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Abstract—The intra-uterine development of the fetus
depends on various factors, one such critical factor is
umbilical blood flow because the quantity of oxygen
delivered to the placenta and to the fetus is directly
limited by umbilical blood flow rate. Since the
measurement of the hemodynamic quantities such as
blood pressure and blood flow rate is not possible in utero
hence the use of patient-specific mathematical modeling
is beneficial for the assessment of feto-maternal well-
being. A Markov model based mathematical model of
fetal circulation is developed by taking three node
concept. The fetus, the umbilical cord, and the placenta
represent the 3 nodes of Markov model. A LabVIEW-
based virtual instrument is designed to simulate the
mathematical model which results in waveform similar to
Doppler blood flow velocimetry of umbilical artery. The
model is simulated at various degree of conductivity of
the umbilical cord to the oxygenated blood. Simulation
results show that the umbilical artery blood flow velocity
waveform depends on gestation age, fetal heart rate,
uterine contraction and placental insufficiency. The
Doppler indices calculated from simulation helps in
predicting both fetal and maternal abnormalities at
various degrees of the conductivity to the blood flow
passage. Therefore, integrating patient-specific models
along with established medical equipments will be
helpful in identifying true intra-uterine growth restricted
fetuses from normal fetuses and helps clinicians to take
timely interventions.

Index Terms—Fetal circulation, umbilical blood flow,
uterine artery, Markov model, mathematical model,
simulation, Doppler indices.

|. INTRODUCTION

Fetus is a developing and unborn baby inside a
pregnant uterus of more than eight weeks after
conception. Development and growth of fetus inside the
uterus solely depend on the utero-placental and feto-
placental circulation. Doppler ultrasonography is a
commonly used technique to monitor these circulations
for antepartum and intrapartum fetal assessments [1].
Doppler assessment of umbilical artery is normally done
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in the third trimester of pregnancy [2], as it has been
shown to reduce perinatal mortality and morbidity rate in
high-risk obstetric situations [3]. Placental Blood Flow
(PBF) and Umbilical Blood Flow (UBF) are some of the
critical factors that determine the fetal well-being.
Doppler ultrasound was initially used in 1977 for the
study of fetal umbilical artery blood flow velocity
waveforms.  Modern  advancement in  Doppler
ultrasonography has facilitated the usage of high-
resolution ultrasound imaging, equipped with a coaxial
pulsed wave for monitoring of the fetal circulation and
the investigation of blood velocity waveforms both in
normal and pathological circumstances [4-6]. Presently
umbilical artery blood flow velocity waveform analysis is
used for the evaluation of feto-placental blood flow.
Doppler indices calculated from these blood flow velocity
waveforms provide clinically valuable evidence and helps
in the administration of high-risk pregnancies [7]. Flow
Velocity Waveform (FVW) are used to derive Doppler
indices using systolic (S), diastolic (D), and mean blood
flow  velocities  (Vn). Doppler indices like
systolic-to-diastolic ratio (S/D), the resistive index
(S-B)/S, and the pulsatility index (S-B)/V,, as shown in
Fig. 1 provides valuable information about the effect of
peripheral resistance to the fetal circulation [8-10], which
in turn helps to determine fetal outlook in high-risk
pregnancies with suspected growth restricted fetus
[11,12].

1 Cardiac
Cycle

VelocCity (Cm/SeC) mm—tm

Umbilical Vein

Time (SeC) ———

S = Peak Systolic Velocity (PSV)  8/D = Systolic-to-Diastolic Ratio
D = End Diastolic Velocity (EDV) (S-D)/S = Resistance Index (RI)
Vm=Mean Velocity (S-D)/Vm = Pulsatility Index (PI)

Fig.1. Doppler velocimetry of umbilical artery and Doppler indices
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Doppler flow velocity waveforms are acquired from
arterial and venous beds in the fetus [13]. The vessels that
are most advantageous in the assessment of fetal health
are umbilical arteries, umbilical vein, middle cerebral
arteries, ductus venosus, inferior vena cava, and uterine
artery [14]. The umbilical artery has been the most
important vessel for fetal Doppler assessment and seems
more suitable than other vessels such as uterine artery for
detecting chronic placental insufficiency [15-17]. There
have been several observational reports describing the
connection between the changes in the umbilical artery
waveform and fetal complications [18-20].

Arterial Doppler Waveform is helpful to assess the
downstream vascular resistance of feto-placental
circulation. In normal pregnancies the S/D ratio, PI, and
Rl decreases as the gestational age advances [11,21].
Higher values of Doppler indices with advancing
gestational age signifies reduced diastolic velocities and
amplified placental vascular resistance. These features
indicate adverse pregnancy outcome.

Venous Doppler Waveform is helpful to assess the
upstream vascular resistance of feto-placental circulation
and provides information about the forward function
(cardiac compliance, contractility, and afterload). Fetuses
with the unusual cardiac function show pulsatile flow in
the umbilical vein. Normal umbilical vein flow is
monophasic [22].

Reversed or absent end-diastolic blood flow velocity in
the umbilical artery is related with an increase in perinatal
mortality and morbidity rate [23,24]. Variations in the
value of the Doppler indices observed by Doppler
velocimetry of different vessels helps in predicting the
features of a compromised fetus as mentioned in Table 1.

Table 1. Antenatal Doppler ultrasound changes and the suggestive
features of a compromised fetus [22]

Vessel Change Pathophys[ologlcal _Cl!n_lcal
Basis Significance
- Reduced or chreaseci_
Umbilical . . resistance in
Absent or Failure of villous
Artery Feto-
(UA) R_evers_ed end trophoblast placental
diastolic flow . B
Circulation
. Increased ‘Brain
Middle diastolic - Sparing’
Cerebral L Dilation of S
velocity; effect in
Artery d cerebral vessels
(MCA) ecreased S/D or response to
Pl hypoxemia
Ductus Dolpnpclieerais:gex Increased Central Fetal
V‘(EBC\)/S)U S | Absent/Reversed Veno(ug\l;'l;n;ssure Acidemia
flow (a-wave)
Umbilical Increased Increased CVP or Fetal
Vein Doppler index; Decreased cardiac Acidemia
(UV) Pulsatile flow compliance

The action of the heart produces pulsatile flow in the
umbilical artery. The opening of the semilunar valves and
the forward ejection of blood increases the forward
velocities from the diastolic and reaches the Peak Systolic
Velocity (PSV) after a certain period of time. This time
interval is called the acceleration time. This forward
blood flow velocity then starts to decelerate when the
cardiac contraction delivers inadequate accelerative force

Copyright © 2017 MECS

to overcome elastic properties of the blood vessels and
the viscosity of the blood and reaches the slowest forward
End Diastolic Velocity (EDV). The Doppler-derived
umbilical artery blood flow velocity waveform represents
this by temporal changes in the velocity of blood cells
during the cardiac cycle that is shown in Fig. 2(A).

A)

Fig.2. Umbilical artery blood flow pattern (A) Normal; (B) with reduced
EDV; (C) with AEDV; (D) with REDV [18]

Changes in downstream vascular resistance affect the
association between the PSV and EDV that can be
qualitatively calculated from Doppler indices. The PSV
and EDV vary in umbilical artery predominantly due to
difference in downstream vascular resistance and input
pressure in various fetal conditions as discussed below: -

1. Advancing gestational age in normal pregnancy is
associated with continuous maturation of placental
villous tree. Progressive growth of the placental
villous tree, together with an increase in fetal cardiac
output, increases both systolic and diastolic velocity
in the umbilical artery with progressing gestation.
There is a decline in values of descending slope and
ascending slope with advancing gestation that
indicate a decrease in placental vascular resistance.
The ascending slope does not change significantly.
Doppler-derived EDV of umbilical artery increases
with a decrease in pulsatility that decreases RI value
with advancing gestation age. Fetal Heart Rate (FHR)
remains within the normal physiological range i.e.
120-160 beats/min at different gestation age. The
value of Doppler indices has been found to decrease
progressively with gestational age. The mean value
of S/D ratio decrease from 3.560 to 2.511, of PI
decrease from 1.270 to 0.967, and of RI decrease
from 0.756 to 0.609 respectively [25]. In IUGR
fetuses the umbilical artery blood velocity waveform
generally varies in a progressive style as below: -

e Reduction in end diastolic flow as shown in Fig.
2(B); increasing RI value, Pl value and S/D ratio
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e Absent end diastolic flow (AEDV); Rl value =1
e Revers end diastolic flow (REDV)

2. Bradycardia increases the diastolic time of
descending slope and this decreases the EDV while
tachycardia includes the opposite change.
Consequently, bradycardia increases the Doppler
indices while tachycardia decreases the Doppler
resistance indices. Ascending slope remains
relatively unaltered.

3. Placental insufficiency in which 60-70% of the
villous vasculature of the placenta is damaged which
declines the slope of descending limb abruptly due to
increasing in placental resistance and this decreases
the EDV. This type of insufficiency is associated
with Absent End Diastolic Velocity (AEDV) and
Reverse End Diastolic Velocity (REDV) of the
umbilical artery. In AEDV, the EDV is zero and in
REDV the EDV is negative as shown in Fig. 2(C)
and 2(D) respectively. AEDV and REDV are
reflected by abnormal Doppler indices.

Normally umbilical vein blood flow velocity waveform
is steady as shown in Fig. 1. This blood flow is
determined by the function of the fetal heart. Pulsatile
waveform appears in the umbilical vein in starting of the
first trimester of pregnancy but it completely disappears
after 13 gestational weeks. Pulse in the umbilical vein is
also associated with pathological conditions and is the
most commonly used sign for measuring cardiac
performance in umbilical vein [26,27].

Measurement of hemodynamic parameters like blood
pressure and blood flow are very difficult to obtain in
utero because the arteries are subjected to pulsatile flow
that continuously changes their diameter. Hence, the use
of a mathematical model is very helpful in the assessment
of fetal well-being. Computational studies based on
mathematical models of fetal cardiovascular blood flow
redistribution [28,29] are already present. Some are based
on fetal lamb circulation [30]. Some addresses feto-
placental circulation [31,32] while some addresses
arterial system [33,34]. Some are based on lumped
parameter model analogous to electrical circuits [35-37].
And some are based on the hemodynamic model [38,39].

For overall development of the fetus confined within
uterus, proper exchange of nutrients, gases and waste
materials is extremely necessary. This exchange takes
place via an umbilical cord which consists of one
umbilical vein and two umbilical arteries. But due to
certain pregnancy related complications this exchange is
hindered which leads to IUGR fetuses. Abnormalities
likes shortening or elongation of cord, improper
connection to the placenta, creation of knot or
compression can lead to problems during pregnancy or
during labor and delivery. These abnormalities can be
discovered by direct examination of the cord using
ultrasound blood flow velocimetry technique. Feto-
placental circulation is a type of stochastic (random)
process in which the probability of transfer of oxygenated
blood from placenta to fetus and again probability of
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transfer of deoxygenated blood from fetus to placenta lies
within the range of 0 to 1. This type of process can easily
be studied using a Markov model concept. Markov-based
mathematical simulation of umbilical blood flow pattern
can be employed in detecting IUGR fetuses and overall
feto-maternal well-being. For simulation of our
mathematical model we have used a licensed version of
LabVIEW software which is a type of graphical
programming language for embedded system designing,
data acquisition, test automation, instrument control like
machines [40], signal analysis and processing, biomedical
systems etc. Although, software like MALTAB can also
be used for simulation of the model, but the goal of our
research was to develop a graphically intuitive and user
interactive virtual instrument that can be used in
conjugation with a standalone bedside feto-maternal
monitoring system for determining the overall well-being
of mother and her baby.

In this work we propose a Markov based mathematical
model of fetal circulation by taking 3 nodes approach.
The fetus, the umbilical cord, and the placenta represent
the 3 nodes of the Markov model. The mathematical
model was simulated in LabVIEW Software at various
degrees of conductivity gain of blood vessels in fetal
environment. The model was validated by comparing
Doppler indices obtained from simulated velocity
waveforms with those obtained from of the experimental
physiological Doppler assessments.

Il. MATERIALS AND METHODS

A. Markov Model

A Markov process is a type of stochastic process
(random process) in which the outcome of upcoming
states only depends on the current state and not on the
path through which it arrived in the current state All state
transitions are probabilistic in a stochastic process. At
each stage, the system may modify its state from the
current state to an alternative state (or remain in the same
state) according to a probability distribution. The changes
from one state to another are called transitions, and the
probabilities linked with the state-changes are called
transition probabilities. We must first define all the
mutually exclusive states of the Markov process in order
to formulate a Markov model of the system. The state of
the system at t=0 in any node is called the initial state (P)
of that node, and those representing a final or equilibrium
state are finishing or final state (P;) of that node. The set
of Markov state equations defines the probability of
transition from the initial states to the final states.

The probabilities of transitions must obey the
following two important rules: -

1. The probability of transition in time At from one
state to another is given by the product of gain of the
path and At.

2. The probabilities of more than one transition in time
At are extremely small values in higher order and can
be neglected.
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Markov models are suitable when the timing of events
is important when a decision problem contains risk that is
continuous over time, and when vital events may occur
more than once. In Markov models, a patient is always
assumed in one of a finite number of distinct health states,
called Markov states. All events are modeled as
transitions from one state to another state. Overall
prediction of the system depends on the length of time
spent in each Markov states. During each cycle, the
system may make a transition from one state to another
state.

B. Proposed Model

We have considered Fetus as node I, Umbilical cord as
node Il and Placenta as node Ill of the Markov Model
shown in Fig. 3, which is equivalent to the fetal blood
circulation system shown in Fig. 4.

Placenta
(1-uy)At

Fetus Umbilical Cord

(1-uan)At

Py(t) Uat At Py(t) Ua2At Ps(t)
® Deoxygenated Blood ®. Umbilical Artery
\ 58% saturated with O2 Q

(1-ua)At

Node I Node III

Oxygenated Blood [——<—[ Umbilical Vein
saturated with 80% 02 uvAt

Node I

Fig.3. Proposed Markov Model with Fetus, Placenta, and Umbilical
Avrtery as 3 Nodes

Ductus Arteriosus

Aorta

Placenta
Foramen Ovale

Pulmonary Artery

Ductus Venosus

Umbilical Cor(\ N

Umbilical Vein

M Oxygen-rich Blood Umbilical Arteries

= Oxygen-poor Blood
M Mmixed Blood

Fig.4. A simplified scheme of the Fetal Circulation [41]

In Fig. 3, Py(t), P,(t), P3(t) represents the velocity of
blood at node I, Il and Il at time ‘t” respectively. We
have considered the middle point of the umbilical artery
as node Il so that the umbilical artery is divided into two
parts, one from the fetus (node I) to node Il and other
from node Il to the placenta (node I11). This assumption
will be beneficial in the analysis of different cases of fetal
compromise due to blockage in the umbilical cord. There
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are two umbilical arteries, but in our work we have
considered two umbilical arteries as one for ease of
computation. U,; represent the conductivity gain of the
umbilical artery from node | to node Il and U, represent
the conductivity gain of the umbilical artery from node Il
to node Ill. u, represent the conductivity gain of
umbilical vein back from node 111 to node I.

After At time the blood flow velocity at node I, node II
and node Il are given by Markov state equations (1), (2),
and (3) which is calculated from the state transition
matrix shown in Fig. 5.

R.(t) P, (t) P, (1)
R(t+at) | (1-u,AY) 0 u At
P, (t +At) u,, At (1-u,,At) 0
P, (t + At) 0 u,,At (1-u,At)

Fig.5. State transition matrix of the Proposed Markov Model

Py (t+AD) = - U, ADR (1) + (U,ADP (1) (1)
P, (t+At) = (U, AP, (t) + X —u,AP () ()
P, (t+At) = (U, AP, (1) + LU, ADP,)  (3)

Pl(t+AAti— R() =-UyRMO+u,P(t) @

Equation (1) can also be written as below: -

dR(t) _

dt _ualpl(t) + uvP3(t) ()

Similarly, for (2) and (3): -

O Rt -u,P) ©)
dt

dP,(t) ) ,
dt - uaz PZ (t) uv PS (t) ( )

Taking Laplace Transform of (5), (6), and (7), we get: -
(s+Ugy )R (s)—u,Ps(t) = R(0) (8)

—Uy P (8) + (s +Uy,) P, (1) = P, (0) )

— U, Py (s) +(s+u,)P;(t) = P;(0) (10)

Writing (8), (9), and (10) in Matrix form and taking
initial condition as P,(0) =1, and P,(0) =P3(0) =0, we get:-
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-1

P.(s) (s+uy) 0 —-u, 1
P,(s)|=| —-u, (s+u,) 0 o| (11)
P,(s) 0 —-u,, (s+u,) 0

Solving for Py(s), P2(s) and Ps(s) and taking Inverse
Laplace Transform, we get:
P(t) :l{uvuaz +%eA'SinBt +(uuy + ualuaz){eA‘COSBt +§eA‘SinBt}}

C v-al
(12)

P,(t) = é{uvual 7EeA‘SinBt - (uvual)[eA‘cOth +§e’“3in5t}}

(13)

R(t) = 1 Uy, —F ensingt - (u,,u,,)| e™CosBt + Rensingt
C B B
(14

Equation (12), (13) and (14) represents the time
domain blood flow velocity characteristics at node I, 1I,
and Il respectively.

Where,
A:_(ual +u,,+U,)
2
B=,(C-A?
C = (uvual + uvuaZ + ualuaz)

2 2
D = (uvual + uvualuaz + ualuaz)
2 2
E= (uvual - ualuaz)

2 2
F = (ualuaz +ua1ua2 +uvualua2)

Let’s consider some initial value of blood flow velocity
at time t=0, then P.(0), P,(0), P3(0) represents initial
blood flow velocity at Node I, Il and Il respectively.
Putting these values in (12), (13), and (14) we get (15)
which represents time domain characteristic of the blood
flow at node 11 i.e. umbilical artery. Equation (15) shows
that umbilical artery blood flow velocity P,(t) directly
depends on initial blood flow rates at nodes and the
conductivity gain of the path (i.e. umbilical artery and
umbilical vein) which is also physiologically true. The
conductivity gain of the path varies with the advancing
gestational age therefore, variables U.;, Us» and Uy are the
controlling factor for gestation age.

2 2
P,(t) = %{uvual +(Ua1u“78uVuf‘1)e“SinBt - (uvual){e“Coth +§e‘“8inBt}}Pl(0)
2 2
+é{uvual +w&'5inm +(Uu,, + ualuaz){e“COSBt +§e“8inBt}}P2(O)

2 2
+ Huvum -Méuaﬁu”u“)e“smm - (uvual){e’“Coth + ge’“SinBt}}F’a(O)

(15)
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I1l. SIMULATION AND RESULTS

A LabVIEW-based virtual instrument (V1) is designed
which produces a simulated umbilical artery blood flow
velocity waveform by adjusting the conductivity gains of
umbilical artery (Uy; and Ug) and umbilical vein (U,).
The VI also shows the characteristics of the blood flow
velocity at node I, Il, and IIl. The blood flow velocity
waveform of umbilical artery P,(t) for a normal
pregnancy is plotted for 4 cardiac cycles and Doppler
indices like S/D ratio, RI, and PI values are calculated as
shown in Fig. 6.

Blood Flow Pattern at Node I (Fetus) = P1(t)

ORI i of having an IUGR Fetus
o) ER || -

Conductivity Gains of different Blood flow paths

o2 ] oo |
o 05

o 9 o8

o % o5 5 os
03 57 03 L 0 03 i
0a- 98 02 8 02 a8
0 w0 w8 01- s
o 5 o 1 o '

of Umbllical Artery
a2

of Umbilical Artery ‘of Umbllical Vein
Ust o

e
I | w0
s [2EY | "

i
owelH | §

Umbilical Artery Blood Flow Pattern for 4 Cardiac Cycle

Time

Fig.6. Front panel of the Virtual Instrument

The pattern of the simulated blood flows velocity
waveform of umbilical artery shown in Fig. 7(B) is
highly correlated with the waveform obtained from the
Doppler assessment of umbilical artery shown in Fig.
7(A).

2 Umbilical

}/ Arteries
®

H
Umbilical Vein |

(A)

(B)

Ty "
0 60
Time

Fig.7. (A) Doppler assessment of Umbilical artery; (B) Blood flow
pattern obtained by simulation of model for 4 cardiac cycles

The Doppler waveform of umbilical artery is
dependent on parameters like gestational age, FHR, and
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placental insufficiency. In the same way, these
parameters also affect the simulated waveform of the VI.
This correlation is tested below: -

A. Effect of Gestational age on simulation

Several studies show that there is a significant increase
in umbilical arterial flow (Ua1 and Uy) from 112.66 +
58.32 ml/min at 23 weeks to 256.46 +58.9 ml/min at 33

weeks (r = 0.66, p < 0.001) and umbilical vein flow (U,)
from 95.04 £64.8 ml/ min at 23 weeks to 303.28 +63.8
ml/min at 33 weeks (r = 0.76, p < 0.001) [42]. At term,
maternal blood flow to the placenta is approximately
600-700 ml/min [43]. By implementing these ranges in

our simulation we set Ug1=0.3, U»»=0.25 and U, =0.2 at
24 weeks and U;1=0.7, U,»=0.625 and U,=0.8 at 36 weeks.

The values of Ua1, Uy and Uy, are normalized in the range
of 0 to 1. When the VI was simulated for normal
pregnancy at advancing gestation by increasing
conductivity gains. Fig. 8(B) and 8(C) shows how the
EDV increases as the gestation age increases from 24
weeks to 36 weeks respectively. There is a decline in
values of descending slope and ascending slope with
advancing gestation that indicates a decrease in placental
vascular resistance with a decrease in pulsatility. The
values of Doppler indices also decrease. FHR is assumed
to be within the normal physiological range of 120-160
beats/min with advancing gestation.

(€Y

T -

20 Weeks 36 Weeks

Doppler Indices

Umbilical Artery Blood Flow Pattern at 24 Weeks Gestation
80

S value ™
(B) D value
s/D ratio [JEN

;8 0.75

23

40-

Velocity (cm/sec)
)

] 12 0 P
Time

Doppler Indices
0]
S value [LEINY

Umbilical Artery Blood Flow Pattern at 36 Weeks Gestation
80-

ga
(C) D value %jZi
s/D ratio [EEE] gzu—
2 x

L 0.55 | 10

0

280759

Time

Fig.8. (A) An example of change in Doppler FVW with advancing
gestational age; (B) Simulated blood flow pattern obtained at 24 weeks;
(C) Simulated blood flow pattern obtained at 36 weeks (Doppler indices

also decreases as gestational age increases)
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B. Effect of FHR on simulation

Uterine contraction has an indirect effect on umbilical
artery blood flow velocity. It causes a change in
resistance of umbilical artery that often radically alters
the umbilical artery blood flow velocity before the FHR
decelerates. The heart rate effect again adds to the change
in umbilical artery blood flow velocity. Uterine
contraction can lead to Reduced End Diastolic Velocity,
Absent End Diastolic Velocity (AEDV) or Reverse End
Diastolic Velocity (REDV) of the umbilical artery. The
tachycardia (increased FHR) increases the EDV and
decreases the values of Doppler indices, on the other
hand, bradycardia (decreased FHR) decreases the EDV
and increases the values of Doppler indices. The effect of
change in FHR (both Bradycardia and Tachycardia) on
simulation is shown in Fig. 9 for normal pregnancy.

Doppler Indices
70-
M 42.2 |
D value
(A) st
118 0.901
Pl P
Time
Doppler Indices
70-
M 42.2 |
60-
D value

/D ratio B}

Umbilical Artery Blood Flow Pattern FHR = 120 beats/min
80

Velocity (cm/sec)
588 5 8 8

Umbilical Artery Blood Flow Pattern FHR = 80 beats/min
80

B

Velocity (cm/sec)

.18 0.919
L 17 0 4
Time
Doppler Indices
M 42.2 | ™
(C) D value
§/D ratio

.18 0.591

Umbilical Artery Blood Flow Pattern FHR = 160 beats/min
0-

¥4 5 5 8

§
3
£
s
2
3
s

=

740.838 0 I
Time

Fig.9. Blood flow pattern in case of (A) normal FHR of 120 beats/sec;

(B) Bradycardia with FHR of 80 beats/sec; (C) Tachycardia with FHR

of 160 beats/sec (very small change in PSV but large change in EDV is
observed)

C. Effect of Placental insufficiency on simulation

Placental insufficiency is a condition when there is an
insufficient blood flow to the placenta during pregnancy.
It leads to progressive deterioration in placental function,
resulting in chronic fetal hypoxemia and IUGR fetuses.
AEDV or REDV conditions are related to extremely
elevated placental vascular resistance which only occurs
until 60-70% of the villous vasculature is damaged. This
condition is simulated by changing the initial blood flow
rates P;(0), P»(0) and P3(0) as shown in Fig. 10.
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Blood Flow Pattern with Absent End Diastolic Velocity

1N)

'®)

Blood Flow Pattern with Reverse End Diastolic Velocity

NN

Velocity (cm/sec)

"
Velocity (cm/sec)

JlJlnala"

LB I

Time

© D)

Fig.10. (A) and (B) shows Absent End Diastolic Velocity (EDV=0); (C)
and (D) shows Reverse End Diastolic Velocity (EDV<0)

IV. CONCLUSION

A Markov-based mathematical model of feto-placental
circulation is formulated. The model depicts the
characteristics of the blood flow velocity waveform of the
umbilical artery. A LabVIEW-based virtual instrument is
designed to simulate the mathematical model which
results in waveform similar to real-time Doppler
assessment of umbilical artery. Results show that the
simulated umbilical artery blood flow velocity waveform
depends on gestation age, FHR, uterine contraction and
placental insufficiency in the same manner as the real-
time physiological Doppler blood flow velocimetry of a
pregnant woman in a clinic. The variation of Doppler
indices calculated from our proposed model with respect
to advancing gestational age is shown in Fig. 11. In a
normal pregnancy, all Doppler indices tend to decrease

with gestation and our model also demonstrated the same
trend.

Variation of doppler indices with
gestation age

@

—&—5/DRatio

——RIRatio

—A— Pl Ratio

1 ._\—‘_\‘_—.‘._‘\‘_—‘\nﬂ

s 8 s8-8 g3g

18 23 28 33 38 43

Gestation (weeks)

Fig.11. Variation of Doppler indices obtained from simulation with
respect to gestational age

The accuracy of our model was compared with some of
the previous studies done on the measurement of Doppler
indices from an umbilical artery in the case of normal and
high-risk pregnancies. Our model was found to be 98.5%,
97.1% and 96.5% correlated with S/D, RI and PI ratios
respectively of G. Acharya et al. [44]. Also, our model
was found to be 99.8%, 99.8% and 91.4% correlated with
S/D, Rl and PI ratios respectively of P. Fogarty et al. [45].
And our model was found to be 89.4%, 83.3% and 83.8%
correlated with S/D, Rl and PI ratios respectively of
Chanprapaph et al. [25] this is shown in Table 2.

Table 2. Comparison of Doppler indices obtained from simulation with other reference ranges from previous studies [25, 44, 45]

Acharya et al. [44] Fogarty et al. [45] Chanprapaph et al. [25] Simulation Results

Gestation Week S/ID RI Pl S/ID RI Pl S/ID RI Pl S/D RI Pl
20 551 0.84 1.54 5.24 0.8 2.06 * * * 5.1 0.804 1.51
24 4.63 0.8 1.38 4.75 0.78 1.82 3.386 0.706 1.217 4.55 0.78 1.44
28 4.02 0.76 1.26 3.97 0.74 1.36 2.837 0.664 1.066 3.86 0.741 1.33
30 3.78 0.74 1.21 3.8 0.73 1.34 3.059 0.686 1.138 3.71 0.74 13
32 3.57 0.72 1.16 3.57 0.71 1.26 2.71 0.645 1.053 3.44 0.71 1.24
34 3.39 0.7 1.12 341 0.7 1.16 2.464 0.61 0.939 3.33 0.699 1.22
36 3.23 0.68 1.07 3.15 0.68 1.15 2.397 0.602 0.951 312 0.68 1.16
38 3.08 0.66 1.04 31 0.66 1.16 2.272 0.58 0.883 2.95 0.66 1.12
40 2.96 0.65 1 2.68 0.62 1.05 2.511 0.62 0.967 2.63 0.62 1.02
41 29 0.64 0.98 2.55 0.6 1.02 * * * 2.49 0.599 0.966

* Data not Available ; S/D=Systolic-to-Diastolic Ratio; RI=Resistive Index; PI=Pulsatility Ratio
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These results signify that the simulated waveform is
highly correlated with the Doppler assessment of the
umbilical artery. The Doppler indices calculated from the
simulation are also highly correlated to the reference
range of Doppler indices for both normal and high-risk
pregnancies. In future simulated blood flow velocity
waveform can be useful to assist in developing a sensor
for the evaluation of conductivity of the umbilical cord
and placenta during pregnancy. The virtual instrument
based approach can give clinically useful information
about the fetal well-being. It can also help in predicting
both fetal and maternal abnormalities at various degrees
of the conductivity of the blood flow passage. The
decision regarding the time of delivery in IUGR fetuses
can be estimated based on the analysis of simulated
waveforms combined with functional testing such as
biophysical profile and fetal heart rate. Therefore, patient-
specific modeling is highly beneficial in personalizing
and optimizing the treatment option in pregnancies
complicated by IUGR.

V. APPLICATION AND FUTURE SCOPE

Markov based patient-specific virtual instrument can
be used simultaneously along with Doppler velocimetry
test to assist clinicians in diagnosing the well-being of the
fetus in real time. The virtual instrument can further be
modified to display various pathological conditions
associated with mother and fetus in high-risk pregnancies
by measuring Doppler indices from the simulated
waveform.
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