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7. Peripheral art erial beds a nd p" Lo.~oo"c,".u~"o'coCd".cL _____________ ~7~8 

Figure 7.1: Photo of a healthy plocenta. The arrow" indicate examples of tapering prl'fll'nt in 

the chorionic arteries. The arteries gra.duaJ.ly taper from a larger radius (a) , to a Rma.ller radius 

(b). 

available. Physiological data indicatef; that oometi!1)efl the "'1uare law holds and at other times 

the cube law holds (Zamir, 1999) , ho"",,,,,, plaC<lntai branching has not yet been assea5ed in 

terms of IIlurray'R law. Choooing a value of K alloWll k w be ""Ived uaing 

k=2=21!K 
r<+l 

(7.6) 

The equations uaed w detennine the input impedance of the peripheral vasculature are developed 

in the following sections for steady and unsteady flow. 

Visual inspedion of the larger chorionic arteries of the placental vascular bOO indicate that 

they taper smoothly betv...,.,n one generation and the next. This is also depicted in a photo of 

a plaoenta 68 Rhown in figure (2.3) . It iii further known that wave speed incn',ases from one 

generation to the following (Taylor, 1966) and it would therefor<.'. be plausible that all clastic 

taper also be present. No previous studie!. of tapered peripberal arterial mooeh have been 

conductoo and oolutions for both non_tapered !I.fld m<ponentially tapered va.."Cui,.,. trees will be 

presented in thls thesis. 
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• ~ , 
; 
] 
" 

(a) (b) 

'''1 10.0 

I 
r. ' " 

' .0, 

; 
,.5' 

oo~--ccc--c~---cc---c 
0.00 0.,5 "'" "), . 00 

Time (sJ CNained from measurements corlducted at 
Qoote Schuur mspital, Cape TovlIl 

Figure 10.2: l'low velocity waveforms from the foctal thoracic nor!a at 28 weeks, (a) Model 

v;enerated waveform. The mean value is indicated by the hori~ontalline through the waveform 

(b) Clinically measured waveform. 
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1,1X) Obtained from meaSLr'ements conducted at 
G..-oo~e Schuur Hospital, Cape TOINIl 

Fip;ur~ 10,3; Flow velocity waveforms from the foctal abdominal oor!a at 2S weci<8. (a) Mod~l 

gencratoo waveform. The mean ,""Iue is indicated by the horizontal line through the waveform 

(b) Clinically measured waveform. 
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a,a I 
0.00 '3 ,~ 0.75 '00 ott1iLned from Stewart e\ at (1990) 

Time (s) 

Vif(tll1' WA: Flow wlocjty wavdonns from the foctal exL.cmal iliac artery at 28 weeks. (a) :vlodcl 

geDCratcU waveform. TIle mean value is indkated by the hOl'iwntal line tllrouKh the wa"1'[Ol'm 

(b) Clinically measured waveform 
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Groot e Sohuur Ho.pit o l, Co p. Town 

Fig'U"e 10.5: Flow wlocity wawfonns from the foctal end of the llIIlbilieal artery "t 28 w""lei. 

(,,) Mrxlel.o;enemted waveform. The mean value is indicated by the horiwIllalline chrough lhe 

waveform (b) Oinieally measured wavdonn 
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10. Model validation and simniatiOl""",fo"",' """,n"o"'"m~"",f"o",,,'"= .. __________ ,'"'~' 

• , 
• -• , , 
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< 

, -

, 

, 

:-,I-c,--,'.',c,c---c,-,',c--,'.',c,--,".oo 
Time (s) 

'" 

Ob'. ,nod 1<om m ... ur. monts <onduct. d .j 
",oot. Schuur ~o,p''''. Unl,.,. lty 01 C . po ToW" 

!'igurc 10.6: Flow velocity wav.,[onns hum t.he plp"""ntal end of the umbili~al artery at 28 wccks, 

(a) Model gt'ut'rlOloo wav~forlll. 'rh~ mean value is indicated by the ooriwnl.alline l.hrough the 

w"vmonn (b) Clinically measured wavdorm 

fnrtl1~r de)?;r"'" of accuracy io obl.ained by using 00\11 (,bese indir>'s for comparison. Table, (10,2) 

awl (1 (1.3) present the rc.ultl; for Dirlllar\, Womeniey', and AtaOOk'. models with tapered 

arterial hoes wi tl, the pulsal-ility and ",si,tance i fLdices rc'pcctivdy, oblained from the literature, 

The data in ti,e table> indiCfttes th"t ,,11 th,."" model, approximate the resi,tance and pul­

,atilil), irl(iices with a great deal of accurocy, The maximwu ~rrors, 'i> ""mpared with the 

mean [rom difLk"lllleasurenlCnls, for Dinn",,'s lIKXiel are 13.8% [or the pub"lility irlde:< (ifL the 

thoracic aorla) awl 15% for the r"sist"ncc index (at the foetal end of tLe umbilical ar\ery) 

Wom"nley's model offers a mll.Xinnun errOr o[ 7,98% [or l.he pulsatility index (irl the thoracic 

aorta) and 7,2"10 for 111~ ",.istaDce ind~,x (in the lhoracic aOrl.a), For Alaook's model, th~ ma:<i_ 

m1ll11 ~l1ur' are ~,7'70 for the puloalilily index (in the tllOr"d~ aorta) arid 7.2'7c for tlw rc.is\ance 

iI>:lex (irl tl1e thor"~i<'. aorta). Total avcrage "rrOr" m"y b~ obl"ir..,ci by addition of th~ ~rmrs at 

each measurement 10<'-"ti01I divided by the llWllbcr of mcasuremenl· location", The tot"l aver")?;,, 

error. for l)irLllar's nlOd~1 are 9,7% for wle !-,ulsalilitv imlex afLd 0.690/(: for th~ resistance index, 

FOr -..Vomersle}"s model, tbe total avera"e errors nre 6.~% for l.he pulsal.iii,y ind"x and 5.7% [or 

111~ resbt"n"" ifLdex and for Atabek's mo • .lei, l.he error. ar~ G.S'-70 for the pulsatility irldcx and 

4,2"10 for ll1e r~sistanr>' ifLd~,x. 
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10. Model validation and sITn"hdioIL" for a 1l0,.tna.\ foetus 
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Figme 10.1>' 'Thora";,, inpnl iIllped"Il"" Illagnitude (aJ al1(i phillie (Ll plob lI,;,jng t.he exIWt 

"",)mion f()T t.~I~·TiT1 '; "s wnll ~" 1, 5 "nu Li C/!."cadeJ uIliforIll ""gIllenC" p.n t"peroo ",teey. 
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10. Model validation mtd MiumlatinIlS fn .. a n ormal fnet"" 

• • • '" < • • - w 0 • o • 
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Figure lO,9; Gr3.ph~ of llmLili~a..l impedauce mOOulll.~ {al and ph"',e (lJ), at the ellt,Tll.m", t o the 

umbilical arteries, VerSll" frcqll~ll('Y- Irnp<'lcioncc mocluluo is pr~"""too a" a perceutage of m~.au 

resistam:e t<> "teady flow. 

of f""tal "hoop llmle< eontwl ~ollditio,,~ ami Il.Yen'lIed ove< ","vell foc1:U""" . Thc"" data "'cre 

oLtwued from Adam,.;)u e\ al. (199Z), Th~ line labelled 'mood' repre""',u, the model g€llerated 
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10. t.fudel validation and simulations for a n onna! foetus '" 
10.7 Validation of foet.al growth model 

Chapter 8 de .. ,ril .. d how th~ length IIIld therefore the ratio of radius to length parameter, 4, 

w"'" r"'luired to grow at a different rate 00 that of the radius, which grOW" at the same rate as 

the total f"",tll.! mass. Thi" r"'luir~ment allows the combined mass of e""h peripheral axterial 

tree to grow at an equival<:nt rate to the organs that it represents. The BSBumed value of 4 at 28 

weeks was 20 and thi. will the",fore decr~."se unt.iJ term. Figure (10.10) i. a plot of the length 

00 radius ratio verso" gestational age in ~.a(:h of the six """"ul"" compartments, modena! for the 

tapered peripheral tree. 

- 21.0 -0 -• • 19.5 • 
" " • 18.0 -• 
0 -~ - 16.5 
CO 
0 
0 

15,0 
28 30 

. __ .• 
,. .. • • 

~-
32 34 36 38 40 

Gestational age (weeks) 

- HAH 
Thorax 

~Abdomen 

~ Adrenals 

- - Lower limbs 
---<>- Placenta 

Figure 10.10: Length to radius ratio. I. versus s<:atational age for eac..1, of the six tapered pe­

ripheral vascular tr.,.,.. The initial value at 2!l w""k. is 20 and this decreases at a different rate 

with gestation for each vascular compartment. 

An importllIlt point to note is that I. do,," not decrease below a value of 15 and a minimu,n 

of 10 WM not.-.::l in va."<Cu lar tr""" by Zamir (1999). Th". th" grawth model of the peripheral 

compartments remains within physiological boundaries. 

10.7.1 Duppler j",liees and foetal growth 

A number of authors have pUblished tables of reference ranges or regreooion equations for com_ 

mon Doppler indices in variollil arteries for healthy appropriate for gestational age foetl!Se<l. 

These may serve as a oonvenient means of comparison or verification of the foetal growth model. 
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11. D eterminants of Doppler indice;o 

Figure 11.1: Key indicatin,o; the coiour repruoent!l.t,ions of arteries to be u.ed for all subsequent 

simulations. 

1990). It should be noted th><t poo<s:ibie diffcrcn.:;es observed in th",,~ studies for at risk foetu..,,; 

may be itttriLuted to the ru3soclMeci heart rate change. that occur in itcomprcrnised foetus. Thus 

the resist.'.!lee index w"," chosen as thc index to be displayed for all subsequent simulations. It 

was fult that thi" index offered thc advantsge of clca.:r inl€rpretation for Bituations of Loth aLsent 

eud di""tolk Row (UI _ 1) and rever"" diastolic Row (m > 1). Furthermore, Thompoon et "j. 

(1988) demonstraood that the pulsatility index may not be normally distributed, whereas the 

,",,"ist,Rnce index i". 

Results for the pulsatility index are however included for simuiationa involving cl"'l.giug 

h"""t rate. This is because the two h,dice" reaeted differently, "".I thus could be explored using 

Pllbli"hed regression curve" for both indi""". The oecond oboor""tion Was tl ... t with the exception 

of umbilical coiling simulations, the trends of all the simulations _re indepcndent of gcstational 

age between 28 and 39 weeks. Thi3 is not to say that differcncoo _Ie not noted, but it waa felt 

that these differences wen small and do not detract from the general trends. Thus all re,;ult.s 

are displayed for 28 week old foet"""s only and may be generalised to subsequent gestational 

ages. Umbilical coiling is de,.]t with in a separate malmer. 

The finru convention adopted in order to reduce "P","" is to &clopt an identical colour coding 

for all sut."'lueut diagr"",s. The simulation.. display resuit.s in ~ach of the model a:rteri"", and 

these Me coded "" iudicated in figure (11.1). When the tre"d. in all arteries are relatively sim­

ilar, sub5eqn.mt di"eussiou foeu","", on quantifying the percentage changes in only the umbilic&l 

""wries "" the"" "'" the mOot ~ommonly used for diagnostic evaluatiollli. 
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11. D eterminants of D oppler i1".d,kc~",, ______________ ______ "'"""' 

Acute placental flow reW.idion 

- 1.375 
~ - , ,~ 
x • 0 , 125 
C 

• 1 000 
0 c 0875 • --- -- ----." 0.750 

-.-~ -~-=------

• 0 
~ o 6?5 

o. sooi------cc-----cc-----cc-----, 
o ~ 40 60 80 

% reduction of flow to the placenta 

Figure 11.2: The r""istance index in ea.ch of the model ","reries versus peI<"'ntage reduction of 

flow to the placenta. Pl""'euta\ flow is reduced by con~t.rictin)( the placeutal arteri"" to achieve 

the desired level oJ flow, whilst keeping the remaining tIoo morphology eonstant at reference 

values. Flow to the remaining vascular beds is increased as described in the text, with cardiac 

output and pressure remaining con.tant. 

trees. Should the p"'88ure or total ~ardia" output "Iso rhHllg<J, the S>LIIIe ,esponse ON"urs but to 

a loooor degree. Chronic plarental insuflkiency may be simulated by assuming that placental 

development, and placental resistance, is alteIed owr "longer period of time. Physiologically, 

it i~ re>!80nable to aOOUme that a ca.se of chronic insufficiency would :result in fe",,,,, rather than a. 

greater number of level. of braIlch"" and thus either K iB reduced or (J increa..ed to simulat.e this 

effuct. The decrease in blood flow to the placenta must be :redistributed to the remaining organs 

Mld this is assumed to be done in ~u~h a mailllf'r that everyone percent docrease in pl!!ICent,,1 

flow is redistributed as " 0.6 per~ent increase to the he"" and heart. 0.025 percent iucre&'le to 

the adrenal. and 0.125 percent iucre""" to each of the ,emaining three va:>C1l1ar oompartmeut.~. 

These lig\lre/l have been cllooen to replicat., the type of redistribution observed from experiments 

on foetal sheep as indicated in "hapter 2. 

Simulatiolll< were p<>rfonned in steps of 20% reductions of Row to the pJaocnta due to both 

acute and chronic restrictions. In the cases of a~ure restrictions, the arterial radii WeTe reduced 

wbile in the case" of chronic restrictions, either the bnUiching ang! ... (II) were iucreaseol, or 

the branching ratios (K) were docreased. The"" simulations were performed for values of b = 

(l.8, 0.6, 0.4 a.nd (l.2. Figure (11.2) depkts the results of the acute emb"li ... tion process for the 
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11. Determinants of Doppler imlices 

rcaislance index. F'i~ure. (11.3 a-d) aad (11.4 a-d) arc lhe resulcs of lhe simul"lions for chronic 

pl"'''ntal insuflici~ne'y for dla"gi"g 0 a"d f( r~spectivel'y for the sp~eiJied range o[ 6. The 

maximwn overall yalue of e was 75.60 and the minium overall value of K was 2.08, and the.., 

value. were obtained for 6 = 0_2 (80% reductio" of flow to th~ placenta)_ ·llle.., value. """ .till 

wilhin th~ deJine<\ physiologi,-",I constraints outli "e,d in chapter 9, with 0 confin"d to lie betw~",n 

W" and 9:r and f( to be bccwecn 2 and 3. Chapter 7 explained (h"t a power law value of K 

whiell approache. 2 indiea,es hero exp"",ion in lotal arterial ,.","-""-,,ion"')' ,,-,,"ea and ,hu" i, i" 

interesting 10 note that in a compromised pla.ce"t", K approaches this value. 1l1is auggests that 

the growlh of the placcma i. restricted by not allowing any "ignificanl expansion betwecn OIle 

level of branclIing and the nexc. 

fo;X"'Ill"ation of the octual v"luea of placental resi"t"nce de~nonatrnte th"t a 20% rOOucticl)I in 

flow to tbe plaeenta correapond. 1.0 an incre",,", in placenlal re.i.bnce by a faclor o[ 1.32, a 10% 

flow reduction corre"pDnds to an inerem;.e by a [actor of 1.8~, a 60% flow redudion correspond!; 

to an increase by a factor of 2_n a"d a" 80% reductio" in fiow coneS)Xlnds to an inerease ill 

resistan<'R by a fador of 6. 12. 

Vi.unl inspection of J;"'Ures (11.2), (11.3) and (11 .4) inili,-",te t hat th~re is very little dilferenoo_ 

Therefore, ,,0 matter what the mechanism of placcntal blood 110w r,,"triction. the effect" on the 

shapea of the flow wavefonns are "imilar and also [oIlow the same lrends. Chronic placent.al. 

irumiIiciency si!!",I"c"d by i<><.:re""i"g the br""chi"g a"gle, appe.ars to increase the reaistance inde.x 

al a greater rate tha" that achieved by reducing K or by acute emboliaatio<l. However thill 

differe<l<'R i" slight. Increru;ing placental resiscanoo relUils in an incr~ase in che Doppler indices 

in all che arleri""" with thQl;e i" the llmhilieal artery increasing at a si!';llificflntly ~eater rate than 

chooo in the up<ltre",n arteries. A b..,nl e"d diaatolie flow i" re£U'.hed just after a 60% rOOuctlon 

in flow, roughly corr~spo"ding to a three-fold i"crease in placental re"iatance. This same fi"dl"g 

was rcportoo by Surat and Ad"Uloon (1996) wilh lheir model of th~ "<lSCulatill-~ of foelal sh""p 

Adw:uoon ec aI. (1990) who did experime"U. on foetal sheep, found that placental resistance 

was requiroo to incre""",, by a faclor of 6 lo produCtl zero diastolic flow_ 'l1ils discrepancy may 

btl allribuled to iliffere"eea hetween aheep and huma" foetusc", "" well as due to the cff""ts of 

a,.ociac""l changes thal O<.:CUIT",,1 ill the sheep experime"U.. 

Hi"tologically, abnormal umbilic",1 arterial Doppler flow inilices are associated with a redue­

tion in lhe nwuber of small muscular arteries per unit area i" the pl£Wenta to between 20% and 

6[l';7c. of control (Bracero ct a!. 1989; Giles e\ aI_ 1985: McCowa" et a1. 1987). Howev",' this 

reduction is not alway" observed (Jackwn c\ a!. l(5). Th~ modd simulations prodll'" similar 

re.ults in that by redud"g the number of levels of brandling to between 20% and 80% o[ control 

,-alucs, abnormal resistance index ",alues are ohtai"oo. It must be noted that thi" reduction in 

the number of levels is accompanioo by an elI""civ" redllccion in the o.-.,rall ,,-ecool radii, either 
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% reliD:icrl cllIowtotIE paCElta 

Fig"", 11.:1: SlUl.,loui()06 of ..I,m",,· 1')'>1:<1111,8) iD8Uffit ... ,UI:Y rOlr ~I"I'" of20"k n,.j' I<1iOlll " f pl""P.Iltai 

liu,," y .. rsu.~ re;i . t nll<'~ index in '"".:11 f,r th .. model ""t~ri~'~, Th,' number of l~wb (Jf ]'",.,,,,h ill$: of 

t h ~ plo.centa.i vill(Ju~ 1 "'" is rOOiK>:;d hy mllll.iplrin~ by 1;"" <10"" nf (a) (l,S. (bj 0.6. «-l 0.4 Rnd (d) 

11.2 . 'Ill ig reduc~i\", i" t he mmm,:r ... f ] .... pls is ";"rula l~. 1 t oy inn easiDj\ Ill<.: l.Ir>' IJ,;hing " "Ale, 9, 

"bid ] i~ ,.,...,,,,oed 10 ta"" 1,1 ....... M " ruo:u1t uf m" lo1e ,-clQpo.'Ci :;<owt h. T h", _ulbl IU all .. J,>,·" te.l 

piU<"<"ltal .. ""jgtlUll" "'""Il",noo In n'Ci uCI"l p l""",,(al fim" .. 
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11. DctcrmillallL~ of Doppl .. r indice~,-_________________ .'.34~ 
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% red rial dllowto lte JMcerta 

Figare 11.4: Simulations of chronic placental in.~umr;'·ncy for Mell' of 2(ffc) rooLl~l.ioIl of vI""eIltaJ 

of the plai;ental vlllOLlS l ..... e i~ rOOLJ('OO by mLlII,iplying by f""to'" 0( (,,) 0_8, (b) 0.6, H 0.4 ulld 

(d) 0.2. Thi~ r"<ludioll ill the IJI.lml",r of h"'''ls i" sjmul"t"<l by dcnea"iIlg; the pOWl'l' ratio, K. 

which is asSUlllOO to take plllCe as a. result of maJde-vdoped gro"ih. This results ill an elemloo 

placental resistance and he-nee- in n'(\uelu pIaCe-IltaJ How. 
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11. Determinants of Doppler indices 135 

by rulering the brandung angle and hen"" the d~gr.,., of taper or by altering the branching ratio, 

Ihereby progre"ivdy redu~ing the ve"e] radii wilh increasing branching level. If the ve,sel 

radii were to '"em~in ~OOSlant and the numbe,. of level. reduood, the plu.cental resi,lance would 

docrease. However, as the resistance of a single "",,"cI is inversely proportional to th~ fourth 

power of ils radius, Ihe reduction in radius dominates over the reduclion in vessel number and 1I 

is Ihi' Ihat is ""pomible for th~ elevatKl resistance •. Thus a reciu{'.tio11 in the number of ve"eh 

need not alway. be ncccs:;ary 10 produce elevated placental resistaIlCcs, as obsf..rved by Jftckson 

~t ~l. (HJ9.'i). 

The re:<ul1;, furth~r indic.at~ th~1 as I h~ ,leg"~e of plOCt'ntal insufficiency ri_, th~ differellce in 

reshtance index, obtained from mea"'r~ments a'l ~ither end of the 1l!nbiliClil "r'lerje" incre"",",. 

Thi" conL"Urs with the findings of Skoll et al. (l997) who reportcd that when comparod with 

normal f"",lu,,",, ICGR foetuses Imve siglulkanlly b'T""ter diff~rences in lile value. of RI, PI and 

SjD ratioo from the oppooite end" of the COlt!. 

In their modelling work 011 f"",wl ,h""p, Sura, and Adamson (H¥.l6) dcmons,raled that the 

umbili~al now waveforms r""pond in a different malme" '10 umbiliClil ves",,1 change. when lhere 

is illl deYJ.ted pla""ntill re,j"lance to when pl"",~n'lal re,ist:w."" i. IlorlnaL Thm j, apvears Ih,,1 

the plaC€ntal resiS\llilce may affect the sensitivities of Doppler indices to ellllilge, in variou" other 

va","ular y.u:iabl",,_ It was the'"efore decided that each subsequent simuiatioll should be conduded 

for ,ituations of a norma.l.ly developed placenta and a maldevciopcd placenta (increased placental 

res;,tan~~)_ Th~ ,,,,,,,Lt. of filllll"e" (11.:1) and (11.4) indic.ate that simila,. Doppl~r indiCIJ" are 

obtained regardless of t hc manncr with which placental resistance is elevated. Thus subooqucnt 

sjmulalioIl" for an underdewloped placenta (:(Jnsider the plaCf'nta to be chronically alte'"ed due 

to change" in br:w.cluug augle" wilh /j = O.G. Tlri~ choice over challges in K i, arbilT<J.TY 

and does 1101; ~ff<'Ct the ,.,,"ult. in any si)';nificant manner. f'limulations were conducteci for a 

t>O% reduclion of now through the 11mbilical arterie" to the placenta. conespondinll to a 221\% 

incr~.a"" in placental re,i,tance, resulting in umbilical arterial flow that i. j",t ,hort of absent 

end di""tolic flow_ 

11.4 Heart rate 

Th~,'~ has been some controversy in the Ii,er"lure concerning foelal c<J.Tdiov,,",cular physiob.;y 

abom ,h~ effect of heart rate on l.he cardiac outpul .. Rudolph ",nd IIeymallil (1974) rt>ported 

that cardiac out put Wa' pmpo,.tional to heart ""I~. whilst lat~r '''ports indicat~ that the l"rnnk_ 
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Starling- mechanism dominales and that hear, rate has very li ttle effect on cardiac output (Kil'k_ 

pacrick ct al. 1976; Amicrson ct al. 1986; KCImey e, al. 1987). A review by St. John Sutton ~t 

iil. (1992) indkat~" Mrong ~vid~n"" for tll~ h"JJk-St"l'I;'Jg medl"ni"m bei1Jg aclive in a "unilar 

maImer to that of adults aIld this was th~ approach adopted to model ehang~s in heart rate. 

ThllS all paramclers (including cardiac ou tput) creept for th~ heart raIR ",f,"~ h~ld ron" t"nt, 

while llle heart rale w"," varied be,wee1J GO and 220 b.p.m. Fi(;ures (lUi a a.nd b) are the 

IIll>dd genera,ed dHl"Jges iJJ PI ami RI i1J each arlery VCI"U' heart rale, with a normal placental 

r""i"tan"" .. 

I, may be >leen from tlle,e ligure!' ,Ilal tlle i,,ojice, decre""", with incre","ing hean rate, with 

,he PI d""refisiJJg "t a gre.l<'er rate tlHm the RL For a 267"10 iJJ(;reatie in heart rat.c ([rom 60 b. p.m 

to no b.p.m), th~ PI a.nd the HI in the umbilical "rt~ri"" <i<lCmfise by 76% "'Kl Mil){. respectively. 

It is possible thai ,hi, trend contribule! cowards ,llC decrea:;c in indice, with advancing- gcs'alioo., 

'" i, i, km)wn that llle Ilear(, race incrN'''''' all tIle [oelus "ge •. F'Urlllermore, cl,,<.nge" iJJ heart rate 

m"y be in l'esponse to foctal distrcs" or may mercly be indicative of variations within the fo~tal 

population. Indeed a number of aulhl>I"J have reporled regrcssi<Jn cqualiOll" for UIIlbilic",1 arl.erial 

indk..,. Vert<US fo~t.al hent l'aIR "nd tb~y "n concur that "n incr~.I<"ing heal't l'"t.e colTesponds to 

dccrc""ing Doppler indicc" (Yarlagadda et al. 1989; van den Wijngaard cl al. 1988; Brar cl al. 

1989; ,,!ires N al. W87). "'lost of these ",sull.s arc only reported "t a partic:ular gest"l.ional age 

with Yarla,o;arlda and co_workers being- the only ~uthors who gav~ regr~_"ion equation. f(~' heart 

rate at each gestational age. Figures (11.6 a and b) rq>roduce the model gen~rated umbilical 

arlerial curv", versWJ heari rate all>ug witll the ref(l'","ion equa~il>JJ result, of Yarlag",k\a et al. 

(1989). As may be Bcen from the fig,ures, the foetal model approximate. ob...,rvoo cbang~-, in 

Doppler indices wilh hear, rale very well. 

Chapler I Wl> demonstraled that llle m"",t Cl>m!l10n res!-,l>m;e of the foetal heart rate to imluced 

hYIXlXia is a decrease in the hear, ralc. In Bi ,ualioIlll of placental impairment, a diminished hear, 

race is likely co be eJJco,,,,tered "nd it i. ne."","ary to cbaract~l'i"" "b=l':"" in I}oppler iJJdk"" 

wilh hear, rale i" ,he"", si ~uali<J,,". Figur"" (11-7" ami b) are tile model geJJer"ted dli<JJI':'" i" 

PI and RI in eadl arlery vet"u, heart rale [or foo,,,,, with chronic placeJJI"1 imp"irme,,'. 

It is inlcres,iJJg to nole that iJJ the (""'tie of impaired I'laceJJ\al de,'ell>]!ment, heNt rate h"" a 

les., ~l' effoct on t he resist ance index thaIl during :>armal placental funcliDII. For ,he "arne 267% 

increaoo iJJ hean l'aIR, the p<ll"at.ility index and the resi"tanc~ index in the nmhilieal arteries 

now decreas~ by 77% and 11% rcsp"'-tively, compared with 76% and 56% for a normal placenta. 
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11. Determinants of Doppler indice~ 
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Normal placental iuvedance 

(a) 
35 -e:.. 3.0~ 
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Heart rate (b.p.m) 
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i • • 
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Heart Rate (b.p.m) 

Figure 11.~; Chan,.;,.; in model ,.;enerated Pi (a) and In (b) at each of the mo{iPl arterial samplin,.; 

"it"" vn""S he""t m l.e. Simulations ore for an normally developed placenta. The reference hear l 

rate ill illdi "~t.-.:l bv lh~ boxed val ne. 
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.--

Nannal placental inpedooce 

la) 

·--· l.knbiical artery (foetal end) 
(model) 

~:::~'::::::;;;;;;;;;;;;~== :""~b~:',:,o:,~,:a:rtery (placental end) (model) 

et al. (1989) 

200 220 

Heart Rate {b.p.m} 

Ib) 

Heart rate (b.p.m) 

.~. Urrbiical artery (foetal 
end) (model) 

• Umbiical artery (placental 
end) (model) 
~ Yartagadda et al. (1989) 

Fig"'~ 11.(i: Changes in model generated Rl (a) and PI (b) at either end of the umbilical 

aneries versus heart rate. The rl"ult>< of th" regrc>"<ion equatioIls of Yarlgmlda d al. (lgSg) are 

supArim[>ClHfl<1. n"""lw are for" healthy placenta.. The ref"rence h"art rate is indicakxl by the 

boxed val"". 
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139 

Fi)l;llre 1 1.7: Changes in model generated PI (a) and Rl (b) at each ofthe model arterial sampling 

"it"" wr"'''' he"r!. raw, Simnlal,i""" a:re for an abnormally developed piaeenta, r""nlting in 

ckvatcd pia~'Cllt"1 rcsi"\(mce. The refere",,,, heart rale is inclk"l.,o hy the b"xed v"l"e, 
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11.5 Card iac o u tput 

The foetus may acij'I><t the l<>tal combined ventricnlar output in r"'ponse to a variety of .lresses. 

Uaually t he (" .. rdiac OlltPllt i" coll.'ltanl but under C<'rtain conditions may decrease. Gilbert 

(1980; performed experimental work on foetal "hecp and coneluded that the foetal heart operal'" 

near the 11pper limit of it" Starling function cu;:ve and as a result has a ,'ery limited cardiac 

res~rve. Thus it was decid"'i to simulate change, in cardiac oulput bcCween 250ml/min/kg and 

5Wml/mill/kg. (from ahout half of l>Ol111al to only "lightly higher than the nominal ~ardiac 

outpull. F\lr,hcrmoI'C, cha.nges in cardiac output lIIay rCllult from acule or chronic ,tresses. 

The cllange in ~ardi"," output may either be hal""(".f'<i hy a ("bange in pressure whilst retaining 

va:l(;ular resistanc.e collstant, a ("bange in vascular r",istance whils, maintaining con"tant pressure 

or a c.ombinalion lhereof. Should ,he va",-,ular "",istallces and impedances remain unchanged, the 

shape of the flow wavdorm" would not be altered and the only eIred would be loproporlionally 

""ale the flow waveform. As the indice. are independent of ""aling, they would remain unchangod. 

Thus, only the extrelIle of constant pressure and maximally allered vaseular re"i"tance:< are 

inve"tigated. A~11te ("banges are modelled by keeping lhe morphology of the peripheral v,,"....,ular 

tr"", con,istent ,,~lh the reference "llue" at 21i weeks and then "awconstricting thc t ree vessel 

radii in order to elevate t,he peripheml resistaneR and vaoodilating them in order 10 decrease 

the peripheral resistance. Chromc changes in cardia<; output imply that the foet", has grown 

over time in "udl a manner that a neW tree n>orpoology results which deternlln"" the periphcral 

resi"tan.:;,,". The>te challg~.s are modelled hy regrowing the vaocular bed.'! to citber increase or 

decrease their peripheral r""i"trul~e:<. Fib"-l"'" (n.8 a amI. b) are the "imulated results in eac.h 

artery for the reaistanc.c indices, pb,uod against u changing cardinc output for acute and chromc 

c.hanges respccti vely, for a healthy pll'Cenla. Figuce, (11.9 a and h) are the corresponding ocute 

and ("bronic chang'" in carJja~ output for a maldevelopoo. high r",i"tane.!' piocenta. 

From th""" ligures, it may he _n that for a normal placental r",;'lllllce, in ,he acule 

"""nario the net effcct of a decreasing cardiac output i, \0 incroo"e the HI' " at, a "imilar rat e 

in all b11t t,he thoracic. artery, which remains relatively unchanged. \Vhcn placental re"i"can<:e 

is elevalc:d, lhe"" treuds remain ~omparat.ive1y unchanged, with the iU in the thoracic aorta 

beginning to decline with docrea"ing cardiac out.put and the index mea,mred at the placental 

end of the llmhilical artery increasing al a grea,er rate limn ,hal obtained. al the foetal end, 

thcreby decreasing the RI diJt'erem ... .s between the Oppooillg 'mds of the cord with de,,"e,,",ing 

cardiac output. Fbr an acule change in cardiac oulpul from 500rnl/min/kg to half thi" value, 

the " ,. istance index a, lhe placental eud of lhe rnubilical art,ery iocrea"", by 9.7% for a healthy 

plac.enta and by 13.5% for a .itnation of elemled placen,al r",i"tance. 

The net effect of a chronic. d<>r.rea'w in c""ciiac ontpul is for the indices to generally remain 

consl lllll, will. a slight increa"e in index obtained in the umbilical arteries and a decreaoo in 
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Figure 11.8: Chang"" in fiT for earh (Jf t-he model art-eries w;rsus changing cardiac (Jut-put in 

Iespo"'" to (a) acute "t n'''" ano (b) r.hrnnk "I. r~"', for a normal pl ac~nt. a. Referenee vail ,.,,; of 

canli"," out put al'~ illoica lfflj by I.h~ boxed values. 
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Fignre 11.9: Changes in ill for cHch of thl' modd "rtcri", "'ThU" dJallgillg n,nliae ontput ill 

r""rcJ{J.~~ to (r<) ,,-,,nl.e stress and (b) chronic strElGO, for an imp".irloci plocenta. RdtTl~lCl' value" 

of cardiac ontput ar~ indirx<\...-l by I.he boxed vrunes. 
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ll""'e ol,lai"",:I in the rcmaining artcric,. TI,i" trend i" nen more gradual for the situation of 

clcvatod placcnl,,J re,ist.a!H"'. Inn-ea,ing "he <:a:rillac output above thc nomim,J valuc "ppcaIl< to 

reverse the trend by slightly increa,ing ,he Rr" ill all t},e 'H-teries for the situati<J!J of a healthy 

pla'"j,l,a 0.",1 for an impair",-] placenta, thc indices in the wnbili':al arte[i"" ian-ea.." w!lib!. 1.1'0AA 

ill the [emaininp; firteries d=e,mo. n,e per<:t"m"b'" i",:rea"", in index at, t he 1'1 """ntal end of the 

umbilical arlefY for" d"""a"" in ca:rillac output to 2Wml/min/kg i, ~,7% for a heallllY pla<"nta 

and 1-1% fot an impair",-] plaecnta, 

11.6 Blood pressure 

OJ,e of the mechfmisms with which a foct,," may re'pOlKi t.o impo...,d ,t",,,e, is to alter it, 

mean arlerial prt<"ure, C}",pt.er 2 de .. :rihed in detail variom f'-"perimental sitUfLtiom whcreby 

\lIe pres"urc WfiS altered, 'Vith tl,e exception of a de<TeaSe<:\ 1,loc"j pre''''"'e in W~,p(}llAA to a 

d=a",,\ bl(xx\ vnlwne, almost always, the resp;:mflC to both acute and chronie "tresses ",," 

to increa,e the peripheral re,i"lal~""', whidl, a"uminK a ,:onstant eMdiac output, increases the 

mea" prt<"ure. Should the va.-';enlfir w~,istanccs rcmain unaltered end the cardi,,,, out puc change 

to e~llpCllffite for alt.ered pre""re, the net effect would he 1.0 sc.aJe the FV\v's and the indices 

wOlJld mwe "Kain remain lUlchanged, Thcrefore only the extreme "ituatio" o[ <:on.,tant ,-""".lia" 

outPllt and chfmKing pcriphcral re,i"t=s i" cOll"ider",,1. OUl'" ag"iu, tI,e.., <:!lanp;e.' ill blood 

pra;"ure may be aeute or <:hronie, Aeute changes are modelled by mooifying the radii of lhe 

peripherel ","ocular lletworb, whib( k""pinp; the r~~n"ining network morphology comtant at it" 

referem", valli"". Chronic cbanp;es firC modelled by allowing the number of level. of branchillg t.o 

gro.v to generale the new [e"i,tmH."" SinmJ"l.iooe were eondueted for hoth acute and chronic 

blood pre""re manp;es hetwef'.ll ''>0 and HO mm.Hg, in step" of orrun.Hg, Figure" (11,10 a and b) 

are the "imulated rcsul" in eaci:t artery [or t,be RT's, plot,ta:l "Kain.,t (he chfmKinp; nlf'.-an firterial 

l'ressll[e for acute and chronic change, re'pectively, for a heallhy pia,,,,, lao Fib~" (11.11 a aud 

bl arc for acute a.nd chro"ic ci:taj,ges r"'pectively [(~. a m"ldeveloped placenta, 

As may be sccn from ,he figur',", a Ch>UlgiUg mean a[,eri"lpre",ure p;ellerally has vety lilt,le 

elrect on t,he [esull.fmt, Iloppler indices, which remain rclatively comlant. 

11.7 Blood flow redistribution 

The l6elu" '" able to c(~npemat" for impoeed strcsse, to a limited degree by redi"tributing 

blood 00 that e,sential orgaus ob,ain " grt'ate[ fradion of <:"rdi",~ mH,put, at, the expense of 

other organs lc"" essential for su'laij,ing life ami graw,h. TI,e"", ",,,Ii,tribul.ion, m,w he t,he 

re",lit of a~"Ute or cl,[Onie distrf'~'" As discussed in ~haptcr 2, in the acute scenario, (,uch as 
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Fig1Jr~ 11.10: Chall!';es in III for each of the model arieries ,·~!'n' (a) a~nt~ and (1») ~hr()Ilir_ 

ar~_ inclk.al<'AI by the boxed mlllffi_ 
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Figllre 11_11: Ck.ng"" in It! for ~ach of 1,he model ~rl.~riffi ,'prnm (aJ a~lll.e "n(1 (h) ,-:hroIli~ 

chang"'" in IDeilIl ~rterial pressure for an underdeveloped piacenl.,. J(.eference Vf.],"'" for 1,h~ 
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11. Determinants of Doppler indices '" 
during acute malernal hypoxameia), lhe fra~tioll of Cl<nliw: outpm dislribute<.! to lbe placenta 

appears io reUltl..LIl coIlsiaIlI, nOW" to the head, heart and adren"ls in~rt,a".\ and nows to the 

lower limbs and abdomen docroasc. In the more c11romc responses, the proportion of cI'lrdi"", 

output to the placentl'l begim lo decline a" more blood io diverted lo the brain and myocardium. 

Placental change, have been dealt ,,~lh in seclion (11.3) and lhi" secl ion ",ill only consider 

=~stri1JUtion responses to "".ute hypoxic str",,",,". l' l"Cl58ures and cardi"" output "re NJn:<idere<.! 

to remain constant in order to simulat.e t.he mo,t ext.reme effect of altered vascular re,i,tltnce8. 

The resis\arK:e of th""" va",-,U]ar btdl that obtain a gil' at", proportion of ca[(~ac output mu",i 

docrea.'lC, whilst lhe re"i,lance of lhe peripheral beds ,hal oblain less cardiac outpul incre"", . 

As lhese changes in resi",tarK:e ou;ur in '" relatively short lime iIllen",]' O,ICt' agaill lhey are 

rnrxlell"d by keeping the "'"terial tree morpholop;y consistent "'~th nominal or referen",c values, 

whilst dibtin~ or constricting tl'" tree v"",,,l radii to acc.ommod"te alterations in resistance. The 

pr"",isc frB.<'.tiom of redislribution a re unknown and SOIDe variance be lween individual foetuses 

would cenainly be exp(",ted. Howe,'er, it is knowIl thal parti~ulM vaocular bt>1s obt"in gre" l"r 

[raelions o[ ~ardiac C<1,pnt al the expense of Oiller,,_ Tim", there i", value in modelling varyin~ 

degrees of redistribution in ordDr to ""oo.';s their effect . This may be simulatoo by the scenarios 

ontlined in t,ble (11.1). For a maldevclopod placenta, it was assumed lhal the redislribmion 

pattem devclopod in ,ect.ion (11.3) occurs in additioll co (over and above) lhe distribnlion 

"""narillS in table (11.1). 

Va""u]ar bed 

Head and Hearl 

Upper body and Thor"", , 
, 

I 

Hcdi",tribntiOll Scenario :'>Inmber. 

123'1567 

27i 30 33 36 39 41 43 

15 i 14 1:-1 12 11 10 Y 

~ _____ cA"' b<'C'cc,c,·C'='------",C7c7ctc7C7C-rc"C'7cl~"C,7ci~'C,7ci~'",7ct_C',~7cl 
Ad",n"']'" i ().;, ().4 ().5 0.1) 0.7 0.8 0.9 

Lower Limb" 25 22.Y 21.7 19.7 18.6 17.5 16.4 

Plaoonta 25 25 25 25 25 25 25 

r"ble 11. I: Valu.,,; of percent~ge ",ardjac outpul distributed to each peripheral ,'ascular bed for 

modcI ,imulations of acnee redistribu,ioll. Siull!btiOl's are labened by a number between I and 

7 

Figure" (11 12 " and b) "re gr"phs of tile IU in tl'" "ariOlls mooel arteries versus a redistri­

lmtion pattern as described by the IlluIlUer in table (111), [or Ihe "itua\ion. 0[ " normany ",m 

maldcveloped placema respeclively. 
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(a) 

1.0 -
0: - 0.9 x • --- ----- _. ------_.-.•... _- --_._--

" 0 0.8 

B ---
0 

07 • -.~ 
06 

0: 

0.5 
1 2 3 4 5 6 7 

Redistribution no. 

(b) 

1 1 

-~-==-' 
--~-

-~--

0.8 

o 7 
1 2 3 4 5 6 7 

Redistribution no. 

Figure 11.12, Chang"" in RJ for ea.ch of the model arteries "ersus a rl'di1ltrihution of cardia<: 

output according to table (11.1) for the GaSffi of (a) a eorma! pl~])t a. aed (h) an underdeveloped 

placenta. 
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11. Determinants of Doppler indices '" 
Figure" (11.12 a and b) clew-Iy indicate that the effect of acute blood flow redi,tribution 

on thc Rl ~ the ,ame whether a normal or increased placental re"istallce i" pre"ent. TIle nel 

~ffect is to ina:ca", the indice. in the thoracic, abdominal and iliac artcries and to decreaac thcm 

at both end, of the umbilk"l arteries, as further redisr,ribution occurs (increa.,inK distribution 

numbf'r), These incrcascs or decrcases arc relatively .mall, with a maximum inCl'Case of 10.6 % 
in tbe ,horacic artery and a maximum df'Crea,e of ,~_8% at the placental end of the umbilical 

artery in llNmal and maldeveloped plaCf'ntas. 

11.8 U rnbilical arterial wall morphology 

In dlapter 2 it wa, .u~e'ted that certain morphoJo:;;i~"1 change. in the .tnlCture of the umbilical 

arte-l"ial wall occur. in pregnancies complicated by oedema, proteinuria, hypertension gesL-o,is or 

prceclmllp!lia_ Tbese changes result in a reducti= in the wall elasr,icity or compliance Clinical 

,tudie" abo "how a premature reduc:tion of Wharton'. jelly in as.ociation with f"",tal growth 

retardation. A reduction of lllllbilic,,1 artcria! wall elasticity may be modelled by inCl-easing 

the YOW1K'S modulus in the umbilical artery, which effectively inCl'<'ases the w"ve speed in 

t he artery. Reduction of Wharton'. jelly may be modelled by rociucing ,he real part of g 

in Dinnar' . model, whid! one"" again effectively increases the WaVe speed in the an.ery. Dinnar 

(1975) demCJJlST,rated that changes to the rcal par, of 9 had a rar greaL-cr eUect ,han changes 

to the im~inary part, whi<;h represent~ the viscous effect of the mrrollndinp; tis",e, and thus 

no cllallge8 to th~ imap;inary part were simulated, In add.i'ion, nrud, d al. (Hl9i) repor,ed a 

significant ri'duetion in mcd.ial wall ,hidmess of the umbili""l ve,,,,ls in growth )",arded roet us,,", 

A redudion in wall tbicJme" will r~duce the waw speed in the umbilical artcry, Lastly, due 

lO limited ill[O)1l1ation available on the visco-clas,ici,y or tI,C umbili""l artery (Hill et al. 1995), 

i, is neces:;ary to account for some degree of expected variancc in thi" variablc, Thi, may be 

modelled by varyillg <Po in the viscoelastic model between 00 and 30°. Decreasing the vioco­

elastk parameter marginally decre"",," ,he wa,,, ,peed, altllough this deC)"""" is in"ignifi~ant, 

This ooction simulat~s changes in the umbilical arterial wall parametero or YOWlg'S modulus, 

su .. rounding tissue contcnt, wal\thid,ne" and vi,""-elasticity" These cilarlg~s may b~ the r~sult 

of normal stat ist,,,-,,l variance or due to the pathol~ies discusxd abovc. FigUl"e" (1l,13 a -

d) arc the ,imulaL-t>l re"ults in each an,ery for Hr", plotted "Kainst a changing static Young's 

modlliw, w"ll thi,,-knes", su .. rOllllding tissue (g) and vi"'-""l"-'<li~ angle (¢,,) ","pectiv"ly, for a 

normal placenLa, Figures (11,14" _ d) "'" the eorrcsponding cases for an underdeYClopcd or 

high rc,istancc placenta_ 

An interes,ing ob:;eryalioo. ll,at appeal' to be oommOI1 for "ll simulations "ith changing 

umbilical arterial wall parame,,,,,, i, that the Rl's measured at opposite ends of the umbilical 

artery tend to IIH)',-e in opposite directions "s thc ""rious wall propertics change, Till" ,hcrcfure 
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Figure 1l.1:" :'vlode! simulatiolls of dmllb'C~ ill RJ brought alxlllt 1",- dmllg"" ill umbilical arterial 

wall paJ"amete;r" of (,,) Young's modulus, (b) ,,"illl th~;kIlC"", (,-) Dill llar's rnode! parameter "'prL~ 

S"llti llg th~ df,,,',I. o f I: he sllff<mndinlllisslIe, 9, and (d) tl'" vioornity ang le 1>, Thffie simni:ltions 

"I"<' for" hH"ll. hy pl""""tIl.. Hefere.nce yaiUffi for lhe variabh-.; "re indicatpd by thp boxed "alu,,", 
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wt!lIV8T""ueters or ( ... 1 Young's modulus, (b) wall Lhickness, (c) Dinnar' s model parameLer rerre­

,.,nl.ill,'\ the effect of the surrounding tissuc, g, u:nd (ell thc vis<;'",ity unglc,p, These simulations 

fI.r~ for " m"ld~wlo~>P.d pl!l.Centa. Hef~rence \'&lues for the variables aTe indicated by th<> boxed 

valuc"_ 
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eith~r dimini,h", er increas<>s their diUerencc and may result in the placental end rec;ording a 

higher index "alu~ than the foetal end. The trcnru of til<> indi~e" measured in the thor""i~, 

abdominal and iliac arteries were e,""ntiany the ,mnc to that of the umhilkal artery llleasurcd 

at ,he foetal end and ,h1..lS this w""'-'ssion will only focus On the end, of the umbilieal artery. 

Increasing the ,l.atic YOI1Ilg's mooulus tended to deere ... .,., tIl<' ",sista.nce index at the foctal 

end of the umbilical artery and increa,.., it at the placcmal end, TIl<>se change. we,." .light 

and a maximum decrea,e in It! of 2.H% for a healthy placenta and l,4% for a maldevclopcd 

l'lacema Were re~or<kd at the f&tal end of the lIl11bilical act.ery_ Increa_ of 0,G5% ,md 0.8l % 

respectiwly were found fer the resist= index at ,he placenta =d of the umbilical art~ry for 

Ill<> cases of a normal and of a maldevclopcd placenta, TIlCSC resul,s o,scntially indicate that 

increa,e, in the static. Younf(" moonlus over thi. rang<! have wry little afff'C.t on til<> &Gtnal 

Doppler indice, reconled in the ""-"ions '<cleries, Surat and Ad,,-,nl<on (l996) and Kleiner-Assaf 

N al. (lgfl!l) reported similar filldinp;s of only .light d«,.,."a,,," in l'e8i,tance index in til<> umbilical 

artery for inc.reasing Young's moouli. However they did "0' perform simubtions at both end, 

of the artRries. 

De<:,,,asi,,g ""terial wan thickness tended to decrease the Incasuroci Rl's at the placClltal cnd 

of the umbilical artery, whi1-<t the RI mea,med a, the foetal end remained relatively constant for 

both Ilealthy and hif(h r""istan"" placenta.<;. For the healthy pla.ccma a maximUIll decrease of 

5% at the plOCClltal end w,,,, reoorded, with the index at the foetal end of the arlery dene""ing 

by a correspomling amoullt of 0.4';t In til<' "ituation of ei<'vated plac~ntal re"i"tanc.e, til<> index 

mea.<;n,."d at the placental end decreased by 0.81%, whilst the index meamred at the foctal cnd 

docreased by 1.4%. Thu" it may be "aid tlmt c!langinf( the nmbilkal arterial wall thi<ime"" 

h,,,, a negligible effect On the me,~.ured Doppler indi~._ On<'"" again, in their models, Sllrat 

and Adamson (H19G) and Kleiner-Assaf e\ al, (Hl9!J) ,how.,d very slight dumges in ind;';"" lor 

decreasing wall thickne,,,, •. 

])ec:,."a.ing til<> quantity of Wharton's jelly was simulat.cd by decreasing the real part of g, 

wl!ich had the effec.t of increa..inf( til<> resi"tall<'.e index lll<'a.<;ureci at the plac~ntal end of the 

umhilical artery, whilst dccre""ing the index mea,U,,, al \lIe typo,ite end of the artery. When 

dre,-e .... ed by Hll'-70 of its original value, the indices rapidly clmnged their slopes and began 10 

in~rease ,md d"",."""e at a f{I-eat~r rate, ~an,ing the plac.ental end to rec.ord a higher value 

of resistance index tlmn at the loctal cnd. The rna-ximlUn increase, in RI were ll,l% lor a 

Il<'althy placenta and 9.9% whcn placental resistance wa.<; clevawd, The maximum decreases 

in resislance index for the normal and abnornu,l pla.centa, were l3.6% and lO,8% resj'>e<:,ively. 

Thus although the magnitude of the changes duo to a decreased Wharton'" jelly content are 

l-elatiwly low, tll<>ir effcc.t is quite PWIlOUnr:cd when examining differcnees between indices at 

either end of ,h" umbili~al ,<cIeri"", 
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The effect of dccr~asing th~ vi.cv;ity angie iii qualitatively simil",. to that of decrensing the 

real part of fl, in that the resiBtanCt' iudex me""ured a1 the foctal end decr~ases, whi!>t the index 

m~""uroo at the plocental end incrcases. Thc indie.es reach the same value and then cross-oveT 

betwcen 10' and I~" for a healthy placenta and when placental r""i.tance is elevlHed, this cross 

over point is rellChoo betw,..,n 5" IIml 11J'. The maximum increases in ,..."istam'" index were 11.0% 

[or a he"lIhy pl"""tnla and 7.3% whcn pll\Cf'ntlll resi.tllllce 'va, elevaled. The maximum dcere .... "" 

in resistance index [or the normal and abI);)rmal pl""en!as were 8.6% and 4_2% resp(x;tivcly. 

Thus the effact. of viscosity on the Doppler imiice. are reduced when placental re,btllJlC-" is 

elcvated duc to a maldevclopcd placenta. Once again, th~ overall effect of a chanb<lng \UIlbilical 

arterial viscosity on the resistance index is relatively low, however it hflS an importllllt impact 

on diffcrence, bet,,=n indices obtained from the two ends of the umbilical artery, 

11.9 Umbilical radius 

Chapter 2 outlinoo common causes of change!! to the umbilic"l Tadi,!" which mlly he silIJulllu.d. 

in thre~ different manners. Thc first sirnulatioll (.ceuario 1) <Xlnsidefll the dW'[lKes IHtrihutoo to 

individual variance runOIlb'1<t the fOt'tal population and thus the percentage bl<x>d flow distribu­

tion to the peripheral organs mmlllns the same as the reference values. Decreasing the \Uubilical 

radius will tend to <.iecre""", the flow to the pl""""ta and in order to maintain the s~ fraction 

of cardioc output distrihutod to thc placenta, the piocelltal resistance mu.t docrea:>e. This d~­

crcase is acllievoo by a dilrerellt Tate of growth of the p]'''::''nt" , resulting in a dccrcased placental 

resi"tauce_ The r"veroo holds tru~ for an increase in umbilical radius. The =ud sumario also 

assumes lhat the [oetus respond" to tlw umhilk:1Il radial changes hy maintaining reference blood 

How di""ribution_ In this scenario, tills is acllicved by respectively vasocou"trietiug or dilatiug 

the radii of the piae<>nta. In "<",nario :,, the flow to the placenta is allowed to decre ase d'!e to 

til" constricted umbilical radius and this de<:,-e""e in flow is rooiBtributoo to all thc remaining 

organs, with a gre"ter pmp<)rtion to the h~Mi and heart, as demonstrated by Il"kovitz et al_ 

(1987). The preci"e proportion of redi$trihution is unknown and for ,implicity it is assumed 

that for e""r)' one perCt'nt decrease in umbilical flow, 0.6% of thi" How is redistributed to the 

head ruld heart. (J,(J2~% to the o.drenal. and 0_12.~% to each of the remaining thrce other vllSc"Ular 

compartments (as before), The increase in How to the peripheral org" n., is achie"ed hy a dilation 

of t he radii of their arterial networks_ This SCt'nario only considers a decrease in umbilical radius, 

Figurffi (11.15 a - c) and figures (11.16 a - c) di'play the "iullllatt\d r""\lle. of changes to HI's 

in each artery for gi"en (:han~e" in umhilic"J art~;rial radius for hcalthy and di""a""d placentas 

rcspcctivciy. Graphs l"belled (a) are for 'cenllrio 1, grllphs lab,,1I00 (h) arc for scenario 2 and 

graphs labelled (c) Me for "",n"l'io :,_ 
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AdallliOn ec al. (1990) infused Angiotensin II into the circulatOl'}' system of footal sheep 

This caused che highly vasoa.;cive umbilical arlery to vaOOC<Jnstrict, whilst the placental vessels 

remained uno:tJangcd, thereLy ~kvating til<" umbilicc>-plaoontal fe8islanoo. The f<>eluo responded 

to this yru;oconscriccion by increasing its mean arterial pressure, whilst heart rate remained 

COllslanc. AdalIlwn and co-workecs did nol report what happened to the overall (,-IImi"" output 

bur, Iwamoto and Hutlolpb (19~1) found that angio,ensin II infusion inco the circulalory system 

o[ [oeLai olwep signilicanlly increased the cardiac output. Thus an increas<l in pressurc and t.otal 

cardiac outpul, alOllg will! SOme blOO<lllow r~di"tribution is che rno" c probable response to an 

infusion of An,o;iol~nsinll. This may be mathcmatically rcprescntctl in th~ lll<>del by assuming 

that the rosistallee of the umbilieal artery is i"",."a..'lC'd Ly somc faetor k, c-IIusing tbe totaillow 

co che umbilical arteri"" and che placenta to decrease by a ~orreoponding faccor y, wich the 

mean arterial preooure being ekvaletl by a [""tor z. If the Jlow to the \wlbilical "rterie< and 

th., placenta is delloted by Q~+p and the resistanot of the placenta plus the umbilical arteri"" 

tlGnot~d by R,;. + Rp and the mean arLerial pr,,"oure by Ft, then 

(11.8) 

increasing the umhili<;al resi8tllllC-e results in the follo,";ng exprGSSion 

(1L9) 

Thi8 in~r~asc ill alterial p,,-'SSure will aloo iocreas~ tl\Oe How to the other p<"ripheml va..'leular 

bods. Additionally, lhe docr~a"" in now to the plawnt"- and umbil"",l arteries must be redis­

cributoo co the other va&e:ular beds and therefore lhe flow increase due to the prebSure ill~rea&e 

and ch~ rooistribution must 00 equivalent. TIll" ",""um", th"t no morphologic,,\ chlll!ges <)C.eur 

to the vascular tree rlt'tworh and tru.t e,,-ch vru;cular bed increases il" flow by the ",me propor­

tion. Denoting the sum of the flow lo each of ll\Oe other vase.ular beds by 2:v I< Qv 8, and the 

wta! ~ardiac uutput by CO, t.hc following rdatioll nrust hold: 

I:: Qv B + Q~-tp = CO 
~D 

(11.10) 

Decreasing the flow to the placenta and \\mbili~al arteries Ly a fll.C.ior!l will result in the flow 

to ,h~ remaining ",,-ocuiar Lcds increasing by a fadur x, where 

(11.11) 

Thc flow to the remaining vas~ular beds also incrcru;cs due to the increa,.., ill u!e"" arterial 

pre&<l1]"{] and this increase mus, also be .,quall.u x I.e. x = 11. Suhstitutingequation (11.0) [or 

11, allows y to be wlvt'd for: 
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CO I'll 
m::vn Qvn) (kR,. + R,,) + P,d Qu+~ 

(11,11) 

Ilividing the num~rator ",nd denominator through by the cardiac uutput, allows this equation 

to be represented in the form of th~ fractional cardiac output supplied to ead] 1>«<1_ i_~. 

(11.1:1) 

wh~re Lvn Qvn/CO = 0,75 fo" a healthy 28 ",...,k uld fud"s_ 

Thus by specifying the factor by which the umbilic",l ",,(.erial resistance i8 elented, (1:), it 

is po<8ibl~ to d~t~J'!lllI'" how mud! the mean arterial P'''''"lll"e mu"t be elevated by in ""I)(Jnoo, 

(z), and the proportion the flaw must be increased by to the remaining vaseular bcds,(x) ,to 

compens",(.c for the d=as~ in flow to th~ umbilical arteries and pl"-""uta, This "imulation 

,,-""umes that the increase in flow is equally distributed to:ill ,he foctal peripheral boos, how~,..,r 

I wamoW and RudoJ.ph (1981) found th",t "'.ngiot~nsin II infusion mark<;dly incre"",<;d blood flow to 

the myocardium and pulmonary drculation, TherefOl'e, the model simulation may be adjusted 

by di.tribllting an aUditional qumter of the in<'-rcasc in flow to the head and henrt and <locreasing 

the flow to the remaining va5(:ular i.><xl!l by un~ qumte", Th", radii uf tIl<' va",ulfiJ.' n",twu"k8 would 

oontrnc,t and dilate respectively only to :=mmod",te ,h",t extr'" increase and decre:J.SC oYer and 

",bov", the inc"~as,,, by the fador z_ Thi" simnlation is intended to reprorluoo the experiment, 

conduclcd by Adamson ~t aL (1900), ho"..,Y",,, it Ilmst 1;., pointed out that not a]] tIl<' footal 

r""'I}()n",," to angiotensin II infu"ion have boon accnrately measured and therefore further changes 

over and above those includoo in this simnlation may very well take pl(L(e. The changes in Rl 

with umbilical radius for this simul""ion ar", d."ietoo in Ji.!;ure (11.17 a), whilst th~ c.ol'l'o'sponding 

inc"~:J.Se in mean p"es"ure (z) is depicte<! in figure (Il.17 b) and the factor by which the flow to 

the pcriph",,,al organs inc"~,,,~" i" d~pld..-l in jj:::n)'~ (11.17 c). 

The result, of the fimt two &eeIlm-ios, (altering the number of placental vessel, or the radii 

of the individual placental vessels), are rclu.livcly similar for oo,h norm",l and high resist:mcc 

p!:J.c..,nl ... ". Th~se simulations indicate that when the umbilical mterial radius is decreased, and 

the placenta compensates so that the proportion of flow to the lUllbilical ""tery and pbecnl:l. 

r~maiIls unch"-l]ge<I, the r""istance il..-lex in all the arrori"" is dramatically reduc.ed, with a greater 

rate ofrcduc,ion in th", umbilkal art",rie' th"-l] ill the other art",ri",,_ Th~&e "imnlations are most 

appropriate for simulating statistical vari= amongst the IDctal popul""ion, in which ca8C it 

i" unlikely that the radius would decrease to as low as the values simulated, Decreasing the 

umbilical meli us from 0,17= to 0.07= causes RI decreases in the placental end of the umbilical 
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Figure 11,15: SimlllM"xi ~h"Ilg<'" in TIT in ~a,n nf th~ ",odel arteriffi for changf'S in 11mbili<'al 

arteritl! radius; (aJ i~ ,,,;.m,uiu 1; (bJ i~ &:en..,.io 2; (e) is s.cenario :1. (See t.ext. for ~xplallatiOllsJ. 

Thffie simulations tile for a healthy plaC(·lll.a aud ' ... f'·''''ll~e valli"" for 1.00 "mbilieal ,wlii "'e 

indkated by the boxpd vdlues. 
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Figure 11. Hi: Simulated ehang~," in re"i~-tan<:e irKicx in cadI of the model arteries for dJang~,» in 

umbilical arterial radius, (aJ is for scenario 1; (bJ is for scenario 2: (e) is fur scenario 3. (See text 

for explanal.inooJ. Tr- simulations are for a chronically maldewloped placenta and reference 

value.< for I.h~ umbilical radii are indicated hy the boxed value6. 
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Fi~ure 11.17: Simulation of angiotcnsin II inf""i"" into tile umbilk"j "'(Ny. (&) <i<>pids t,he 

cilange in RL (h) is rb&nge in pr"""ure and (e) the factor by which the total "mhilieo-pl'·'ee"'a] 

n,sist&nce inrre".'le~, ileff'.:rencc values of the urn bilic&l rlll]ii ""'" i "rllc&("rl by lll<" ])0"'"-\ va.h",,,, 
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artery of tH. r::\; =d 82.2% for a normal and maldevclopcd plaeenta re8pcctiv~ly. Corresp0l1ding 

decreases in ,he thoracic artery arc 26.7% ,md 20.1% foe normal and maldcvelopcd placentas 

l1'"Ilf!('. t i vel y. 

When the lI"w In ,Ile pla.:knta i, allowed tn dt<:t~a", dHe (" the dt><:t~asiug umbilical radius. 

and """l)ming <",,'"1'&'1\ prc"nrc. heart ratc a'1<:1 cardiac "ntpnt al1d that· th~ de<:Hase in JI"w 

to the placenta is redislributed. to lhe remaining foctal vasculature, the ill's in all arteri", still 

dt><:tcBSC. Howcver this dcerea"" i, at lcss of a steep rat~. Here, d"':reasing t.h~ nmhili<:,,1 radi\"! 

flnm U.17cm to U.U7em cau""s a docreasc in the placental end of the umhilical art~ry of 7Kl% 

and 5·1.9% for a uormal aud maldeveloped placema rC'Spedivdy. C-orre'ponding decreases in 

,he ,horacic art.cry ar~ 13.0% and 11.G% for uormal and maldevdopcd pla=las respcctiwly. 

Tlu," it i, deat (Ilai whel1 pla.:kn\al r~"i"tanCk is d~va\td, t·h~ docll'ase in RI due lo docreasing 

\he umhiliCfil "rlerial nviim is roollc",L 

In the experiments of Adamson cl al. (1!)9(]), the umbilical arterialrC'Sistancc wru< increased 

by a fador of 13, lll<:reMil1g ovt~'fill umhili(>:>-pl..:>'nt.al r",<istanGl' hy a [ae.t·or o[ "ix fold. An 

in<:rease ill umhilical resistance by a factor of 13 roughly COrl'CSpono::lB 10 dccreru<ing the umbilical 

radiu, from U. lxm to O.U8cm. In the simulation dC'Signed 00 reproduce their r.,,;ul,s, decreasing 

lhe umbilical radius from O.l5cm t·o 0.08 Cm prodH<oo do:::rcfi",," in ll.l o[ 17.7% ami 1:-1.2% at 

lll~ plaG<'nt.al eml o[ thc nmhilical artery al1d in the thoracic aorta rrnpcctivdy. Thus it is 

clear that in this si"'a,iou. lhe dt<:rea", in iudi~.e, are far less siguifi<:au\ illau [or the oiller 

sinmlaiiom. Adamoon et al. (1!)9(]) reported no oorrelatiOCl of lhe rChlscance index measured 

in thc common umbilical arocry wilh in<:reaoing umbilical art.crialreoiscilllce due 00 angiotensin 

II infusion. Th~ resulis o[ ille "imulat·ions in this I,he"i" show I,hat· th~r~ k< a <:orr~lation and 

that the resistance index would be c."{p"ctOO lo doccrca ... slightly. llow~ver, t·his decrea ... Ulay 

uol be diuieall.\' sigrlilk.&nt In their expcriment.", Ada,-nson and c'-'"work~,,, reported ihat no 

significant change in heart mle was noled, allhough ,h~ h~an ral~ did fall slighlly. The Ulo<ld 

,iUlulalion, hp, heart rat~ <:Ol1SI,an\ at it" nominal valuc and decreasing th~ h~art rate would 

be expecl'cd to elevate lh~ indi<:es. Further ,li$.repan<:i~" in ill~ r""ulis ml1Y be a\trilxlt~d \0 

haen-.odynamic and anatomical diffel'euces in the .1l""P alld human fodal pmame,el'", especially 

,hc a<:,ual vahlCll of arterial radii, as well as the fact that the mean arterial pressure in the 

mood simulaiion, did IKl\ rise qllit.e "'" high l1S thaI, in ih~ experim')l1\al work. 'j'h~ pr"'''lre in 

the model increased hy a factor of 21.7%, whilst that in the anima! experimenls increased. by 

615%. 

A f'le,her obsel'valion tlla\ i" "-'IIlIIlO<l t-o all \h~ exp~rill,.,nt.s i, that as \ll~ nmbilical l1r\~rial 

radius decreascs. the di/Ieren<A'S in indic,," between opposi,e end.. of lhe umbilical arlery docl'eaae. 

This b dnc to the fact that the wave speed in the artery will increase with decreasing radius, and 
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therefore lhen' will he less change in pha"" and attenuation of the velocity wavdorm bel",een 

either end of the u11Lt~lical artcria;. This decrease of difference in indices between op:pc<;il.e 

ends of the cord wa. alw pointed oul b} Adam""n (1m), regarding the experimental work 

performed ",il.]l anb>1ol"nsin II. 

11.10 Blood viscosity 

As described in cimpler 2, ,here i. a dire~l. rclat,ionship between hypo";" and all cle,-at"d blood 

viseooil}. E-1e,,,tions in blood vi"cosity occlIr due tD an increase in the haematocri, as a result 

of hypoxia and thi, ~arULol o'xur ilL a shorl. time interval An incrca"" in blood vifieosity will 

resul, ilL devated arterial r""ist=, assuming that arterial morphology, pressure and cardiac 

onl.pu t remain coru;trull" Should this increase be clll'O!Li~ "'- as a r,,"uIL. of stati,ti""l variar><.:e, and 

should pressure and cardia~ out.pul. r .. mailL LULclLangcd, the foct,u" 11LLL"t re)';Tow the peripheral 

va"cula, bcds 00 t,hat the re,ista",~ of these h,'Xi" r .. main unchanp;ed. lnterventional studies 

h",,, been ped"'-11Le<:i hy I\·jorrow et a!. (l!1'-JiJ), who infused packed cell. into foetal sheep lim, 

result.ed ill alL im;reased hlooo:l vi"cosity. Although t,his type of situation will not be em;ounl.ered 

unl""" throup;h interventional procedures, i, must· b ... imulaled as an a~nt.e change in peripheral 

resistauce. Il1ono", el aL (Hl!lO; reported that no significant chanp;tC in blood pressure, cardiac 

oul.pul. or Ilcart rate o('£;urrcd wit,h the exchange transfusion. Therefore ,hes .. parameter, wer .. 

kept eon"tant foc the simulation. As the morphol.ogy of tlle p<lripheral nelworki! cannot change 

in this acute simula,ioIl, tlle ",,,Iii of t,l", resistance vessels of the vascular networks must dilate 

to COlmteracl· tIle iu,.;rfJ.'\SCd rcsi!1l,ance due to the added viscosity. Furthermore, the resi,tauo:.;f) 

of the umbilical artery also iIl~r~<I"es due W <IlL iU'';If'","ing viscosity and t,hercfol"C the placenta 

mu,l further '"Hnpens"te with radial dilation to rr.aintain ~[Ij"l·am flo",_ Ki,ank" el al. (l~S~) 

.u bjeo:.;lOO preb'11ant e";e,, t,o hypoxia for 28 days by decreasing lheir inspired OXYb"'lL alLd <:011Lp"red 

the resulls wilh a wnl.rol population. They found that foetal erythrocy,e volume <lml whole 

bloo<l mlume i=rcaocd during the course o[ ,he hypoxae!Ilia, wilh t.he erythroeyt.c mlumc 11Lorc 

,han dOllblilLg_ Thus using this,.,; a rough physiological guiddiu .. , yi"'-'C)l;it-y iIK;re"" .. " were 

"i11L1llatcrl he t,ween the refereIll,e yaln<' of 0.06 dYILffl_,.C11L- 2 and double this mlue in steps of 

0.02 UYIl""_"_C11L". Figures (11.18 a and b) are ,he .imu]aleu r,,"ulL-, ilL f'",dl ar!.ery for the 

RI's, plol-loo a"aiIl,t blood \';"cosit,y for ,,,,-ute and chronic chang'es in viscosity respflC,ively, lor 

a nor11Lally developed plac~nta, whilsl figure! (11-19 <I anu b; are [Of a maldeveloped placenta 

TIl""" result" indicate that, in the acute scenario, for a normal placenta, ,he Doppler imii,""", 

arc relatively wld,anged [or increasing bl<><><l vi",-""i,.'r, willl <I slig'ht t.eIlueu,.;y t-o docre"",,_ A 

maximum of ~n 11.6% decre""" oc£;urs at the placental end of ,he umbilical artery. This lype 

of simulation, couIirrws llle limlings of M"rrow et a!. (1900) who experimentally doubled the 

vi"('osit,y of blood in healthy foetal sheep and observed no ,ignilic<llLl cl"'lLge ill lll~ umbili""l 
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Figure 11.18: SiIllld"k~ 1 r%ultJ< in e""h l!.[tery of cb""!(ffl in RI r(JI " given incre"-"C in foetal 

blood \Eosity, for (aJ acute and (bJ ctnt){Jic inne",'"" in visc[)si!y, Re5ults are f[)r a normal 

placenta. Reference ,.,UIl,," for bl[)[)e! vio<x"ity l!.[C indicatoo by the b"x~,-l value"_ 
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\ii"cosily, f"r {fil acut€ and {bl chronic increa'leS in visc.ooity. n <'Sllll." fire for a maldevf'Joped 

plf!.t..""nta. Hef~renoo \ialue; for bI""d v""",,,ity fire indkaleo:i by I) ... 1.>oxed VfJ.!"''S. 
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artery wavefonn one hour later. However, an acute change in bluud vi""""ity in" "iluulx,n of 

elevated placental resi"tance duc to a maldcvelopcd placenta, tended to dt'Crell,W the umbilic;,l 

arterial waveform indk"" at a greater rate. IlNe, " muximum decr~ase uf 17% cx:curred, whilst 

the indi""" in the thoracic and abdominal aorlas decreased at a far slower rate, with" "",xi­

mmn deerea", of 2,8% in the thoracic aorta, The results in response to a chronic incr",,,,,'e ill 

blood "iscosily arc quanlitati,-ely fairly similar, with the placental end of the umbilical artery 

decreasing by 13% [or a heal,hy p]ucenlu and by 21.6% for a maldcvelopcd. placenta, 

11.11 Placental villous vessel wall properties 

A number uf re~rclle,"" h,we ,,""{unlined murphologic;'l chung,", whim oc~"Ur wi thin ,he pla""nla 

of growlh re"tricted foetuses. A number of these works indicate that in addition to diameter 

dmng"" of the placental ves",}s and the number of vcssels present, further structural changes 

to the individual ve"sel wull pruperli"" are aloo pr""enl, U uppeur> lha~ ,,"lighl reduc~ion ill 

the wall thickness of the placental villous vessels occurs in growth-re"tricted foctusc. (Jackson 

et al. 1995: ),-litra et al. 1997), Macara e\ Ill. (HI96) found that lhe plu<:enlal v=e!, of 

11.) G R [uet-use, were "",,ocjated with ill<'xea.<led fraction. of mllageJl and laminin, ""ggesting that 

lhe Yuung'. mOOnl'" may be increased, 1\0 studies concerning changes in the viscoelasticity 

have been conducted, howcver the finding,; of ldaclle" el· Ill. (1996) indicu,e thut lhe arteriul wall 

murphulugy i" ul,ered a.nd therefore it i. entir<"ly po8l<ible that the \'ifr.oelfi.'lticity of the placental 

y",,"ei. i. "imilurly altered, l'"rthennore, some exteJlt of variane ... of these wall properties may be 

assumcd to be present amOllgst lhe healthy foetal population and therefore it ill of clear bencfit 

l·u uSl;ess ,he >en"i,i"ity uf the Doppler indi""" co ,hi. v/\riability, Simnlatioll' were oonduc,,",, 

for both healthy, fully developed placentac and underdcYcloped. placcntae, with varying static 

YUUllg'" mOOnlll'S, wull thickne". and viO<COt'Iru;tic angle l'igur"" (11 20 a _ c) indic.ate the rest!lt" 

of the"e "in\\\latiolls on the HI in the ,arioWl artcrics of a healthy placenta, wlLillt figures (11.21 a 

_ c) ,,,e for u "",ldeveloped placenta, A. the Yottng's moonln. of the pla""Jltal vessel" increa&eS 

wilh incre",ing levd" uf bmndLiug, lhe .imulution. are (:(lndue.,ed by ,pecifyillg the illiU,,1 \'lllu~ 

of Yonng's modulus for the fir"t lcvel of branching, Although the radii of cach ves.ei decreases 

a.<l the depth of branching increases, the ratio of wall thiclmc&'l to radius remaino constant and 

therefore il is Uri" p"rume\er and lhe ud-uul w,ill tlLickll""" l.hul i" 'pecilieci for lhe "imulalioll"_ 

The simulatiOlls for both nocmal and maldevclopcd. placentas indicate that "tructural change, 

to the placeJltal ve."el wall properties have almOl'lt no effect on the Rr •. This indicates th"t 

llal.\ll'ill p<Jpnh,tiun v"rianet' at thi. level doe:; not sil(llificantly alter the mefi,'mred indkes, I\,j'.<lt 

structural changcs to the walls of the placental vessels are found in aswciation with IUGR 

and therefore abnormally dcvelopt>d placentfi.'l with clcvated placental resistance, Simulations of 
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Figrne 11.20: Sjmuhr",,1 ch"ng", iJJ IU JJJ H'~.:h ()f tb~ "rt~,j", for dl"HgC' i" plocental vessel 

w~1I p"'l""rti",· (a) f()r fl." incr~""jng sts.l.ic Y()lHlg" m()duln,; (h) f()r d"",,~""iHg ,,""11 thickue~" 

to radius ,"tio and (~) for '. l:liaJJgiug viOOJd""ic 'mgl~, ¢. Simulation""", for" normally 

dC\'clop~xl ploccnta. RcfereJK;c values are indicmt-><! by the boxed numbers. 
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these sccnarics again demons,rale Ihal chang"s \0 the vessel w:ill prol"'nie" resull in very small 

changes to lhe mea,mroo "",is tam;., indie",s. This mIllinns the =ulls c[ Mi lra el· al. (Inn7) who 

reporled no wrrelatKm bel ween the Il.l me",l1rOO in Ihe umbilh<l artery ,,,,d wall thidme&, of 

the placental vessels. 

11.12 Umbilical length 

The """clmnical cOllsequence8 uf an nhll()nna]ly 8hurt 0, abnormally lon~ umbili~al cord are well 

known. Long wnbilic,<l curds l"'""li,plll'e to cord elltml~lmnelll or prolapse, whilst short cords 

predispose the [ooll1S 10 ruptllre uf the co"i, failure to descend ill labour and abruption of l.he 

placcnta. Shorl cord. are also asoodatoo with ,:ollgmlital foetal abllonnalitics (Kacyc, 198.5; 

SJ:..,rer ,,,-nd Allyaeghnnam, 1007). A study performed by l\-""),,, (19&'1) OIl 35 779 suw~&ful 

8ingleton pregnaneie •• dernonsl rataj lh,,1 within the llOI1l"d toetal I>OPlllatioll, the umbilical 

cord length may vary by ±21 % of Ihe awrage lcngr,h at a particular gestational age. No stmlies 

haw been performed to investigate the effed o[ the umbilical arlcrial length on ,he Duppler 

indices. Given the ",-,",iderahle range of variation of cord length, il i:l n=sary 10 det"rmill<' 

wJ:..,~her cord length haa any significanl effecl OIl ,J:.., Doppler indic:es. SiIlC" the "'-'rd lengr,h 

~"'nnot undergD ncule chnn6"'", lhi. is modell""j as a chroni~ change. Here the increased rcsisi.ancc 

due L.o Ihe increMe<1 eord length is compensai.ed by a dccreased pl"-<-","'al resi8tanc:e in order to 

maint ain the pla""n[al !luw. Similarly a dec,reased cord length ,,,ouk! resull. in a placenta wi,h 

a sli~htly higher rrnislance. As this is simuhi..ling a healthy fOC1ll8. the flow to Ihe placenta and 

cord remains unchanged trom m~llinal "aluC8. Fi&ures (11.22 a and b) are ,he results of Ihe 

model simulations lor a heallhy and tli8""-"",,j plll..(:ellla rcspec:tively. 

The results of figur ... (11 22 a and h) indic"'le that the effect of chnng,," in umbilical "'-'rd 

len6>'1h on the Rl are similar for both a nurmal phl.(;enta and f(~' a maldcvcloped placenta. 

Shor,er ,han avemge umbili~al arteries tend \0 inCl"Case ,he RI', in e"ery artery However, the 

difference betwcen indices frum either end of the umhilkal arteries arB reduced. Increasing' 

the length hll.l< the reverse effec \. TIil. is most likely dlle to the fll..(:1 that in order to maintaill 

the ,anle proportion of flow to the placenta fllld mrd, the placental resistance must increase 

fur the ~asc of short wnbilical arteries ami docreaS<' fur tIl<' ",,00 of lon~ llmhilkal arteries. An 

elevaled pIw.:en(al resi8ta"c-e waa demonstrated to increase the Dvppkr indices and t u decr""S<' 

the diI[erenc"8 ill illdices obtained at opPOsi Ie end. of Ill<' lunbilkal arleries. At Ihe e:nreme, tor 

the l1Cal,hy ph=nta: a cru.mge trom 711c.Jll to 11X-~n causcs the RI a, the placental and I""tal end, 

of the umhilical arteries lo clmnge by 17% and 15% l,,"pee:tively. FOr the discased plaoonta, the 

peroonta~e change at the placental end i" 26%. whils, at tIl<' foct"1 eml this is 2:,'){.. 'j'heref(~'e 

(he cff""t of umbilicallcngth on the RI is more I-'rOnOUIlCed when placental resistalloo is elevated 

and [or me",l1remellt8 obtained at the plflOO~al end of Ihe umbili~al artery. Thus, it is l>OO8ible 
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Figure 11.22: SiIIlulatM r"""ll.s in Mrll arl.ny of rllanges in HI n'fSl!S 11mbilkal arLerial l"""Ul. 
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arterial length ar~ indkaVd hy Lh~ arra ... s. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

11. DekrI1linilllt~ uf Duppler indice~ 167 

that unusually long umbilic"l "rterie. may result in a mi,intell'rel"tion of the Doppler imlice!l 

when placental rcsi.cancc is inc=ascd, 

11.13 Umbilical coiling 

Simul,,(.iuI~' to &".e •• the influence of the curvature of the umbilic-fll arterie. on the re.L'tauce 

ur impa.i"'''"'' 10 hlood flow in the artery, and hence on the Doppler indk"., i, considered in a 

different manner 10 ,he simulations in the above scc,ions, Equation (6,30) gav" an expression 

for lhe ra,io o[ flow in a =ved tube ,0 ,hat in a "traigh, tube assuming an identical imposed 

p="ure gradiem. This &.jua,iun may be inverted to ubcain the rRt,iu of ,he re>i"tallce in a curyed 

tube , relative to that in a straight tube and this i. : 

1," 

He 
R, 

(11,14) 

In a similar manner, tile ratio uf the char"deri"i~ impa.ian~e in a ~urved lube, relalive to 

that in "straight tube may be ohtained and thi, is given by dividing equat ion (6.28) by equation 

«1.36) 10 obtain: 

:0" =".(1 +mFlO ) ('I [r.(1 +mF1o) + ),mao [-2ao5;f::l +r.(~+ ""J~t"'D)) X]]) 
ho. GO (J,(oo)Hu(oo)-Jo(oo)HJ(oo)) 

(11,15) 

Thus il i" Ix>"ible tu de,ermine the alllUUIlC by whid! curvature alters the re,i,t"lloo or 

impedanoc of an =ry ,,~lhout knowledge of the occuill p=,"ure gradient", Equalill<I (11, U) 

i. dependent upon J\ and tile Reynold" number Re "" ·~7r and "'luation (11_15) is dependent 

UpOIl ), and 0, It is t herefore pGO,ible to oblain curves which demoru;,rate how ,he resi.tance 

and impedancc in a curved rel"tive W a ,traight artery vary with varying J\, ll.e and o. For the 

re,i"t""l'" t o ,"cady flow, t he Heynolru number in the UIIlbilical artery may vary up to aboul 

300 and), betw""n 0.001 "nd 0,1, Thu, it is ea.,y to obtain a family of curves, &" <1cpic,ed in 

figure (11,23a), fur the ratio of lhe re:;i,lance u[ c:urved lu "traighl lube" Yer'llli ,he Reynolds 

numbcr for coiling of ), = Il.OO 1, om, 0.05 and 0,1. In the umbilical artery a is usually around 

2, although it i. pos.n-,Ie for .mall foetuses with abnormally low heart. rates 10 have 0 values 

well below ,his, Thu, it i, p<.),,,ibl~ W ublain "['!JIlily uf ~urW' for buth the magnitude and 

phase of tbe characicri.ci<; imped= in cun",1 arterie, to ,h""", in ,traigh, arterie> ver,u, a fur 

), = O.IJl,Il,05 and 0,1 and ,his is depicted in figure, (11.23 b ""hl c) re'pedively, 
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Figure 11.2:1, Family of curves for .\ = (jJ(ll to 0.1 of the ratio of (aJ the resistance. (ilJ tht> 
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nurnher and figurl'J (b) anrl (c) aI"<' plot./.f'<l "erslls Q. 
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Fib'Ure (11. 23) in<.li~ates that the greatest effect of the ooiling will be for value. of ), = 0.1 MId 

I·bi. value i, "pproached in large foetu"". ,",ith tightly ooiled arteries. The effect of curv"ture 

on the steady resistance is most pronounced with incr~a.ing lkynold. number, whid, in turn 

will in~re",,,, ",ill, in~re""ing raJ.iu" iocre""irlg total cardiac output and decreasing vi""""ity. 

I3<Jth ~ardiac Qutput and arlerial radiu. increase with gc.tational age and therefore the effect of 

ooiling is likely to become m",\, prominent as the foetus a~,. The elf""t u[ ~urvature 011 the 

<:baraekristie impcdanoc ~, far lc..% signifi",,-nt, only bC<'ilming relevant at ver}" low valu ... Qf <>, 

with ,he domin ... nl eJ[oct beirlg due tQ the dumb'" in ph""'" 'lllgle. Low values of n an' achieved 

[or low v"lue. of 11<'",,1. rate. ""terial r"diu, and. high valu,", uf vi""",,,ity. These value. are likely 

lu be ~noountered in a yuun~ f""tu., with po •• ible ""terial ~un.l·rictiun arId Qne thal i. hypoxic 

"nd the,.d",,, has increa"...! viscosity and decrCftscd heo.rt rate in re.;ponse to the hYPQxia. In 

both ",tuations, incxe,,--,ing the ooilinp; index incrC>.~_' ),. The "'luation. gOYel1ling the elfect of 

ooiling are independent of the downstream re;;istanee "nd therefore no difference in results ",.e 

expoctil<.\ for a given d,·gree of development of the placenta 

I'hrDe =narioo were investigated. The first examines the effect of ooiling on RI for a normal 

foetus .. t 28 we.>b ~\'"tation, the """<Jnd in"".tip;ate., " 40 wf>ek old foetu., where the elf""t. 

o[ tbe .teady resist"ncc "re expected to dominate and the thi,.d occn"rio examines a ocverely 

oompromioed 28 week old foetus, with fill elevated viscosity (IJ = 0.12), a slightly dccrea'lCd 

umbilical aroeri .. l radiu. ("0 = 0.1) and a dUluni.h..u he""l rate (HIt=IOOhp.m). III thi, 

.itu .. tion. the dfect Qf the im\!ooance al low lrequenei"" i. expected to dominate the re.;ult. 

Cle"l"iy this scenario is fQr an advanced slate of di,tress, to illustrate the effect of coiling under 

these wndition.. FigUT ... (11.24- a - c) -<lOW the re.,l1lt, Qf chan~e. in re,i,tanC<' index in the 

arleries for chanp;e., in wilin~ index, where (,,) i. 10" """na"io 1, (b) i. fo,. """na";o 2 and (c) i. 

for scenario 3. 

1"i~res (11.2,1 a-c) indicate that the effect of increased coilirlg i. tQ marginally increase the 

RI in the umbilical arterie.. The gn>1<l.er the p;e><I.atiQn .. l ap;e o[ the [oetll., the greater the 

effect of ooiling. This enhanced effed i. primaril)' due w the incre;;seU mean £IQ'" component. 

A oom\!wmi.oo footu. with very low value. o[ ()' exhibit, " very sli~)t incre,,--,*, in HI dll" tQ 

increased wiling and thi, i. primarily due w chanp;e. in I·he umtead)' component:<. The lll<>:<t 

significfillt change. are to the indices measured in the umbilical arterie.. A charlge in ooiling 

index from 0.1 to 0.7 induce., a wrre:;ponding (hange in the re,i,tance index me.a.uroo at the 

piacCIltnJ end of the unlbilical artery of 2.26%,8,4% arId 3.7% for the re;;pective situ .. tiow of a 

healthy 28 week old fnetm, " healthy 40 week old foetus and a compromised 2~ week old foetll.< 

wit.h a low \'alue of n. 

Ocgani et al. (1995) studied 15 healthy foetwe. and found no corrd .. tion bet"'",,n the coiling 

index and the Doppler indi~e.;. Tht> Il'.111t. of th~ above .ilIlulM,ion. sl1pport this finding, and 
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decreased h''<Irt rat" an<! d~'n,,,,,,,-,,l umbili~,,1 arterial r~dius. 
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indica~ tlmt t Ile incre,,:;ed resisw • .llce due w increased coiling only hM a marginal ~ff""t on the 

flow waveform ,>lId hellce the Doppler indices_ However, Nishio c\ al. (1999), examined 8 growth 

retacdcd foetuses with hypcrcoilin~ and found that the m iu l he umbilical altery in tlleSe cases is 

lov.er thall thaL. iu uonnal foetuses. TIlls fiudiug lIlay be interpreted by examinaLion of the effect 

of coilillg OIl Venou, return, Ikyuolds (1978) suggesled tlla, ,lIe vas.cular syslem of cwo coiled 

art~ri"" wound around tt... vein poAAeSStrl the basic elem,,,,ts of a pulwmewr pumping s),stem, 

whereb), energy impa,ted by lhe arterial pulse augments VeuouS retell'll [rom ,he placen,a Lo ,he 

fOt'tu8, Thill rt-duetrl COl"d coiling will ",'flult in a l~"" efficien, pumping syswm and therefore 

reduced venous rNum. Thi. i, mo,l likely Lhe mcchanism that caused the ohscrved foetal 

disL.=s in lhe hypocoiled cords m,her L.han lhe eUoc, L.hal coiling ha. on umbilical ,""sistancc. 

l\"ishio et al. (1999) found that all eigll, fo etu,;e; with h)pelooiliug lJau increased tuIlbilical 

VellOUS pulsation, further supporting the pulsometer tlleol-y. Upon examillatioll of the placemal 

v""sel. of the foelu""" in tl",ir study, they fow-x! that the macros<Dpic and microsc.opic placent"l 

finding:s were nonnal, imlicaL.iIJ,g llO elevated placem"l resistm](e. TIley also speculaL-ed ,ha l 

the reduced resistauce iudex ill ,he 11mbiliad arter), "my be "ttributed to an iucrea"" in t he 

r""istanee of the artery. If the hypcrcoiling reduco:! the radiu:s of ,he artery by con:slric,ing it 

in some manner, ,hen ,his would support lhal fiudiug, 

11.14 Forward and reverse travellin g waveforms 

A particular advantage of a ,ran:smission line model is iL.S abili,y to decompose flow wavelorms 

into tl",ir constituenl forward and retrograde compou€uL.S, It is possible to exmnille these 

oompcllleuls ill ""ell of the above simulations_ However, it is more instructive to only examiIl€ 

llle two scen"rios that exert t he greatest clfect on the tuIlbilical arteri"l Doppler incli"", •. These 

are those o[ iuc[eased ph~ntal r""i.tan"" and decrt'll.seci umbilical radius. The purpose of this 

brief soction is Lo illustraLe lh" 1Il001t'ls capM:ity to further elucidate findings by investig"ting 

l he forward aIKI [etwgrade flow components, rath .. x than performing a comprehensive stlldy of 

,hese flow componcnll; in e,-cry pos:o;ible oimaliou, Graplls o[ L.]le forwacd, reflected ,mri wtal 

waveforms al· eitht'r eud of tIle umbilical "rtery 3.l-" displayt'd, where the mean vailles of Row 

haw been subtracted [com the graphs, Figures (11.25 a and b), (11.26 a and b) and (11.27 

a and b) re'pcctivciy display the results of the simulations for a uomml 28 week old fo"tus, a 

foelus wilh au acutely d..:;,..,,,,,ed umbilicalarteriall'll.dius (from 0.1~ em to 0,) em, as obtained 

from silIlulal illg Adamsou et aI's expt'rim<'nt) "nd a fOt'tu. with a norm"l umbilical arterial 

radius bnt an elevated placental resistancc due 10 a combinal'>on of increased brauchiug allgle 

aud reduced vessel radii, such that the flow to the placenta is roou""d by fiO%, 

The mt'"ll value of tt... umbilical flow waveform for a normal 28 wock old foctu:s is 2,5!k:m3/s, 



Univ
ers

ity
 of

 C
ap

e T
ow

n

11. Deicrminants of Doppler inclicflS 172 

Normal placental impedance 

(a) 

" -- FOlY\Iard flow 
1.5 

-- Reflected flow 

,..,'F 1.0 

E 0.5 
- Total fIow - mean flow 

0 - 00 

~ -05 
1.00 

~ 
-1 .0 

-1.5 

-2.0 

(b) 

2.0 

1.5 
- FOlY\Iard flow 

.- 1.0 -- Reflected flow -n 
05 E - Total flow - mean flow 

0 - 0 0 

~ -0.5 
1,00 

~ 

-1.0 

-1 .5 

·oc 

Fij;ure 11.25: Forward. reHe<:t .. t awl tot,~ flow ""loc,ity "",,,dunns with the mean component 

subtracted for a he'~thy, 28 week old fOdu.>. Wavcforrll.' are obI ained at (aj the foetal ~Ild and 

(b) the placental end of' the mnbil",,,1 artery. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

I 

• 

11. Determinants of Doppler indice~ 173 

A'"<jiotensin II infllsion 
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Figllr .. 11.26; Forward, renocted and total f!o".- velocity waveforms "ith the mPAll component 

~ubtrad .. d for a 28 w",k old foo1.u8 with a reduced umbilical arterial radillfi due to angiol.en.~in 

11 infusion as per the cxpcrimerrt~ of Adllllloon ~1. ,.,1. (1900). \"awform~ Ill'" olJl.runAd at (a) the 

I foctal end and (b) the plat>"ntl!.! ~ r~1 of I.h~ umlJilief!.l arlff'y Th .. rrf'""nc~ of a s'ys1.nlie no!·eh in 

the total flow waveforIll~ are indieat..u b'y I·he "ITOW". 
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Elevated placental impedance 
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Figure 11.27: Foc"",,,d, rd!ed:c<1 "nd tot,,1 flaw yelocity waveforllls with the me"n ~olllponcnt 

snbtrfV'Jed for a ~H week old foctrn with all clevatc<1 placCIltal R'l<i:;taIlcc due to" maldc"doped 

pl",-"mht.. \Vawfonns are obtai r>ed at (a) the foetal end and (b) the placental end of t,he umbilical 
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Appendix D. Matlab™ and Simulink™ code vii 

" 

" 

" 

Figure D,l, Simuli:nk system diagram of foetalmodcl. 
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Appendix D. MaUab™ and Simlllink™ code viii 
~-----~ 

Figure D_2: Arterial Input : Ascending aorta. 1 input (input flo,,' from the heart). 1 output 

(f",.ward and ",,,,,me flnw wa",furms at tenninal end of artery) 

D.0.3 Matlab™ code for simulink blocks 

d a I){)Il-I.~_perOO. and non-coiled artp.rial "'''J~~nt function zO = Z oCuli % Trarl,mi,oion 
Ii»" mod,·1 builfiil1g 1>lod: Z _ 0 cllllracteri'tie Illl~" 

7c 
9i zO = "_!X"); 
% 
o/c Ttles the ,illlUliuk ,-ector u ron.ietin!,; of , 
';l" «"""I~"" W;"'" 'I~',.-j) rn (modd fador) auJ r (",rerial radiu,) 
9iC"lcul""" eitlk" Ilk, steady fI" .. r"""'tan"e or d", dlaraeteri>tie imp"d&lce 
% of Ihe arterial spgIlli'nl 

global om'ga 'ho 1m m,,; 

c=U(l); 
m = ll(2); 
r=ll(J); 
if (olllega __ 0). 
,0 = 8~Jllu/l-'i/r-1; 

"IS<' 
FlO = F _ I O( ''In('I':''. nll. r); 
7,(l rho',,1 (1+w'FiO)/(l'i~r- 2); 

end 
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Appendix D. MaUab™ and Simu"li"n"k.'_'_'-,c.~"I"'~ ______ _ 

0."" ... " 

• 

····-·:---ti::l::::; u • ..:.:. 
'-"'''. 

~ .... 
,. ... 

. .. " ....... " 
" 

Fi!;urc D.3: Tar ... r~d arterial SB!':ment. 2 input.1l (forwa.rd a.nd reverse waveform from proximal 

",-'g:rn~nt and (.,,..ninal impedan~e from distal segment). 2 outputs (Input iml"-,h,,,* of "~gm~ut 

aI~ 1 forw"",l and mve,."" waveforms al terminal end of scglD'Cnt). 
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Appendix D. :Matlab™ and Simulink™ code x 

Figure D.4: Umbilical arteries: 2 inputs (forWl\ld and rev",.,.., W,,\,~rorms nr proximal ""gnll'nt 

and terminal impedanCle of disl al segmenl,). 2 nlll,p'll" : Tn P'll iml",danee of segnte"t and radius 

and l~,ng!.ll v"dabl~" In ,;end in plaeema) 
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Appendix D. Matlah™ and Simulink™ code 
-----

...... " ........ ,. 

'" 

Figure D.5: Pl(U'~nta_ I Input. (radius and length of umbilical arteries). 1 Output (input 

impedance of l'l"c~nta)_ 

Figure 0.6: Peripheral arterial network block: 1 output (input impedance d the network). 
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' " 

zinlX't 
Imredance 

Figure D.7: Parallel connector. 2 inpHI," (impedaoCffi from two UOWnAtream oources). 1 output 

(combinoo parallel impedane<:- of the two inputs) 

Function for cakulating the dULracteristic impeda.nce or stel>dy Bow resista.nce 
and characteristic i!ll~da~ ta.pering COll,rtl\llt for a. non-c.oiled .~~r~ arterial segment 
function [zO] Z 0 taper(u); 
% n"""mi. .. ion Iinc model building block Z _ 0 _taper _ clu.rILCl<Jri.tic lmp.d ... "" 

% 
% 2IJI - z_O_taper(u): 
% 
% 'DIk<><" simlllink metor l!, e<m";"ting of: 
% ci (initW mmplex _mspwd). mi (initiru. mocleJ factor), ci (initial oomplex ~'a""peed), 
% d (fin.o.l oomph wwe.peecl.). mf (final model factor), cf (fin&l complex """",,,peed), 
% len (length of I>J1.<:>ri.o.l segment) 

% includes DC tapering by fira! working 0\1\ the !!lpering cccslani ftOOl the 
% .tarl and finish radii 
% Fer oscillatory tapering. instead of returning ZO, the t&pering COO8tll.nt 8.Ild the initial ZO are 

% returned so that ZO may be calculated .. I any poi"t 
global """'WI rho au III!!' 
ci=u(l}; 
mi = u(2): 
ri = u(3); 
d = u(4}; 
mf = u(5); 
rf = u(6); 
If:>n = u(7): 
if (<lin<'&" == 0), 
I' = -log(rf/ri)f1en; 
ifp==O, 
zO = [S*wu/pi/ri-4*len 0]; 
else.o - l2'mn/pi'(""P(4'p'len)_I)/ri~4/p 0]; ,., 
cl_ 
FlO; = F _H1(omega, nn, ri); 
FIOf = F _10( Offi'lga, fin, rf); 
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Appemllx D. M,,tlab™ and S;mul;ukT~1 code 

rifIIlnlNi c .• ~I""') 
• ~ .... poootlle~. ~_M ..... dl>ic.", """"'" ,,,] ~ 
'.o'OI"O e-..... ,. iii " ot ...... · ...... idJ. a ....... ,. III~ dIeIe<_~ 
I\lPC?IO" m ..... , 10 ~,Io 100 "'~ t.bc< 

.,"" rOliO 

I' . '!I , 

r 

• H-\ . 

(oj 

XIII 

t .. ""..J~".,~ i~] 

r_ .. ~~"'""_ .. , ..... d-o .. oI~ -(~]" 
",,,,,,,,.,'~ ;']" oU/aok.,...., oil ,,0 ___ • 

Ir"IlI>oI Y",!", 104 O<YJ • 
1IiO).,,~ .. O' pI- !O" l ~.l·Qneg.lll , 

, .. -

(bJ 

I 

}o'~ur .. o.s: Drop daoro menus for phll~fGll"I"'mc~ blocks. (a) menu for a IIll<"1'i'<1l1rlM";,,1 

'""1I:ruenl. Thp W'Ifl-tapered "..,,;ruents are tdenllmlaqJel. thl')' tit> IlOl h,,,p "I""" f", ! tlOl fin,,1 

ro«li\!~ "'Ill y""ng'. 1)l.-"I\lllC~. (Il) menu for II I_I [lhH1I1 IIrl f'r ;al I ""'_ 
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zO= 

""'1'v .. ,"""" .... to the initial and ZO 

end 

.. ,,", .... w .... block = umbilical arterial characteristic Impe:l8IICe 

JU\''''.'',",,!'.'''. r, nu, 

Takes the simulink vector u COllSUltlIlg 

c and r 
also uses the variable wmean as an estimate the mean the Dean no. 

either the resistance or the characteristic Impe<18Ilce 

omega rho nu mu wmean 
c= 

r= 

Rc= r+ 

ifDn < 
mm=2; 

Dn> 
mm=Oj 
else mm = 1; 
end 

fc = 
zO= 

% umbilical vein as well 

curvature 

Dean number 

+ 
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end 

if 

out = 
else 

a= 
sumz = 

end 
end 

<.U,,"' .. U,I, ... gamma = 

ganmla = 0; 
else 
ganuna= l~(IIIn;egl~1 

end 

xv 

order order v and ar~i:UIInellt z 

= colnplex prclpalgatlon constant 

and c depelldtmt wave 
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Returns the cOlnplex pr()p,!:Lgatlon constant for the ta):Ier€i(1 vessel se~~ml~nt 

% as well as the tat)erllne: CUlllS~ilJlllL, q 
omega; 

gamma = [0 
else 

gamma = 
5 .. "' .... • ... • = 

Zt = 
zO= 

omega mu; 

gamma = 
1= 
if \_~.,~ ... _ 

else 

zin = LJU1\"-"",,,,u,!!i,au.UU'''',lj 

end 

gamma 
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% 
% 

omega 

if omega == 0, 
=Zt+ 

else 

end 

gamma, 1); 

% Transmission line model .............. I!'> 

% 
% Uses the simulink vector u, COl1Sl.l!JJ;lIlg 

%Zt 
% k l cnaracteJrlstlC lInpE:daJnce t.anArin 

q 

resistance or ImlJeoamx 

as well as the constant xi uru~t6!K1y harmonics - this is 

)j. .. 

% to save time not to recalculate the bessel f"n",t.i,,,n .. 

Zt = 
zO= 
k= 

omega mUj 

gamma = 

zin=zO+ 

xi = 1; 
else 
zOf= 
% determine terminal 

rhot = + 
h=k; 
bkl = ,"""",~IA"l 
bk2 = ult2ll~IA"1 
bit = besselic( 

bi2 = besselIC( 

bk3 = UIt2II:IOt:IA"1 

bk4 = ult2ll,;t;IA"l 

coefficient 
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end 

= 
= 

into the aorta. Takes the simulink vector u ""YU""'1"1 

andzO 

end 

waveform 1-"T'''''''~''; arter-

ies 

t"' ... , ..... ..rr arteries. Takes the simulink vector u COllSlf1tUJ11l; 

fr ( .... ",.."",.,. 

, ..... "',, ..... IPN the source and thus 
Returns The fnr'w ... ,·ti 

% Differs to in that this must first combine the forward and reflected waves 
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the block into a total w .. ,vpltol'''m 

ff= 
fr= 

k= 

omega; 

gamma = 
q= 

1= 

Q<.;luWl.U,Y the pressure at the terminal end the "'",'u"""" 

end 

=f 

Takes the simulink vector u 
fr pressure w8,velforlm 

Calculates the source retlectioln c~[)et1t1.cilent and thus 
Returns The tn,.' ...... ·r! 

w.!lvel:orlm in umbilical 

fOf'WRr'd and waves 
....... >v"~n!O! block into a total W8,velrOflm 

end 
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.. H1n"", = r 
% Transmission line model UU,UUJlUX, 

rfflow = 

gamma l C()m]pI€OC PCUIJUl!!;uLllun CUl:lI!!LUHlu J 

Calculates the reverse 
Returns the fn"'IVl>.'r! 

as a vector 
omegaj 

fflow = 
zin = 
zO= 
gamma. = 
1= 

end 

and reverse 

at terminal 

Transmission line model UUUU.U!)I, 

% 
% rfflow = 
% 

Takes the simulink 
%fflow 
%zO 

= reverse 

,.,,,,,U' .. f.,, .. nr,,, at the terminal end the se~~m4~nt 

pressure at terminal 

% Returns the forward flow and reverse flow waveforms at the terminal end of the se~~m~ent 

xx 
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gamma. = 

at terminal pressure at 

total at the source end 

% back into forward and reverse 

to terminal end 

= 
= 

else 
hI = I'>G, ........ O .. , 

hi! = besselic( 
hkl = be81!lelkc( 

= .. H"ur'f·"rllf· 

end 

+ 

pressures at terminal end 
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end 

% Transmission line model 
% Atabek's tethered model 

% 
% 
% Takes omega 
%E 
% 

block cmatabek = wave and model co~:l1tiIc:ielnt 

h, 



Univ
ers

ity
of 

 C
ap

e T
ow

n

% model coet11cllent WClm~lrsleys model 

% 

cO= 
k= 

monic 

cO = 
end 

B= 
c= 
c= 
B= 

X= 

= cmwomersl~lY\<"luO:;;~H, r, nu, 

thick walled model 

h, 

rho (densi1ty 

to f ..... rn"~nt"v 

)j 

onrleJlta. :r, nu, 

Transmission line model 1.1 ... ,,"""'''' block cmdinnar = wave 
Dinnar's numerical model the effect of sUlrroundirlJZ; tissue 

% c = cm.cur.mar, v ....... " .. , r, nu, 
% 
% Takes omega \ ....... --... 'J 

%E 
g Lame's constant in tissue to that in 

% Returns the wave and model COE~t11l~iel[lt accclrd'ing to Dinnar's numerical model 

Rl = rj 

har-
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S= 
F20= 
H= 
RR= 

Q = ""~-..-r"'l 

% Set up 

OP1,lOlllj = 

determine 
cw = cm,WOlmC:lfSlley( 

Winit = 
Winitr = 
Winiti = 

guess based on Wn,mF!:rsll~v's 

Winitr = 1; % alternative initial guess if solution doesnt converge 
Winiti = 1; 
.. lUll""""' ....... is a Matlab UU,_"''''U that nf>y·tnr'm", the iteration 

contains the 
to be minimised 

= !mlnsearc.n( 

Dinnar which 

;::;o:meUIlll.es the solution was unstable and in this situation it is re-evaluated the initial guesses set 

c= 

X= 

y= 
end 
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of real and uutl.glmu solutions to minimise the l"l''"'~'Ul1 

omega h 

of Lame's constant in tissue to that in 
Returns the value of the function to be minimised 

w= 

...... ,u ...... UJ' ... out = F 

% out = \ODlleg0tl., nu, 

Takes omega 

""""&""1"'''''' nu, 
UUJ.JUU.lI< block 

Returns the constant FlO 

out = 

This function calculates the ..,.",;,,,,1,,,,.1-

a transmission line bifurcation 
both branch lines. 

+ ... 

= \}\"" ....... " .. " model constant 

and r 

= 

iml)ed.8n<:e at 
Impec:l8IICtl at 

xxv 

E 
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zl = 
z2 = 

and returns e and m for the aDor<)Or'lat,e 

% 
[e,m] = 

is either 'W', 'a' or 'd' aelJenlaU11I: on which model is used 

h= 

e = OJ 
m=Oj 

else 
switch 
case 2 

Atabek's or Dinnar's 

= em'l'IOrrlersley(om~~ga, nu, 
case 1 

= CIIIlal.,El.UC;:Kloulega, nu, 
case 3 

= cm(l1nn,ar v,,,'''''''',,, nu, 
end 

end 

model and the 
for use with simulink model 

h, 

h, 

width OUliPUl; 

radius and converts this to a 
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% 
% p8J~am.out = 

model and the radius and converts this t.o a 
vector f.or use with simulink m.odel 
includes initial and final c,m and radius 

= 
= 
= 
= 
= 
= 
= 

",£"",~,,,u,u out = DeSSI:JUIC\ 

LV","UJU"",,", bessel .. u • ..,~"v .. kind and order. 
% N.ote the built in Matlab 
% 

1, .. 1\0" .... ' .. besseli cannot handle orders 

% takes order and 8r1!;UIIneIlt 
load mat file with variable rfact COIl"talmUllit a vector values rl 
for may have t.o set this to converge but Kt:llt:I":UU converges for most ap'pUt::atiOIIS 

at this value 
values 

end 
out = 

.I.U ...... i~& .... 'U out = beisstell<1:c 
% Modified bessel lun,ctl()u order. 
% Note the built in Matlab lUllCtlOD besseli cannot handle o;;U,IUIJ'ICA orders. 

% 

out = ganunacolrDJ:,le:lC( 
evaluates the gamma f.or a C.ollllDlex arj~Inellt 

use with besselic 

= 2.50662812741)5; 
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= cardiovascular 
S81np1e8 = no. of for heart 

the start of each wa,veltorltll may be delaVE:d "'''6'''~'J 
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end 
nth order butterworth 
COl1resI)On~cI.s to 0.5 

resolution = 
done instead of zero I-'QO"' ..... , ... ~ which would 
have the same 

constants for blood nr(\~rt.j,~ 

4 

rho = 
blood ";" .... "".;1-,, 

% blood rI.",,,,,t:,, 

nu= kinematic ,,,,,",,,c,,hr 

Poison ratio ........ , .. u ... !!> atioIIJship between strain in x and y directions 

constants for heart 
0.18 "'''''',T.nl'l''' used to calculate 

% all pressures are relative to central venous pressure 
around .,. .. I.nu.l.lo, 

use with transmission line models to return values simulink code to the 
main routine for For use with arterial se~~m«mts. 

% Takes as 
% zO k 

fn .. "m,,·,n pressure wa.vel'OTln 

% 
and reverse at the terminal end the arterial 

se~~m~ent and sends it to the main program 
omega; 
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else 

end 

Transmission line model U"'.U"".'UlO<. = f" .. ,."" .. ·rI and reverse pressure wa,velforms 

% umbilical 

% 
% = 
% 
% Takes simulink vector u 

%zO 

omega; 

zO= 

else 

end 

wflveltor:m at the terminal ends and 
f ... ,., .. , ... ·rI and reverse and forward and reverse pressure wflvAifnr'ml'l 

se~~mlent as well as gamma and 1 

rpres, gamma, I] 

wa.veltorlm and rpres is the pressure wa,veltorlm at the source end 

o rpres 0 gamma I]; 

rpres, gamma, 1]; 

.71,,,".nTl zout = term 
= terminal VU;K,;tll1W:lJ UUUtllI.W.J:UX 

xxx 

the 
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umb 

2 2 arteries in ....... ,.,"'. 

= 4; trees in 
a number of scenarios are commented out for use with various p81GDO'10gy simulations 
88 is the code is a normal pJlIl1OO1Ill>8 

code is for Adamson's a reduced rad 
here the distribution matrix is reworked and mean arterial pressure altered 



Univ
ers

ity
of 

 C
ap

e T
ow

n

% placenlta:.'. and _ll.la(:enl~al may be altered UCI.l<:;.,'UUlj( on whether referenoe values 
% are used or not. 

placen.ta:l: = 
,.."..., .. ,.,,,..-j .... = 

= 
= 

% iterate to determine the number of 

if --

% check if to the plllLcelllta has been reduoed (eDlbollis.!;lticm 
% uncomment this section of code if a reduction 

% if = 

% 
% 

this section of code is 
if 

zout = + 

+ 

and 1"'''''',''1-1 ratio 

takes 

20 %to and 

constant pressure 

exl0f€!SSEld as a fraction 

and 
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function to calculate the number levels of .... u ........... ,.1!> 

upon which .. v,,, .... ·'TrI<>n1", is 

% if vls<:osi1GV cJlanl!!;es, 

else 
if rOnew - = 0, 

rO = 
end 

% store the number 

% reduced pla.ceIltal 
levels 1.1 ............... ,.0 for the 

delta = 1; 
uncomment as 

% are achieved 

solves the new theta so that 

zout = 
end 

.. .,..", i,~""" resistance as set 

is similar but uses 

% function to calculate the new .... " ....... , .... ,'I!> 
% 

or 

levels 
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resistance and new level 

levels 

n= 
% uses built in function to solve via iterative process 

to iterate to minimse 
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% i.e. situations where the resistance the vascular tree ...... '''' .. !~''''' 
tUIlct:ion nP.ilp'1"lmll,_ how the radius must ....... ,._.'" 

a 

% Transmission line model ...... "" ...... , .. '" 
% 
% = 

for no 1'.<>T"'1"·'" 

%EO wall thickness to 
im];»edan(:e of the either the T.RrIP.Tf!n or 

switch 
case 1 % No 

work out vectors zO and gamma 
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end 

+ ... 

end 

= 
otherwise 

tl'l.T'.P.Tf'lrt solution 

k= 

work out vectors zO and gamma 

= 
end 
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Zt = 
end 

= 
end 

mu, 
% Transmission line model LlL .. >" .. >", block ncalct = determines numer levels 
% 

mu, 

resistance Rr 

else 

rat = 
B = u. ~.~ YTl'P'~" 

the terminal tree 
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end 
ntree = 

n,Tnnn zout = term 
% Transmission line model UU,UUllUJO:, 

% 
% zout = 
% 

% 

~3 -

= terminal tree impec:1aIlce 

the terminal tree 

control values 

values 
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else 

Transmission line model n11"lInlinU block - : converts to 

nAlrAn,,,"T,Pl"R for tree evaluation converts this to a 
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% Main program to 

% \"'A:''' __ ''''Y~'''''''''') 

rOnew 

simulation 
indmat to 

transmission 
indice matrix - see the end 
the programme here : 

% Run constants to set up the constants used 

model 

taken from rpt ... r .. ''' ..... pg 15 and converted for GA in 

% accurate from 17-40 weeks 

y U\J'"UI,it!ol at GA 

cube root mass at 

weeks = 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 
assume that fetal mass is ..... ,"' ... ,' .... i"n 

all the cardi-vasc ",n.'",,,'c", 

to volume 

to true cvo. 

at 28wks 
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Work out the pelrcentfllge matrix 

ThE5e may be altered for various simulations 
note that umbilical venous pressure set to zero, should be about 
note that cardiac to pJ.a.ceIlta::::: 

the 

tJ-v""eu ... " assumed 

and its """_ .. " 1m 

du])licated 4 times to imJ>rmre 
of 4 waveforms. If """"1-',,,,,,,.-

freQu4~ncy. ie lowest po!jlsible 

is 4 times 

note the range above 10Hz makes no rlUtf'!rlf'!n(~f'! 
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omega = OJ 
initialise variables for pressure and im]peclan.ces 
these may be added to or adJap1ied if measurement are desired 

if ki == 1, 

end 
Iterate for curvature on 
asume an initial mean flow vellocity to that in the stI'l:l.igllt tube 

if omega == 0, 
rumb= 

IOO/ni/f'llmh,A2: % per'cerlta~~e CO to cord and p~oon1Ga 

• __ v_ •...... tl:l.pl~r:.l:d for Dinnar's 

/wm",,,,n> 

wmean = wmean_neWj 

y= 
wmean new = Ho_clUtlt:l)fpii'rllLmlbA:~; 
end 

else 
y= 

end 
total flow = forward flow - reverse flow 

variables 

foe:tall_tap1er2a for Atabek's and 
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determine flow at all the umbilical cord 

% flow is recorded in a nxmxp matrix 
% the the: 

end is for cord 

are the same but with r. i.e. the total at the foetal end of the umbilical 
is 

% etc. 
% these variables may be ad,ap1Ged for measurement 

clear 

end 
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and the 

indmat = 

= 
= 
= 

pres_r = 
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check if to the pls.cellta has been reduced leulbolisa,tioin) 

uncomment this section code if a reduction 

% if ,, _____ ,.-perl~entage = 

redistribute the .. Uff .. ,.' .. n .. • .. 

% redist = 25 - per'ceDltag;ej 

+ 
= 1; 

% end 

to one so 

plBiCelrlta is set 

takes 

is once relnemt)er mean are 
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a 

causes an error cases, it is necessary to 1T" ...... ,~" .. 

run 




