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ABSTRACT ABSTRACT 
Wee developed a mathematical model of monochorionic twin pregnancies and twin-twin 
transfusionn syndrome, combining both fetal fluid dynamics and fetoplacental growth and 
circulationn alterations, and assuming that transplacental fluid flow from mother to fetus 
accountss for normal fetal and amniotic fluid volumes. Ten coupled differential equations, 
describingg fetal total body and amniotic fluid volumes, their osmolalities, and fetal blood 
colloidd osmotic pressure, for both donor and recipient twins, were solved numerically. 
Amnioticc flows are controlled by fetal plasma osmolality and hydrostatic and colloid osmotic 
pressures.. We included varying placental anastomoses and placental sharing of the 
circulations.. Consistent with clinical experience, model predictions are: fetofetal transfusion 
fromm unidirectional arteriovenous anastomoses cause oligo-polyhydramnios, a normal size 
recipientt but hypovolemic donor; compensating oppositely directed deep and superficial 
anastomosess moderate discordant development; anhydramnios results from mild and severe 
TTTS,, where milder forms may even present earlier in gestation than severe 1 ITS. Unequal 
placentall  circulatory sharing may exacerbate discordant development. In conclusion, our 
modell  simulates a wide variety of realistic manifestations of amniotic fluid volume and fetal 
growthh in TTTS, related to placental angioarchitecture. The model may allow an assessment 
off  the efficacy of current therapeutic interventions for TTTS. 
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Monochorionicc twins complicated by the twin-twin transfusion syndrome (TTTS) 
commonlyy develop discordant amniotic fluid volume and often but not always discordant 
fetall  weight, with presentation between 16 and 34 weeks of gestation. As a result of 
unbalancedd fetofetal transfusion along vascular anastomoses, the donor twin becomes 
oliguric,, hypotensive and develops oligohydramnios, while the polyuric, hypertensive 
recipientt develops polyhydramnios (13, 20). Despite these accepted concepts, predictive 
abilities,, early diagnosis and treatment options remain markedly limited. 

Ass there Ts no appropriate animal model of TTTS, computer models have been 
developedd to aid in understanding the pathophysiology (31, 33). Talbert et al. (31) developed 
aa mathematical model of monochorionic twin feto-placental units utilizing numerous 
interrelatedd hemodynamic, osmotic and metabolic physiological variables. This model of the 
acutee onset of uni- and bi-directional arteriovenous (AV) anastomotic blood flow, identified a 
sequencee of events resulting in oligo- and polyhydramnios. However, the model was limited 
too a 27 weeks twin gestation of previously concordant twins occupying an equally shared 
placenta,, and only including AV anastomoses. In view of the enormous variability in clinical 
presentationn of TTTS, and the significant influence of superficial anastomoses and unequal 
placentall  sharing (2, 9, 33) it is unlikely that the acute introduction of uni- or bi-directional 
AVV anastomoses in an otherwise normal 27 weeks concordant twin pregnancy is a realistic 
picturee of clinical TTTS. 

Ourr laboratory subsequently derived a computer model (33) of TTTS, which predicted 
twinn fetal growth discordance resulting from placental angio-architecture and feto-placental 
circulationn alterations. Physiologic realities including gestational growth of anastomoses and 
unequall  placental sharing of the circulations were incorporated in model equations. Model 
simulationn indicated that fetofetal transfusion from unidirectional (donor to recipient) AV 
anastomosess cause progressive and irreversible fetal discordance with advancing gestation 
andd feto-placental growth, because AV transfusion occurs at a rate in excess of fetal growth. 
Steadyy state discordant growth may develop if AV anastomotic transfusion is compensated by 
oppositelyy directed transfusion, either from other deep oppositely directed AV, or superficial 
arterioarteriall  (AA), or, less frequently, venovenous (VV) anastomoses. Although the fetal 
growthh predictions of this model are highly consistent with clinical observations (23, 34, 35, 
39),, the model did not include an assessment of amniotic fluid dynamics. 

Inn the present study, we sought to combine mathematical models of both fetal fluid 
dynamicss (8, 31) and feto-placental growth and circulation alterations (33) throughout 
gestationn of monochorionic twin pregnancy to predict the clinical manifestations of amniotic 
fluidd volume disturbances in TTTS. 

METHOD S S 
OutlineOutline of the model-
ModelModel development consisted of two phases: Phase one was the model of normal 

physiologyy of fetal and amniotic fluid development; phase two incorporated the effects of 
fetofetall  transfusion of blood along placental anastomoses into the phase one model. 

Thee model of normal physiology of fetal and amniotic fluid development is based on 
thee assumption that the growing fetus acquires water and nutrient molecules from the 
maternall  circulation in order to maintain its volume of total body fluid, TBF (ml), as well as 
itss amniotic fluid volume, Vamn (ml), which may be viewed as an extension of the fetal 
extracellularr volume. It follows that growth of fetal TBF (i.e., its rate of change, d(TBF)/dt) 
cann be assumed to be the difference between the total net flux of fluid across the placenta 
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fromm mother to fetus, Trans (mlAveek), and growth of amniotic fluid volume, diVamnJ/dt (Eqn. 

1). . 

ésmésm=Trans=Trans.É^A.É^A  CD 
dtdt dt 

Wee tacitly assumed that the fetoplacental circulation can incorporate all maternal fluids 
transferredd across the placenta; hence, Trans is the rate limiting step of fetal growth. 

Thee second model phase incorporates the effects of net fetofetal transfusion of blood 
(33),, Inet (ml/week), from donor to recipient along the placental anastomoses. As addressed 
previouslyy (33), this blood exchange augments the normal rate of increase of the fetal blood 
volume,, Vb (ml), for the recipient twin and reduces the normal rate of blood volume increase 
forr the donor twin. 

Wee have assumed that 10% of the TBF constitutes the blood volume of the fetus (3). 
Thus,, comparable to our previous model (33), 

dVdVbb 1 d(TBF) 
+1+1 for Recipient twin (2a) 

dtdt 10 dt 
dV^dV^  = J_dVBF) _ D o n or 

dtdt 10 dt 

Further,, Inet also changes the blood (hydrostatic) pressure and colloid osmotic 
pressuress of both twins, influencing the total net flux of fluid across the placenta (Trans; 
Eqn.1)) and, subsequently, all other parameters that control the development of fetal and 
amnioticc fluid volumes. Hence, through these mechanisms, Inet additionally affects fetal 
growthh of both twins. 

DetailedDetailed description: 
Tablee I summarizes the main relations used for the physiologic parameters for normal 

fetall  and amniotic fluid development. 
TransplacentalTransplacental fluid flow: Trans (Eqn.1) is assumed to depend on a dynamic balance 

betweenn the hydrostatic pressures and colloid osmotic pressures across the placenta (31) 

TransTrans = Lpl [(P^ - <P_ + Pf„ )) - (COP^, - COPfa)] (3) 

wheree Lpi (ml/week/mmHg) is the net transplacental filtration coefficient, P ^ is the maternal 
meann arterial blood pressure in the intervillous space, Pamn is the transmitted amniotic fluid 
pressuree and P/et is the fetal capillary blood pressure (Eqn. 11, below) assumed equal to the 
fetall  capillary pressure in the placental villi . Within the fetal body, the transmitted amniotic 
pressuree adds equally to arterial and venous pressures, so it is added to the fetal capillary 
pressure.. COPmau COPjet are the colloid osmotic pressures of the maternal blood and fetal 
blood,, respectively (see below, paragraph Blood pressures, COPs and Osmolality of fetus). 

Forr practical reasons, we empirically assumed that nutrients are transported via fluid 
floww from mother to fetus and we set the osmolality of the transplacental flow (Trans) to 280 
mOsm/kgHaO,, the value for normal plasma osmolality in humans. 

PlacentalPlacental filtration coefficient: For a hemodynamically unconnected twin (i.e., an 
uncomplicatedd pregnancy), Lpi can be determined as a function of gestation. First, all 
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Tablee I  Model equations used for various parameters for normal fetuses as ; 
functionn of gestational age (t) in weeks. 

Colloidd Osmotic Pressures (38)[mmHg]: 

COPP «27.530 - 0.367-t + 0.056 t2 (ml) 
mat t 

COP,, «-4.70-h0.58t (m2) 
fet t 

Amnioti cc Fluid Volume (4) [ml] : 

VV =525.6- 117.2t+-8t2-0.1237t3 t> l l (m3) 
amn n 

Urin ee production (25Iml/hour] and Osmolality (21ImOsm/kgI^O] : 

log(U(t)) + 3)=0.088 +- 0.041 t (m4) 

OsmU(t)=1.9810(2'328""  °-om + 18.02 t< 33 

OsmU(t)=OsmU(33)) t>33 

Swallowingg [ml/day]: 

S(t)=0.0137t33 - 0.4044-t2 + 11.509 t - 85.873 t<30 

S( t )=10( 0 0 4 4 t + 1 1 0 5)) t>30 

(m5) ) 

(m6) ) 

Parameterr  for  intramembranous Flow [ml/day/mmHg]: 

SCt)̂ ^ L( 0^=0.0588-1- 0,6596 t>l l (m7) 

Lungg Fluid Secretion [ml/day]: 

L(t)=-0.0005t44 + 0.0538t3 - 1.7447 t2 + 23.5-t - 112.07 (m8) 

parameterss within the brackets on the right hand side of Eqn.3, as well as Vamn and TBF 
(Eqn.1)) are known from literature data (4, 8, 33, 38). Consequently, Trans and therefore Lpi 
followw from Eqn.1. Because Lpi is a placental parameter, we assumed that hemodynamically 
connectedd twins have the same Lpi. 

AmnioticAmniotic fluid: The two primary sources of amniotic fluid production are fetal urine 
production,, U(t), and lung liquid secretion, L(t). Amniotic fluid removal is by fetal 
swallowing,, S(t), and intramembranous flow, IM(t), which is the absorption of water into fetal 
bloodd perfusing the fetal surface of the placenta (4, 8). The latter route has been generalized to 
includee all exchanges between amniotic fluid and fetal blood that may occur across other 

http://�-4.70-h0.58t
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surfacess such as fetal skin and the umbilical cord (4). All these flows are expressed in 
ml/week.. So, the rate of change (growth) of Vow, can be expressed as 

dt dt 
==  U(t) + L(t) - S(t) - IM{t)  (4) 

Thee amniotic fluid osmolality is also calculated for each time interval. The rate of 
changee in the total number of osmoles contained in the amniotic fluid is equal to the number 
off  osmoles entering the amniotic fluid minus the number of osmoles disappearing out of the 
amnioticc fluid. Because the product of osmolality (mOsm/kgH20) and volume constitutes the 
totall  number of osmoles in the amniotic fluid, its rate of change can be expressed as 

dJOsm^V^)dJOsm^V^) = 0sm(U)Û t) + Osm(L)Ut) - Osm(S)S(t) - Osm(IM).IM (t) (5) 
dt dt 

wheree Osm(X) is the osmolality of the corresponding flow X. 
Amnioticc pressure is defined as the ratio of total amniotic fluid volume and uterine 

compliance.. We have calculated the uterine compliance as a function of gestation using 
normall  amniotic volumes for both twins (4, 6) and an amniotic pressure of 10 mmHg for an 
uncomplicatedd pregnancy (14). 

UrineUrine production: We related the actual fetal urine production to normal singleton 
urinee production rates, U^t), and assumed that it is controlled by a pressure diuresis curve, 
UUCCont(Paxhont(Paxh ThUS, 

[/(r)) = ^ ( 0 X / C m ( ( PJ (6) 

wheree U^t) was derived from Rabinowitz et al. (25), (Eqn.m4; Table I). P  ̂ is the mean 
arteriall  pressure of the hemodynamically connected twin (x = d or r; representing donor and 
recipient).. The function UCont(Pax) was derived from adult physiology (16), where urine 
outputt is zero at a mean arterial pressure of 50 mmHg, at 100 mmHg it is normal, and at 200 
rnrnHgg it is about 8 times larger than normal (16). We scaled these data to fetal mean arterial 
pressures. . 

(p(p 1 
ax ax 

p p 

2 2 

- 3 3 (P(P } 
ax ax 

P P 
{{ rra0a0 ) 

\0[P„\0[P„  I JPJ.2 „ . P_a0 
r r 

p p 

UU (P ) = — —2- - 3 -SL +— P >-2 5- (7a) 

uucc,JPJ=o,JPJ=o r.z-f (7b) 

wheree Pao (mmHg) is the mean arterial pressure of the uncomplicated twin (at the same 
gestationall  age). 

Urinee osmolality decreases as gestation progresses (21) (Eqn.m5; Table I). 
Swallowing:Swallowing: Since there are no available data for swallowed volumes throughout 

gestation,, we used the values calculated by Curran et al. (8), SM, (Eqn m6; Table I). 
Swallowedd volume is considered to be directly proportional to the size of the fetus, so we 
includedd a factor ƒ which is the ratio of TBF of a hemodynamically connected twin over the 
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TBFTBF  of a normal uncomplicated twin. In addition, we assumed that swallowed volumes are 
controlledd by blood osmolality of the fetus (22, 27), expressed as control function So,*- Thus, 

S(t)S(t) = SN(t).SCont(Osmfetx).f (8) 

Here,, SCont is a second degree control parameter  of fetal osmolality. Using that a 4 - 7 % 
decreasee in osmolalitv is sufficient to stop drinkin g in rats (30), the swallowed volume has 
beenn set equal to lung liquid secretion when fetal blood osmolality (Osmfet) of fetus x has 

decreasedd by 4%, i.e., when Osmfeh has become 96% of its normal value (OsmfetN). 

SSco^Osmco^Osmfetxfetx)=)=xx__{Q96f {Q96f 

1 - ^^  , „ _ V 

0Sm0Smfe<fe<N N 

W) W) 
S(t) S(t) 

( 0 . 9 6 )2 + ^ ^ 
S(t) S(t) 

l -(0.96)2 2 

OsmOsmfet fet 
fetxfetx > 0.96 

°°smsmf«f«N N 
OsmOsm fet 

fixfix  <0.96 
0sm0smf«s f«s 

(9a) ) 

Sc^OsSc^Osm/m/„J„J  = ^ -zzf*-***  (9b) 

Thee osmolality of the swallowed volume is equal to amniotic fluid osmolality. 
IntramembranousIntramembranous flow: Intramembranous flow, IM(t),  is defined as the water  transfer 

betweenn the amniotic cavity and fetal blood. Gilbert et al. (15) showed that intramembranous 
absorptionn of water  occurs and plays an important role in rhesus monkey amniotic fluid 
volumee regulation. We neglected the potential intramembranous solute exchange (i.e., the 
reflectionn coefficient is assumed to be 1), and assumed that only free water  moves across the 
intramembranouss pathway, driven by osmotic and hydrostatic pressures gradients. 

IM(t)IM(t)  = SIM (t)JL IM (t).[{PAF -Pfet)-&AF -7tfJ (10) 

wheree 7UAF, 71 fet are the osmotic pressures of the amniotic fluid and fetal blood respectively 

(11 mOsm per  liter  = 19.6 rnmHg at 37 °C (16)), and PAF, Pfet are hydrostatic pressures of the 
amnioticc fluid and fetal blood volume. SiM (m2) denotes the combined surface of the 
placentaa at the fetal side, fetal skin and umbilical cord as a function of gestation. L/A*(t ) is the 
filtratio nn coefficient of the intramembranous pathway. 

Wee have calculated the product of SiM-LiM  for  an uncomplicated pregnancy 
(Eqn.m7;;  Table I), from Eqn.10, using intramembranous flow values calculated by Curran et 
al.. (8), amniotic fluid osmolality determined for  a singleton pregnancy by Brace and Edward 
(4),, and assuming a fetal plasma osmolality of 280 mOsm/kgH20. 

LungLung fluid:  Because no human fetal data are available for  lung fluid secretion, we used 
valuess from Curran et al. (8) that were derived from ovine studies (Eqn. m8; Table I). Since 
50%%  of the lung liquid produced is swallowed before excretion into the amniotic fluid (4) the 
valuess given by Eqn.m8 are 50% of normal lung liquid production. Lung fluid osmolality is 
assumedd to be isotonic to fetal plasma osmolality throughout gestation (8). 

BloodBlood pressures, COPs and Osmolality of fetus: Pmat is set to 40 rnmHg (12). Fetal 
capillaryy blood pressure, Pfeh is calculated by using fetal mean arterial, Pa, and venous, Pv, 
bloodd pressures as (12) 
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Fetall  mean arterial and venous blood pressures during gestation are calculated from fetal 
bloodd volumes as described previously (33). 

Colloidd osmotic pressures, COP (mmHg), for  mother  and uncomplicated fetus are 
calculatedd according to Wu (38), (Eqns.ml-2; Table I). For  hemodynamically connected 
twinss colloid osmotic pressures are calculated as follows. COP is given by the following 
equationn (24). 

COPCOP = 19.6 * Total Colloids/Fetal Blood Volume (12) 

Eqn.122 was combined with the available curves of COP vs. gestation (38), and fetal 
bloodd volume vs. gestation (33), determining the total number  of colloids in a singleton as a 
functionn of gestation. The time derivative gave us the net colloid production of a singleton 
fetuss as a function of gestation. Furthermore, the net colloid production of each twin is 
consideredd to be directly proportional to their  size. Thus, for  the twins, the colloid production 
off  a singleton was multiplied by the function/, as was done for  swallowing, Eqn.8. 

Totall  amount of colloids in the blood compartment of each fetus changes not only 
withh the net colloid production but also with exchange of blood through anastomoses. 

d(Totald(Total Colloids)/dt -Net Colloid Production + Colloid Transfusion Recipient (13a) 
d(Totald(Total Colloids)/dt -Net Colloid Production - Colloid Transfusion Donor  (13b) 

Thee number  of colloids transfused through the anastomoses was calculated as 

ColloidColloid Transfusion = l\\{t).Blood colloid concentration of donor -
[lAA(t)+IvA(0+Iw(t)].Blood[lAA(t)+IvA(0+Iw(t)].Blood colloid concentration of recipient. (14) 

wheree lxy(t) (ml/week) is the blood flow through the corresponding XY anastomosis. 
Finally,, from Eqn.13, the number  of total colloids, and subsequently from Eqn.12 the 

COPCOP of both twins, were calculated. 
Thee number  of osmoles in the fetal total body fluid volume also changes with: 1) 

transplacentall  fluid transfer  and amniotic flows, and 2) anastomotic blood transfusion from 
donorr  to recipient. 

d(TBF.Osmd(TBF.Osmfetfet)) d(Osm .V ) 
—— = Trans.Osm(Trans) ——22i2— + Osmoles Transfused Recipient (15a) 

dtdt dt 
d(TBF.Osmd(TBF.Osmfetfet)) d(Osm V ) 

—— = Trans.Osm(Jrans) ———— Osmoles Transfused Donor  (15b) 
dtdt dt 
Thee number  of osmoles transfused from donor  to recipient can be calculated as in 

Eqn.144 replacing blood colloid concentration with blood osmolality. 
UnequalUnequal placental circulatory sharing: We assumed that the number  of available 

cotyledonss for  the twins, representing their  placental circulatory fractions, remains constant 
throughoutt  pregnancy (33). For  IM  flow across the fetal skin (prior  to keratinization), we have 
alsoo assumed that fetal skin surface is proportional to its placental surface (i.e., Lpi=X.Lp\ for 
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TransTrans and Siu(t).Lut(t)=X. SJM-UM for IM, where X is the normalized placental fraction 
(33)) defined as Xj+X2=2, subscripts 1 and 2 stand for fetuses 1 and 2). 

ModelModel Description: Essential to the model is our previous assumption that each 
anastomosiss grows in volume proportionately with the placental volume, approximately 
proportionall  to gestational age to the third power (33). As a consequence, we derived that 
eachh anastomotic resistance decreases proportional to (t-4) to the third power, where t is 
gestationall  age (weeks) and blood vessels become functional at 4 weeks of gestation (33). 
Therefore,, anastomotic resistance can be expressed as 

(40-4)3 3 

Resistance^)Resistance^) = Resistance(40weeks). — (16) 

wheree Eqn.16 implies that the resistance value at 40 weeks completely determines resistance 
valuess throughout pregnancy. 

Becausee the mechanisms of fetal and amniotic fluid dynamics before 11 weeks of 
gestationn are significantly different from those of the second and third trimester, the model is 
initiatedd at 11 weeks. Fetal blood volume and pressures before 11 weeks were calculated on 
thee basis of our previous model (33) using as input parameters: (a) degree of placental 
sharing,, (b) types of anastomoses, and (c) their resistance during gestation defined by the 
valuess chosen at 40 weeks (Eqn.16). At 11 weeks our model starts with the assumption of 
equall  amniotic fluid volumes of 40 ml for both twins and osmolality of amniotic fluid and 
bloodd of 280 mOsm/kgH20. 

Thee model program runs for both uncomplicated and for hemodynamically connected 
twins.. First, normal twin data are deduced from the run of the uncomplicated twin. Second, all 
amnioticc fluid flows (U, L, S, IM), transplacental flow {Trans) and Inet are calculated. From 
thesee flows, new blood volumes, pressures, osmolalities and COPs for the twins and 
osmolalitiess and pressures for the amniotic fluid result. We solved the 10 coupled differential 
equationss between 11 and 40 weeks gestation by a standard numerical forward finite 
differencee method with a total time step of 1/10,000 weeks (about 1 min). 

RESULTS S 
UncomplicatedUncomplicated twins (no vascular anastomoses): The amniotic fluid volume as 

predictedd by our model for an uncomplicated twin fetus is shown as the curve labeled 
"Normal""  in Fig.1. Normal amniotic fluid volume steadily increases until 35 weeks of 
gestationn and decreases throughout the remainder of the pregnancy, with values well within 
thee normal range of widely varying volumes (quoted as 39%-257% of the mean volume for 
anyy given gestational age (4)). Normal amniotic and fetal blood parameters predicted by our 
modell  are summarized in Table 2. 

TwinsTwins with unidirectional Arterio-Venous anastomoses: Blood transfusing along the 
AVV anastomosis from donor to recipient, which occurs at a rate in excess of fetal growth (33), 
reducess the donor twin's blood volume, blood pressures resulting in hypotension (20), urine 
productionn rate, blood osmolality and COP. The decrease in fetal COP is greater than the 
decreasee in total capillary pressure of the donor, so the total net fluid flux across the placenta 
(Trans)(Trans) will decline (Eqn. 3). The donor becomes growth retarded. Further, swallowing and 
intramembranouss flow will decrease since fetal blood osmolality and consequently osmotic 
pressuree decrease. The decrease in urine production rate is greater than the sum of swallowed 
volumee and intramembranous flow, causing the donor twin's amniotic fluid volume to 
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Tabl ee 2 Amnioti c and feta l parameter s throughou t gestatio n as predicte d by the model . 

Gestatio n n 
(weeks ) ) 

11 1 
15 5 
20 0 
25 5 
30 0 
35 5 
40 0 

Trans s 
(mVweek ) ) 

32 2 
73 3 

114 4 
145 5 
164 4 
69 9 
-11 1 

UU (ml/week ) 

77 7 
367 7 
928 8 

1,736 6 
2.836 6 
4.751 1 
7,469 9 

LL (ml/week ) 

29 9 
73 3 

212 2 
492 2 
907 7 

1.397 7 

S(nWweek) ) 

70 0 
303 3 
669 9 

1,161 1 
1.813 3 
2.984 4 
4.825 5 

IMM (ml/week ) 

--
56 6 

280 0 
732 2 

1.46S S 
2.660 0 
4.118 8 

O s n w w 
(mOsm/kgHW ) ) 

280 0 
279 9 
278 8 
276 6 
274 4 
271 1 
267 7 

V_(ml ) ) 

40 0 
147 7 
374 4 

643 3 
909 9 
897 7 
871 1 

P. . 
(mmHfl ) ) 

10.3 3 
17.1 1 
25.7 7 
34.3 3 
42.9 9 
51.4 4 
60.0 0 

P. . 
(mmHq ) ) 

1.3 3 
2.1 1 
3.2 2 
4.3 3 
5.4 4 
6.4 4 
7.5 5 

V»(ml ) ) 

7 7 
17 7 
40 0 
78 8 

135 5 
191 1 
225 5 

Osm * * 

(mOsm/kgH^O ) ) 

280 0 
281 1 
282 2 
283 3 
284 4 
285 5 
285 5 

COP„ „ 
(mrnHq ) ) 

11.1 1 
13.4 4 
16.3 3 
19.2 2 
22.1 1 
25.0 0 
27.9 9 

Trans ::  Transplacenta l flow  U: Urin e production , L Lun g fluid  (50% of tota l flow,  see text) , S: Swallowe d volume , IM: Intramembranou s flow. 

Osm.™ ::  osmolalit y of amnioti c fluid , V , „ : amnioti c flui d volume . P„  P„ : arteria l and venou s bloo d pressure s respectively , Vb: feta l bloo d 

volume ,, Osm M : feta l bloo d osmolality , COPM : colloi d osmoti c pressur e of the feta l blood . 

increasee slower than normal, and even to decrease for sufficiently large AV anastomotic 
flow.. In the recipient twin the converse applies. In our model, the donor becomes "stuck" to 
thee uterine wall. Larger AV anastomotic flow (lower AV resistances) increases the severity of 
thee situation, causing larger fetal and amniotic fluid discordance, and earlier occurrence of a 
stuckk donor twin (Fig.1). 

2000 0 

T T 

15 5 
T T 

20 0 255 30 

Gestatio nn (weeks ) 

Fig.11 Numerical results of amniotic fluid volumes for a single AV anastomosis and equal placental sharing. The 
resistancee of the anastomoses at 40 weeks are 6.91, 4.05, 2.53, 1.66 mmHg/ml/day, respectively, where the 
largestt resistance corresponds to the smallest discordance. "Normal" denotes the amniotic fluid volume of an 
uncomplicatedd fetus used in the model (Table 2). 

Fig.22 shows simulations of estimated fetal weight and amniotic fluid volume (insert in 
Fig.2)) from a clinical single AV case (29). Clinically, ultrasonographic examination at 13 
weekss identified adequate amniotic fluid volumes with an impression of decreased fluid 
surroundingg the smaller fetus and increased fluid surrounding the larger fetus. At 18 weeks 
thee smaller twin was found stuck to the uterine wall and the larger twin had cardiomegaly and 
wass surrounded by polyhydramnios. At 19 weeks the patient went into spontaneous labor with 
thee resulting loss of both fetuses. An AV anastomosis from smaller to larger twin was 
identifiedd after placental examination. We fitted the AV resistance (at 40 weeks in the model) 
untill  the ratio of the simulated fetal blood volumes at birth agreed best with those of the 
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Tablee 3 Amniotic and fetal parameters for an AV anastomosis, from Sharma et al. (29) throughout gestation as predicted by the model. 

Gestatio n n 
(weeks ) ) 

11 1 

13 3 

15 5 

17 7 

13 3 

21 1 

Transs (ml/week ) 

dd r 

366 28 

500 56 

622 82 

677 108 

1000 135 

U U 

d d 

54 4 

175 5 

260 0 

307 7 

1SS S 

10 0 

(mllweak) ) 

r r 

105 5 

244 4 

448 8 

731 1 

1,069 9 

1,365 5 

SS (ml/week ) 

dd r 

600 81 

166166 196 

2488 332 

3033 493 

10?? 67? 

988 846 

IMM (ml/week) 

dd r 

144 20 

399 68 

666 158 

522 294 

33 449 

Osm„ , , 
(mOsm/kgHjO ) ) 

dd r 

2800 280 

2799 279 

2799 279 

2799 279 

2799 278 

2800 278 

P, , 

d d 

9.4 4 

13.3 3 

15.9 9 

18.0 0 

17.6 6 

14.4 4 

(mmHg ) ) 

r r 

11.2 2 

14.5 5 

18.5 5 

22.7 7 

26.7 7 

30.0 0 

P. . 

d d 

1.2 2 

1.7 7 

2.0 0 

2.2 2 

2.3 3 

2.2 2 

(mmHg ) ) 

r r 

1.4 4 

1.8 8 

2.3 3 

2.8 8 

3.3 3 

3.8 8 

Osm „ „ 
(mOsm/kgHiO ) ) 

dd r 

2800 280 

2800 281 

2800 281 

2800 282 

2800 283 

2800 284 

COP» » 

d d 

1.7 7 

2.3 3 

2.9 9 

3.1 1 

3.4 4 

3.4 4 

(mmHg ) ) 

r r 

1.7 7 

3.3 3 

4.9 9 

6.8 8 

8.7 7 

10.7 7 

(nWweek ) ) 

0.56 6 

1.72 2 

3.73 3 

6.85 5 

9.73 3 

9.71 1 

d:: donor, r: recipient. Trans: Transplacental flow, U: Urine production, S: Swallowed volume, IM Intramembranous flow. Lung liquid production is 
thee same as in Table 2 (see text). OsmOTn: osmolality of amniotic fluid, V ^ : amniotic fluid volume, P„ Pv: arterial and venous blood pressures 
respectively,, V„: fetal blood volume, Osm,*: fetal blood osmolality, COPw: colloid osmotic pressure of the fetal blood, lAV: arterio-venous 
anastomoticc transfusion. 

clinicallyy measured birth weights. The simulated amniotic fluid volume followed directly 
fromm the model, without any additional fit procedure. Table 3 summarizes other model 
parameterss for both twins. 
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Fig.22 Numerical results of estimated fetal weights of a single AV anastomosis and equal placental sharing, based 
onn clinical data by Sharma et al. (29). Open symbols: Reported estimated fetal weights (29) (error bars  20%), 
closedd symbols: Birth weights. Bold lines: Model prediction using an AV resistance of 1.02 mmHg/ml/day at 40 
weeks.. The AV resistance resulted from a best fit of the ratio between calculated fetal blood volumes at 19 
weekss with the ratio between the birth weights. Insert: Numerical results of the amniotic fluid volumes for the 
samee AV resistance. Bold lines: Model predictions. Thin Line: Normal amniotic fluid volume used in the model. 
Wee emphasize that our model predictions are NOT a best fit to the data points of estimated fetal weights, but 
predictedd using only the fitted AV resistance of 1.02 mmHg/miyday. 

TwinsTwins with Arterio-Venous plus compensating superficial anastomoses: Superficial 
AAA and VV anastomoses compensate for the effects of the AV anastomoses (2, 11, 32, 35), 
albeitt that VV is estimated to be about eight times less effective at equal resistance, where the 
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factorr eight simulates the ratio between fetal mean arterial and venous pressures (33). For 
simplicity,, therefore, we only show results for AV plus AA anastomoses. 

100 15 20 25 30 35 40 

Gestatio nn (weeks) 

Fig.3a)) Numerical results of fetal blood volumes for AV plus AA anastomoses, and equal placental sharing, with 
decreasingg AA resistances compared with the single AV case (dashed lines). Open circles: Result of equal AV+ 
AAA anastomoses of our previous model (33) (resistances are 1.66 mmHg/ml/day at 40 weeks), showing 
increasedd recipient's blood volumes. The resistances at 40 weeks are 1.66 mmHg/ml/day for the AV anastomosis 
andd 1.66, 0.80, 0.43, 0.25, 0.16, and 0.1 mmHg/ml/day for the AA anastomoses. Largest discordance 
correspondss to the largest AA resistance. 

Figs.3aa and 3b show predicted fetal blood volumes and amniotic fluid volumes in 
responsee to various combinations of AV plus compensating AA anastomoses of increasing 
significance.. Increasing fetal discordance will develop first, due to AV transfusion, causing 
thee donor twin's mean arterial pressure to become smaller than the recipient's mean arterial 
pressuree (20). This allows compensating blood flow to develop from recipient to donor via the 
AAA anastomosis. If the AA resistance is sufficiently small, the AA transfusion is of sufficient 
quantityy compared with the AV transfusion and oppositely directed, which mitigates the 
increasee in the net donor to recipient transfusion. In contrast to our previous model (33), this 
processs continues, allowing the net fetofetal transfusion to decrease until the oppositely 
directedd AA flow becomes virtually equal to the AV flow. This is due to increased osmolality 
andd COP of the recipient twin, resulting in increased transplacental and intramembranous 
floww followed by a continuous increase in the fetal blood volume and, particularly, in the 
recipient'ss mean arterial pressure. Therefore, the compensating AA anastomotic transfusion 
increasess stronger than the AV transfusion, which decreases the net fetofetal transfusion, 
mitigatingg further decrease of the donor's arterial pressure relative to normal values. Its urine 
productionn therefore continues albeit at a smaller rate compared to normal. There is still 
discordancee between the fetuses (Fig.3a) and their amniotic fluid volumes (Fig.3b) but the 
donorr twin is not "stuck" if there are sufficiently large AA anastomoses (Fig.3b). Fig.3a 
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Fig.3b)) Corresponding results of amniotic fluid volumes (bold lines) compared with the single AV case (dashed 
lines).. The resistances at 40 weeks are 1.66 mmHg/ml/day for the AV anastomosis and 1.66, 0.80, 0.43, 0.25, 
0.16,, and 0.1 mmHg/ml/day for the AA anastomoses. Largest discordance corresponds to the largest AA 
resistance.. Insert: Numerical results of amniotic fluid volumes for an AV resistance of 0.80 mmHg/ml/day with 
AAA resistance of 0.33 mmHg/ml/day. The lowest solid curve indicates a stuck donor twin at 22 weeks and 
spontaneouss reaccumulation of amniotic fluid at 27 weeks. 

suggestss that donor twins become growth retarded, but recipient twin's blood volume remains 
nearr normal values, in agreement with clinical findings (10, 34, 39). 

Interestingly,, larger size AV, AA anastomoses (insert Fig.3b) simulated a "stuck" twin 
occurringg at 22 weeks of gestation. Discordance in blood volumes was about 33%. However, 
becausee net feto-fetal transfusion decreases, and may ultimately approach zero (not shown), 
reaccumulationn of amniotic fluid in the donor twin occurs spontaneously, here at about 27 
weeks.. Comparison with Fig.3b (lowest solid curve), suggests that occurrence of a stuck twin 
iss not a unique indication of the severity of TTTS. 

TwinsTwins with bidirectional Arterio-Venous anastomoses: If the AV anastomosis is 
compensatedd by an oppositely directed AV anastomosis, the most common types of vascular 
anastomosess in TTTS (9, 11, 32, 35, 37) a steady state of the smallest possible net fetofetal 
transfusionn develops, quite similar to the case of AV plus AA anastomoses. Bidirectional 
AV ss therefore differ in their hemodynamic effects from single or unidirectional AV's (33). In 
responsee to various combinations of AV plus opposite AV anastomoses, our model predicts 
similarr amniotic fluid and fetal blood volumes as shown in Fig.3 for AV plus AA 
anastomoses. . 

TwinsTwins with unequal placental sharing of their circulations: In our model unequal 
placentall  sharing of the two circulations causes discordant fetal and amniotic fluid 
development,, because the fetus having the smaller placental circulation receives a smaller 
transplacentall  fluid flow (Trans) from the mother (see Fig.4, dots). Our model predicts that 
unequall  placental sharing, with an AV anastomosis from the larger to the smaller placental 
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100 15 20 25 30 35 40 

Gestatio nn (weeks ) 

Fig.4a)) Numerical results of fetal blood volumes for 0.25:0.75 unequal placental sharing without anastomoses 
(dots)) and the same placental sharing with a single AV anastomosis from larger to smaller placental parts, of 
resistancee 6.91 mmHg/ml/day at 40 weeks (bold lines). 

100 15 20 25 30 35 40 

Gestatio nn (weeks) 

Fig.4b)) Numerical results of amniotic fluid volumes for 0.25:0.75 unequal placental sharing without 
anastomosess (dots) and the same placental sharing with a single AV anastomosis from larger to smaller placental 
parts,, of resistance 6.91 mmHg/ml/day at 40 weeks (bold lines). 
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circulations,, results in later onset of TTTS than in case of equal sharing (see Fig.4a, bold 
lines)) and a seemingly paradoxical reversal of the oligo-polyhydramnios sequence in which 
thee initially larger twin with greater amniotic fluid volume becomes the smaller twin with 
oligohydramnioss (Fig.4b, bold lines). This phenomenon has been described (18) but, 
unfortunately,, without placental analysis. Recently, late onset of TTTS has indeed been 
correlatedd with unequal circulatory sharing and two small uni-directional AV anastomoses 
fromm larger to smaller placental parts (23). 

122 14 16 18 20 22 24 26 28 30 32 
Gestatio nn (weeks ) 

Fig.. 5a) Model results for the ratio of fetal growth of the donor twin and lne, for AV+AA anastomoses: la) single 
AV:: resistance at 40 weeks: 0.80 mmHg/ml/day, lb), Ic) the same AV with AA resistances of 0.58 and 0.33 
mmHg/ml/dayy at 40 weeks respectively, Ila) single AV: resistance at 40 weeks: 2.31mmHg/ml/day, lib) the 
samee AV with identical AA resistance. Further, a 0.25:0.75 unequal placental sharing (recipient:donor) with Ilia) 
singlee AV resistance of 6.91 mmHg/ml/day at 40 weeks, nib) the same AV with identical AA resistance, IIIc) 
thee same AV with an AA resistance of 4.05 mmHg/ml/day at 40 weeks. 

SeveritySeverity of TTTS: In our present and previous (33) models, the etiology of TTTS is a 
strongerr increase in net fetofetal transfusion, Inet, than fetal growth of each twin. 
Consequently,, the ratio of fetal growth of the donor twin's blood volume and Inet represents a 
properr model parameter to indicate the severity of the imbalance that develops between the 
twins'' circulations. Thus, the closer this ratio remains near one when a stuck twin occurs, the 
milderr is the TTTS. Conversely, the smaller the ratio, the more severe forms of TTTS 
develop.. Fig.5a shows predicted evolution of this ratio for two different AV anastomoses (I 
andd E) without compensation (la, Ila) and with compensating AA anastomoses (lb, Ic, lib), 
andd for unequal placental circulatory sharing (III ) with an AV anastomosis from larger to 
smallerr placental part, again without compensation (Ilia) and with compensating AA 
anastomosess (lub, Iüc). Bold lines indicate cases resulting in a "stuck" donor and severe 
discordancee between fetuses. Thin lines indicate cases not resulting in a stuck twin before 30 
weekss gestation. Fig.5a also shows that a "stuck" twin may occur early in pregnancy (la, lb) 
orr late (Ilia) depending on the placental angio-architecture. Furthermore, a stuck twin 
occurringg early, e.g., curves lb and Ic, representing milder TTTS cases, does not necessarily 
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Gestatio nn (weeks ) 

Fig.. 5b) Model results for the urine production of the donor twin and Inet for AV+AA anastomoses: la) single 
AV :: resistance at 40 weeks: 0.80 mmHg/ml/day, lb), Ic) the same AV with AA resistances of 0.58 and 0.33 
mmHg/ml/dayy at 40 weeks respectively, Ha) single AV: resistance at 40 weeks: 2.31mmHg/ml/day, lib) the 
samee AV with identical AA resistance. Further, a 0.25:0.75 unequal placental sharing (recipient:donor) with Ilia) 
singlee AV resistance of 6.91 mmHg/ml/day at 40 weeks, Illb) the same AV with identical AA resistance, IIIc) 
thee same AV with an AA resistance of 4.05 mmHg/ml/day at 40 weeks. 

indicatee increased severity of TTTS compared with a stuck twin occurring later, e.g., curves 
Ha,, lib and Dia, representing more severe TTTS. In addition, curve Ic represents a case (also 
shownn in Fig. 3b insert) where the donor grows only slightly less than net fetofetal 
transfusion,, from 14.5 to 23 weeks, sufficient to become stuck at 22 weeks gestation. 
However,, because net fetofetal transfusion started to decrease at 18 weeks, the donor could 
accumulatee amniotic fluid again at about 27 weeks (Fig. 3b insert), indicative of mild TTTS. 

Fig.5bb shows the corresponding curves of urine production (ml/week) for the donor 
twins.. Our model suggests that fetofetal transfusion from single AV anastomoses (curves la, 
Ha,, Ilia) may show strongly decreasing urine production rates once the donor has become 
stuck,, suggestive of lack of bladder fillin g in donor twins, whereas in cases of compensated 
AVV anastomoses (curves lb, Ic, Db) urine production will not cease, possibly implying that 
bladderr fillin g persists in the donor. 

DISCUSSION N 
Model:Model: To our knowledge, this mathematical model is the first to incorporate both 

hemodynamicss and amniotic fluid dynamics in monochorionic twins throughout pregnancy. 
Thee model combines the approaches of Talbert et al. (31), Curran et al. (8), and our previous 
hemodynamicc model of TTTS (33). Growth of fetal total body fluid (Eqn.1) is governed by 
thee net transplacental fluid flow (Trans). Previously (33), fetal growth was assumed 
proportionall  to the fetoplacental circulation. However, in our present model, we tacitly 
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assumedd that the fetoplacental circulations can incorporate all fluids transferred across the 
placenta,, and we adapted the same relationships between fetal blood volume and blood 
pressuress as before (33). Consequently, although the mechanism for  fetal growth may seem 
differentt  in the two models, they are actually very similar. 

Previouslyy (33), we emphasized that incomplete information is available on the 
normall  cardiovascular  development of fetuses, let alone when the development is complicated 
byy fetofetal transfusion. Equally so, incomplete information is available on the physiology of 
amnioticc fluid dynamics. We were therefore forced to improvise using a simplified and 
sometimess empirical description of fetal and amniotic fluid  physiology. Further, we tried to 
limi tt  the number  of model variables to those that seemed essential in simulating clinically 
realisticc TTTS development. Consequently, we did not include discordantly developing 
(patho)physiologicc adaptation processes that are likely to be secondary to onset of TTTS (e.g., 
bloodd viscosity, oxygenation of fetal organs, and pathologic alterations in fetal, placental and 
cardiacc development). Including such mechanisms throughout gestation would not only be a 
formidable,, but most likely impossible task to date in view of the limited information 
available.. Therefore, like any model, our  model is a deliberate oversimplification that can 
servee as a point of departure for  understanding a much more complicated reality (5). As a 
consequence,, our  model can only provide trends to illustrat e the general concepts. However, 
thesee underlying concepts are likely realistic. 

First,, in Eqn.3 we assumed the total net flux of water  and nutrient solutes across the 
placentaa (Trans) is governed by the drivin g osmotic and hydrostatic pressure gradients. This 
iss a simplification of the placental water  and solute transfer. Solutes can diffuse through the 
placenta,, be actively transported by the placenta, and be produced by fetal plasma. Water 
transferr  is sensitive to the fetoplacental and also maternal blood flow, neither  of which is 
incorporatedd in the model. Therefore, until these mechanisms have been fully identified, 
empiricall  description is inevitable. 

Second,, lack of data available for  fetuses forced us to adapt empirical control 
mechanismss for  urine production and fetal swallowing rates (i.e., control of urine production 
fromm scaled adult values for  chronic arterial pressure changes, and swallowed volume by fetal 
osmolality).. Morit z et al. (19) described the association of fetal arterial blood pressure and 
urinee output in the ovine fetus, demonstrating that a PC/PQN ratio of 1.35  O.08 gives a U/UN 

ratioo of 3.2  0.3, where N denotes normal values. Our  control function (16) gives a quite 
similarr  U/UN ratio of 2.7 for  a PJPON ratio of 1.35. It is also acknowledged that our  regulatory 
equationss for  swallowing are in agreement with data derived from the ovine fetus (22) where 
itt  was reported that a 6% decrease in osmolality causes approximately a 50% decrease in 
swallowedd volumes. In our  model, a 4% decrease in osmolality causes swallowed volumes to 
bee equal to the lung fluid produced which reduces swallowed volume to 53% of its normal 
valuee at 30 weeks of gestation. Consequently, we believe that the control mechanisms used 
generatee realistic behavior  of these amniotic fluid flows. 

TTTS::  Preliminary clinical data suggest that bidirectional AV anastomoses cause 
TTTSS in about 55%, whereas AV plus AA combinations only in about 30% (37). 
Consequently,, AA anastomoses have been touted to play a predictive role in onset and 
severityy of TTTS (9,32). The possible differential effects of polyhydramnios on AV (and 
oppositee AV) versus AA transfusion has recently been proposed by the authors (36) as a 
possiblee explanation. 

Ourr  model simulated a wide spectrum of TTTS presentations, all of which have been 
describedd clinically. First, the AV anastomotic transfusion responsible for  TTTS causes a 
continuouslyy increasing fetal discordance predicted to develop between the twins. Although 
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thee donor  twin becomes growth retarded, the recipient twin' s blood volumes remain nearly 
normal.. In our  model, this is due to the recipient's increased urine production in response to 
increasedd mean arterial blood pressure that helps to keep its total blood volume near  normal 
values.. In contrast, compensation of blood loss for  the donor  twin is insufficient (Fig.3a). 
Althoughh this behavior  has been observed clinically (10, 34, 39), it contradicts the predictions 
off  our  previous model (33), which only shows symmetric deviations from the normal growth 
curvee (Fig.3a, open circles). We emphasize, however, that the size discordance overall in 
TTT SS has an extremely wide range, and not all donors become growth retarded, depending (at 
leastt  in part) on gestational age, severity of TTTS, and circulatory sharing of the placenta. 
Second,, considering uncompensated as well as compensated anastomotic patterns, we 
simulatedd that the oligo-polyhydramnios sequence can occur  early or  late during pregnancy 
andd can represent severe as well as milder  forms of TTTS. Notably, milder  TTTS does not 
necessarilyy present later  in gestation than more severe TTTS. In addition, we simulated the 
occurrencee of a stuck donor  and a polyhydramniotic recipient with small as well as large fetal 
discordancee in their  blood volumes, varying between about 30% to 55%. Furthermore, TTTS 
wass simulated to reverse between the donor  and recipient, and can even disappear 
spontaneously,, as observed clinically (1,7). Components in our  model that are responsible for 
thiss wide spectrum of severity of TTTS are: 1) size of the AV anastomoses (donor  to 
recipient),, 2) capacity of the compensating anastomoses with respect to the AV, and 3) 
placentall  circulatory sharing between the twins. This spectrum of severity included in the 
stuckk twin-polyhydramnios sequence that defines TTTS has important clinical correlates. 
Varyin gg therapies, including septal disruption (28), amnioreduction (17) and laser  ablation of 
placentall  vessels (17), may each have specific TTTS anastomotic anatomies that are amenable 
too the therapy. However, therapies thought to be clinically efficacious may be serving only as 
surgicall  placebos in cases which would spontaneously abate. Our  model suggests that 
measurementt  of urine production of the donor  twin may have a predictive value in the 
assessmentt  of severity (26). 

Inn conclusion, our  model simulates a wide variety of realistic manifestations of 
amnioticc fluid and fetal growth behavior  in TTTS during pregnancy related to placental 
angioarchitecture.. We hypothesize that our  model will allow an assessment of the efficacy of 
currentt  therapeutic interventions for  twin-twi n transfusion syndrome, including both 
hemodynamicc and amniotic fluid  volume interventions. 
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