results were in excellent 

agreement with an empirical descripti'On 'Of expe巾nen凶 results and reproduced a n'Onlinear increase in the app町ent

visc'Osity with the increase in the vessel diameter and Hct (Fig. 3). We 白巾er illus回ted h'Ow the apparent visc'Osity 

varied as the shear rate was increased. We f'Ound 由説由e sens江ivity 'Of shear rate t'O the ap開rent visc'Osity enhanced 

with increasing the Hct. 百lese quanti阻tive validati'Ons supported '0町 model being an efficient tool f'Or 加-ge scale 

simulati'Ons with realistic predicti'On capability. 

Chapter 5: Quantification of red blood ceU deformation at high-hematocrit blood flow in 

microvessels 

Expe巾nen臼 have 白iled t'O 'Observe RBC behavi'Or at the center 'Of microvessels f'Or a dense s凶pensi'On 'Of RBCs, 

'Owing ω 由e light scattering by RBCs 組d light abs'Orpti'On by hem'Ogl'Obin. Instead, '0町 method c'Ould be applied t'O 

study the def'Onnati'On and interacti'On 'Of RBCs in microcirculati'On. Hence, in Chapter 5 we quantified the 

def'Onnati'On 'Of RBCs in micr'Ovessels. 百le numerical results dem'Ons回ted 由at because 'Of the shape 仕祖lSiti'On 泊

response t'O local shear stress and the wall effect，由e radial variati'On 'Of red bl00d cell def'Onnati'On 泊 relatively large 

microvessels c'Ould be classified int'O由ree regi'Ons: ne訂・center， middle, and near-wall regi'Ons. 百le influence 'Of these 

fact'Ors varied wi出 vessel diameter, hemat'Ocrit, and shear rate. T'O investigate the effect 'Of 由e shear rate 'On 

def'Onnati'On，血e s仕'etching rati'O wぉ c'Ompared am'Ong y = 20, 95，組d 150 S.1 f'Or D = 37 阿n and Hct = 30%. A 

n'Onlinear response t'O the shear rate wぉ'Observed. A change 仕om20 t'O 95 S.1 caused a 加-ge increase in 由es田tch，

whereas the difference in the s仕etch between 95 and 150 S.1 w'ぉ small， even near the wall. We als'O examined the 

effect 'Of the Hct 'On 由e RBCs def'Onnati'On. 百le s甘etch rati'O did n'Ot differ significant1y am'Ong 血e Hct values 面白e

near-center regi'On. 官官 stretch wぉ slight1y greater at higher Hcts, particul訂ly in the near-wall regi'On. 官邸 effect

explained by the velocity profile and CFL thickness. Analyzing the stretching in smaller vessels with D = 19 and 24 

仰n， revealed 由at the near-center 陀gi'On w;ぉ n'Ot f'Ound and alm'Ost all the parachute-shaped RBCs disappeared. T'O 

the best 'Of 'Our kn'Owledge，血isw白血e first quanti旬，tive study 'Of the def'Onnati'On 'Of RBCs 加 vessels with a few tens 'Of 

micrometers in diameter. 官官se results c'Ould help f'Or further unders国lding 'Of the mechanics 'Of bl00d fl'Ow and mぉs

位制lSport in microvessels, f'Or example ATP問l伺se， which induces by the def'Onnati'On 'Of RBCs. 

Chapter 6: Conclusions 

As a brief c'Onclusi'On, a large-scale parallel simulati'On 'Of dense cellular fl'Ow in microvessels with aω田沼te

d戸lamics and rhe'Ol'Ogy wぉ devel'Oped. F'Or the 白羽白ne， we succeeded t'O quantifシ血e RBC dynamics and 

def'Onnati'On in bl∞d fl'Ows with high Hct. 百le use of compu阻.tional biomechanics to study blood f10w especially 

in diseases is still in its infancぁ andthere are many outstanding questions that need to be addressed. 官官 possible

凶es 'Of this method include the study 'Of bl00d disease in c'Omplex netw'Orks 'Of micr'Ovasculature，由e design 'Of 

microfluidic devices f'Or bl00d diagn'Osis, and t'O predict the diffusi'On 'Of s'Olute and 世ug particles. Same approaches 

may be applicable t'O S旬dies 'On the behavi'Or 'Of 'Other cells in microcirculati'On, platelets, WBCs, cancer cells, etc. 
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論文審査結果の要旨

血液は赤血球の懸濁液であり，血流の力学特性および物質輸送特性を理解するためには，まず，

流動する赤血球の挙動を解明する必要がある.数値計算はこのための有効な方法論となるが，膨大

な計算負荷のため，血管径 10μm 程度までしか計算ができないことが課題であり，大規模計算を可

能とする新しい計算手法が必要である.本論文は，これらの研究成果をまとめたものであり，全編

6 章からなる.

第 l 章は，序論であり，本研究の背景，目的を述べている.
第 2 章では，基礎となる支配方程式およひ、離散化手法について説明しており，血衆，赤血球膜，

赤血球内部流体を連成計算するための粒子法について述べている.
第 3 章では，領域分割法に基づく並列化手法を提案し，プロセッサの台数にほぼ比例する高速化

を達成し， 64 プロセッサのシステムで、も血管径 50 阿n 程度の計算が可能であることを示している.

この並列化手法は，粒子懸濁液の流動計算に対し，幅広く応用できる重要な成果である.
第 4 章では，開発した計算手法の実現象の再現性について詳細に検討している.微小血管内の血

流の特徴量である，みかけの粘度や血疑層厚さなどについて，過去に報告されている実験値と比較

し，非常に良い一致が得られることを示している.これは，計算手法の妥当性を明らかにした重要

な成果である.

第 5 章では，微小血管を流動する赤血球の変形量を定量化することに初めて成功している.局所

的なせん断応力分布および壁の影響により，管軸近傍，管壁近傍およびその中間領域では変形が異

なり，また，管径，流量および赤血球体積率によって変化することを明らかにしている.これは，

赤血球の変形能が低下するマラリアなどの疾患や変形能に伴う膜からの ATP 放出などを理解する

上で，基礎的な知見となる重要な成果である.
第 6 章は結論である.

以上要するに本論文は，微小血管における血流の大規模並列計算手法を開発し，実際の赤血球流

動現象の再現性を示すとともに，微小血管を流動する赤血球の運動および変形を解明したものであ

り，医工学及び計算力学の発展に寄与するところが少なくない.
よって本論文(医工学)の学位論文として合格と認める.
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