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ABSTRACT T 

Unidirectionall  arteriovenous (AV) anastomoses often result in twin-twin transfusion 
syndromee (TTTS). Additional oppositely directed anastomoses may compensate for the 
circulatoryy imbalance and either prevent, delay the onset, or moderate the severity of TTTS. 
Intuitively,, higher pressure gradient, oppositely-directed AV anastomoses (indicated as VA) 
wouldd be expected to compensate better for TTTS than lower pressure gradient arterio-arterial 
(AA)) anastomoses. However, clinical evidence suggests AA anastomoses compensate more 
efficaciously,, because virtually all non-TTTS monochorionic twin placentas have AAs (84%), 
contraryy to TTTS placentas, where only 30% have an AA. We sought to explain this 
observationn by comparing the capabilities of various size VA and AA anastomoses to 
compensatee for the effects of the primary AV. As study design we used a previously developed 
mathematicall  computer model of TTTS to determine ranges of anastomotic vascular 
resistancess which cause varying fetal and amniotic fluid discordances. Anastomotic resistances 
weree related with the radii of their feeding vessels, using fractal geometry modelling to mimic 
thee placental vascular tree, and various assumptions regarding arterial blood flow. The results 
weree as follows. An AA anastomosis of equal size as the feeding artery of an AV or VA has a 
significantlyy smaller resistance. The primary AV anastomosis may be compensated by both 
VAA as well as AA anastomoses. However, VA transfusion adequately compensates AV flow 
onlyy for a small range of VA to AV vascular radius ratios. In contrast, AA transfusion 
compensatess the AV flow for a much wider range of AA to AV vascular radius ratios. In 
conclusion,, the wider range of AA than VA radii for adequate compensation of the AV 
explainss the finding that an AA protects more frequently than a VA of similar size against the 
manifestationss of TTTS. These results may possibly allow future risk stratification of 
monochorionicc twins by non-invasive sonographic assessment of the size and type of 
anastomoses. . 

Keyy words: monochorionic twins, placental anastomoses, fractal geometry modeling, discordant 
amnioticc fluid, mathematical model, twin-twin transfusion syndrome. 
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INTRODUCTIO N N 

Twin-twinn transfusion syndrome (TTTS) is the pathologic form of circulatory imbalance that 
developss chronically between monochorionic twin fetuses due to the presence of arterial and 
venouss vascular placental anastomoses. TTTS presents as the oligo-polyhydramnios sequence, 
oftenn with growth discordance between the twin pairs. The syndrome is caused by one or 
moree unidirectional arterio-venous (AV) placental connections between the twins, transfusing 
bloodd volume from donor to recipient at a rate that exceeds fetal growth of each twin's blood 
volumee (van Gemert and Sterenborg, 1998). Often, however, AV feto-fetal transfusion is 
compensatedd by oppositely directed (i.e., recipient to donor) transfusion from other 
anastomoses,, which can be opposite AV (denoted as VA), arterio-arterial (AA) and/or veno-
venouss (W). These compensating anastomoses either prevent, delay the onset, or moderate 
thee severity of TTTS (van Gemert et al, 2001a). 

Floww ( 0 through a blood vessel is determined by the pressure difference (AP) 
betweenn the two ends of the vessel (pressure gradient), and the impediment to blood flow 
throughh the vessel (R, vascular resistance). More formally (Ohm's law), Q = AP/R. The 
pressuree gradient which drives blood flow through a compensatory VA anastomosis is much 
higherr than the estimated pressure gradient in an AA anastomosis. Thus, VA flow is much 
largerr than the compensatory AA flow through an AA anastomosis of equal resistance. 
Moreover,, in view of the pressure gradient between the recipient's arterial and the donor's 
venouss circulation, VA flow compensates as soon as AV transfusion starts, so continuously 
throughoutt pregnancy. In contrast, AA compensatory flow is delayed with respect to AV 
flow;; it becomes functional only after the primary AV transfusion creates a relative increase 
inn the recipient's arterial pressure compared with the donor's arterial pressure. Hence, VA 
anastomosess were touted to be more efficacious in compensating the primary AV flow than 
AAA anastomoses (van Gemert and Sterenborg, 1998). 

Despitee these theoretical considerations, TTTS was associated with the absence of AA 
anastomosess in monochorionic twin placentas (Denbow et al, 1998; Bajoria, 1998). In an 
analysiss of TTTS placentas by postnatal dye injection, Taylor et al (2000) reported that 11 of 
377 (30%) had AA anastomoses. During fetoscopic laser therapy of 117 TTTS pregnancies, 
Diehll  et al (2001) confirmed the 30% incidence of an AA in these placentas. In contrast, in 61 
monochorionicc twin placentas without TTTS (Denbow et al, 2000), an AA was found 
frequentlyy (84% of placentas). However, the non-TTTS cases never demonstrated 
unidirectionall  AVs without other compensatory anastomoses, and only 16% had bidirectional 
AVss without an AA. Conversely, among TTTS cases, unidirectional AVs were identified in 
15%,, and bidirectional AVs without an AA in 55% of placentas in which all anastomoses 
couldd be identified (Diehl et al, 2001). These clinical observations suggest AA anastomoses to 
compensatee the effects of the AV more efficaciously than VAs, contrary to expectation (van 
Gemertt and Sterenborg, 1998). 

Recently,, we developed a mathematical computer model of TTTS which predicts 
amnioticc fluid development and fetal growth, related to the placental angioarchitecture (Umur 
ett al, 2001). We sought utilizing our mathematical computer model to address the 
compensatingg capabilities of AA and VA anastomoses against the effects of the AV, to aid in 
understandingg the pathophysiology and predicting the severity of TTTS. 
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METHOD S S 

Mathematicall  computer  model 

Wee utilized our previously developed mathematical computer model of 11 IS (Umur et al 
2001).. Input parameters in that model are anastomotic resistances of AV, VA and AA, 
denotedd as R^, R^and R%?. We chose an AV anastomotic resistance as the primary 
causee of significant fetal and amniotic fluid discordances, resulting in a simulated stuck twin 
att approximately 15 weeks gestation. We then added varying VA or AA anastomotic 
resistancess to compare their compensating capabilities, i.e., the amount of back feto-fetal 
transfusionn from recipient to donor. Compensation of the VA or AA is considered inadequate 
iff  the donor twin becomes stuck in its membranes, in the model represented by 10 ml or less 
off  amniotic fluid volume (Umur at al, 2001). Adequate compensation by VA or AA implies 
thee donor twin to have between 10 ml and normal volumes of amniotic fluid (not becoming 
stuck).. Since the VA is a compensating anastomosis, and by definition therefore not the 
primaryy cause of the discordance, its resistance is greater than or at most equal to that of the 
AVV anastomosis. We did not include W anastomoses because VV and AA provide equal 
hemodynamicc compensation of the AV (equal feto-fetal transfusion from recipient to donor) if 
thee W resistance is about eight times smaller than the AA. The factor eight represents the 
ratioo between mean arterial and venous blood pressures (van Gemert and Sterenborg, 1998). 

Fractall  geometry modeling 

Wee utilized fractal geometry vascular modeling using relations derived by West et al (1997) 
too mimic the anatomy of the placental vascular tree. In the appendix, we derived an 
approximatee relationship between the resistances of AV, VA and AA anastomoses as used in 
thee mathematical computer model (R\^, R^6 and R^) and the radii of their feeding 
arteries,, TAW, rVA, TAA- We used this relationship to correlate the severity of amniotic fluid 
discordancee with the radii of the anastomoses. Radius and length of feeding and draining 
vesselss were assumed to be identical. Accordingly, from Eqn.A7 of the appendix, the results 
are e 

^ - « 0 .5 5 
rrAV AV 

Thee V4-th power results from Poiseuille's law of laminar flow, where the vessel radius is 
inverselyy proportional to resistance to the W-th power (e.g., Milnor, 1982). The 
proportionalityy factor, chosen as 0.5, actually varies between 0.45 and 0.59, depending on 
variouss assumptions regarding arterial blood flow. In the appendix, we defined three models 
off  arterial blood flow; their properties are briefly summarized in Table 1. From Eqn.lb, the 
resistancee of an AA anastomosis with the same radius (and length) as the feeding artery of an 
AVV is approximately 16 times lower than the resistance of the AV anastomosis. 
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Fig.1.. Ratio of donor to normal amniotic fluid volumes, for six gestational ages (t=15-40 weeks gestation), as a 

functionn of the ratio of AV and compensatory anastomotic resistances (RAV iR-comp^- ^V anastomostic 

resistancee is 0.43 mmHg/ml/day at 40 weeks. VA anastomotic resistances at 40 weeks (all in mmHg/ml/day): 
1.13,, 0.80, 0.68, 0.66, 0.64, 0.58 and 0.43 from left to right. For the AAs: 0.20, 0.16, 0.13, 0.09, 0.04, 0.02 and 
0.011 mmHg/ml/day from left to right. A (virtually) zero ratio of donor to normal amniotic fluid volume implies a 
stuckk donor twin, hence TTTS. A ratio of one implies a normal donor amniotic fluid volume. Dashed curve : 
AVV and VA resistance ratios (as the AV is the primary cause of the imbalance here, the VA resistance is larger 
thann or at most equal to the AV, so the dashed curve consists of RAV /RVA values smaller than or at most equal to 
one).. Continuous curve : AV and AA resistance ratios. 
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Fig.2.. Ratio of donor to normal amniotic fluid volumes, for six gestational ages (t=15-40 weeks gestation), as a 
functionn of the ratio of compensatory and AV anastomotic radii (rcomp/rAv)- We used the same resistance 
combinationss as in Fig.1, and used Eqns.la and lb to convert anastomotic resistance ratios into radius ratios. A 
(virtually)) zero ratio of donor to normal amniotic fluid volume implies a stuck donor twin, hence TITS. A ratio 
off  one implies a normal donor amniotic fluid volume. Dashed curve : VA and AV radius ratios (as the AV is 
thee primary cause of the imbalance, the VA radius is smaller than or at most equal to the AV radius, so the 
dashedd curve consists of TV&/TAV values smaller than or at most equal to one). Continuous curve : AA and AV 
radiuss ratios according to Eqn.lb. The upper (1) and lower (2) curves are constructed using proportionality 
constantt l/(N-3)"4 of models I and III , respectively, see Table I and appendix. 
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RESULTS S 

Fig.. 1 shows the computed ratio of the donor to normal amniotic fluid volume, for various 
gestationall  ages and as a function of the resistance ratio of primary AV to compensating VA 
orr AA anastomoses, i.e., R^/R  ̂ (dashed lines) or R^/R  ̂ (full lines). For high VA 
resistancess (i.e., small AV to VA resistance ratios), VA anastomoses compensate 
inadequately,, so the donor twin has no amniotic fluid (i.e., becomes a stuck twin). As the 
resistancee ratio increases from approximately 0.7 to 1, VA anastomotic compensation 
becomess adequate, hence the amniotic fluid volume ratio increases rapidly (Fig.1). In contrast, 
AAA anastomoses compensate noticeably when the AA resistance is at least 3 times smaller 
thann the AV resistance. With decreasing R  ̂ (i.e., increasing AV to AA resistance ratios), 
AAA anastomoses compensate increasingly better. 

Fig.22 shows the ratio of donor to normal amniotic fluid volume, as a function of the 
anastomoticc vessel radius ratio of compensating VA or AA to AV (rcomp/>Av). Here, we use 
rcomp/rAvrcomp/rAv rather than the inverse, as in the resistance ratio, because this gives similar amniotic 
fluidfluid  patterns as in Fig.1. For VA anastomoses, noticeable compensation occurs for rvA^Av 
radiuss ratios increasing from approximately 0.9 to 1 (dashed line). Fig.3 shows the behaviour 
off  amniotic fluid of the donor twin for three slightly different rVA/rAv ratios (0.89, 0.90, 0.91). 
AA small increase in the rvVhiv ratio causes significant differences in the amniotic fluid volume 
developmentt of the donor. In contrast, the AA anastomoses compensate for all rAA/rAv radius 
ratioss larger than about 0.65 (full lines) using 0.5 as proportionality factor in Eqn.lb. Using 
thee proportionality constants derived in the first and third models of arterial flow (appendix 
andd Table 1) changes the actual values somewhat but not the general finding that AA 
anastomosesanastomoses compensate for a much wider range of TAA/^AV radius ratios (Fig. 2). 

C C 
'3 3 
l --
i _ _ o o c c o o 
D D 
a> > 

.£ £ 

OO g 
'5 5 

o o 
"E E 
E E 
< < 

1000 0 

800 0 

600 0 

400 0 

200 0 

1:r VA/rAvv = 0.89 

2:r VA/rAvv = 0.90 
s"s" Norma l \ ^ 

// Amnioti c flui d 

3::  rVA / rAV = 0.91 / 

/ / 

10 0 15 5 20 0 25 5 30 0 35 5 40 0 

Gestatio nn (weeks ) 

Fig.3.. Mathematical model computations of the donor amniotic fluid volume versus gestation for three VA to 
AVV radius ratios, close or equal to 0.9 (see also Fig.2) AV anastomostic resistance is 0.43 mmHg/ml/day at 40 
weeks.. The resistances of the VA anastomoses are 0.68 (case 1), 0.66 (case 2) and 0.64 (case 3) mmHg/ml/day 
(att 40 weeks). 
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Forr higher primary AV resistances the radius ratio for a noticeable compensation by 
AAA or VA anastomoses may differ. For example, for a single AV resistance that causes a 
stuckk donor at 20 weeks without any compensation, noticeable compensation from a VA 
occurss between rVA/rAy ratios of 0.8 and 1 (not shown). For AA compensation according to 
Eqn.lbb noticeable compensation begins for TAA/TAV ratios slightly below 0.6 (about 0.55, 
resultss not shown). 

DISCUSSION N 

Ourr results suggest that the resistance of an AA anastomosis must be much smaller than the 
resistancee of a VA to equally compensate for the hemodynamic effects of the primary AV 
(Fig.1).. This is in agreement with our hypothesis, since the pressure gradient along an AA 
anastomosiss is much lower than the pressure gradient along a VA anastomosis. This 
differencee is a consequence of anatomical differences in VA versus AA anastomoses, because 
VAA anastomoses occur at the cotyledon capillary level, whereas AA anastomoses occur at the 
placentall  feeding vessel level. 

Ourr results further suggest (Fig. 2) that VA anastomoses only compensate adequately 
withinn a very small range of rVA/rAv radius ratios (from 0.8-0.9 to 1). In contrast, AA 
anastomosess compensate adequately over a much larger range of TM/TM ratios (for rpjjrw 
largerr than about 0.65, using Eqn.lb). Hence, for a monochorionic placenta containing 
multiplee anastomoses, the probability that a VA adequately compensates the primary AV is 
muchh smaller than the probability that an AA anastomosis of similar size adequately 
compensatess the AV. We propose that this explains the clinical observation that AA 
anastomosess occur less frequently in 11 IS placentas than do VA anastomoses. 

Wee correlated the radius of the feeding artery of a cotyledon with the resistance of the 
cotyledonn (appendix), using fractal geometry scaling laws from West et al (1997) to represent 
thee cotyledon's vascular anatomy, and using various assumptions to characterize arterial blood 
flow.. We acknowledge that this approach necessarily contains approximations, which makes 
thee proportionality factor 0.5 used in Eqn.lb uncertain. First, the scaling laws derived by West 
ett al (1997) allow deducing basic features of the circulation of a whole organism with large-
scalee changes of body weight. It is uncertain therefore whether these rules are valid on the 
levell  of single organs (i.e., the placenta). Second, also the arterial flow assumptions influence 
thee proportionality factor of Eqn.lb. Therefore, in our analysis (appendix) we used three 
modelss for arterial flow. In Model I, we assumed that Poiseille's law is valid for all placental 
arteriall  vessels, from umbilical artery to capillaries. This generated a proportionality factor 
betweenn 0.45 and 0.47, depending on gestational age (Table 1, Model I). Second, we included 
thee effects of pulsatile flow in the umbilical arteries and the first three branches of chorionic 
arteries.. In the fourth branch, i.e., the feeding artery of the AV, VA and AA anastomoses, and 
thereafter,, we used Poiseuille's law. This generated a proportionality factor between 0.46 and 
0.49.. Third, we disregarded the resistance of all placental vessels smaller than 100 um 
diameterr in the microcirculation, but kept the pulsatile and Poiseuille flows of proximal 
arteriess as in model II . This generated a proportionality factor that is likely an upper bound, 
andd that varied between 0.54 and 0.59. The three flow models thus generate only slightly 
differentt proportionality factors in Eqn.lb, varying between 0.45 and 0.59. These different 
values,, if used in Eqn.lb, only shift the curve representing r^/rw ratios relative to the ry/JrAv 
curvee somewhat, but do not change the essential results of Fig. 2. Conveniently, therefore, our 
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generall  findings of amniotic fluid discordance versus compensating to AV anastomotic radius 
ratios,, i.e., the much larger range of AA than VA radii for adequate compensation of the AV 
(Fig.. 2), does not depend on the exact accuracy of the relationship of Eqn.lb. 

Wee emphasize, that within the exact fractal geometry, the radii of the feeding arteries 
off  AV, AA and VA anastomoses are identical if located at the same level of branching. 
However,, there is no monochorionic placenta where its chorionic vessels exactly obey fractal 
geometry.. Consequently, anastomoses can vary considerably in size, and thus resistance. 
Furthermore,, there may be multiple anastomoses in a monochorionic placenta, particularly 
AVV and VA (Diehl et al, 2001), which can be represented by a single resultant anastomosis of 
thee same type. The resistance and, hence, the size of this resultant anastomosis will therefore 
differr from a chorionic vessel of the fourth level, even within exact fractal geometry. Also, 
growthh and size of the anastomoses are likely controlled by shear stress of the intertwin blood 
flowflow (van Gemert, Sterenborg 1998). Therefore, we assumed Eqns.A7 (appendix) to have a 
broaderr validity than only in exact fractal geometry modelling, and we assumed Eqns.A7 to 
representt the relation between resistance ratios and radius ratios in the anastomoses of our 
mathematicall  computer model (Eqn.1). 

Inn addition to the direct blood transfusion across compensatory anastomoses, as 
presentedd in this paper, the effects of amniotic fluid volume and pressure have been proposed 
too contribute to the protective effect of AA anastomoses (van Gemert et al, 2001b). Increased 
amnioticc fluid pressure due to polyhydramnios compresses the placenta, increasing the 
placentall  microvascular resistance, but not placental chorionic artery resistance. Hence, 
increasedd amniotic fluid pressure increases the resistances of deep (AV, VA) anastomoses but 
nott the resistance of compensating superficial AAs. Consequently, polyhydramnios was 
proposedd to reverse the normal direction of net feto-fetal transfusion in monochorionic twins 
connectedd by AV and compensating AA, reducing the circulatory imbalance between the 
twins.. In contrast, monochorionic twins connected by bidirectional AVs may not profit from 
polyhydramnios.. This mechanism may have additional benefits to our proposed mechanism. 

Ourr findings suggest that the diameter of placental anastomoses could have prognostic 
valuee for risk stratification of monochorionic twin pregnancies. When progress has developed 
inn non-invasive measurement of size of anastomoses by Doppler sonography (Machin et al, 
2000;; Taylor et al, 2000), comparison of measured radius ratios with severity in the 
circulatoryy imbalance, e.g. using Quintero's classification for TITS (Quintero et al, 1999), 
mightt give an empirical relationship in analogy to Fig. 2, which would be independent of 
modell  assumptions. However, an interesting alternative could be predictions of imbalance by 
ourr mathematical computer model, now using as input parameters type and size of 
anastomosess as obtained from Doppler sonography. 

CONCLUSION N 

AAA anastomoses have a much larger range of radii than VA anastomoses for adequate 
compensationn of the primary AV. This may explain why TIT'S placentas include AA 
anastomosess in only 30% of cases (Taylor et al, 2000, Diehl et al, 2001) versus 84% in non-
TTTSS monochorionic twin placentas (Denbow et al, 2000). These results may be utilized in 
thee future to provide risk assessment of monochorionic twin pregnancies, by non-invasive 
ultrasonographicc assessment of the size and type of anastomoses. 
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APPENDIX X 

Ourr purpose is to derive a relationship between the radius of the feeding artery of AV, VA 
andd AA anastomoses and their resistances. We will use fractal geometry modeling to mimic 
thee placental vascular tree, and pulsatile and Poiseuille flow to represent blood flow in various 
arteriall  segments. 

Fractall  geometry modeling of the placental vascular  network 

Essentially,, a fractal is a geometric object that is similar to itself on all scales (i.e., self-
similar).. A wide variety of structures ranging from coastlines to trees, and vascular systems 
(placenta,, AV, VA and AA anastomoses in our case) can be described by using fractal 
geometry.. West et al (1997) derived scaling relations for biological systems, including 
mammaliann circulatory systems, by space-filling fractal networks of branching tubes. Their 
modell  assumes minimal energy flow dissipated in the vessels and that the size of terminal 
tubes,, placental capillaries in our case, do not vary with body size. In this idealized theoretical 
framework,, the placental vascular network is composed of (N+l) branchings, starting at the 
umbilicall  artery (level 0), and ending at the capillaries (level N) (Fig.4). A typical branch at 
somee intermediate level k has length lk and radius rk (k=0,l,2,...N). Each vessel at level k 
branchess into n smaller vessels at level (k+1). It is well known (e.g., Thomson, 1961, page 
130)) that for pulsatile arterial flow, the radius ratio rk+1/rk is given by n'm, whereas for small 
vessels,, where Poiseuille laminar flow dominates, the radius ratio rk+1/rk is given by rim. 
Furthermore,, a space fillin g fractal is a natural structure for ensuring that all cells are serviced 
byy capillaries. The network must branch so that a group of cells is supplied by each capillary. 
Ass a consequence, the length ratio lk+i/l k is given by rim, which is a general property of all 
space-fillingg fractals (West et al, 1997). 

R R 

k=0 0 22 3 ... N 

Fig.4.. Representation of a fractal network, where k is the order of the branching level. The umbilical artery 
correspondss to k=0 and the capillaries to k=N. Each vessel branches into two smaller ones (n = 2). The venous 
partt is assumed to be completely symmetrical to the arterial part, with identical resistances. The resistances at all 
branchingg levels are connected as a parallel circuit, which has the consequence that the overall resistance of each 
branchingg level is the same, and equals R. 
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Assumingg Poiseulle's law, the resistance of a tube of length / and radius r is directly 
proportionall  to I, and inversely proportional to r4. Therefore, the resistance ratio Rk+i/Rk of 
onee of the n daughter vessels at the level (k+1) to the mother vessel at the level k becomes 

fr+ifr+i  lM'rM
4 _ lkJlk _ n~m 

R,. R,. UrUr 44 (n.JrJ (n"1/3) ==  n (Al ) ) 

So,, Rk+i = nRk. From Eq. (6) of West et al (1997), the resistance (Z) of the entire network of 
(N+l)) arterial branchings is given by the product of the number of branchings and the 
resistancee R0 of the vessel at level k=0 

ZZ = (N + l)R0 (A2) ) 

wheree small effects such as turbulence and non-linearities at junctions were ignored. Eqn. A2 
impliess that the overall resistance of each branching level is the same, and equals R0 (Fig.4). 

Anastomoticc resistance to radius relations: 

Followingg Bergmann et al (1998), we have assumed that the first four branching levels of the 
placentall  vascular tree are embedded in the chorion. 
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Fig.5.. (A) Arterio-arterial anastomosis, consisting of a donor part (left) and a recipient part (right), each having 

resistancee Rf. , and consisting of a tube of radius rAA. Total arterio-arterial anastomotic resistance, R/ ,̂ equals 

Rpj,Rpj, - 2 Rjy, . (B) Arterio-venous anastomosis, consisting of a donor part (left) and a recipient part (right). The 

donorr part consists of the feeding chorionic artery (resistance RAV ) and the arterial part of the cotyledon 

(resistancee (N-4) RAV ). The recipient part consists of the venous part of the cotyledon (resistance (N-4) RAV̂ ) 

andd the draining vein (resistance RAV ). Total arterio-venous anastomotic resistance, RAV, equals RAV = 2(N-3) 

RRAVAVtt--
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AAAA anastomosis: 

Ann AA anastomosis is superficial, and composed of donor and recipient arterial vessels, 
assumedd to be of equal length, diameter, and hence resistance. Thus, the AA anastomotic 
resistancee ( R ^) is twice the resistance of the donor (or recipient) arterial vessel (Fig.5). Since 
thee last arterial level on the surface of the placenta is at the 4th level, 

wheree R  ̂ is the 4th level resistance of the donor arterial vessel (and recipient arterial 

vessel). . 

AA V anastomosis: 

Ann AV anastomosis consists of an arterial and a venous part. The arterial part is a donor 
arteriall  chorionic feeding artery, which dives into the placenta, branching into smaller arterial 
vesselss until the capillaries. We assumed that the arterial part consists of vessels with 
Poiseuillee laminar blood flow and that the venous part of the cotyledon is therefore 
symmetricall  to the arterial part, thus identical in resistance to their corresponding arterial 
components.. We use fractal geometry modeling to mimic the vascular anatomy of the AV 
anastomosis.. The resistance of the arterial side of the AV anastomosis includes the sum of 
vascularr resistances of the feeding artery and the subsequent branching levels throughout the 
capillaries.. Equivalent to Eqn.A2, the total resistance of (the arterial part of) a cotyledon (Z') 
iss the product of the distal number of branchings, i.e., 4 levels less than (N+l), or (N-3) 
branchingss here, and the resistance of the feeding artery (RAVt) 

Z'Z'  = (N-3)RAVA (A4) 

Consequently,, the AV resistance (RAV) is twice the Z', as it also includes the venous part 

whichh has an assumed equal resistance Z' (Fig-5). 

RRAVAV =2Z' = 2(N-3)RAV^  (A5) 

Obviously,, this relationship also holds for the VA anastomosis 

RRVAVA=2(N-3)R=2(N-3)RVA4VA4 (A6) 

Relationn between resistance ratios and radius ratios of the anastomoses 

Assumingg again Poiseuille's law, the feeding arterial resistances R ,̂ RAVt, RVÂ  are 

proportionall  to blood viscosity, length of feeding artery, and 1/TAA, l/rAV
4,1/rvA* respectively. 

Assumingg for convenience that blood viscosities and lengths of the feeding arteries are the 
same,, and combining Eqns.A3, A5 and A6, we have 
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rrVAVA _ 

?AV ?AV 

rrAAAA _ 

rrAAv v 

RRAV AV 

--RRVAVA . 

1/4 4 

1 1 
(AT-3)1'4 4 

- i l / 4 4 

(A7a) ) 

(A7b) ) 

T-ïTT *u_*  *i »i+„  A^"CA.«^ KH f»n-n K» *»vt<»«H*»H ir» th/a mj»th#»msitipj»1 rnmniitftr mortel. 
w ee assume umi uic ic&uiu> ui J-A^IU».*-*/ wui uw VAWHUW« *.« «.*~ *..™.M. r = 
replacingg RXY by i?^1, where XY = AV, VA and AA, i.e., Eqns. 1. 

Estimatee of the total number  of vascular  branching levels (N) in a placenta: 

Wee will use three models of arterial flow here, the first only using Poiseuille's law, the second 
alsoo incorporating pulsatile flow, and the third incorporating pulsatile and Poiseuille flow and 
neglectingg the resistance of vessels smaller than 100 urn diameter in the microcirculation. 

Models s 

ModelModel I:  Poiseuille flow in all 
arterialarterial and venous vessels 

ModelModel II:  Poiseuille flow in 
thethe feeding artery and all 
distaldistal vessels, pulsatile flow in 
allall  proximal chorionic and 
umbilicalumbilical arteries 
ModelModel III:  As Model II, but 
disregardingdisregarding the resistance of 
allall  vessels smaller than 100 
limlim diameter 

N N 

l/(N-3fl/(N-3f4 4 

N N 

1/(N-3)1/(N-3)I/4 I/4 

N N 

l/(N-3fl/(N-3f4 4 

Gestationall  age (weeks) ] 

15 5 

23 3 

0.47 7 

21 1 

0.49 9 

11 1 

0.59 9 

20 0 

25 5 

0.46 6 

23 3 

0.47 7 

12 2 

0.58 8 

25 5 

26 6 

0.46 6 

24 4 

0.47 7 

14 4 

0.55 5 

30 0 

27 7 

0.45 5 

25 5 

0.46 6 

14 4 

0.55 5 

35 5 

28 8 

0.45 5 

26 6 

0.46 6 

15 5 

0.54 4 

40 0 

28 8 

0.45 5 

26 6 

0.46 6 

15 5 

0.54 4 

Tablee 1. The estimated number of branching levels (N) from umbilical arteries to capillaries in a placenta with 
respectt to gestational age, using the three blood flow models in the appendix, and assuming a 2 mm radius of the 
umbilicall  artery (40 weeks) and a 4 urn radius of capillaries. The umbilical artery radius (rUA) at other gestational 
agess (?) was calculated as rUA(t)/rUA{40) = (t-4)/36 (van Gemert and Sterenborg, 1998). 

ModelModel I:  Poiseuille flow in all placental vessels: 

Thiss model assumes that Poiseuille's law is valid throughout the whole placenta. The ratio 
rr k+k+i/ri/r kk-n'-n'ww together with the maximum (i.e., umbilical artery) and minimum (i.e., placental 
capillary)) radii of the fractal model determines how many branches there are in the vascular 
treee of a placenta. Using that an umbilical artery radius is about 2 mm at 40 weeks, and the 
capillaryy radius about 4 um (Guyton and Hall, 1996), and using the clinical observation that 
placentall  chorionic vessels virtually always branch into n-2 vessels (Bergmann et al, 1998; 
vann Gemert et al, 2001a), implies 28 branching levels between umbilical arteries and 



64 4 

capillariess at 40 weeks gestation. At smaller  gestational ages, the radius of the umbilical artery 
iss smaller, but the capillary radius remains the same. This implies that the number  of levels 
fromm umbilical artery to the capillaries wil l be less than 28 (Table 1, Model I). 

ModelModel II:  Pulsatile flow included in model I: 

Inn large vessels (aorta and major  arteries) pulsatile flow dominates over  Poiseuille flow. 
However,, Poiseuille flow begins to compete with the pulse wave just a few branchings after 
thee aorta, dominating after  the seventh branch (West et al, 1997). In this second model, we 
havee assumed that Poiseuille flow dominates in the feeding artery of the anastomoses (which 
iss the 6th branch after  the fetal aorta) and all branches thereafter. Proximal to the feeding 
artery,, pulsatile flow is assumed to dominate, which implies area-preserving branching, i.e., 
rr k+k+]/r]/r kk = rim (e.g., Thomson, 1961) with n = 2. Using these assumptions, 26 branching levels 
occurr  between umbilical arteries and capillaries at 40 weeks. Values for  N at different 
gestationall  ages are given in Table 1 (Model II) . 

ModelModel III:  Resistance of vessels smaller than 100 yon diameter neglected in model II: 

Inn vessels with a diameter  less than about 100 urn the conventional viscosity of blood is no 
longerr  relevant (e.g., Milnor , 1982). Also, the tree like branching of arteries disappears when 
arterioless of 50-20 urn in diameter  are reached, which are then replaced by a profuse network 
off  capillaries that extends between arterioles and venules (Milnor , 1982). In this thir d model, 
wee assumed that the second model is valid until 100 urn diameter  vessels. The number  of 
branchingg levels from umbilical artery to that point wil l be 15 at 40 weeks (Table 1, Model 
UI) .. We subsequently disregarded the distal resistance beyond this branching level, which 
impliess that only the first  15 branchings are included. Despite this approximation, that implies 
usingg a lower  bound for  the placental resistance, the 1/(N-3)1/4 factor  of Eqn.A7b does not 
changee considerably with respect to values derived from the previous models (Table 1). 
Becausee the estimated number  of N is likely a lower  bound here, the 1/(N-3)1/4 factor  of this 
thir dd model represents an upper  bound in Eqn.A7b. 

Consequently,, the 1/(N-3)1/4 factor  of Eqn.A7b was found to vary between 0.45 and 
0.599 depending on the arterial blood flow model used. We have chosen a value of 0.5 in 
Eqns.A7bb and lb to simulate amniotic fluid discordance related to anastomotic radii (Fig. 2). 
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