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ABSTRACT

INTRODUCTION: Intrauterine growth restriction (IUGR) due to matal
insufficiency is associated with blood-flow redilstrtion in order to maintain perfusion
to the brain. However, some hemodynamic paramebets might be more directly
related to staging of the disease cannot be mahsiore-invasively in clinical practice.
For this, we developed a patient-specific modelthed fetal circulation to estimate
vascular properties of each individual.

METHODS: A lumped model of the fetal circulation was deyald and personalized
using measured echographic data from 37 normalld@R fetuses to automatically
estimate model-based parameters. A multivariateessgpn analysis was performed to
evaluate the association between the Doppler plitisandices (Pl) and the model-
based parameters. The correlation between modetibgsrameters and the placental
lesions was analyzed in a set of 13 IUGR placemtdegistic regression analysis was
done to assess the added value of the model-bamaangters relative to Doppler
indices, for the detection of fetuses with advemenatal outcome.

RESULTS. The estimated model-based placental and brainstaesies were
respectively increased and reduced in IUGR fetugaite placental compliance was
increased in IUGR fetus. Umbilical and middle ceatbarteries Pls were most
associated with both placental resistance and dangad, while uterine artery Pl was
more associated with the placental compliance.ldgistic regression analysis showed
that the model added significant information to thaditional analysis of Doppler
waveforms for predicting adverse outcome in [IUGR.

DISCUSSION: The proposed patient-specific computational medeims to be a good
approach to assess hemodynamic parameters thaot tenmeasured clinically.

KEYWORDS: computational model; fetal circulation; Dopplerapéntal resistance
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1. Introduction

Intrauterine growth restriction (IUGR) from placehinsufficiency is one of the leading
causes of perinatal mortality/morbidity [1,2]. Is iassociated with blood-flow
redistribution that involves several vessels of fite-placental circulation, such as the
aortic isthmus (Aol), middle cerebral artery (MC&)d the umbilical artery (UA). This
blood-flow redistribution due to IUGR is thought be caused by the increase in the
placental and peripheral resistances and the dexidabrain resistance due to cerebral
arteries vasodilation, and is associated with wasenatal, neurodevelopmental and
cardiovascular outcome [3—7]. In clinical practitteese fetal hemodynamic changes are
evaluated by quantifying the Doppler flow-velocityaveforms using empirical
pulsatility indices (PI). However, in some smail fgestational age (SGA) fetuses,
placental histological changes compatible with @hal under-perfusion, defined as
any maternal and/or fetal vascular pathology, wdesntified without changes in the
Doppler indices [8,9]. Moreover, signs of placentahder-perfusion have been
associated with an increased risk of neonatal rtidybi[10,11] and abnormal
neurodevelopmental outcome [8].

It is commonly believed that an increase in thesaiility of the arterial flow is
caused by an increase in vascular resistance. &estadies in an IUGR sheep model
[12-16], or using an electrical-analog model of filacental circulation [14,16-19],
have evaluated the association between differ¢atagions in vascular structures and
beds with the Doppler in the UA and uterine art@yyA). These studies supported that
the UA—PI is directly related to high placental doak UA resistance or a combination
of high placental resistance and UA wall abnorrnesditHowever, in other studies, using
vasoactive agents to increase resistance, a pooelaimn between pulsatility and

resistance was found. In the UtA, similarly to 14, some fetal sheep studies [15]
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demonstrated that when the placental microcircutatvas occluded, resistance was
increased and abnormal Doppler waveforms were wedeHowever, UtA Doppler is
also influenced by maternal factors [20], and tfeeeabnormal patterns could not be
explained only by the changes in placental vasetdat Thus, there are several
hemodynamic factors that can lead to abnormal Bopghveforms in both UA and
UtA, and not all changes originate from an increaggacental resistance.

All theses studies were performed in animal modets using electrical
equivalent models. However, it is not feasible tiadg, in-vivo and non-invasively, the
underlying hemodynamic determinants of the Dopplaveforms in different vessels in
human fetuses and alternative approaches need tosée. To better understand
hemodynamic remodeling, a patient-specific modetheffetal circulation can be used
to estimate different vascular and hemodynamicpentees of each patient that cannot
be assessed during the ultrasonography evaluddespite that several models of the
fetal circulation have been developed, only fewth&m were patient-specific [21,22].
Our purpose was to use a lumped model of the tatallation to estimate patient-
specific vascular and placental properties of nb@nd IUGR fetuses. This might help
in the understanding of IUGR and its underlying hsidsms and to compare the
diagnostic performance of those variables for mtezh of increased risk of adverse

perinatal outcome.
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2. Methods
2.1 Study population

Ultrasonographic data from IUGR and normally graetuses (controls) were used
to fit the computational model. IUGR and contralues were selected from singleton
pregnancies who attended for routine hospital insihe third trimester of pregnancy at
the Maternal-Fetal Medicine Department at BCNatalBarcelona between January
2010 and April 2014. Eighty percent of the fetusesuded were already included in
previous studies from our group [23,24]. IUGR wafirtkd as an estimated fetal weight
(EFW) and confirmed birth weight below the™.6entile according to local reference
curves [25] together with a pulsatility index ()the UA above 2 standard deviations
[26]. Controls were selected among non-complicapeelgnancies with EFW and
birthweight above 10centile [25]. Pregnancies with structural/chronroabanomalies
or evidence of infection were excluded. The studytgrol was approved by the local
Ethics Committee and parents provided written imied consent.

In all fetuses, biometrics and feto-placental Deppincluding flow velocities in the
UA, UtA, MCA, Aol and right and left ventricle (R\nd LV) outflow tracks were
performed using a Siemens Sonoline Antares (SiefeEascal Systems, Malvern, PA,
USA). Details on the ultrasonographic evaluation ba found in the Supplementary
Methods.

At delivery, gestational age (GA), birth weight,rthi weight centile, mode of
delivery, Apgar scores, umbilical pH, presencereeplampsia and length of stay at the
neonatal intensive care unit were also recordedess® perinatal outcome was defined
as the presence of at least one of the followingbilical artery pH<7.15, 5-min
APGAR score <7.0, admission to neonatal care anitafperiod of at least 25 days or

intervention for fetal distress.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

2.2 Patient-specific modeling

2.21 Lumped model of thefetal circulation

An improved version of our previous model of theafecirculation [22] was
implemented. New arterial segments and vasculais bidthe downstream fetal
circulation were included. Specifically, the destieg aorta was replaced by the
thoracic and abdominal aorta, two iliac and two UAe peripheral vascular bed was
replaced by two kidneys, two lower body and plagenascular beds. The model
consisted of 19 arterial segments and 12 vascelds bs shown in Figure 1.

As described in Garcia-Canadilla et al [22], thaiieglent lumped model was
constructed by interconnecting two different builgliblocks: (1) the arterial segment,
which included a capacitor (C), a resistor (R) andnductor (L), representing arterial
compliance, resistance of blood flowing in the @alesegment and blood inertia
respectively; and (2) the vascular bed, consisting three-element Windkessel model,
which included a resistor and a capacitor reprasgrthe vascular bed resistance and
compliance respectively. The equivalent lumped rhofl¢he fetal circulation consists
of a total of 94 electrical components and 2 inpatsl was implemented in MATLAB
(2013b, The MathWorks Inc., Natick, MA).

2.2.2 Patient-specific input data

Patient-specific blood velocity waveforms from R¥daLV outflow tracks Yry and
VLv), Aol (Vao)), MCA (Vuca) and UA {ua) were obtained by manual delineation of the
envelope of the respective Doppler profiles. Theesponding blood-flowsQ,v, Qrv
Qaol , Quca andQua werecalculated. Details on the blood-flow calculation described

in Supplementary Methods. The GA and EFW were ueedalculate the different

electrical components of the equivalent circuit.eTHdetailed description of the
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calculation of the electrical components of the elad described in Supplementary
Methods.

2.2.3 Patient-specific fitting

A diagram of the patient-specific fitting algoritnsishown in Figure 2. The input of the
model was the set of the patient-specific nomiredues of all electrical components,

and two patient-specific blood-flow inputQgry and Qy. The output was the model-

based blood velocities in the AoIN/Qd), MCA (I7MCA) and UA (I7UA). In order to fit
the model-based blood-flows to the measured omespaimization algorithm was used
to estimate a set of 13 model parameters. The kgiaameters was estimated
automatically for each patient, using a constrainedlinear optimization algorithm
minimizing the error between the model-based andsmed blood velocity waveforms
of the Aol, MCA and UA. Details on the optimizatigrocess can be found in
Supplementary Methods.

2.3 Placental evaluation

Placental examinations adhered to standard labgrammtocol. Fresh and trimmed
(after removal of the membranes, cord, and any dldots) placental weight was
recorded. Trimmed placental weight centiles wersigaed based on GA-specific
placental weight charts [27]. The feto-placentalighie ratio (birth weight/fresh
placental weight) was also expressed as a pereedtiwn from GA-specific ranges
[28].

Placentas were fixed in 10% buffered formalin. Afigross examination,
samples of each specimen were taken for routineegging: one transverse section of
cord, one rolled strip of membranes, and three Ksloaof villous parenchyma. All
macroscopic lesions were sampled as well. Finistidds were hematoxylin and eosin-

stained. A single senior pathologist (AN) superdiaét examinations.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Using a hierarchical and standardized classificatgystem, as previously
described by our group [10], histologic manifestas were further designated as
maternal (MUP) or fetal (FUP) in origin, defined placental under perfusion (PUP)
[29-31]. All placental evaluation was performedthg same histopathologist, blinded
for the clinical and model-based ddbeetails on the histological placental examination
are described in Supplementary Methods.

2.4 Statistical analysis

A student’s t-test or Mann-Whitney U test were ugedompare quantitative normally
and not normally distributed data, respectivelyaein groups. Pearson chi-square was
used to compare qualitative data between groupmuKivariate regression analysis
was performed to evaluate the association betweeppler indices and different
hemodynamic variables. Finally, associations betwedferent Doppler and model-
based parameters and IUGR and adverse perinatamatwere analyzed by multiple
logistic regressions using SPSS 17.0.

3. Results

3.1. Study populations

A total of 48 fetuses, 21 IUGR cases and 27 cositnekere initially included in the
study (median GA at fetal ultrasound: 31.4 weeksige: 27.4-38.2). Patient-specific
fitting was successfully performed in 37 fetuseg;luding 15 IUGR cases and 22
controls, which represents a success rate of 7Eléten cases could not be modeled
with the current approach because of non-convemewic the fitting algorithm,
predominantly due to low quality of the measuregpler waveforms (which were not
specifically acquired for the purpose of modelinfgble 1 compares the feto-placental

ultrasonographic data and perinatal outcome byystudup. As expected, birthweight
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and GA at delivery were significantly lower in [UGRth worse feto-placental Doppler
and perinatal outcome.

3.2. Model-based parameters and feto-placental Doppler

Figure 3 shows the measured and model-based weleaiweforms in the Aol, MCA
and UA for a control (3a-3f) and IUGR fetus (3g-3Table 2 shows the model-based
parameters obtained for both groups after the maation process. The estimated
placental resistance and compliance were signtlicamcreased in IUGR. On the other
hand, coronary arteries and brain resistances sigrgficantly lower. There were no
significant differences in the other 11 estimatestlgl-based parameters.

Table 3 shows the association between Doppler andehbased parameters by
means of multivariate regression. While UA-PI, M@Aand CPR showed a significant
association with both model-based placental resisteand compliance, UtA-Pl was
only significantly associated with the model-bag@dcental compliance. Aol was
significantly associated to coronary arteries tasice.

3.3. Model-based parameters and placental evaluation

Histological evaluation was performed in 13 of fifelUGR placentas. In a total of 13
IUGR placentas, 13 PUP-related histopathology vwdasitified in 8 cases (Table 4).
Placental weight mean was 313.8gr (+ 88.71) andpfatental weight ratio 4.69 (+
1.30) respectively.

Figure 4 shows the model-based parameters for gheldcentas histologically
evaluated, classified in three different groups oating to the PUP-related
histopathology: normal (n=5), MUP (n=5) and MUP & (n=3). TheKrpjacaNdKcplac
model-based parameters were transformed kgpké and 1Kcpiac to have a normal
distribution. Although the differences between gr®wvere not statistically significant,

those placentas with signs of MUP as well as FURved a linear tendency to have
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decrease values of bothKkpiac and 1Kcpae However, the placentas with only signs of
MUP showed a linear tendency to have a decreasbKigyac and not in Mcpiac.
Finally, both PUP groups showed a linear tendeadyatve a decrease kkcora

3.4. Model-based parametersand perinatal outcome

The results of the logistic regression analysisastbthat with model-based parameters,
the accuracy, sensitivity and specificity of detegiUGR fetus was 100%.

Next, the fetal population was classified to havenot have adverse perinatal
outcome. Table 5 shows the main perinatal data p@oparameters before delivery
and the model-based parameters for both groupsinAgA at delivery and birth-
weight were significantly lower in those fetusesttihad adverse perinatal outcome.
Model-based placental resistance and compliance wignificantly higher and brain
and coronary arteries resistances were signifigalver in fetuses with poorer
perinatal outcome. Figure 5 shows the four modekbaparameters that were
significantly different between the different graupgontrols, IUGR and fetuses with
adverse perinatal outcome. Table 6 shows the sedtdin the logistic regression
performed with different sets of Doppler and moblased parameters. Using the
Doppler parameters alone, the sensitivity was 72.0% the other hand, GA alone
showed a better predictive capacity than Doppleampaters, with a sensitivity of
81.8%. When the estimated model-based parametaes weluded, the detection of
adverse perinatal outcome was considerably impropet a sensitivity of 90.9%.
Discussion
We presented a lumped model of the fetal circutafr estimating patient-specific
vascular and placental properties. The model wasessfully used for evaluating a
cohort of 37 control and IUGR fetuses. The ressitswn that UA and MCA PlIs were

most associated with both placental resistancecantpliance, while UtA-PIl was more
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associated with the placental compliance. Also emahstrated that adding the model-
based parameters to the conventional Doppler paeasnémprove the detection of
fetuses with adverse perinatal outcome.

Several computational models [18,21,22,32-35] Haeen developed and used
to improve the understanding of the Doppler changeserved in IUGR at different
locations in the fetal circulation, such as UA &jid. However only few [21,22] were
patient-specific and allow estimation of an indivdl set of hemodynamic parameters.
Our extended lumped model was used to estimaté af s@irteen vascular parameters
in a cohort of 22 controls and 15 IUGR fetusesnithis set of estimated parameters,
only four were significantly different between gpsu placental resistance and
compliance were higher and brain and coronaryiegeesistances were lower in [IUGR
fetuses compared to controls. We have shown thde whA-Pl, MCA-PI and CPR
showed a significant association with both modeleol placental resistance and
compliance, UtA-Pl was only significantly assocdt@ith the model-based placenta
compliance. This suggests that different Dopplarapeters are describing different
placental substrates. While UA and MCA most propakflect an initially abnormal
placenta with less developed vasculature (reflebiedhcreased placental resistance),
UtA most probably reflects the maternal-fetal iatdion that determines placental
compliance.

Placental insufficiency can be caused by diffepatterns of placental changes,
such as villious infarcts, villious fibrosis, ville hypovascularity, etc [36,37]. In fact,
when we evaluated the correlation between the moaletd parameters and the
maternal and/or fetal signs of placental underystoh we found that placental
compliance showed a tendency to increase only asethcases with both fetal and

maternal under-perfusion while the placental rasist showed a tendency to linearly
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increase with the number of placental lesions. &hesults support the hypothesis that
placental vascular properties’ changes are diftedepending on the origin (maternal

and/or fetal) of the lesion. However, in order tetter investigate this, a more detailed
model of the placenta would be needed.

We also evaluated the added value of patient-gpeniidel-based parameters in
the detection of fetuses with adverse perinatatmue in comparison to currently used
Doppler parameters. When Doppler indices were uslede, the sensitivity and
specificity obtained was 72.7% and 95.8% respéelgtiv¢owever, the addition of a set
of model-based parameters improved sensitivityther detection of adverse perinatal
outcome to 90%. In a similar study [21], in whiduf hemodynamic parameters were
estimated by a patient-specific fitting in a cohoft42 fetuses, the addition of these
parameters to the conventional Doppler indices atgmoved the detection of IUGR
fetuses. In our study, we used a different seteshddynamic parameters that seems to
perform better in the detection of IUGR fetuseshvaborer perinatal outcome. This can
be explained by the fact that our set of parameteesmore directly related to the
disease, placental insufficiency, than the set usedLuria et al[21], who used
parameters more related to blood-flow redistributio

We acknowledge that our current model has somedimns. Apart from the
ones already mentioned in our previous publishediah22] this study has some
additional limitations. Firstly, a set of only aMearameters was personalized for each
fetus, assuming that the rest of parameters wechamged. This simplification was
necessary to make a compromise between complaxityeHiciency of the model, and
to avoid overfitting of the data. Therefore the n@mof parameters is limited to reduce
the number of possible solutions of the inversélemm as done in other patient-specific

models [21]. In our case, the most relevant pararaghat describe the hemodynamics

10
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of each patient were included. We did perform thmutations with a large set of
parameters by considering the individual variatddreach vascular bed resistance and
compliance and the results obtained were the saoggesting that the inclusion of
more parameters to fit does not add significanbrimiation but considerably increase
the complexity and the computational cost. Secqndlynore complex model of the
placental circulation would be required to furtlemaluate the specific hemodynamic
changes in the placenta, and to take into acctenitaternal factors that can influence
the fetal circulation. However, evaluation of thetailled hemodynamic properties of the
feto-maternal circulation of the placenta was beyahe scope of this study.
Additionally, given that, in clinical practice, m®ures cannot be quantitatively assessed
in fetuses, we have not validated and studied dlcal Ipressures obtained from the
model. However, these are within realistic rangeseported in experimental models.
Finally, the amount of patients in the study wasakniNevertheless the results look
promising to directly assess hemodynamic propedidke fetal circulation rather than
using Doppler measurements and to improve the tieteof fetuses with adverse
perinatal outcome.

The results obtained from this study suggested tpatient-specific
hemodynamic parameters estimated with our compuatimodel added significant
information to the conventional Doppler indicesyca they describe the underlying
vascular and hemodynamic properties that can nasbessed in a clinical setting. This
opens opportunities to find more easily obtainadgi@roaches to specifically assess
these hemodynamic parameters the we found to beatiesed by IUGR, e.g. using an
even simpler model or assess other propertiescaf [Doppler data than currently used
in clinical practice. The information and knowledgeovided by the model-based

parameters can thus be used complementary to comwvain techniques, for the

11
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determination of the timing for delivery as welltaspersonalize the treatment in IUGR
pregnancies.

In conclusion, we presented a patient-specific ledhpnodel of the fetal
circulation that successfully estimated a set dblferascular and hemodynamic
properties. Placental and coronary compliancetaasie strongly correlate with feto-
placental Doppler parameters, show an associatidth pacental maternal/fetal
underperfusion, and correlate with adverse periratecome in IUGR. Therefore, the
proposed patient-specific computational model setense a good approach to assess
hemodynamic and placental parameters than cannohdasured non-invasively in

clinical practice.
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TABLES

Table 1. Doppler parameters before delivery and perinatal characteristics of

normally grown (control) and lUGR fetuses.

Control IUGR .

(n=22) (n=15) P
Feto-placental ultrasound
Aol-PI (Z-Score) -0.32£0.74 18.39+29.77 0.005
IFI (Z-Score) 0.49+0.87  -559+7.50 0-001
MCA-PI (Z-score) 0.27+0.96  -1.26+095 <0.001
UA-PI (Z-score) -0.18+0.57  233+190 <0.001
CPR (z-Score) 023+1.00 -2.35+099 <0.001
UtA-PI (Z-score) -0.64+1.25  2.01+209 <0.001
Perinatal Outcome
Gestational age at delivery (weeks) —39.87+1.81  34.29+3.38 <0.001
Birth weight (grams) 3334+536  1501+556  <0.001
Birth-weight centile 55+ 24 0+1 <0.001
Pre-eclampsia 0 4 (26.7) <0.001
1 min APGAR score <=7.0 0 3 (20) <0.001
UA or UV pH at delivery <= 7.15 3(13.6) 0 (0) <0.001
Stillbirth 0 0 )
Fetal distress 2(9.1) 2(13.3) 0.683
Days in NCIU 0£0 25+22  <0.001
Neonatal morbidity 0 (0) 8 (53.3) <0.001
Neonatal mortatility 0 (0) 1 (6.7) <0.001

Data are given as mearSD or n (%). *Student’s t-test for independent pke® or

[=>IENo RN RN B o) NN &)

Pearsony? test. IUGR, intrauterine growth restriction; UAnbilical artery; UV,

umbilical vein; NCIU, neonatal intensive care ukltA, uterine artery; MCA, middle
cerebral artery; CPR, cerebroplacental ratio; isthmic flow index; PI, pulsatility
index;
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Table 2. Model-based parameters estimated for all the fetal population

Model-based factors Control UGR p*
(n=22) (n=15)

Kreora(COronary arteries resistance) 1.11+£0.21 0.88+ 0.24 0.005
Ko (aorta’s radius) 1.02+ 0.09 0.99+0.16 0.536
Kcao (@0rta compliance) 2.60+0.93 2.74+1.10 0.926
Kipa (brain arteries’ radius) 1.17+£0.20 1.08+0.27 0.194
Kcpa(brain arteries compliance) 0.80+ 0.60 0.94+ 0.86 0.710
Krp (brain resistancg 1.36+0.30 1.01+0.31 0.003
Kcp (brain compliance) 0.46+0.16  0.64+0.56 0.477
Krrest(rest of peripheral resistance) 0.74+0.24 0.85+0.30 0.252
Kcrest (rest of peripheral compliance) 1.09+ 0.64 1.38+ 0.69 0.130
Krua (umbilical arteries’ radius) 1.05+£0.16 1.08+0.21 0.805
Kcua (umbilical arteries’ compliance) 1.65+ 0.60 1.84+0.70 0.421
Krpiac (Placental resistange 1.04+ 0.35 3.75+2.23 <0.001
Kepiac (Placenta compliance) 1.99+0.99 3.79+181 0.001

Data are given as mearnSD. *Student’s t-test or Mann-Whitney U test farmally

and not normally distributed independent samples.
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1 Table 3. Multiregression analysis between the Doppler and the model-based

2 parameters
KRcorA KRb KRplac KCplac RZ
IFI 0.349* 0.117 0.365 0.001 0.464**
MCA-PI 0.021 -0.216 0.569** -0.382* 0.503**
UA-PI 0.004 -0.20 -0.41* 0.351* 0.555**
CPR 0.105 0.019 0.484** -0.426** 0.669**
UtA-PI -0.175 -0.014 -0.220 0.413* 0.402**
3 *p<0.05 and ** p<0.01
4
5 Table 4. Categories/subcategories of placental attributes (n=13) consistent with
6 under perfusion in study population.
Categories of placental injury Subcategories of placental injury
n (%) n (%)
Maldevelopment
2 (20)
Maternal vascular supply Obstruction
10 (76.9) 8 (80)
Loss of integrity
0(0)
Maldevelopment
0 (0)
Fetal vascular supply Obstruction
3(23.1) 1(33.3)
Loss of integrity
2 (66.7)
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Table 5. Doppler parameters before delivery and model-based parametersfor the
fetal population classified to have or not an adver se perinatal outcome
Non-adverse Adverse

Feto-placental ultrasound p*
outcome (n = 26) outcome (n=11)

Aol-PI (Z-Score) 2.31+9.23 18.99+ 33.55 0.023
IFI (Z-Score) -0.38+ 3.92 -5.75+ 3.92 0.006
MCA-PI (Z-score) -0.05+ 1.06 -1.07+ 1.29 0.016
UA-PI (Z-score) 0.18+1.20 241 £1.07 <0.001
CPR (Z-Score) -0.30+ 1.33 -2.04+ 1.61 0.002
UtA-PI (Z-score) -0.05+ 1.58 1.44+ 2.69 0.047

Model-based parameters

Kreora(COronary arteries resistance) 1.08+0.21 0.87+0.26 0.015
Krp (brain resistance) 1.33+0.33 0.96% 0.20 0.003
Krpiac (Placental resistance) 1.39+£ 0.92 3.92+ 2.60 0.001
Kepiac (Placental compliance) 2.32+1.15 3.656+2.21 0.022

Data are given as mearSD. * Student’s t-test or Mann-Whitney U test fmrmally

and not normally distributed independent samples. Wwnbilical artery; UtA, uterine

artery; MCA, middle cerebral artery; CPR, cerebagphtal ratio; Aol, aortic isthmus;
IF1, isthmic flow index; PI, pulsatility index.
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Table 6. Accuracy, sensitivity and specificity results of the logistic regression
analysisfor detecting adver se perinatal outcome.

Accuracy Sensitivity  Specificity
Doppler set 88.6% 72.7% 95.8%
GA 89.2% 81.8% 92.3%
Doppler set + GA 91.4% 81.8% 95.8%
Doppler set + Model set 94.3% 90.9% 95.8%
GA + Model set 94.6% 90.9% 96.2%
Doppler set + GA+ Model set 97.1% 90.9% 100%

GA, gestational age at birth; Doppler parametems#tides: UA-PI, MCA-PI, CPR and UtA-
PI, all in Z-scores. Model-based parameter setites:Krcoa Krpy Krpiac aNAKcpiac
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FIGURE LEGENDS

Figure 1. A schematic representation of the lumped modelhef fetal circulation
composed of 19 arterial segments (black lines)ydstular beds (boxes) and 2 blood-
flow inputs. UB: upper body; B: brain; L: lung; Kidney; LB: lower body; P: placenta;

QpA: pulmonary artery inflow; QAo: aortic inflow.

Figure 2. Block diagram of the patient-specific fitting algbm.

Figure 3. (a)-(f) Left: Doppler recordings from (a) aortiahsus (Aol), (c) middle
cerebral artery (MCA), and (e) umbilical artery (JAor a control fetus; Right:
comparison between estimated (solid line) and mredsDoppler velocity waveforms
(dashed line) in the (b) Aol, (d) MCA and (f) UArfa control fetus. (g)-(I) Left:
Doppler recordings from (g) Aol, (i) MCA and (k) Ufor a IUGR fetus; Right:
comparison between estimated (solid line) and mredsDoppler velocity waveforms

(dashed line) in the (h) Aol, (j) MCA and (I) UArfa IUGR fetus.

Figure 4. Model-based parameters estimated with the modeltifer 13 placentas
histologically evaluated(a) coronary arteries resistand€z{ora), (b) brain resistance
(Krp), (c) Placental resistance Kkpiad and (d) placental compliance Kbjiag). MUP:

maternal under-perfussion; FUP: fetal under-perfuss

Figure 5. Model-based parameters estimated with the modeltHerthree groups:

controls, IUGR and fetuses with adverse perinatédame (APO){a) coronary arteries

resistance Kreors), (D) brain resistancekgy), (c) placental resistanc&gpiad and (d)

23



1 placental complianceKecpa). APO: adverse perinatal outcom¥p value < 0.05

2 compared with the control group; **p value < 0.@lrpared with the control group.

24



. Ascending Aorta

. Main Pulmonary artery

. R. Pulmonary Artery

. L. Pulmonary Artery

. Ductus Arteriosus

. Brachiocephalic Trunk

. R. Subclavian Artery

. R. Common Carotid Artery
. R. Internal Carotid Artery
10. L. Common Carotid Artery
11. L. Internal Carotid Artery
12. L. Subclavian Artery

13. Aortic Isthmus

14. Thoracic Aorta

QAo

OCOoONOAPLWN=

16 17 15. Abdominal Aorta
16. R. llliac Artery
LB|~ -1LB 17. L. llliac Artery

18. R. Umbilical Artery
19. L. Umbilical Artery




ACCEPTED MANUSCRIPT

VAoI VMCA
VUA

i; AoL i; Mc4

Vua




Aol velocity
T

(b)120 T T T T
|
100 —Simulated flow| |
2 80
£
2,
>. 60
8
< 40
>
g 20
)
0 . - I - L -
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)
MCA velocity

40

(]
o

o

Blood velocity (cm/s) )
o .
o

o
F

0.2 0.4 0.6 0.8 1 1.2
Time (s)

UA velocity
T

o

~
O
3

(] —
Q o

n
o

Blood velocity (cm/s)

o
T
I

Blood velocity (cm/s)

-60 L 1 1 1 L L
0 0.2 0.4 0.6 0.8 1 12
Time (s)
MCA velocity
*\ 70 T T T T
(J) — -Real flow
—Simulated flow |-
0
=
e
2
‘©
]
©
>
e}
o
o
o 10+ i
O s il 1 I} de- -l
0 0.2 0.4 0.6 0.8 1 1:2
Time (s)
UA velocit!
(l) 25 T T T y\
0 20
E
L
> 15
©
e}
° 10
>
o
o
k<] 5
m
0

0 0.2 0.4 0.6 0.8



()

1,20
1,00

0,80

KRcarA

0,60

0,40

0,20

=

Normal

Normal

(b)

KRb

(d)

I/K Cplac

1,20

1,00

0,80

0,60

0,40

0,20

o

0,00

Normal

0,50

0,40

0,30

0,20

0,10

e

0,00

Normal




* %
T
- L

<

S 0,8

0,6
0,4
0,2
0,0 -

CONTROL

(c)
2 3k ek
5_.

g 4

5‘ 4

<
2_
1 —+
0 T

CONTROL

2,0
*% *%
5 T
L
1,0
0,5
0,0 ,
CONTROL
6_
* *
5_

I
CONTROL




HIGHLIGHTS

1. We implemented a patient-specific model of the fetal circulation.

2. We estimated the vascular and placental properties of 22 controls and 15 IUGR
fetuses.

3. Model parameters were differently associated to the different Doppler indices.

4. Model parameters improved the detection of adverse outcomein IUGR.
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Supplementary methods

1. Ultrasonographic evaluation.

Estimated fetal weight (EFW) was calculated frora thparietal diameter, head and
abdominal circumference, and femur length usingHhdlock formula [1]. Umbilical
artery (UA) was evaluated in a free loop of the uirdd cord. Middle cerebral artery
(MCA) was measured in a transverse view of thel fgtall at the level of its origin
from the circle of Willis [2]. For uterine arte(tA) assessment, the ultrasound probe
was placed on the lower quadrant of the abdomeagiedmmedially, and color Doppler
imaging was used to identify the UtA at the apparrnssover with the external iliac
artery. Mean UtA-Pl was calculated as the averagefRhe right and left arteries.
Cerebroplacental ratio was calculated by dividinGMand UA PI. Pl was calculated
as: (systolic — diastolic) velocities divided bgng-averaged maximum velocity. Aortic
isthmus (Aol) flow velocity was recorded either ansagittal view of the fetal thorax
with a clear visualization of the aortic arch orircross section of the fetal thorax at the
level of the 3-vessel and trachea view. The Ao&Rd flow index (IFI) were measured.
The IFI was calculated as: (systolic + diastoligdtelic velocity integrals. Left
ventricular (LV) outflow was imaged in an apicallmsal 5-chamber view of the heart
at the aortic outflow tract, and right ventricul@V) outflow was obtained in a RV
outflow tract view. Peak systolic velocities of bdtV and RV outflow, ejection time
and heart rate were measured. Doppler recordinge wWene in absence of fetal
movements and, when required, with voluntary sudpeénmaternal breathing. The
angle of insonation between the vessel and the Bogeam was kept as close as
possible to 0° and always below 30°. Doppler patarsavere obtained form three or

more successive waveforms in each vessel. Findilgmeters of the aortic and
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pulmonary artery valves were measured in frozehti®@ images during systole by the
leading edge-to-edge method [3].

2. Placental evaluation

Among maternal vascular supply disruptions, speeifiscular alterations qualifying for
maternal vascular maldevelopment were: superfimalantation/decidual arteriopathy
(acute atherosis and mural hypertrophy [mean walindter>30% of overall vessel
diameter of arterioles in the decidua parietalistydergrowth/distal villous hypoplasia
(decrease in the number and modal diameter ofldidliaat the center of the lobule
after adjustment for plane of section and gestatiage, in the lower 75% of a full-
thickness section), excessive intervillous fibrinagal layer of fibrinoid material
involving > 30% of the placental maternal surfaaeyl migration disorders. Specific
vascular alterations qualifying for maternal vascubstruction were: syncytial knots
involving terminal villi (affecting >50% of the terinal villi), villous agglutination
(>50%), intervillous fibrin deposition (eccentriggregates on intervillous fibrin on
proximal and distal villi affecting >50% of the Njl and villous infarcts (>30% of
villous loss). Specific vascular alterations quathfy for maternal vascular loss of
integrity were: arterial rupture (abruption pla@ntvenous rupture (acute chronic
marginal abruption).

Among fetal vascular supply disruptions, lesionaliiying for maldevelopment
were: chorioangioma, chorioangiosis and distabusl immaturity. Lesions qualifying
for obstruction were considered those secondamascular thrombo-occlusive disease
(thrombosis of chorionic plate and stem villous rofels and villous avascularity
affecting large groups).

3. Patient-specific input data
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Patient-specific blood velocity waveforms from tigind left output tracksVk, and
Viv), MCA (Muca), Aol (Vag) and UA Yua) were obtained by manual delineation of the
envelope of the Doppler blood velocity profiles.eTtorresponding blood-flow€), v,
Qrv, Quica, Qao andQua were calculated considering the shape (parabolilat) of the

velocity profiles. This property is described byetiWomersley numberW), a

dimensionless parameter calculated W= D«/fﬂ/Z/], where D is the vessel

diameter,77 is the blood viscosity anfithe frequency given by the heart rate. Then,

blood-flows were calculated accordingly £3:=V, Or(D / 2)° [k, wherek is a factor

that depends on the Womersley number as descripBatizini et al [4].

The GA and the EFW were used to calculate theréiffieelectrical components
of the equivalent circuit. Firstly, arterial radjusngth and thickness were calculated
using the equations described in the Table S1,wtépends on the GA. Then, in order
to describe the changes in the vessel dimensioasfasction of EFW, the dimensions
of all the arterial segments were scaled accordingthe following equation:

Y =Yo( EFW/WO)Q33

as described by Pennati et al [5], whivgis the reference EFW
calculated wusing the following relationship betweethe GA and W:
log, (W, ) = 0.2508+ 0.1458[GA - 0.0016[GA’[6], with GA in weeks. Blood viscosity was

calculated asy =(1.15+0.075x GA) /100[7], with the GA in weeks. The variation of

the arterial Young's moduli of each arterial segtmerth the GA was considered as
described by van den Wijngaard et al [7]. Regardimg vascular bed components,
compliances were scaled to their values at eacregmonding GA, following the
expression reported by van Gemert et al [8]. Rasces were scaled to obtain a mean
blood pressure (MBP) adequate for each GA and ledbsli as:MBP (mmHQg) =

0.87* GA+10.33 [9].
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Then, vascular bed resistances and compliances alsoescaled to take into

account the EFW of the fetus, following the equadiodescribed in [5]:
R, =Ry, EEFW/W,)* and C, =C,, [LEFW/W,)° respectively, whereb is the scaling

factor (see Table S2), af, andCy were the vascular bed resistance and compliance

respectively, calculated for the specific GA.

4. Patient-specific fitting
The input of the model was defined as the set efititial values of all the electrical
components, calculated for each fetus as desciibdte previous section, and the two

patient-specific blood-flow inputfry andQ.y. The output was defined as the model-

based blood velocities in the AOI’;(@I), MCA (I7MCA) and UA (I7UA). In order to fit
the model-based blood velocities to the measures,asome of the model parameters
needed to be estimated, and therefore, an optimizalgorithm was defined.

Since the number of total parameters in the maléd large, in order to obtain an
efficient solution of the patient-specific modeljrag reduction in the number of model
parameters to be estimated was necessary andfotieer@a subset of only few
parameters was defined. The selection criteria wgke those parameters that are
relevant in the adaptation mechanisms of IUGR &gusnd (2) those parameters that
when varied, the output of the model varied sigaffitly also. The factorsK()
indicating the variation of the model parameterghwespect to their nominal values
were estimatedK(=1/lp). Therefore, a set of 13 factors)(were definedK = {Kreora,
Krao, Kcao, Kroa, Keba, Kro, Keb, Krrest, Keres, Kruas Keua, Krplae, Keplach (RcorA: coronary
arteries resistanceAo: radius of the whole aorta (aortic arch + ascegdihoracic and
abdominal aorta)CAo: compliance of the aortabA: radius of the brain arterie€pA:

compliance of the brain arterigRb: brain’s resistanceCb: brain’s complianceRrest:
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the resistance of the rest of vascular beds (lumgser body, kidneys and lower body),
Crest: compliance of the rest of vascular beds (lunggeu body, kidneys and lower
body), ruA: radius of the umbilical arteryCuA: compliance of the umbilical artery,
Rplac: placenta’s resistance a@glac: placenta’s compliance.

To estimate the variation factors of the model peters we used a constrained
nonlinear optimization algorithm minimizing the nwalized relative root mean square
error (NRMSE) between the model-based (denoted hyanel measured velocity
waveforms. To ensure that the model estimates abyrboth systolic and diastolic
extreme values of the blood velocities waveforms,aléo included in the minimization
objective function the relative error between meugded and measured values of each
of these. Therefore, the objective functidrnwas defined as the sum of individual

relative errors as:

_ Y ~ ~
T JNE(V*” ) Vi) “Vilt2) | Vil ) V()
i=nol mcaua| Max(V;(t)) —min(Vi(t)) Vi(tys) Vi(tyias )

wherei indicates one of the three places of the fetau&ition were blood velocity was
measuredAol, MCA or UA; N is the number of time points args andtgss are the
systolic and diastolic time points respectively.diathis, the model was initialized with
the nominal model parameters that describe a nofetad with same GA and EFW,
and with an initial set dk; factors. Then, the estimation problem consistedearching
the set of factorsK= {Ki}) that minimizesJ. The initial set of factor& was randomly
defined within a physiological range. Then, to avdocal minim solutions, the
optimization procedure was repeated several timgis different initial K, and we

finally chose th& with the minimumJ value.
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Table S1. Equations describing the dimensions andovng’s moduli (E) of the
different arterial segments of the fetal circulation lumped model.

Arterial Segment

Length (mm)

Diameter (mm)

E (dyn/cn)

Ascending Aorta -8.61 +0.88-t -2.10 + 0.27-t (38162 + 4.7-16t + 1.5-16)
Aortic isthmus -2.15 + 0.22-t -1.86 + 0.19-t 18381612+ 4.7-16-t + 1.5-16)
Thoracic Aorta -19.65 + 2.05-t -2.38 + 0.24-t 188 1612+ 4.7-16-t + 1.5-16)
Abdominal Aorta -14.59 + 1.52t -2.07 +0.21-t 4(38B-16 +4.7-16-t + 1.5-16)
Ductus Arteriosus -2.41 +0.31-t -2.09 +0.21-t 38816t +4.7-16-t + 1.5-16)
Main pulmonary artery -5.60 + 0.57-t -2.77 + 0.30-t 1.57-(3.8-102 + 4.7-16.t + 1.5-16)
R. pulmonary artery -4.00 + 0.41-t -1.71 + 0.18:t 571(3.8-18%+ 4.7.16-t + 1.5-16)
L. pulmonary artery -4.00 + 0.41-t -1.95 + 0.19-t 571(3.8-10t2 + 4.7-16-t + 1.5-16)
Brachiocephalic Trunk -1.06 + 0.29-t -1.78 + 0.18t 1.89-(3.8-10 + 4.7-16-t + 1.5-16)
L. subclavian artery -2.15 + 0.43-t -1.22 +0.12-t 2.83-(3.8-102 + 4.7-168-t + 1.5.16)
R. subclavian artery -2.15 + 0.43-t -1.22 + 0.12-t .8323.8:18% + 4.7-16-t + 1.5-16)
L. Common Carotid artery -9.69 + 1.59-t -1.52 + @14- 2.83:(3.8:10¢ + 4.7-18.t + 1.5-16)
R. Common Carotid artery -8.25 + 1.36-t -1.52 +0.14-t 2.83-(3.8-10¢ + 4.7-16-t + 1.5-16)
L. Internal Carotid artery -8.25 + 1.36-t -1.22 110t 4.61-(3.8-Fa* + 4.7-16-t + 1.5.16)
R. Internal Carotid artery -8.25 + 1.36-t -1.22 +106t1 4.61-(3.8-170% +4.7-18.t + 1.5.16)
L. Common llliac artery -3.11 + 0.55-t 1.28 — 0.090.004-1 6.39-(3.8-10¢ + 4.7-18.t + 1.5-16)
R. Common llliac artery -3.59 + 0.59-t 1.39 — 0.116t004-1 6.39:(3.8-10 + 4.7-16-t + 1.5-16)
L. Umbilical artery 60-t/40 0.0082 + 0.0094-t mE.8- 16t +4.7-16-t + 1.5.16)
R. Umbilical artery 60-1/40 0.0082 + 0.0094-t 12(88-16t2 + 4.7-16.t + 1.5-16)

t represents the gestational age in weeks.
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Table S2. Exponents “b” of the allometric equationdor scaling vascular bed

resistances and compliances

Scaling factors Vascular bed Vascular bed
(b) resistance (Ry) compliance (Cp)

Brain -1.10 1.47
Upper body -1.00 1.33
Lungs -1.20 1.60
Lower body -1.00 1.33
Kidneys -1.00 1.33
Placenta -1.00 1.33
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