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OBJECTIVE:: Therapy of twin-twin transfusion syndrome (TTTS) includes amnioreduction, 
septostomy,, and laser ablation, but there is no accepted standard of care. Mechanisms for the 
reportedd improvement in survival are incompletely understood. We sought to model the 
mechanismss and predict the response of varying severities of TTTS and placental 
angioarchitecturess to current therapies to determine optimal clinical interventions. 
STUDYY DESIGN: We used our mathematical model of TTTS that predicts fetal and 
amnioticc fluid (AF) abnormalities related to the placental angioarchitecture. Amnioreduction 
wass modeled as reduction in AF volume, septostomy as the merging of donor and recipient 
AF,, and laser ablation as the cessation of all placental anastomotic flows. 
RESULTS:: Amnioreduction reduces AF pressure, improving transplacental fluid flow from 
motherr to fetus, and increasing both donor and recipient blood volume. However, net arterio-
venouss transfusion increases, due to increased donor arterial pressure, negating in part the 
benefitt of amnioreduction. Septostomy allows AF swallowing by the donor, with minimal 
effectss on donor growth and blood volume. Laser ablation eliminates anastomotic exchange 
off  blood and reduces discordant fetal growth. 
CONCLUSION:: Amnioreduction may be effective in milder TTTS pregnancies, but 
ineffectivee in severe cases. Septostomy is unlikely to offer significant therapeutic efficacy. 
Laserr ablation is equally effective in mild and severe TTTS, but has a higher spontaneous 
abortionn rate than amnioreduction. The model indicates improved outcomes using 
amnioreductionn in mild, and laser ablation in severe TTTS cases. 
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Inn monozygotic twin pregnancies, the presence of arterial (A) and venous (V) vascular 
anastomosess within the monochorionic placenta is responsible for the development of twin-
twinn transfusion syndrome (TTTS).1 This serious problem presents as the oligo-
polyhydramnioss sequence, often including growth discordance between the twin pairs. 
Monochorionicc twins which develop TTTS have a significant mortality rate. 

AA variety of treatments such as serial standard or aggressive amnioreduction, 
septostomyy of the intertwin septum,7 and laser ablation of placental anastomoses followed by 
amnioreduction8"100 have been advocated for clinical treatment. Numerous reports have 
suggestedd improved outcome of TTTS using each of these therapeutic approaches. Despite 
thesee claims, there is only one observational clinical study,8 comparing amnioreduction and 
laserr therapy, and there is no accepted normal of care. Importantly, whereas each therapy has 
beenn reported to improve survival, there are incompletely understood mechanisms for 
explainingg the clinical improvement. Therefore, controversy exists as to which intervention is 
thee best treatment option of TTTS.11 Furthermore, there is littl e if any information regarding 
thee selective use of treatments, i.e., based upon severity of TTTS, time of presentation, or 
placentall  angioarchitecture. 

Recently,, we developed a mathematical model of TTTS which predicts fetal and 
amnioticc fluid abnormalities related to the placental angioarchitecture (e.g., AV, opposite 
AV,, AA, W anastomoses).12 We sought to extend the mathematical model to predict fetal 
responsess to current therapies, analyze their therapeutic efficacy, and identify placental 
angioarchitecturess that produce the wide variety of observed therapeutic outcomes. 

Methods s 
Thee model calculates the amniotic fluid volume and fetal blood volume during 

gestationn for each monochorionic twin. The model incorporates 10 coupled linear differential 
equations,, which assess interactions of fetal blood volume and osmolality, swallowing, urine 
production,, amniotic fluid volume and composition, and fetal growth. Anastomotic fetofetal 
transfusionss alter donor and recipient physiologic parameters throughout gestation. Although 
thee model has been extensively described elsewhere,12 here we briefly summarize some of the 
concepts. . 

First,, the two major sources of production of amniotic fluid volume, Vamn (ml), are 
fetall  urine production, U, and fetal lung fluid secretion, L. The two routes of amniotic fluid 
removall  are fetal swallowing, S, and intramembranous flow, IM (all in ml/week).13'14 Using 
thee rate of change dX/dt to represent growth of parameter X, amniotic fluid volume behaves 
as s 

dV dV 
-^*~-^*~ = U + L-S-IM (1) 

dt dt 

wheree t denotes gestational age. Urine production is modeled to be regulated by fetal mean 
arteriall  pressure, fetal swallowing is regulated by fetal blood osmolality, and 
intramembranouss flow, the water transfer from the amniotic cavity to the fetal blood across 
thee combined surface of the fetal side of the placenta, umbilical cord and fetal skin, is driven 
byy osmotic and hydrostatic pressure gradients. Second, the total net fluid flux across the 
placentaa from maternal to fetal blood, the transplacental flow, Trans (ml/week), causes 
growthh of amniotic fluid volume and fetal total body fluid, TBF (ml). Consequently, 

dJ*LdJ*L = Trans-^ (2) 
dtdt dt 



38 8 

TransTrans depends on a balance between the hydrostatic and colloid osmotic forces across the 
placentaa (the reflection coefficient is assumed to be 1 for colloids), 

TransTrans = Lpl [(P^ - (ƒ>_ + Pfet)) - (COP^ - COPfet)] (3) 

wheree Lpi (ml/week/mmHg) is the net transplacental filtration coefficient, Pmat is the maternal 
meann arterial pressure in the intervillous space, Pamn is the transmitted amniotic fluid 
pressure,, Pfet is the fetal capillary blood pressure in the intervillous space, and COPmai and 
COPfetCOPfet are the colloid osmotic pressures of the maternal blood and fetal blood, respectively. 
Third,, we assumed that 10% of TBF constitutes the blood volume of the fetus. Fetal blood 
volumetricc growth of the recipient is increased by net fetofetal transfusion of blood volume, 
II n€tn€t (ml/week), along the anastomoses from donor to recipient, and decreased by the same 
amountt for the donor twin1 

dVdVkk 1 dTBF 
dtdt 10 dt 

dVdVbb _ 1 dTBF 

dtdt ~10 dt 

++ J net (') Recipient (4a) 

- / ( r )) Donor (4b) 

Here,, Inet(t) also transfuses colloids from donor to recipient, which is an additional factor that 
influencess fetal and amniotic development.12 Essential in the model is the assumption that 
eachh anastomosis increases in volume proportionately with the placental volume, 
approximatelyy proportional to gestational age to the third power.1 As a consequence, we 
derivedd that each anastomotic resistance decreases proportional to (t-4) to the third power 
(assumingg blood vessels become functional at 4 weeks gestation). Anastomotic resistance 
throughoutt pregnancy therefore follows as 

(40-4)3 3 

Resistance)̂) = Resistance (40 weeks) =- (5) 
(t-4)(t-4)3 3 

Furthermore,, the model includes additional equations predicting fetal and amniotic fluid 
osmolalityy and fetal COP throughout gestation. 

Modelss of therapeutic interventions. We chose three different placental anastomotic 
patternss that simulate most clinical presentations of TTTS. In order of decreasing clinical 
severity,, these patterns include the following: Case 1: a single AV anastomosis (also 
representativee of multiple unidirectional AVs). Case 2: an AV anastomosis inadequately 
compensatedd by other oppositely directed anastomoses, which can either be AA, VV and/or 
higherr resistance opposite AV. Case 3: an AV anastomosis adequately compensated by other 
oppositelyy directed anastomoses. 

Althoughh unequal (disproportionate) fetal sharing of the monochorionic placental 
surfacee and circulations may occur, and alter the TTTS natural history, this paper is restricted 
too models of equal placental sharing. To facilitate comparison, we created anastomotic model 
parameterss which resulted in the manifestation of TTTS at 22 weeks' gestation for all three 
cases. . 

Wee simulated the response to four therapeutic interventions in each of the three 
placentall  anastomotic patterns: (a) standard amnioreduction, (b) aggressive amnioreduction, 
(c)) septostomy and (d) laser ablation. Standard amnioreduction (single and repeated 
procedures)) was modeled by decreasing the amniotic fluid volume of the recipient 
(polyhydramnios)) twin to normal singleton values. Aggressive amnioreduction (single and 
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repeatedd procedures) was modeled by decreasing the amniotic fluid of the recipient to half of 
itss normal (i.e., singleton) values. Septostomy (with and without simultaneous 
amnioreduction)) was modeled by setting the amniotic fluid volume equal to the sum of donor 
andd recipient amniotic fluid volumes and calculating the combined amniotic fluid osmolality. 
Laserr obliteration of all anastomoses along the placental vascular equator (with and without 
amnioreduction)) was modeled by setting all fetofetal transfusions equal to zero. As laser 
ablationn clinically includes simultaneous amnioreduction, we included one standard 
amnioreductionn with laser therapy. We initiated modeled interventions at gestational ages at 
whichh either polyhydramnios (recipient) or severe oligohydramnios (donor) developed, and 
repeatedd the modeled intervention if the criteria were met again until 30 weeks gestation. The 
firstfirst intervention was simulated whenever oligohydramnios developed (defined as <10 ml 
amnioticc fluid). Polyhydramnios was defined as double the normal amniotic fluid volume. 

Results s 
Too compare treatment effects with the natural history, we briefly present the results of 

thee natural history (i.e., no intervention) for TTTS with each placental anastomotic pattern.12 

NaturalNatural history. 
CaseCase 1: Single AV. With a single AV anastomosis, the model predicts a severe 

discordancee in fetal growth with polyhydramnios in the recipient twin and oligohydramnios 
(stuckk twin) in the donor twin, which defines TTTS. These manifestations present later with a 
smallerr size AV (larger resistance), and earlier with a larger size AV (lower resistance).12 

Fig.laa (curve NT, thin line) shows that the donor twin becomes stuck at 22 weeks gestation 
andd remains stuck throughout pregnancy. Donor urine production strongly decreases after 
developmentt of oligohydramnios, and ceases at 25 weeks gestation (Fig.lb, curve NT). This 
casee represents a serious form of TTTS, because of lack of any anastomotic compensation of 
thee AV. 

CaseCase 2: AV plus inadequate anastomotic compensation. The additional compensating 
anastomosess cause blood recirculation between the twins (from recipient to donor), which 
reducess their fetal discordance and, hence, the severity of the TTTS oligo-polyhydramnios 
sequence,, compared to the previous single AV case. We intentionally utilized a larger 
primaryy AV anastomosis than in Case 1, such that with the presence of compensating 
anastomoses,, TTTS would present at the same gestational age (22 weeks). Once 
oligohydramnioss occurs, amniotic fluid does not reaccumulate in the donor in the absence of 
interventionss (Fig.2a, curve NT), implying that the compensatory anastomoses are inadequate 
too prevent occurrence (and reoccurrence following amnioreduction, see below) of the stuck 
twinn polyhydramnios sequence. Urine production before presentation of oligohydramnios is 
similarr to the above (single AV) case (Fig.2b, curve NT), although urine production does not 
ceasee here, but increases slowly. 

CaseCase 3: AV plus adequate anastomotic compensation. Adequate compensating 
anastomosess produce a decreasing net fetoftal transfusion of blood,212 reduced fetal 
discordance,, and potential spontaneous reaccumulation of amniotic fluid volume in the stuck 
twin.. We again utilized a larger primary AV anastomosis than in Cases 1 and 2, such that 
TTTSS presentation would also occur at 22 weeks. The pathophysiology of TTTS in the 
presencee of adequate compensatory anastomoses (assumed AA here, although an opposite 
AVV gives similar results) is as follows. Early in gestation, the donor fetus continues to lose 
effectivee blood volume through the AV anastomosis to the recipient, and a pressure 
differencee develops between the arterial circulations of the twins, where the recipient has the 
higherr pressure. Then, the AA anastomosis becomes functional, and oppositely directed 
compensatingg AA flow starts to develop from recipient to donor, net fetofetal transfusion 
decreases,2,122 the donor can increase its arterial pressure and urine production, which is 
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Fig.. la) Amniotic fluid development for a single AV anastomosis (resistance at 40 weeks is 1.87 mmHg/ml/day) 
inn an equally shared placenta with serial standard (1) and serial aggressive amnioreductions (2). For (1), 
removedd volumes are 587 ml, 595 ml, 636 ml and 838 ml at 22, 24.5, 27 and 29.3 weeks gestation, respectively. 
Forr (2), removed volumes are 818 ml, 932 ml and 1,171 ml at 22, 25 and 28 weeks gestation, respectively. The 
thinn line (NT) represents amniotic fluid development of both twins without any treatment. The donor remains 
stuckk throughout pregnancy without but also with the simulated interventions. Dashed line (NORMAL ) 
representss normal amniotic fluid development. 
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Fig.lb)) Numerical results of urine production of the donor twin. Dashed line (NORMAL ) represents the urine 
productionn of a normal fetus. 
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followedd by reaccumulation of the amniotic fluid in the donor compartment, here at 
approximatelyy 27 weeks (Figs.3a,b curve NT). 

Amnioreduction. Amnioreduction. 
CaseCase 1: Single AV: 
StandardStandard amnioreduction. The model indicates that standard amnioreduction (Fig la, curve 
1)) does not cause reaccumulation of amniotic fluid in the donor sac, nor prevent quick 
reaccumulationn of amniotic fluid in the recipient sac. Repeated standard amnioreductions 
requiree four procedures by 30 weeks with no improvement in the donor amniotic fluid 
volume.. Although urine production of the donor twin somewhat increases in response to the 
firstt amnioreduction, this effect abates quickly, and urine production ceases (Fig. lb, curve 1). 

AggressiveAggressive amnioreduction: The model indicates that aggressive amnioreduction 
(Fig.la,, curve 2) achieves a lower average amniotic fluid volume in the recipient, but does 
nott cause reaccumulation of amniotic fluid in the donor sac, nor does it prevent quick 
reaccumulationn of amniotic fluid in the recipient sac. Serial aggressive amnioreductions 
resultedd in slightly higher urine production (donor) than standard amnioreduction but there 
wass minimal long-term benefit (Fig.lb, curve 2). 

CaseCase 2: AV plus inadequate anastomotic compensation: 
StandardStandard amnioreduction. In response to repeated standard amnioreduction (Fig.2a, 

curvee 1) the donor twin starts to reaccumulate amniotic fluid, albeit only to a significant 
extentt after the third amnioreduction at 28 weeks, reaching 36.5 weeks gestation before 
becomingg stuck again. Polyhydramnios always reaccumulated in the recipient twin, 
indicatingg the need for repeated intervention. Since urine production increases after each 
amnioreduction,, and shows the tendency to persist, serial amnioreduction, on average, has 
modestt benefit for the donor twin compared to no intervention (Fig.2b, curve 1). 

AggressiveAggressive amnioreduction. Aggressive serial amnioreduction (Fig.2a, curve 2) 
allowss the donor twin to reaccumulate more amniotic fluid after each intervention. This 
resultedd largely from an improvement in donor fetal urine production (Fig.2b, curve 2) 
comparedd to standard amnioreduction. Repeated aggressive amnioreductions require two 
procedures;; after the second amnioreduction at 26 weeks the donor twin reaccumulated 
amnioticc fluid, reaching 35.5 weeks gestation before becoming stuck again. 

CaseCase 3: AV plus adequate anastomotic compensation: 
StandardStandard amnioreduction. Standard amnioreduction (Fig.3a, curve 1) decreases the 

amnioticc fluid pressure, Pamn, Eqn.3, which favors transplacental flow from mother to fetus, 
Trans,Trans, Eqn.3. Consequently, amnioreduction (Fig.3a, curve 1) at 22 weeks results in the 
promptt reaccumulation of amniotic fluid in the donor sac. A second amnioreduction was 
requiredd at 26 weeks gestation (due to polyhydramnios in the recipient sac), although 
amnioticc fluid in the donor persisted. Urine production of the donor was not very different 
fromm the previous cases at the time of the first amnioreduction. However, instead of 
decreasingg very steeply about 1.5 weeks following amnioreduction (single AV, Fig. lb), or 
steeplyy (inadequate compensation, Fig.2b), urine production remained virtually constant 
betweenn interventions (Fig.3b, curve 1). 

AggressiveAggressive amnioreduction. Aggressive amnioreduction (Fig.3a, curve 2) produces a 
largerr decrease in the amniotic fluid pressure, which drives more fluid to the fetal circulation 
byy transplacental flow (Trans), Eqn.3. Hence, the donor fetus accumulates more amniotic 
fluidd than previously, by more urine flow compared with standard amnioreduction (Fig.3b, 
curvee 2). 

Septostomy. Septostomy. 
Septostomyy results in merging of the two amniotic fluid volumes into one single 

volume,, so the temporal behavior of individual amniotic fluid volumes cannot be used for 
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Fig.2.. (a) Amniotic fluid development for an AV plus inadequate compensating AA anastomoses (resistances at 
400 weeks are 1.13 and 0.66 mmHg/ml/day, respectively) in an equally shared placenta with standard serial (1) 
andd serial aggressive amnioreductions (2). For (1), removed volumes are 560 ml, 643 ml, and 833 ml at 22, 25, 
28.55 weeks gestation, respectively. For (2), removed volumes are 799 and 1,046 ml, at 22 and 26 weeks 
gestation,, respectively. The thin line (NT) represents amniotic fluid development of both twins without any 
treatment.. Dashed line (NORMAL ) represents normal amniotic fluid development. 
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Fig.lb)) Numerical results of urine production of the donor twin. Dashed line (NORMAL ) represents the urine 
productionn of a normal fetus. 
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Fig.3.. (a) Amniotic fluid development for an AV plus adequate compensating AA anastomoses (resistances at 
400 weeks are 0.80 mmHg/ml/day and 0.33 mmHg/ml/day, respectively) in an equally shared placenta with serial 
standardd (1) and serial aggressive amnioreductions (2). For (1), removed volumes are 560 and 697 ml, at 22 and 
266 weeks gestation, respectively. For (2), removed volumes are 793 and 1,128 ml, at 22 and 27 weeks gestation, 
respectively.. The thin line (NT) represents amniotic fluid development of of both twins without any treatment. 
Dashedd line (NORMAL ) represents normal amniotic fluid development. 
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Fig.3b)) Numerical results of urine production of the donor twin. Dashed line (NORMAL ) represents the urine 
productionn of a normal fetus. 
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assessmentt of fetal responses. Instead, we used the fetal urine production rates. 
CaseCase 1: Single AV. Septostomy fails to reduce the discordance between the fetal urine 

productionss (not shown). 
CaseCase 2: AV plus inadequate anastomotic compensation. Fig.4 shows simulations of 

thee donor's urine production. We simulated septostomy followed by amnioreduction, 
septostomyy alone, and amnioreduction alone, all only once at 22 weeks, when a stuck donor 
twinn occurred. First, septostomy alone allows the donor fetus to swallow more than it can do 
whilee being stuck. However, at approximately 28 weeks gestation, the urine production 
virtuallyy becomes equal to the value without treatment (Fig.4, curve NT). Second, septostomy 
pluss amnioreduction had a minimal effect on the urine production of the donor twin 
comparedd with amnioreduction alone. 

CaseCase 3: AV plus adequate compensation. The results are similar to those of the 
previouss case (Fig.4). 

Consideringg these results, our model suggests that septostomy will only be successful 
inn those cases where one single amnioreduction would have been adequate (i.e., in mild 
TTTSS cases). 

2000 0 

Gestationn (weeks) 

Fig.4.. Predicted urine production of the donor twin of a monochorionic twin pregnancy with an AV plus AA 
anastomosess (resistances at 40 weeks are 1.13 and 0.66 mmHg/ml/day, respectively) in an equally shared 
placenta.. Simulated treatments at 22 weeks gestation are: amnioreduction (AR), septostomy alone (Sept.), and 
amnioreductionn plus septostomy (AR + Sept.). The amniotic fluid volume removed is 560 ml. (NT) represents 
urinee production without any treatment. Dashed line (NORMAL ) represents the urine production of a normal 
fetus. . 

LaserLaser occlusion of all anastomoses along the vascular equator. 
CaseCase 1: Single AV. Fig.5 shows simulated amniotic fluid volumes of the twins, 

hemodynamicallyy disconnected by laser at 22 weeks, with and without simultaneous 
amnioreduction.. After successful laser therapy, anastomotic blood transfusion from the donor 
twinn to the recipient ceases, the donor twin increases its blood pressure, produces urine, and 
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startss to reaccumulate amniotic fluid (Fig.5, laser). The increase of the recipient's amniotic 
fluidfluid  volume abates. In our model, the donor twin starts reaccumulating amniotic fluid after 
approximatelyy two days following laser therapy plus amnioreduction (Fig.5, Laser + AR). 
However,, in simulated cases of laser therapy alone the donor twin starts to reaccumulate 
amnioticc fluid after approximately three weeks (Fig.5, Laser). This is because amnioreduction 
helpss prompt reaccumulation of amniotic fluid in the donor sac whereas laser obliteration of 
thee anastomoses causes long term therapeutic effects. Both twins recover, albeit that the 
modelmodel confirms that the donor twin does not fully recover.16 

CasesCases 2 and 3: AVplus inadequate or adequate compensation. Laser therapy of AV 
pluss other compensating (inadequate or adequate) anastomoses gives virtually identical 
resultss as in Fig.5 (results not shown). 

100 15 20 25 30 35 40 

Gestationn (week) 

Fig.5.. Amniotic fluid development for a single AV anastomosis (resistance at 40 weeks is 1.87 mmHg/ml/day) 
treatedd by laser (Laser) and laser plus standard amnioreduction (Laser  + AR) at 22 weeks gestation. The 
volumee removed is 587 ml. The thin line (NT) represents amniotic fluid development of both twins without any 
treatment.. Dashed line (NORMAL ) represents normal amniotic fluid development. 

Comment t 
Too our knowledge, we identified for the first time the pathophysiology of TITS 

therapiess that include amniotic fluid manipulation. Fig.6 shows schematically the sequence of 
eventsevents predicted to occur for the stuck donor twin following one amnioreduction of the 
polyhydramnioticc recipient sac. Here, amnioreduction and net fetofetal transfusion affect the 
donorr twin oppositely. First, amnioreduction decreases the excess amniotic fluid pressure 
associatedd with polyhydramnios, which results in an increased transplacental flow from 
motherr to fetus {Trans), Eqn.3. In our model, this increases the donor's blood volume and, 
hence,, its mean arterial blood pressure, so the donor can start to produce urine again (Figs, 
lb,, 2b, 3b, 4). Since the urine flow is hypoosmotic compared to amniotic fluid, the amniotic 
fluidd osmolality decreases, which favors the intramembranous flow to both fetuses. 
Furthermore,, the donor starts to swallow more because of the availability of amniotic fluid. 
Consequently,, the increased intramembranous flow and swallowed volume of the donor 
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causee an additional increase in its blood volume and pressures and, hence, urine production. 
Second,, if the continuing net fetofetal transfusion of blood from donor to recipient fetus is in 
excesss of fetal growth of each twin, the donor's blood volume, mean arterial pressure and, 
therefore,, urine production decrease. Because this also causes quick reaccumulation of the 
amnioticc fluid in the recipient sac, the amniotic fluid pressure increases and, consequently, 
thee transplacental fluid flow from mother to fetus (Trans) decreases. A stuck twin and/or 
polyhydramnioss may reoccur requiring a new amnioreduction. However, if the net fetofetal 
transfusiontransfusion has a sufficiently strong rate of decrease following onset of the steady state of 
optimall  blood exchange,12 the imbalance between the two circulations becomes milder, and 
longerr periods between reoccurrence of the TTTS oligo-polyhydramnios sequence develop 
followingg amnioreduction (Figs.2b, 3b). Therefore, our model suggests that a clinically 
significantt rate of decrease in net fetofetal transfusion is essential for improving the condition 
off  the twins to a level required for survival. Because compensating anastomoses may have a 
widee variation in hemodynamic efficacy compared with the AV that causes TTTS, this may 
explainn the wide variation of reported success rates of amnioreduction, ranging from 15% to 
833 %.2 

Placental l 
Growth h 

P""  *AV 

*i *i r r 

COP, , 
Osmolality y 
(Recipient) ) 

+  A 
IMflo w w 
(Rec.) ) 

Amnio--

, , T+ + 

Inet t 

i i 

Trans s 
(Rec.) ) 

i*i* 4 
Blood d 

Volume, , 

Pressure e 

(Recipient) ) 

i* i* 
 IA A A 

VV T 
l V A A 

i-i-

..... p Blood d 

Volume e 

(Donor) ) 

i i 

f f 

**  1 rans s 

**  ' **  i M--

w w 

+ + 

Mean n 

Arterial l 

Pressure e 

(Donor) ) 

w w 
+ + 

Urine e 

Production n 

(Donor) ) 

&& l 

Swallowed d 
Volumes s 

(Donor) ) 

Stuck k 

Oligo--
hydramnios s 

"Normal" " 

r~ r~ 

Amniotic c 
Fluid d 
Osmolality y 
(Donor) ) 

r+ + 

IMflo w w 
(Donor) ) 

Fig.6.. A simplified chart summarizing the mechanism of action of amnioreduction. IAV, IVA (opposite AV flow), 
IAAA and Iw: Transfusion of blood through the AV, VA, AA, and W anastomoses, respectively. INEJ: Net twin-
twinn transfusion of blood [I AV -(IVA+IAA + IW) ] - + : denotes an increase, - : denotes a decrease in the subsequent 
parameters. . 

Ourr simulations explain that aggressive amnioreduction is more favorable for the 
donorr fetus than standard amnioreduction, due to a stronger decrease in amniotic fluid 
pressuree and, hence, increased transplacental fluid flow from maternal to fetal blood, Eqn.3, 
confirmingg anecdotal clinical reports.3'4'6 However, the model suggests that both 
amnioreductionn therapies prolong only mild TTTS pregnancies, where the placentas include 
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adequatee as well as some cases of inadequate compensating anastomoses. Amnioreduction 
doess not successfully treat severe cases which include single, unidirectional AVs and some 
casess of inadequate compensating anastomoses. This confirms previous hypotheses and 
agreess with recent clinical findings.2*18'19 The model also predicts the potential reoccurrence 
off  polyhydramnios after  amnioreduction, requirin g repeated interventions. Clinical reports 
indicatee a median of three amnioreduction procedures per  patient,5,8 supporting our  results 
(Fig.2b).. In other  cases, one amnioreduction may be sufficient. Hecher  et al8 reported that 
19%%  (8/43) of patients required only one amnioreduction, supporting the model predictions in 
casess with adequate anastomotic compensation (Fig.3a). 

Ourr  model suggests that septostomy wil l only be successful in cases where one single 
amnioreductionn would have been sufficient. These cases typically include adequate 
compensatingg anastomoses, representing milder  forms of TTTS. Support for  these findings 
comee from four  severe TTTS cases (all class in TTTS according to Quintero et al20) that 
failedd unintentional (one case21) or  intentional (three cases22) septostomy. We hypothesize 
thatt  amnioreduction or  septostomy will be favorable for  the donor  fetus during the period of 
severee oligohydramnios. 

Althoughh our  model predictions suggest that laser  therapy is the most effective 
intervention,, because it is the only therapy that can cure severe TTTS, there are reported 
complicationss in clinical practice.2'16 First, spontaneous abortion following laser  therapy 
occurss in about 11% of cases versus 4% for  a single amnioreduction.2 Second, after 
obliterationn of all anastomoses, significantly unequally shared placentas may result in growth 
retardationn of the fetus that has the smaller  placental part. Often, this fetus will not survive 
thee hemodynamic changes that result from laser  therapy. Furthermore, during laser  therapy it 
iss sometimes not possible to coagulate all the connecting vessels.23 In such cases, our  model 
simulatess occurrence of a new hemodynamic situation, which may either  be fatal for  both 
twinss (e.g., if only the unidirectional or  inadequately compensated AVs remain patent), or 
mayy improve development of the smaller  twin (e.g., if the remaining patent anastomoses are 
largee AAs). Therefore, choosing optimal individual therapy requires clinical criteri a for 
assessmentt  of severity of TTTS.2'20 In a small series, classification of fetal growth was shown 
too be prognostic for  onset and severity of TTTS.19 

Inn our  model, the removed amniotic fluid volumes (0.3-1.2 liters) are at the low side 
off  reported volumes (e.g.,8 0.35-3 liters). Two reasons may account for  this. First, the 
"normal ""  amniotic fluid volumetric curve adopted in our  model is an average over  widely 
varyingg volumes. From a statistical perspective, 95% of all volumes are within the range of 
39%%  - 257% of the mean volume for  any given gestational age.13 Consequently, simulated 
removedd amniotic fluid volumes would also at least double. Second, TTTS is known to 
graduallyy change physiologic parameters and functions, e.g., in the placenta, but also the 
heartt  and kidney in the twins. Here, the recipient develops enlarged glomeruli,17 sometimes 
doublee the size of normal, associated with increased urine output. Such physiologic 
adaptationss secondary to TTTS are not included in our  model. Therefore, the simulated 
removedd amniotic fluid volumes are not small relative to other  physiologic dimensions in our 
model. . 

Wee identified angioarchitectures that reproduce the clinical results suggested by Rosen et 
al244 (i.e., serial amnioreduction and resolution of oligohydramnios at 26-28 weeks gestation). 
Ourr  model confirms their  hypothesis that serial amnioreductions, by prolonging gestation, 
mayy allow the fetal cardiovascular  system to outgrow the deleterious effect of the placental 
anastomoses.. In our  model, this is achieved by a clinically significant decreasing rate of net 
fetofetall  transfusion. Here, the cause is an increased osmolality and COP in the recipient,12 

whichh causes an increased transplacental and intramembranous flow, and consequently, 
increasedd blood volume and blood pressures. The recipient's increased arterial pressure 
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increasess the anastomotic transfusions (AA and opposite AV) from recipient to donor, which 
decreasess the net fetofetal transfusion. Based on the same mechanism and angioarchitecture, 
wee also reproduced observations by Kilb y et al25 who found in four  TTTS cases that bladder 
fillin gg persisted, or  reoccurred, even four  weeks after  beginning of amnioreduction, and that 
thiss is prognostic for  resolution of the circulatory imbalance (Figs.2, 3). 

Inn conclusion, the mathematical model of TTTS therapeutic interventions indicates that 
amnioreductionn may be effective in milder  TTTS pregnancies (i.e., those with compensated 
AVV anastomoses), but ineffective in severe cases. Septostomy is unlikely to offer  significant 
therapeuticc efficacy. Laser  ablation is equally effective in mild and severe TTTS, but has a 
higherr  spontaneous abortion rate than amnioreduction. The model indicates improved 
outcomess using amnioreduction in mild, and laser  ablation in severe TTTS cases. 
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