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ABSTRACT T 
Wee derived simple analytical relations representing trends of discordant fetal growth in 
monochorionicc twins developing the twin-twin transfusion syndrome from an 
approximationn of previously developed model equations. In severe twin-twin transfusion 
syndromee cases, the difference between the estimated fetal weights of both twins 
increasess proportional to (t-5)5 (t denotes gestational age in weeks) and the sum of both 
weightss increases proportional to f5. Hence, the ratio between difference of estimated 
fetall  weights and the average of the two weights (Difference-Average-Ratio) increases 
proportionall  to (t-5)5/t3. In mild cases, the difference between estimated fetal weights as 
welll  as the sum of the two weights increase proportional to rr. Therefore, the Difference-
Average-Ratioo becomes a constant. Comparison with clinical data of severe and mild 
casess showed surprisingly good agreement except after laser coagulation of placental 
anastomoses.. These relations may therefore enable us to distinguish between severe and 
mildd developing twin-twin transfusion syndrome cases. 

Keyy words: 
Monochorionicc twin pregnancy, model, twin-twin transfusion syndrome, estimated fetal 
weights,, trends of discordant fetal growth. 
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1.. Introductio n 
Embryonicc splitting between days 3 and 8 following fertilisation results in "identical" 
(monozygous)) twins with a single fused (monochorionic) placental mass (e.g., Machin 
andd Keith 1998). Placental vascular anastomoses connecting the two individual feto-
placentall  circulations are present in virtually all monochorionic placentas. Arterio-venous 
(AV)) anastomoses located deep in the placental parenchyma consist of a placental 
cotyledonn shared by both twins. Blood is supplied by a chorionic artery from one twin 
(thee donor), and drained by a chorionic vein to the other twin (the recipient). Arterio-
arteriall  (AA) and veno-venous (W) anastomoses are direct superficial placental 
communicationss between the chorionic arteries or veins of the twins that they connect 
(Artss and Lohman 1971, Machin and Keith 1998). Generally, these anastomoses cause 
relativelyy minor effects. But in about 20% of monochorionic placentation, a sufficiently 
largee net flow of blood from donor to recipient occurs through the placental vascular 
communications,, causing the twin-twin transfusion syndrome (van Gemert and 
Sterenborgg 1998). This serious complication of monochorionic twinning is associated 
withh significant mortality and morbidity (Filkins and Beverly 1998). The donor develops 
hypovolaemia,, hypotension, chronic malnutrition, becomes growth retarded, and has too 
littl ee amniotic fluid volume (oligohydramnios), or even no amniotic fluid volume at all 
(anhydramnios).. The donor fetus has the appearance of being "stuck" to the uterine wall 
(stuckk twin), because it is "vacuum packed" in membranes close to the uterine wall, with 
littl ee or no liquor within the sac of membranes. The recipient develops hypervolaemia, 
polyuriaa (excessive urine production), polyhydramnios (excessive amniotic fluid 
volume),, and finally, cardiomegaly followed by heart failure. Severe cases show strong 
discordantt fetal growth and the oligo-polyhydramnios sequence. However, these 
symptomss can also evolve mildly, or even disappear spontaneously. 

Inn previous work, we related monochorionic fetal growth to the placental 
angioarchitecturee by an etiology-based computer model (van Gemert and Sterenborg 
1998).. The model includes two mechanisms that influence fetal growth, i.e., natural 
physiologicc growth, and net twin-twin transfusion of blood. For both, their behaviour as a 
functionn of gestational age is approximately known. Substituting these approximate 
functionss in the model equations and selecting which of the two dominates in severe and 
whichh in mild cases allows approximate analytical analysis of the model, identifying 
trendss of discordant fetal growth in both situations. In this report we present these trends 
andd compare the predictions with some available clinical data of severe and mild twin-
twinn transfusion syndrome cases. 

2.. Method 
Inn the model, blood volume V [ml] of each twin is evaluated during gestation t [weeks]. 
Wee assumed that overall fetal growth, represented by the rate of change of V {dV/dt 
[ml/week]),, is a linear combination of (a) natural physiologic growth G [ml/week], 
denotingg the anticipated normal physiologic increase of blood volume per week, and (b) 
nett twin-twin transfusion of blood TTT [ml/week] from donor to recipient twin. The 
equationss read (van Gemert and Sterenborg 1998) 

ïïlLiïïïlLiï  = Gd(t)-TTT(t) (la) 
at at 

^l^GrdHTrrit)^l^GrdHTrrit) (lb) 
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Subscriptss d, r stand for donor, recipient, respectively. Initial condition is that all 
parameterss are zero at t=0, the moment of embryonic splitting. 

Fromm Eq. (1), the difference as well as the sum of both blood volumes follow as 

d\yd\yrr(t)-v(t)-vdd(t)}(t)}  = G {t) _ Gd (t)+2T̂  (t) ( 2 a) 

W(»+VAt)]W(»+VAt)]=Grit)+GAt)=Grit)+GAt)  m 

dt dt 

Inn the present analysis we use Eq. (2a) to evaluate cases where 2Trr»Gr~Gd- Under such 
conditions,, Eqs. (1) cannot be used since TTT fails to be significantly larger than Gr, Gd. 

2.12.1 Estimates ofG(t) and Tnit) 
Inn our previous paper (van Gemert and Sterenborg 1998), we explained in detail the 
approximatee relationships of model parameters G(t), Tn(t) as a function of gestation. 
Here,, only the results wil l be briefly discussed. First, under normal conditions, i.e., 
singletonn or unconnected twin pregnancies, V is approximately proportional to the third 
powerr of t Consequently, since G(t)*=dV/dt, we have 

G(t)G(t) oc t2 (3) 

Second,, assuming that feto-placental circulation begins at 5 weeks, twin-twin transfusion 
alongg unidirectional AV anastomoses increases as 

7 ^ ( 0 - ( r - 5 )44 (4) 

Thiss relation is derived as follows. By definition (Ohm's law), twin-twin transfusion is 
thee pressure difference divided by the AV resistance. First, the pressure difference 
approximatedd as donor's arterial minus recipient's venous pressures is assumed to be 
linearlyy increasing with gestation (from fetal lamb experiments, Barcroft 1946), 
accountingg for one of the four powers in (t-5)4. Second, each anastomosis is assumed to 
groww in volume proportionately with the placental volume, which is approximately as (t-
5)5)33 (van Gemert and Sterenborg 1998). This essential assumption in the model implies a 
decreasingg AV resistance as l/(t~5)3, accounting for the remaining three powers in Eq. 
(4). . 

2.22.2 Severe cases 
Severee twin-twin transfusion syndrome cases are often caused by unidirectional 
uncompensatedd AV anastomoses (Bajoria 1998). Here, the difference between blood 
volumes,, [Vr(t) - Vd(t)], increases progressively, even stronger than [V/f j + Vd(t)]/2, the 
averagee of the blood volumes. This follows from substitution of Eqs. (3) and (4) in Eqs. 
(2a,b),, and assuming 2Tn(t)»Gr(t)-Gd(t). Then, Eqs. (2) become approximately 

d\Vd\Vrr(t)-V,(t)](t)-V,(t)]  m2T̂ (f)^ {t_5)4 ( 2 ^ > ; > G _ G  ̂ ( 5 a) 

dt dt 
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d\yd\yrr(t)+v(t)+vdd(t)](t)]  M t2 (2Tn >> G_Gd) ( 5 b) 

dt dt 

Straightforwar dd integration gives 

_ >> < V,«)-VV,«)-Véé«)«) ^(£^2 1 VT„»G,-Gé) (6) 
[V r (0+V,(f)]/22 f3 

Thiss relation is the Difference-Average-Ratio (previously called fetal-difference average 
ratio,, van Gemert and Sterenborg, 1998). The results, converted to estimated fetal 
weightss (W [grams]), replacing Vd, Vr by Wdt Wn are summarised in Table 1. 

2.3 Mild2.3 Mild cases 
Mil dd cases are caused by an AV anastomosis compensated by AA communications 
(Bajoriaa 1998, Denbow et al 1998). Here, twin-twi n transfusion of blood consists of two 
oppositelyy directed anastomotic blood flows that aim to compensate each other, striving 
towardd the smallest possible value of TTT (van Gemert and Sterenborg 1998). Hence, we 
assumee 2TTi{t)«G1{t)-G^t). Then, Eqs. (2) become approximately 

d\Vd\Vrr{t)-V{t)-Vdd{t)]{t)]  , G f W . G r f ( 0 c c g 2 ( 2 r 7 T « G r - G , ) (7a) 
dt dt 

d\yd\yrr(t)+v(t)+vdd(t)]__.i (t)]__.i 
dt dt 

(2T(2TTrTr«G-G«G-Gdd)) (7b) 

Straightforwar dd integration gives 

VVrr(t)-V(t)-Vdd(t) (t) 
== constant (27̂  «G r - G d ) (8) 

frfr rr(t)+V(t)+Vdd(t)]/2 (t)]/2 

Thesee results, converted to estimated fetal weights, are also summarised in Table 1. 

2.42.4 After laser therapy 
Fetoscopicc laser  therapy of all anastomoses along the placental vascular  equator  (e.g., De 
Liaa et al 1999) implies Tn(t) = 0 after  the laser  procedure. Hence, the trends derived from 
Eqs.. (7) and including Eq. (8) apply also here. 

2.52.5 Estimated fetal weights 
Alll  estimated fetal weights reported below (Results section) were determined from 
routinee ultrasonography, performed by experienced ultrasonographers, using single 
measurementss of the biparietal diameter  (BPD), head circumference (HC), abdominal 
circumferencee (AC) and femur length (FL) (Hadlock et al 1985). For  the error  analysis 
wee assumed a Gaussian probabilit y distributio n in the four  parameters with a 
measurementt  uncertainty of 10%, full width at half maximum (FWHM) , around the 
"true ""  values. We used a MATLA B random generator  function (randn) which generates 
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randomm numbers whose elements are normally distributed around mean value 0 with 
FWHMM 1, and generated 1,000 different values for the four fetal parameters, BPD, HC, 
AC,, FL, at different gestational ages, with mean values given by Hadlock et at (1985). 
Wee calculated fetal weights and corresponding Difference-Average-Ratios, their mean 
valuess and standard deviations. We used the standard deviations as the measurement 
uncertainties.. The analysis predicts a % uncertainty in estimated fetal weights, and a 

00 uncertainty in the Difference-Average-Ratios. 

3.. Results 
Figuree la shows fetal weights and Fig. lb the corresponding Difference-Average-Ratios 
(DAR(DAR in Table 1) of a severe clinical case of twin-twin transfusion syndrome (Sharma et 
alal 1995). At 18 weeks' gestation, the donor twin was stuck to the uterine wall and the 
recipientt had severe polyhydramnios and cardiomegaly. No therapy was attempted. At 19 
weekss the membranes ruptured and the twins (130 and 270 grams) died soon after birth. 
Placentall  inspection showed one AV anastomosis. The derived trends, Table 1, were 
fittedd to the birth weights, at 19 weeks. We used 

WrWr««ii..WéW+WéW+gm.gm.(f(f--55t t 

DAR(t)DAR(t) = DAR(19) 

(19-5) ) 
193 3 (r-5)--

(199 -5)5 r 

(9a) ) 

(9b) ) 

wheree WM is calculated from the full numerical solution of the model (van Gemert and 
Sterenborg,, 1998) assuming equal placental sharing as parameter in the model (a full 
placentall  analysis was not included in the paper) and only fitting the size of the single AV 
anastomosiss until the Difference-Average-Ratios of the birth weights and model blood 
volumess at 19 weeks were equal (N.B., this is therefore not a best-fit to the data points). 
Further,, 4W(79J=270-130=140 grams denotes the difference in birth weights between the 
twins. . 

severesevere cases 

mildmild cases 

WWrr(t)-W(t)-Wdd(t) (t) 
(grams) (grams) 

oc(oc(tt-5f -5f 

ocfocf3 3 

WWrr(t)(t) + Wd(t) 
(grams) (grams) 

-t* -t* 

~r* * 

WWrr(t)-W(t)-Wdd(t) (t) 
[W[Wrr(t)(t) + Wd(t)]/2 

(DAR) (DAR) 
„(t-5)„(t-5) 5 5 

tt3 3 

~~ constant 

criterion criterion 

2Trf»G2Trf»Grr-G-Gd d 

2Trr«G2Trr«Grr-G-Gd d 

Tablee 1. Summary of approximate relations representing trends of discordant fetal growth in cases of 
severee or mild developing twin-twin transfusion syndrome. The relations follow from straightforward 
integrationn of Eqs. (5) and (7), and include Eqs. (6) and (8), where blood volumes Vd> Vr are replaced by the 
correspondingg estimated fetal weights Wd, Wr. Parameter DAR (fourth column) denotes the Difference-
Average-Ratioo of estimated fetal weights. 
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Fig.la)) Estimated fetal weights and birth weights (last points at 19 weeks) (filled squares) of a severe twin-
twinn transfusion syndrome pregnancy (Sharma et al 1995). Upper curve is for the recipient, the lower curve 
forr the donor. Error bars ) are omitted for clarity. Small open symbols (FIT): analytical relation of 
Tablee 1, Eq. (9a). Solid lines (MODEL): predictions of the full numerical model (van Gemert and 
Sterenborgg 1998). The ratio 2Tn/(Gr-Gd), Eqs. (5, 6), is predicted to be 3 at 15 weeks, and 2.4 at 19 weeks. 
b)b) Difference-Average-Ratios, Eq. (9b). Error bars ) are omitted for clarity. 



74 4 

zz E 
uii  £ 

ww « 
x x 

üü ÜJ 
UJ J 

o: : 
UJ J 
U--

UJ J 
O O 
LL. . 

400 0 

300 0 

200 0 

100 0 

11 1 1 1 1 1 1 

211 22 23 24 25 26 27 28 
GESTATIONN (weeks ) 

Figuree 2a 

cc cc 
UJ J 
CD D 
< < 
UJ J 
> > 
< < 
UJ J 
O O 

z z 
UJ J DC DC 
UJ J 

H H 
X X 
O O 
III I 

5 5 
_l l 
< < 
1 --
UI I 

o o 
u. . 
o o 

0.5 5 

0.4 4 

0.33 -

0.2 2 

0.1 1 

21 1 

— i — — 

22 2 
—r~ ~ 

23 3 

— i — — 

24 4 

— i — — 

25 5 

— i — — 

26 6 

— i --

27 7 

—i i 

28 8 

GESTATIONN (weeks ) 

Figuree 2b 

Fig.2a)) Difference between estimated fetal weights and birth weights (last points at 27.1 weeks) (filled 
squares)) of a severe twin-twin transfusion syndrome pregnancy (Suzuki et al 1999). Small open symbols 
(FIT) ::  analytic relation of Table 1. b) Difference-Average-Ratios. 
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Figuree 2a shows the difference between fetal weights and Fig. 2b the 
correspondingg Difference-Average-Ratios of another  severe clinical case of twin-twi n 
transfusionn syndrome (Suzuki et al 1999). Ultrasound examination at 22 weeks revealed a 
"stuck""  donor  twin and a polyhydramniotic recipient. Intrauterin e death of both fetuses 
(5688 and 860 grams) occurred at 27.1 weeks' gestation despite aggressive serial 
amnioreductionn therapy. Placental analysis only identified that superficial anastomoses 
(AAA and VV) were lacking. Consequently, a full numerical analysis of the model, 
computingg Wj(t), was not possible here. The derived trends of [WM-Wit)], Table 1, 
weree fitted to the birt h weights in a similar  manner  as in Eqs. (9), replacing 19 weeks in 
Eqs.. (9) by 27.1 weeks. 

Figuree 3 shows similar  results of a mild case where fetal weight discordance was 
significantt  (Fig. 3a) but where the Difference-Average-Ratios remained approximately 
constantt  between 23 weeks and birt h at 31 weeks (Fig. 3b). Two boys, 890 and 1,510 
grams,, were delivered by Caesarean section. The children do well, now 1.5 years later. 
Placentall  analysis according to Machin et al (1996) showed large AV and AA 
anastomosess and 0.33:0.67 (dononrecipient) unequal placental sharing, determined by 
weighingg the individual placental parts after  separation through the placental vascular 
equator,, and dividing the results by the total weight of the placenta. The derived trends, 
Tablee 1, were fitted to the birt h weights at 31 weeks as 

Wr(r)) = iy , (0+ J 3-( ' -S)J (10a) 

DAR(t)DAR(t) = DAR(3l) (10b) 

wheree AW(31)= 1,510-890=620 grams is the difference between the two birth weights. 
Again,, Wd(t) was calculated from the full numerical solution of the model (van Gemert 
andd Sterenborg, 1998) using the 0.33:0.67 unequal placental sharing as parameter  in the 
modell  and fittin g the size of the AV and AA anastomoses until the Difference-Average-
Ratioss of birt h weights and model blood volumes at 31 weeks were equal. 

Figuree 4a shows fetal weights and Fig. 4b the corresponding Difference-Average-
Ratioss of another  severe case. Just before 19 weeks' gestation this pregnancy was 
referredd to our  clinic with a stuck donor  twin and a severe polyhydramniotic recipient. 
Thiss condition existed for  at least one week. Laser  therapy was advised and at 19+1/7 
weeks,, 3 AV anastomoses (donor  to recipient), one oppositely directed AV and two tiny 
AAA anastomoses were coagulated with the 1,064 nm wavelength Nd-YAG laser 
immediatelyy followed by 2.4 liters of amnioreduction (Dr  K. Hecher, Barmbek Hospital, 
Hamburg).. Before laser  therapy, at 19.1 weeks, the derived trends (Table 1) were similar 
ass in Eqs. (9), replacing 19 weeks in Eqs. (9) by 19.1 weeks and the difference between 
thee birt h weights in Eqs. (9) by the difference in estimated weights at 19.1 weeks. After 
laser,, we used 

W,(t)W,(t) = Wd(t)+ ( 1 9 1_ 5 ) 3 - ( ' - 5 > (Ha) 

DAR(t)DAR(t) = DAR(l9.l) ( l ib ) 
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Fig.33 Similar to Fig.1 but for a mild case, a) Estimated fetal weights and birth weights (last points at 31 
weeks),, b) Difference-Average-Ratios. From the numerical model, 2Tn/(Gr-Gd) is 0.67 at 20 and 25 weeks, 
andd 0.7 at birth, at 31 weeks. 
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wheree WM followed again from the full numerical solution using 0.45:0.55 
(dononrecipient)) unequal placental sharing, as determined after birth, and fitting the size 
off  the anastomoses, identified during fetoscopic laser treatment at 19.1 weeks, as 
explainedd earlier. After birth, at 35 weeks, placental analysis confirmed absence of patent 
placentall  anastomoses. 

4.. Discussion 
Thee simple equations of Table 1 show good to excellent agreement with the clinical data 
presented.. Nevertheless, the first few points of the mild case (Fig. 3b) suggest an equally 
severee prognosis as in the severe cases. However, other clinical signs of a pathologic 
development,, i.e., empty bladder and anhydramnios of the donor twin and cardiomegaly 
off  the recipient, were absent. Here, it is unclear whether these first points indicate onset 
off  haemodynamic compensation by the AA anastomosis, or are due to measurement 
uncertainties.. Similarly, we hypothesise that the dip in the Difference-Average-Ratio at 
28.55 weeks' gestation (Fig. 3b) is due to measurement uncertainties. Less favourable was 
thee comparison with severe cases after laser therapy, i.e., deviations between measured 
andd calculated fetal weights (Fig. 4a) and a predicted constant Difference-Average-Ratio 
ratherr than the actual decreasing function seen here (Fig. 4b) and in several other laser 
cases.. In our numerical model, this is most likely due to the simplified relationship used 
forr the natural physiologic growth. In addition, in the present analysis we do not 
distinguishh between donor and recipient. Clinically, we observed an approximately 
constantt difference between WJt) and WM after laser therapy, a subtle trend which is 
approximatelyy predicted by the full numerical model but not by our present approximate 
analysis. . 

Thee academic value of our results may be the suggestion that monochorionic fetal 
developmentt may follow very simple rules, which can help overcoming the widespread 
opinionn that twin-twin transfusion syndrome is an incomprehensible and non-quantifiable 
clinicall  problem. The practical value may be the suggestions that more accurate 
monitoringg of fetal growth patterns is possible and that severe twin-twin transfusion 
syndromee cases may have significantly stronger discordant fetal growth patterns than 
mildd cases (Table 1). The results have been found useful in our monochorionic twin 
clinic,, particularly for cases behaving like the mild case (Fig. 3). Here, the prediction that 
stablee fetal growth is likely to occur despite significant weight discordance was of help 
forr the obstetrician to maintain an expectant management. Furthermore, anecdotal results 
(nott shown) indicated that increasing Difference-Average-Ratios, particularly when 
approachingg values of 0.6 to 0.8, may be prognostic for fetal death. Unfortunately, 
underlyingg placental anastomotic patterns can only be predicted approximately. Strong 
increasingg Difference-Average-Ratios suggest the presence of an AV, either single or 
incompletelyy compensated by other anastomoses, whereas large but constant Difference-
Average-Ratioss indicate an adequately compensated AV, most likely by an AA, often in 
combinationn with strong unequal placental sharing. Although only four clinical examples 
weree included for comparison, several additional clinical data are available showing quite 
similarr results. Unfortunately, the performance of our model, including the present 
analysis,, cannot be compared with the alternative model by Talbert et al (1996), because 
thee latter model operates at 28 weeks' gestation only, calculating the fetal response of two 
individuall  monochorionic feto-placental units at 28 weeks to the sudden connection by 
onee or more AV anastomoses. 

Inn conclusion, the analytical relations derived to identify trends of discordant fetal 
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growthh in monochorionic twins may enable us to distinguish between severe and mild 
developingg twin-twin transfusion syndrome cases. 
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