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I      Introduction

Mocns reportcd thc rcsults or thc cxpcrincnt on pulsc wavc vclocity(PwV)

using artificial blood vcssciS in 18721 Sincc thcn a numbcr or studics havc
been publishcd oII this topic,but nonc oF thcm havc succcssfl11ly clucidated thc
mcchanism 。「pulsc wavc transmission and cs,211ishld thc sigュificance or the

lllcasurcmcnt or Pwv in situ

ln 1922,cxpcrimcntal Findillgs by Bramwcll,Hill and othcrs4‐ 7 showca that thc

pulse wave velocity■ as dependent on thc modulus oF volumc ciasticity  lヽost

studics or Pwv thcrcarter have bccn thcorctically bascd on Bramwcl,'s rindingS,
without thc dcvclopmcnt oF ncw thcorics,and rcccnt studics havc,laccd thcir

major rocus on the mcasurcmcnt or elasticity of isolatcd blood vcsscls27_38 The
rcasons For the stagnation of progrcss in studics or pulse wave velocity are

i       summarizcd as rollows

I    Ellough progress has not bccn madc in thc thcorctical intcrpretation or

thc initiation and transmission mcchanism or pulsc wavcs in situ,

cspccially thc analysis oF circulatory and vascular ractOrs which

inrlucllcc PWV

2   Thc propcrtics Or vascular clasticity undcr thc dynamic condition Of

blood circulation had been vicwcd from thc standpOint oF static

clasticity rathcr than bcing vicwcd front thc standpoint or dynamic
viscoelasticity

3    1t was impossible to conduct cxperimellts on PWV by using isolatcd

humall blood vcsscls in the past

Furthermorc, tcchnical dirficultics wcre involvcd in rccording wave patterns to

mcasurc PW

Accordin81y,thc prcscnt study is to clucidate the cssential propcrtics and

mcchanisms oF pulse wave transmission by ovcrcoltlillg thc above obstacics

Basic cxpcriments were perFormcd usin8 65 cx● iscd human aortas undcr the samc
dynamic circulatory cOnditions as thOsc in a living subjcct Thc author

l     diSCusscs thc rollowin8 PWV iSsucs:

l    Analysis of thc circulatory factors(stroke v。 lumc,pulsc ratc,blood
viscosity and minimum intcrnal prcssurc);

2    Analysis or vascular Factors undcr constant or varying minimum
prcssure(diameter,mural thickncss,cxterllal diamctcr/intcrnal diamcter
ratio,Young's modulus or thc artcrial wa11)

3   Comparison or antclnOrtcm PWVs with postmortcm PWV's

4    Preparation of thc nomogram table rOr Pwv standardizcd ror diastolic

b!ood pressurc



Circulatory FaCtOrs Arrccting PWV

Matcrials and Mcthods1

1)    Samplc A(Table l)

This samplc is compriscd or thc aOrtas cxcised rrOm 22 paticnts,consistin8 0f 16

```_lcs and 6 rcmalcs, bctivccn 18 and 89 years or agc, 
、vhc dicd or iali8nant

tumors,cerebral vascular damagc,renal and hepatic railurc,ctc,and werc

autopsicd Within four hours artcr dcath

2)     MCthOdS

(1)   Thc Apparatus(Fig l)

Thc apparatus is compriscd or twO systems:

a)   CirCulation Systcm

Thc artificial circulation systcm was compriscd

or(a)Davol's auxlliary circulator(dcriVCd by

colnpresscd air thc cxperimenter can control the

pulsc ratc,circulation ratc,duration or syst01ic

phasc and Or thc diastolic phasc),(b)a prCSSurc

burrcr(a crudC rubbcr ball,acting as the pressurc

bufFer for periphcral resistancc),(c)pCriphcral

resistancc control valvc(cquippcd、 vith a cock ror

rillc adjustmcllt oF pcripheral rcsistancc),and(d)

pcrFusing tubc(a rubber tubc of 15mm in intcrnal

diamctcr for conncctin8 0nc apparatus to ancthcr)

In the aboVe‐ mentioned circulation system,thc

isolatcd aorta wcrc inscrtcd bctwccll thc Davol's

purnp alld the pressure burrer  The aorta to bc

illscrtcd had bccn prcscrved in an airtight vinyl

bag at 4 C from autopsy until thc start or thc

experiment: and it Was stripped of thc

circumrcrcntial tissucs,and or thc ramiried

artcrics rrOm thc aorta immcdiatcly bcrorc

inscrtion

Table l  The naterials for analysing

the ci,culat。,y fact。,s
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35   Malig hyPert●nsio。      5 ,

18  Cerebral in,o,y       62

“

  Ch,onic nePhritis       , 2

45   Gastric ulce,              = 8

50   Ci,,hosis o,live,        6 o

m   cirrhosis of live,       3 3

40   Ci,,hosis of live,        8 5

63   Cancer of bile duct       8 ,

29   N● urocPithelioma        8 8

59   Neph,。 solero,,s         , 1

●8   Cance,。 flung          9 5

“

  B:〕 ia,stones          ,8

“

   Cancer of lung          9 9

70   Lo● kemia              lo()

60   Cancer oF bile duct       lo l

72   A R                     lo ,

73   Cerebral bl● eding       ll o

65   Cerebral bleeding       l1 9

89   Cance,。 :Prostate       l= 7

●●   Cancer oi pancreas      13 7

74   Pneunonia             14 1

52   Cancer of ova,         18 7

・Pul,ew"e velocity(m′ Sec)l normallzed valuc
at ainst。●c Press or mminHg

,●,i,,o●●● `o●|`ふ1●I Vol‐

Fig L B〕o●kdi●=,aⅢ o(m‐ ,o,1●,pol、tw,v`vO∝ ■,`o,i`o`て●d●0“`



b       Mcasuring and Rccording Systcms

Thc mcasuring systcm is compriscd or two scts Or dircct typc pulsc wave pickup

microphoncs attachcd to thc ccntral and pcriphcral stumps or thc Outcr coat of

thc isolatcd aorta so inscrtcd and immobili2Cd tO the circulation systcm and thc

amplificrs thcrcor,and thc manometric steci needic inscrtcd into the pcriphcral

stump or thc aOrta  Thc rccording systcm has a thrcc

c:|コcni rccordcr capabic or syIIchronously rccordilt・8'■ O Channels oF pulse wavc

pattcrns and onc channel or prcssurc wave patterns

(2)   ItcmS Examincd

ln order to cxaminc thc circulatory factors associated with PWV,thc Following

rour Factors were analyzcd undcr givcn conditioIIs  Or thc

intcrllal prcssurc Factors,the minimum internal pressurc was takcn up bccausc

of thc mcthod ror disccrning thc tinc lag in tcrms oF wave patterns

(SeC VII‐ 2 undcr Discussionヽ

a)   IntCrnal Prcssurc(minimuln intcrnal prcssurc)

Each or thc 22 aortas was inscrtcd into thc artiricial circulator to examine the

eFFect of thc minimum intcrnal prcssurc Thc Davol's pump was adjusted to thc

strokc volumc of 60 ml and a pulse rate oF 60 beats pcr minute  Thc cFFcct or
variations in intcrnal prcssurO on PWV in thc pcrFusing solution with a viscosity

oF S ccntipoisc and 60 shear ratc(cm‐ 1)VCrc CXamined by changing thc

minilllum intcrnal prcssurc by cach 10 mmH8 in the rangc oF 40,o 130 mmH8 by

thc usc or the peripheral resistance controllin8 Valve  Then,variatioll in PWV

corrcspOnding to changcs in thc intcrnal prcssurc arc cxamincd undcr each or

the rOl10wing conditions,(2)and(3)

b)   Stroke v01umc

By using the aOrta or Case 2,thc eFFcct oF variatioIIs in thc minimum intcrnal
prcssurc on PWV w● rc cxamincd under threc dirrercnt stroke volumcs,namcly,

40,50,alld 60 ml,with the pulsatlon ratc adjustcd to 60 bcats pcr minutc and
thc pcrrusing solution with a viscosity oF S centipoisc and 60 shear ratc(cm‐1)

C)    ル饉nutc Puisc Ratc

For case 14 thc cFrccts oF variation in thc millimum intcrnal prcssure on PWV

wcrc cxamilled under threc diFrcrcnt minute pulsc ratcs,nanlcly,40,60,alld 90

bcats pcr lninutc,wih thc strokc volumc adjusted to 60 ml,and thc pcrFusing
solution with a viscosity or S centipoisc alld 60 shcar ratcs(cm‐ 1)

Viscosity or thc Pcrrusing Solution

using thc aorta or case 21,thc crrects Of variation in thc internal prcssurc

d)

By
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hypOviscOus tO blood

(3)   RccOrding

AFtcr cach oF thc is01atcd hulnall aorta was inscrted intO thc artificial

circulator,twO challncls Or pulsc wavc alld Onc chanoc1 0r prcssure wavcs wcre

淑富器Werr」1:1llc簿認燎『∫需::棚∬rttti星:視:::LiF100 mm/scc

(4)   McthOd rOr Mcasurcnlent Or ArtiriciaI Pulse Wave Vc10city

:ill:1:i:[j:llil:夢:ittili:[∫1↓。
vcs are rccOrdcd may bc given as D/t
was mcasured by IIlcans Or thcsynchrol10usly rccOrdcd prcssurc wavc寵
よ:1ll:ltどi`h:lFiよ::∬1:lili』iCcurvc prcparcd bcrorchand  Bascd On tl

prcssure PwV curvc was dcvc10pcd
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2) Strokc V01umc
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Prcscntcd in Figure 3-a is thc relationship betWecn PWV and thc minimum

internal prcssurc undcr thrcc dirrcrent conditions oF strokc Volumc,namcly,40

ml(markcd o),50 mI(markcd● )and 60■ 1(markcd x)Thcir cOrrelation

cocFFicient(r)waS 0 96,and thc standard dcViation,020

3)     MinutC pulsc rate

Showll in Fi8urc 3‐ b is thc rclationship betヽ〃ccn PWV and thc minimum intcrnal

pressurc undcr three difrcrcnt cOnditions or millutc pulsc rate,namcly,40 beats

(Inarked O),50(marked O)and 9o(Inarked x) Their corrclatioll coefricicnt was

092,and standard dcviatio五 ,078

4)     ViscOSity oF pcrfusing solution

Civen in Figurc 3‐ c is thc rclationship betwccn PWV and the minimum intcrnal

prcssure ulldcr two difFcrcnt viscositics or the pCrFusing solutioll,namcly, 3

centipoisc with 60 shear ratc(cm~1)(Illarked c)and 5 centipoisc with 60 shcar

ratC(Cm‐ 1)(markCd● ) ThCir corrclation cocrricicnt(′ )waS 0 98,and thc

standard deviation,042

3      Summary

l)    ThC CrFccts on PWV Or strokc v。 lume,minutc pulsc ratc and viscosity or

perfusing solution provcd so smali that thcy wcrc nc81igiblc undcr various

physiological conditions

2)      Among the circulatory ractOrs undcr thc throbbing rlow,PwV provcd to

bc most influcnced by the minimum intcrnal prcssurc  PWV increascs as thc

minimum intcrnal pressurc riscs  Thc higher thc pulsc waVe vclocity,thc stccpCr

thc slopc or Pwv_minimum intcrnal pressurc curve

|い0,`

Ю -0カ



IH   Examination oF Vascular Factors under cOnstant Minimum lnternal

Pressurc

l      Matcrials andヽ lethods

l)   Samplc B(Tablc 2)

Thc● latCrials Wcrc dcr:vcd rr。■ 43 paticnts oF●21:gnant tumors,●crcbral and

corollary discases and hcpatic and rcnal discascs whosc aortic pulsc WaVC

:F〕γ:濯締1洲:鑑Iξr器認翼・
島
“
WoCaⅢoNcこThCy c。蒟

“
cd

om 13 to 80 ycals or agc  on thcsc 43

patients,thc errccts on PWV Of thC diametcr or artcry,thiCkncss of thc

artcrial wall,and Young's modulus or the artcrial wall wcrc cXamincd by

nleasuring thc antcmortem PWV and postmOrtcm PWV IncaSurcmcnts or thc

isolatcd aOrtac

2)     McthOdS

(1)    MCthOd For thc mcasurcmcnt OF aortic PWV in situ

Becausc this method is described in dctail in the

bricrly outlincd bclow:

a)     Rccording Mcthod(Figurc 4)

Thc Fukuda SchWar2Cr Physiopolygraph

Model ST‐ 4,which was used as a PWV

mcasurement dcvicc,was capable or

synchronously recOrding clectro‐

cardiogram,cardiac sound and two

channcls oF pulse wavc patterns

For rccording,thC subjcct is rirst
iaid in thc supinc positiolll the

cardiac sound pickup microphone is
placcd on the ChCSt wall Thcll,

pulsc wavc pickup microphones arc

attachcd to thc throbbing parts oF

both carotid and femoral artcrics

Rccognizing thc prccolllpOnCnts oF

cardiac II sound,uprisc or two

puisc waves and thc scar on thc

carotid artcry lct the subjcct hold
thcir brcath slightly,and synchronous

rccordin8 iS madc during S to 6 heart

bcats  lmmcdiatc:y artcr thc rccording,

thc blood prcssurc at the right brachial

artery is mcasurcd

b)MCthOdS rOr、 ,casurcmcnt and Calculation

papcr by Hayashi ct alSI,it is

―

PCC

―

・
CC

Fig 4 Mtth● ● 。f,esi3t,ation and

of pulst wave velocity o(ao慮

i●● S●

C●, S「
,WV―

°XlB

,キ ,`

calω latioo

The timc lag between thc uprise or thc carOtid artcry pulse wavc and that or
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Table 2  Th● _aterial,For analysing the wall facto,=

No Sα I Age
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M

M
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M
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m

73
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“33
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1664
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1394

1354
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Chtonic nephriti,

Cirrho,1,o:liver

Hcart Fュilure

Cirrhosi,oF livet

Chtonic nephriti,

Cancc,ol,tomach

Liver at=。,卜y

Cancc, o` lung

Chronic nephriti,

Cancet o` lung

Htati lailure

Chlloo:c ncPhriti,

Cholelithiasis

Cance.・ ol lung

ChЮ nic neph,,ti,

イヽyoca=diュl infarcti。。

Cerebrd inturv

Cancet ol,:omach

Lookemia

Ch=onic nephriti=

Иヽ●lig hypetten,1。n

Citho,1,o`liv“

Peritoniti, catcinom=tos3

Cirrho■1,o`1,ver

Cancer ol liver

Citrh。 ,i, ol l市 er

Meditttinal tumot

Cance, ご live・

Cュncer。

``tonachMvocardial dist“ o

Cancer oi bladder

Cante= 。( bl`datr

ASp and AI

Cancer o( 1●ng

Cirrhosis o( 1:ve,

CstrSc ulcer

L●ukenin

Camer o〔 lung

Pnton,tts carc,nonato,a

Cm`er o〔 stomach

:ヽyocardial infarてtion

Cancer o( lung
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P ν`V(Pul,せ Vヽave Velocity(m/Se.))i normalし 。d valuc at dist。]ic Press o1 80mrr.Hg



thc rcmoral arterial pulscヽVaVc is mcasurcd as t  ThC tinc la8 bCtWCcn the

prccompOncnt of thc cardiac II sound and thc scar or the carOtid artcry is

胤 器 嵐1鵬L雷翼」:胤鳳 ぶ I撚 |「幾鮮驀
d

rC810n or thc right lnargin or thc sternum

artery by thc anatomical modification valuc, 1 326  Thc aOrtic pulsc l″avc

vclocity(PWV),C,iS CXprcsscd as:

C‐ 〔(Dx13)/(t+t`)〕p

wherc ρ is thc minimum intcrnal prcssurc or diastolic blood prcssurc in thc
right brachial arterial illlmediatcly artcr measurcmcnt oF PWV

(2)    Examination or thc lsolated Aortas

Bascd on the aortas isolatcd rrOm thc 43 paticnts(liStCd in Tabic 2)whosc

antemortcm aortic PWV was availablc,thc Fonowing CXaminations wcrc madc

a)   Oianctcr(MCan Dialnctcr)

Thc aorta was vertically inciscd rrOm thc ostium to the part wherc thc common

iliac artcry birurcatcs in Order to mCasurc thc inciscd widths or(a)thC OStium.
(b)thC arch,(c)the part whcrc thc Firth pOstcrior intcrcostal artery birurcates,

(d)the part whcrc rcnal arterics birurcatc,(c)thC part illlmediatcly abovc thc

birurcatiOn of thc common iliac artcry  Thcn,thc mcall radius of the rivc parts
(a‐C)Was calculatcd

b)     ThiCkncss or thc aOrta wan(illncr coat and lniddle coat)

Tissuc spccimcns were collcctcd from the Flat part or thc inncr coat surface at

the aboVc‐ mcntioncd rivc parts or thc aOrta,and aFtcr staining by Elastica vall

Cicson mcthod,the thickncss or thc inner coat and that or thc middle coat wcrc

measurcd with micromcter,and the mcan thickness or thc wall at thc Fivc placcs
(a‐C)Was dcrincd as thc mural thickncss

3)    ItemS Examined(Tabl● 3)

Bascd on thc meaSured data onヽ 伍tcrials B(43 paticllts),Correlation

cocrFicicllts were obtaincd bctwccn PWV and(a)dialllCtCr or thc aOrta,(b)

thickncss of thc aortic wall and(c)Youn8'S modulus or the aOrtic wall

Proccdurcs arc cxplaincd as Follows  On matcrials B,the antcmortcm PWV wcrc

lllcasured by the aroremcntioncd mcthods(scc Vl‐2 Rcsuits:ヽ  P W V  a t  t h c
m i n imum internal(or diaSt。lic prcssurc)of 80 mmHg according to thc prcssure

monographic curve  Thc viscosity cocrFicicnt or b100d is assumcd ncgligible here,

and ir thc mininluln internal prcssure is assumcd constant,PWV(C)may be
prcscntcd as Mocns‐Kortewc8'S Formula,

C‐  Eh/(1‐●2)′D

][:W:」騒霧Б)「(3臨llj燻認:惚:llcF鷲
relations betWeen C(PWV)and E(Young's modulus

( 1 )

substitutlon or thc
Formula(2)clariries the

Or thc wall),H(thiCkness oF



the wall)and D (diamCtCr OF thc aorta)baSCd On the 43 paticnts  ln ordcr to

scc which and how one of thc thrcc Factors(D,h and E)would arrcct c,thc

standard dcviation normalizcd by the mcan or cach variable(NSD)was

calculatcd,and the corrclations bctwcen C and D,h or E werc obtaincd

2       Rcsults

The rclationship bctWccn PWV and(1)thC diamctcr or thc aorta(D),(2)

thickncss oF thc aortic wan(h),and(3)Young's modulus oF thc aortic wan(E)
were cxamincd at a givcn constant minimum internal prcssure at 80 mmHg based

on thc 43 paticnts or samplc B

l)   Diamctcr

Shown in Figurc S is thc corrclation betwecn thc dia,ctcr(D)and PWV(C)

The corrclation cocrricicnt(E)was‐ 039,and thc standard dcViation,015  A

slightly ncgativc trcnd Was observed

2)    Thickness of thc aortic wall

Prcsented in Figurc 6 is thc rclation bctwcen

thc thickncss oF thc aortic wall(h)and PWV
(C) BCCausc the correlation cocrricicnt(7)

was 0 15,and thc standard dcviation(NSD),
021,■ o signiFicant association was obscrvcd

3)    Young's modulus oF thc aortic wan

Prcscntcd in Figurc 7 is the relation bctwccn

Young's llloduluS or thc aOrtic wall(E)and

PWV(C)A vcry hi8h COrrelation was notcd

bctwccn E and C,with 0 93 oF corrclatiOn

cocrricicnt(′)alld Standard dcviation(NSD),
056
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2)

IV

1)

(1)

Sulnmary

Both thc dialneter of the aorta alld thc thickncss oF the aortic wall

wcrc only vcry slightly illflucntial ovcr PWV and nc81igiblc as vascular

Factors arrectin8 PWV

Among the vascular ractors undcr a givcn constant minimum intcrnal

prcssure,the Young's nlodulus oF thc aortic wall(E)was vCry closcly

corrciatcd with PWV(C)(r‐ o93) C Inay bC rcgardcd as rcprcscnting

E

Application of Thcorctical Formula(TablC 3)

As preserltcd ill Tablc 3,the r。 11。wing cquations wcrc uscd:

C=・/Eh/(1‐ ●
2)PD,and

♂ゴ=  [a2AP/E(b2_a2)]xl(1 ‐●‐2●)【十(1 +0うb2/r〕

EXAⅦ NAT10NS OF VASCULAR FACTORS UNDER VARYINGヽ ■NIMUM

INTERNAL PRESSURE(OR DIASTOLIC PRESSURE)

l      Matcrials and Mcthods

ln the cxperimcnts prcscntcd in thc preceding chaptcr,thc erFccts on PWV Or

vascular ractOrs at a givcn coltstant minimun intcrnal prcssure wcrc cxamincd

by comparing antcmortem pwv and postalortem PWV based on 43 subjects
(Sample B) Ill thC cxpcrimcnts dcscribcd in this chaptcr,thc vascular Factors
undcr vary:llg minimulll intcrllal prcssurc wcrc cxamincd and both thc

arOrelllclltiOllcd circulatory Factors and thc lllain factors which arFcct PWV are

invcsti8ated

l)   Sample c

TwO Or thc 22 paticnts(Samplc A),namCly cascs 4 and 13 wcrc uscd as Samplc

C

2)     McthodS

Rc8ardillB cascs 4 and 13,thc analysis Or thc rOur circulatory factors had

alrcady bccn oompleted in thc previous analysis,alld thc rclationship bctwccn

PWV and the minimum illtcrnal prcssurc has becn knowll ln order to cxaminc

thc cFrccts Or thrcc vascular ractOrs On PWV undcr changing minimum intcrnal
prcssurc lcvcis in tcrms or actual measurcments obtaincd arc applicd to thc

thcorctical Forlnula as r011。ws:

Formula(1)is

Formula(3)is

10



whcrc:

E: Young's modulus or thc aOrtic wall

:  Poisson's ratio(1068/Cm)
:  Blood viscosity(05)

D:  Mcan diamctcr oF thc aOrta

h:  Mean thickncss or the aOrtic wan(b_a)

r:   眈 at radius of thc acrta(じ +a)

b:   Outcr radius or thc aOrta

a:   Inner radius or thc aOrta

P:    llltra‐artcrial prcssurc

C:  Pulsc wavc vclocity(PWV)

Table 3  Moens Kortぃ ″eg's equ=t:on(1)and

Nak,an日 ヽ

"uation(3)

(3)

(4)

(5)

C‐ プEh/(1-′')ρD

E=(1-び )ρDC'/h

」,‐[a'」P/E(b'一t')]X[(1-σ -2・:),

+(1+σ)b:/=]

E‐ (1-σ=〉′C'(b+a)ノ(b―a)

::;::こ筑チ{ilt;:::]

Forlnula(3)cxprCSSCS thC amount or displaccmcnt  r dircctcd toward thc

radius oF thc aorta at thc point(r W)When thC internal prcssurc has an incre‐

asc oF  p and can bc dcrived from thc thcory or matcrial dynamics40,41 when

thc iclllgth Of thc cylindcr is vcry lOng as comparcd to its radius,and the

dis,lacclncnt in thc axial direction is assumed lo be zero  ln Formula(3).ir  P

is vcry sma11,(E… constant)iS not substantiatcd And a(illtCrnal radius),h

(thiCkncss or thc aOrtic wan),and r(mcan radius)are CXprcsscd as thc Function

oF thc intcrnal prcssurc,P Whcn h‐ b・ a and D… b+a,Formula(2)E‐ (1

』:習::静肌露憎c:器:=Ta鳥で
1‐・
2ンckb十ツ0‐→ThC

or da and db,with

ムP→ dp,8iVCS Formula(5)da/dp・ ・2ab2/(a+b)2c,and db/dp‐ 2a2b/(a十
b)2c2 Formula(5)is thC Systcm or Oquation or a and b at dp,and ir thc

initial collditions oF C(P)(WhiCh cxprcsscs thC rClation betwcen Pや VV and

changc in thc intcrllal prcssurc),a(internal radius)and b(CXternal radius)arc

givcn,cquations can bc solvcd

(2)   ltcmS CXaIIlincd(TablC 3)

Bascd on thc data such as a)the measurements(diameter and thickncss or the

aortic wall aFtcr isolation,and PWV at cach nlinimum intcrnal pressurc in thc

pcrrusing cxpcrilllcnt,b),IIVariablcncss oF the extcrnal radius/intCrllal radius
ratio(b/a) (Sec IV‐2‐4,Rcsuits and VII‐2,Discussion),and c)thc diameter of
thc aorta and thickness or thc aortic wall aFter isolation which wcrc mostly

COllSiStCnt with thc valucs at thc illtcrnal prcssurc of 50 mlnHg,a/al and hノhl
(h=b‐ a)at caCh prcssurc wcrc calculated by Formula(5):

da/dP‐ 2ab2/(a+b)2c2

db/dP‐ 2a2b/(a+b)2c2

where al alld hl arc thc normalized values,corresponding to a and b at thc

illtcrnal pressurc or 50 mmH8 artcr is01ation  Thcrcforc, a and h wcre 33 and

014 cm on Casc 4,and 3,and 0 13 cnl on Casc 13,and thc a and h could be

霊識 :鑑 』Tl譜 lT∬ 費 :l:告 t″ 亀Y11_1お じλ

C得
よL需 ::1紺1ゞ

y

pulsc、″avc ve10city,c,(2)intcrnal radius,a,(3,thickncss or thc aOrtic、vall,ll,
(4)external radius/intcrnal radius ratio.bノa,and(5)Young's modulus of thc
aortic wall 、vith variations in thc intcrnal pressurc,P,1〃crc cxamincd by thc
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abovc‐ mcntioned mcthods

Rcsults

Rc8arding Cases 4 and 13, the efrects OF thc vascular ractOrs were examincd

according to cvcry chang●o「10 mm/Hg in thc minimum intcrnal prcssurc
ranging rrom 50 to 130 mmH8 ThC rcsuits are summarizcd as rollows:

1)    PuISC Wavc velocity,C(Fi8urc 8 and Tablc 5)

Undcr thc minimum intcrnal pressurcs of

50, 80, 110 and 130 mmHg,thc corrcsponding

PWV values were 6 7,79,88,and 98 m/scc
on Casc 4,and 74,99, 150 and 251 m/sec
on Casc 13,namcly, the rate or an incrcasc
in PWV was grcatcr on Casc 13 than on Casc 4

2)     Intcrnal radius,a

(Figurc 9 and Tablc 5)

Undcr thc lninimum internal prcssurcs oF 50,

80, 110 and 130 1nmH8,the corrcspollding

internal radius mcasurcmcnts wcrc 3 30,343,

335 and 361 cm on Case 4,and 3 70,382,

389 and 391 cm on Casc 13 Thisshows a

tcndcllcy that thc intcrnal radius incrcascs

alollg with an incrcasc in thc internal pressurc

Howcvcr,an incrcasc in the intcrnal tadius

rcsultait rrOm an incrcasc in thc intcrnal
prcssure From 50 to 130 mmH8 Was as small as

0 31 cm on Casc 4 alld 021 cm on Casc 13

The rate or variation in thc internal radius

was 86%oュ Casc 4 and 54%on Casc 13

2
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Table `  Outer to inno●,radio,,ati"at,■ rio●=p,“ sur‐ calCulat“aFte,Nakayamュ 's cou`:ion`or

which the n― ,red,ュ〕●esュ:∞ mmHg"ert substitutrd

No 4 No 13

b′
`

b/8

"
∞

70

81

90

1∞

110

1∞

1∞

381

e"

3 40

0 43

3 45

3 51

3 55

358

3 61

0 14

0 13

0 13

0 13

0 13

0 13

0 13

0 13

0 13

344

3 48

3 53

35b

3 58

364

868

3 71

0 74

1 0424

10388

1 0332

1 0"9

1 03η

1 0370

1 03●b

1 0“ 3

1 0360

370

3 74

3 79

‐
  3 82

3“

3“

3●

3∞

3 91

0 13

0 12

0 12

0 12

0 12

0 12

0 12

0 12

0 12

3 83

38●

3 91

9 94

3 93

4∞

401

4∝

4 03

1 0"1

1 0321

1 0317

1 0311

1 0312

1 031〔)

1 03(刃

10瑯

1 0333

P:int,8ュrterial P,cssure(mmHg)

,I inner radius(m)

b:o● ter radius(cm)

h:wan thicln“ s(cm)

Table S  Inncr,ュ dii thicknes,es Young'3 moduli and PヽVVs at vュriou,diastolic Pres,o,c,CalC lヽュted

aFte,Nakayma'sュ nd Moens Ko,tぃ ″eg電 ●。●ュtl。●=for which the ne,surea vュ lu“ llt 50 mmHg "。 ェe

,ubstituted

a7a, ,  t    h  l  E  I｀ V

No 4

,¨

1 015

10"

1042

1045

1 0“

1 076

1085

1049

l axl

09″

0 975

09● 5

09ユ

0945

097

09"

09″

“
∞
０
“
”
ｍ
ｍ
ｍ
ｍ

1∞

1 10

1%

135

150

lЮ

l“

2 05

2"

3 30

335

3 40

3 43

3 45

3 51

3ヽ

358

3 61

67

, 1

75

79

82

85

8:8

93

98

13●2

1“    |

13●8   ,

1∞ 8   1

1,9

1・87   1

1,6

12●●

155

2 31   +

2 54   1

239

3 12

0 47

0 93

4η  l

4 47

5 43

No 13

1 000

1012

1 023

1 032

1040

1"

1 0Xl

105●

1“ 7

lm

0 989

0 979

0972

09● 5

09∞

09● ●

0 953

0 951

50

60

70

80

90

1∞

110

"1∞

1∞

1 15

1"

1“

2 10

290

4“

6 05

790

3 70

3 74

3"

3 82

3●

388

389

390

3 91

1●‐ 6

1。●
。

1231   i

l鰤

1212

1205

mo

l197  1

1194   1

3r

3● 5

4“

5"

6“

,4

8 1

89

,,

11 1

● 5

,5 0

192

る  1

9 19

13 79

19 18

5  04

E:Young.s modus〈×10N′nぅ

a :inner r“ i●=(m)

h ithtkn“,o)

P;int“ rte`ュIP,もsu,o(mnH8)

E"a,3nd h,:“ ch valuc of E,aa“h in∞ mmHg nin pres,

P Vヽ ア`:Pulseヽ aヽve Ve]。city(mノ ,CC)

３^



3)    ThiCkncss oF thc aortic wa11,h(rigure lo and Table 5)

undcr thc minimum intcrnal prossurcs or 50,80, 110 and 130 mmHg,thc
corrcsponding thickncss or thc aOrtic wall tcndcd to dccrcasc rrOm 1362 to

1308, 1276,and 1255 micromctcr(or Mm)On caSC 4,and rrOm 1256 1o 1220,

1200 and l194 micromctcr(or Mm)。 n caSC 13 Howcvcr,thc amount or a

dccrcasc in thc thickncss of the aortic wall■ ith an incrcasc in thc minimum
:_●^__^1 ¨____ __ r‐ ^―  ハ` .^ lon __‐  ́ ^_ __ ■

― ^:1 ^_ 1ハ
つ 4ヽ_ ^^ ´^^_ ′ ^_",`'ヽヽ

`●
●
` ν'■
●●■●■ `'ψ

``' 
´ψ ψヽ 'コψ ,ユ "● '6 ・・̀ 。

 0● 。●
`'“̀ ` 
●0 '0′

`''```o,, oo●
● " 
“`,■

62 Mm on Casc 13  Thc ratc or variation in thc thickncss oF thc aortic wal:
was 79 on Casc 4 and 49%on Casc 13

4)    Thc Extcrna1/1ntCrnal Radius Ratio,b/a(TablC 4)

Dcspitc variations in thc intcrnal prcssurc,thc cxtcrna1/intcrnal radius ratio
rcmaincd almost stable on both Casc 4 and Casc 13,with thc rangc OF 1 0360 to
1 0424 on Casc 4 and 1 0333 to 1 0351 on Casc 13 whcn thc minimunl internal

prcssurc rangcd from 50 to 130 mmHg

5)     Youn8'S MOd● lus or thc Aortic Wall(Figurc ll)

Undcr thc minimum interllal prcssurcs or 50,80, 110 and 130 mmH8, the

corrcsponding valucs or Young's lnodulus of thc aortic wall wcrc 2 31,321,427,

and 5 43(x 106N/m2)。 n CaSC 4,and 317,523, 13 79 and 25 04(x 106N/m2)。n
Casc 1 3  T h c  i n c r c a s c  b e t w e e n  5 0  a n d  1 3 0  m m H 8  W a s  2 1 2  x  1 0 6 N / m 2。n CaSC 4 ,
alld 21 87 x 106 N/m2。 n CaSc 13 Young's modulus or the aortic wan markcdly
incrcascd as having an incrcasc in thc intcrnal prcssurc Furthcr,when the
dC8rcc oF nonlincarity was cOmparcd bctwcen thc two cascs,an incrcasc by 58%
was■ oted orl Casc 4(that had 10w PWV)but an incrcase by 91%on Case 13
(that had a high PwV) ACcordingly,the dc8rec of nonlincarity was ercatCr On

Casc 13

3       Summary

l) Challges Obscrvcd in thc intcrnal radius of the aorta and thc thickncss or

thc aortic wall according to changcs in thc minimum internal prcssure was so

small that thcy wcrc ncgligible

2)The cXtCrna1/internal radius ratio rcmaincd almost stab,c,cvcn ir changes
occurrcd in thc minilnum intcrnal prcssurc

3) Thc pulSe wavc vclocity is cxprcssed by Young's modulus or thc aOrtic wal!

which varics with changcs in the minimum intcrnal prcssure,and thc higher thc

pulsc wave vclocity,thc grcatcr thc dc8rec oF its nonlincarity

V    CONIPARISON OF ANTEMORTEM AORTIC PULSE WAVE VELOCITY

(PWV)WITH POSTMORTEM PWV

l      Matcrials and McthOds

Thc antemortem pulsc wavc vclocity or cight subjccts(TablC l)WCre cOmparcd

14



with thc pOstmortcm PWV or thc same subjects to cxaninc ir PWv mcasurcd on
thc is01atcd aortas aFtcr dcath wcrc consistcnt with thc antcmo「tcm PWV

l)  Samplc D

By using the isolatcd aortas rrOm cight paticnts,thc cxpcrimcnt on artiricial

PWV was conducted Thc PWV oF thesc paticllts wcre aVailablc ror study

2)     McthOdS

Thc antcmortcm PWV or diastolic prcssurc was mcasurcd and was dctcrmincd at

the minimum intcrnal pressure or diastolic prcssurc  From this and the pulsc

wavc vclocity・ minimum intcrnal pressurc curvc obtaincd in the postmortcm

expcrimcnts,thc corrclation bctwccn thc antcmortem PWV and thc postmOrtcm

PWV was calculated by Pcarson's method

2       Rcsults

鍵:撚 おliヤ順諸ι甑:器繊識跳d  Z
postmortcm PWV valucs was 0 98,and thc        2`

:認鵠ル
1漁
‰t;亀ulぶ■1::Iild  tt F

aortas was thc allllost cXactly thc samc as       1 20

PWV mcasurcd berOre death                   X 18
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VI DEVELOPヽ CNT OF PRESSURE NOMOCRAM TABLE

I      Materials and Mcthods

The aortic P,7V or a living subjcct varics according to thc minimum intcrnal
prcssurc(or diastolic prcssurc)at thC timc or mcasurcmcnt For this reason,

trle measurcmc.Its in situ cannot bc comparcd with onc atothcr on thc samc

criterion unlcss thcy arc normalizcd to pressurc This scction dcscribcs thc

prcparation or thc prcssurc nomo8ranl which pcrmits thc norlnalization or thc

lncasurcnlcnts in situ to a givcn cOnstant diastolic prcssurc,bascd on the basic

data obtaincd in II to V dcscribcd carlicr

l)     MatCrials

Thc PWV‐ diastolic prcssurc curvcs obtained from thc cxaminatiOn of 22 isolatcd

aortas wcrc uscd(Tablc l and Figurc 2)

2)     Methods

Bascd on thc dcpcndcncy or PWV On thc minimum illtcrnal prcssurc, thc

nolllinear charactcristics oF Young's modulus or thc aOrtic wall(sCC IV‐ 2

Resultsヽ and thcir thcorctical cvidence prescnted,thc dcgrcc or the nOnlillcarity

or cach Pwv_mininlum intcrnal prcssurc curve was examincd  Thc curve

charactcFiStiCs of PWV in thc rangc or 5 0 to 14 0 m/scC associatcd with changcs
in thc lninimuIIl intcrnal prcssure from 50 1o 130 111mH8 are eXpressed as modcls

2      Rcsults

As prcscntcd in Tablc 6,a prcssurc nomogram was dcvclopcd  it cnablcs us to

convcrt a given point in PWV valucs fro■52 to 140 m/seC (plotted On the
vertical axis)and Corrcsponding to diastolic blood prtssurc rrOm 50 to 108
mXllH8(p10ttCd On thc horizontal axis)intO PWV standardized at 80 mmH8 0F

diastolic blood prcssurc  For cxample,iF PWV at 98 mmHg diastolic prcssurc is
108m/scc,it iS found rrom thc nOmo8ram that PWV at 80 mmH8 0r diastOlic
blood prcssure is 9 5 m/scc  Figure 13 presents thc convcrsion modcls stclllIIICd
from Figurc 2 Each curve characteristics show that thc highcr P,VV undcr a

constant prcssurc,thc 8reater thc dcgrcc OF nol1lincarity ill the curve  Thcsc

Tablc 6 and Figurc 13 1nadc it possible to norlnalizc ali mcasurcmcnts at 80

mmHg,and thus a comparison of PWV amollg individuals is pOssible
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