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SUPPLEMENTARY METHODS
S.1 Obtaining blood flow waveforms from Doppler recordings
Patient-specific blood velocity waveforms were obtained by manual delineation of the envelope of Doppler velocity traces (VM). The flow rates (Q) could be obtained from VM taking into account the hemodynamic conditions and the shape of the velocity profile (parabolic or flat) represented by the Womersley number (W). The Womersley number is a dimensionless parameter calculated as: 

		(S1)	

where D is the vessel diameter,  the blood viscosity and f the frequency given by the heart rate. Flow rates could thus be computed as: 

		(S2)
[bookmark: _GoBack]where k depends on the Womersley number and was calculated as described by Ponzini et al [24]. In the case of the aortic (QAo) and pulmonary (QpA) flows, k was considered 1.0.
S.2 Patient-specific fitting
A constrained nonlinear optimization algorithm minimizing the normalized root mean square error (NRMSE) between the model-based (denoted by ~) and measured blood velocity waveforms of the AoI (VAoI) and MCA (VMCA), was implemented in MATLAB to automatically estimate the patient-specific set of parameters. To ensure that the model estimates correctly both systolic and diastolic values of the blood velocity waveforms, the relative error between model-based and measured systolic and diastolic values of each blood velocity profile was also minimized. Therefore, an objective function J was defined as the sum of individual relative errors as:

		(S3)
where i indicates one of the two locations of the fetal circulation were blood velocity were measured: AoI or MCA; N is the number of time points and tsys and tdias are the systolic and diastolic time points respectively. Model-based blood velocity waveforms were computed from the model-based blood flow waveforms using the equation S2. Therefore, the estimation problem consisted on searching the parameters set which minimizes J (equation S3). The minimization algorithm was performed iteratively until the objective function J reached a predefined minimum. The initial parameter set was chosen randomly within a physiological range. Finally, to avoid local minimum solutions, we repeated the procedure several times with different initial parameter sets, and we finally chose the parameter set with a minimum value of J.
S.3 Aortic and pulmonary artery blood flows definition
Blood velocity profiles of the right and left ventricular outflows show different shapes. The left ventricular outflow velocity profile is characterized by a rapid rise of velocity and a slower and homogeneous decrease during systole (Figure S1a). However, the blood velocity profile of the right ventricular outflow has a faster rise of velocity compared to the left, with smaller systolic peak velocity followed by two well differentiated phases of deceleration of the velocity, the first one slower than the second (Figure S1c). Both velocity profiles could be described with five characteristic time points, as shown in Figure S1b and 2d. The first point (p1 = (t1,v1)) indicates the initiation of the ejection, and usually is set to p1=(0,0). The second one (p2= (t2,v2)) represents the peak systolic velocity and the time to peak velocity (TPV) or acceleration time; the third one (p3 = (t3,v3)) corresponds to the end of the first deceleration of velocity phase; the fourth one (p4 = (t4,v4)) indicates the end of the ejection and finally, the fifth point (p5 = (t5,v5)) is determined by the heart rate. Then, left (VL(t)) and right (VR(t)) velocity functions could be defined as a set of four straight lines built from the 5 points described above (t1…5,v1…5) as follows:

		(S4)
where i denotes R or L for the left and right ventricular outflows, respectively. The difference between right and left time point t1 defines the difference in the onset of ejections and therefore is related to the difference in the pre-ejection periods (PEP); t2-t1 corresponds to the TPV, t4-t1 to the ET, t3-t2 is the duration of the slow deceleration of ejection and t5-t1 is determined by the waveform period calculated from the heart rate (HR) as: T = 60/HR, where HR can be estimated according to the gestational age as follows [17]:

		(S5)
TPV was calculated for both aortic (Ao) and pulmonary artery (pA) blood velocities using the following relationships estimated from DeVore [25]:

		(S6)

		(S7)
where GA is the gestational age in weeks. ET was considered to be 0.41·T as estimated manually from the Doppler velocity profiles shown in Figure S1a and S1c. Time points t3 were estimated also manually and were set to 0.36·ET and 0.6·ET for the aortic and pulmonary artery velocity profiles respectively. Since initial and diastolic velocities were 0 cm/s, v1, v4 and v5 were considered to be 0. Finally, the height of the third point (v3) was also measured manually from the Doppler profiles shown in Figure S1a and S1c and considered to be 0.86·v2.
After calculating the coefficients for the three straight lines (a1…3 and b1…3) for both aortic and pulmonary artery velocity profiles, blood velocity functions were smoothed with a low pass filter. Then, blood flow functions were obtained from velocity functions as:

		(S8)
where COi is the cardiac output (i = L or R), calculated according to the gestational age of the fetus using the following relationships defined by Kiserud et al [8]: 

		(S9)

		(S10)
where GA is the gestational age expressed in weeks. VTI(Vi(t)) is the velocity time integral of the velocity function Vi(t).
S.4 Single parametric studies
In the simulations, the nominal model parameters were set with their corresponding values calculated for a healthy fetus of 33.4 weeks of gestation and estimated fetal weight of 2200 gr. The HR was 139.62 bpm according to the expression of Van Den Wiijngaard et al [17] (supplementary methods, equation S5). The nominal values of the 5 variables were: TsdpA = TsdAo = 16.7 ms, ETpA = ETAo = 176.2 ms, PEPpA = PEPAo = 0 ms, TPVpA = TPVAo = 46.7ms and RCO/LCO = 1.0. The blood flow waveforms used as inputs of the lumped model were constructed with four straight lines characterized by 5 points as shown in Figure S1. Details on the blood flows functions construction can be found in the supplementary methods (S3). The variables studied were:
(1) Difference in the duration of slow deceleration of ejection. This was defined as the difference between the pulmonary artery and aorta durations of the slow deceleration of ejection: TdspA – TdsAo. Manual measurements were performed to estimate Tds in both aortic and pulmonary artery flows. According to our manual measurements (Figure S1), TdspA was estimated as 59.0 ms. Therefore, 10 different blood flow inputs were constructed varying TdspA from its nominal value 16.7 ms (measured in the aortic flow) to 80.1 ms, leading to a variation of TdspA – TdsAo from 0 to 63.4 ms. The remaining variables were kept to their nominal value for both aortic and pulmonary flow functions.
(2) Difference in the duration of RV-LV ejection. This was calculated as the difference in the ejection duration between pulmonary artery and aortic flows: ETpA – ETAo. The average ± std ejection duration of right and left ventricles was estimated as 174 ± 12 and 171 ± 11 ms respectively by Fouron et al [11], so that the maximum difference in the ejection duration between both ventricles was 26 ms.  Therefore, 10 different blood flow inputs were constructed varying the ETpA from 176.2 ms to 206.2 ms, leading to a variation of ETpA – ETAo from 0 to 30 ms. The remaining variables were kept to their nominal value for both aortic and pulmonary flow functions. 
(3) Delay in the onset of RV-LV ejection. This was calculated as the difference in the initiation of the ejection between pulmonary artery and aortic blood flows: PEPpA – PEPAo. The average value of the PEP of right and left ventricles reported by Acharya et al. was 57 and 48 ms respectively [5, 10], or a difference of 9 ms between right and left. Therefore, 10 different blood flow inputs were constructed varying PEPpA – PEPAo from 0 to 10 ms. The remaining variables were kept to their nominal value for both aortic and pulmonary flow functions.
(4) Difference between time-to-peak RV-LV velocities: This was calculated as the difference between pulmonary artery and aorta time to peak velocities: TPVpA - TPVAo. Machado et al [12] documented that, between 16 and 30 weeks, the TPV was significantly shorter in the pulmonary artery than in the aorta (32.1ms vs. 43.7ms), while Sutton et al [13] have confirmed these findings, and reported a mean TPV of 39.4ms and 44.6ms respectively in fetuses from 20 to 42 weeks of gestation. Therefore, 10 different blood flow inputs were constructed in which TPVAo remained unchanged and equal to its nominal value, and the TPVpA was varied to obtain a variation of TPVpA-TPVAo from -12 to 0 ms. The remaining variables were kept to their nominal value for both aortic and pulmonary flow functions.
(5) Relative CO. 10 different blood flow inputs were constructed in which RCO/LCO was varied from 1.0 to 1.5, without changing the total CO. The remaining variables were kept to their nominal value for both aortic and pulmonary flow functions.
(6) Pulmonary vasculature compliance. 10 different scale factors were defined from 0.5 to 2.0. Main, right and left pulmonary arteries and lung compliances were scaled according to the defined scale factors. The rest of vascular parameters and the timing variables for both aortic and pulmonary flow functions were kept to their nominal value.
(7) Lung resistance. 10 different scale factors were defined from 0.5 to 2.0. Lung resistances were scaled according to the defined scale factors. The rest of vascular parameters and the timing variables for both aortic and pulmonary flow functions were kept to their nominal value.
S.5 Multi parametric analysis
Similarly to the single parametric studies, the 5 selected variables: (1) TdspA – TdsAo, (2) ETpA – ETAo, (3) PEPpA – PEPAo, (4) TPVpA – TPVAo and (5) RCO/LCO ratio were varied between the same ranges of values as in the single parametric studies. However, to decrease the computational cost, 5 different values for each variable within the defined range were considered instead of 10, as was done before.
The model-based AoI flow waveforms obtained in each simulation were quantified by first detecting the presence or not of the end-systolic notch. Then, if the notch was present, the magnitude of the end-systolic notch (or brief: end-systolic peak of reversal flow) was obtained. Also the difference of flow between aortic and pulmonary flows was computed, and the integral (the amount) of the blood flow during the deceleration of ejection was obtained. The correlation between this amount of differential flow and the end-systolic notch in the AoI flow was computed.
A linear regression model was constructed to evaluate the relationship between the AoI end-systolic notch and the 5 variables. The regression equation was:

		(S11)
where the dependent variable Y represents the AoI end-systolic notch magnitude and the independent variables Xi correspond the 5 variables under study, calculated as X1 = TdspA – TdsAo, X2 = ETpA – ETAo, X3 = PEPpA – PEPAo, X4 = TPVpA – TPVAo and X5 = RCO/LCO. 
S.6 Simulating the advance of gestation 
The relationship between the appearance of the end-systolic notch in the AoI flow and the gestational age was also evaluated. Firstly, the influence on the AoI flow waveform of the change in total cardiac output, as well as growing fetal vasculature with gestational age was evaluated separately from any differential change in LV and RV outflow. To do this, we considered both aortic and pulmonary flow profiles equal and without changing any of the flow functions’ variables with the gestational age, only the total amount of ejected blood for each gestational age as well as the properties and size of the vasculature was varied. Then, in order to evaluate if the scaling function used to describe the variation on the lung compliance throughout the gestation may affect the appearance of the end-systolic notch in the AoI waveform, two modifications of the function were done: (1) a steeper (but still increasing with gestational age) and (2) a decreasing with gestational (inverse) functions. Next, the differential changes in RV-LV output were added by constructing the specific blood flow inputs considering the expected values for the aortic and pulmonary flows (equations S9 and S10), aortic and pulmonary TPV (equations S6 and S7), and heart rate (equations S5) for each gestational age. As described in previous sections, the pulmonary artery velocity function was characterized by two differentiated relaxation periods, so we considered this difference in the simulations. However, we did not find any data about the relationship between PEP, ET and the gestational age, so we kept ETpA and ETAo equals to 0.41*T (where T was 60/HR), and did not consider any delay in the onset of ejection between both ventricles, so PEPpA - PEPAo = 0 ms. The gestational age was varied from 25 to 37 weeks. In each simulation, the components of the lumped model were set with their adequate values calculated according to the gestational age and the normal fetal weight (W0) for each gestational age. W0 was estimated as log10(W0) = 0.2508 + 0.1458*GA -0.0016*GA2 [26], where GA is the gestational age in weeks.



FIGURE LEGENDS
Figure S1. Characterization of the aorta and pulmonary artery velocity profiles. Doppler velocity waveforms from the (a) aortic and (c) pulmonary artery blood flows from a healthy fetus of 33.4 weeks of gestation. And characterization of the (b) aortic and (d) pulmonary artery velocity profiles with 5 points (ti, vi) and 4 straight lines used to construct the custom velocity profiles from the aortic and pulmonary artery flows. ti denotes the temporal points and vi the velocity at each temporal point ti.
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