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! A new oxygen exchange model in-
corporating a villous tree structure is
proposed.

! Key associations between oxygen
exchange and villous tree structure
are identified.

! Villous tree structure influences in-
tervillous blood flow and oxygen
uptake capacity.
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a b s t r a c t

The placenta is critical to fetal health during pregnancy as it supplies oxygen and nutrients to maintain
life. It has a complex structure, and alterations to this structure across spatial scales are associated with
several pregnancy complications, including intrauterine growth restriction (IUGR). The relationship be-
tween placental structure and its efficiency as an oxygen exchanger is not well understood in normal or
pathological pregnancies. Here we present a computational framework that predicts oxygen transport in
the placenta which accounts for blood and oxygen transport in the space around a placental functional
unit (the villous tree). The model includes the well-defined branching structure of the largest villous tree
branches, as well as a smoothed representation of the small terminal villi that comprise the placenta's
gas exchange interfaces. The model demonstrates that oxygen exchange is sensitive to villous tree
geometry, including the villous branch length and volume, which are seen to change in IUGR. This is
because, to be an efficient exchanger, the architecture of the villous tree must provide a balance between
maximising the surface area available for exchange, and the opposing condition of allowing sufficient
maternal blood flow to penetrate into the space surrounding the tree. The model also predicts an op-
timum oxygen exchange when the branch angle is 24 °, as villous branches and TBs are spread out
sufficiently to channel maternal blood flow deep into the placental tissue for oxygen exchange without
being shunted directly into the DVs. Without concurrent change in the branch length and angles, the
model predicts that the number of branching generations has a small influence on oxygen exchange. The
modelling framework is presented in 2D for simplicity but is extendible to 3D or to incorporate the high-
resolution imaging data that is currently evolving to better quantify placental structure.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The human placenta is crucial for the survival and health of a
fetus. It is the only exchange interface that provides the fetus with
nutrients and oxygen during pregnancy. Numerous pregnancy
complications such as preeclampsia and intrauterine growth

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/yjtbi

Journal of Theoretical Biology

http://dx.doi.org/10.1016/j.jtbi.2016.06.037
0022-5193/& 2016 Elsevier Ltd. All rights reserved.

n Corresponding author.
E-mail addresses: mlin865@aucklanduni.ac.nz (M. Lin),

benjamin.mauroy@unice.fr (B. Mauroy), j.james@auckland.ac.nz (J.L. James),
m.tawhai@auckland.ac.nz (M.H. Tawhai), alys.clark@auckland.ac.nz (A.R. Clark).

Please cite this article as: Lin, M., et al., A multiscale model of placental oxygen exchange: The effect of villous tree structure on
exchange efficiency. J. Theor. Biol. (2016), http://dx.doi.org/10.1016/j.jtbi.2016.06.037i

Journal of Theoretical Biology 408 (2016) 1–12



restriction (IUGR) have been associated with placental malfunc-
tion (Regnault et al., 2002). While morphological abnormalities
have been identified in pathological placentas (Mayhew et al.,
2003; Krebs et al., 1996; Egbor et al., 2006), it is not fully under-
stood how these translate to abnormalities in placental function.

Fig. 1a shows a schematic of placental structure. It contains
numerous branching structures known as chorionic villous trees,
each of which comprises a network of fetal blood vessels. The
largest branches of the villous trees (termed stem and inter-
mediate villi) contain one or more arteriole or venule, and these
blood vessels branch along with the villous tree structure. In the
smallest villi (terminal villi), dilated capillary convolutes reside
close to the villus surface. This surface is covered by a single
multinucleated cell layer called the syncytiotrophoblast. The
proximity of blood vessels to the surface of the villous tree pro-
vides an exchange interface to extract oxygen and nutrients from
maternal blood that flows through the intervillous space (IVS)
surrounding the villous trees, while keeping the fetal circulation
separate from the maternal circulation.

Morphological abnormalities associated with pathology include
reduced volume and surface area of terminal villi (Mayhew et al.,
2003; Egbor et al., 2006), decreased villus length (Mayhew et al.,
2003; Egbor et al., 2006), increased trophoblast epithelium thick-
ness (Mayhew et al., 2003) and abnormally sparse capillary

networks (Krebs et al., 1996; Kingdom and Kaufmann, 1997).
However, the relationship between these villus abnormalities and
the functionality of the placenta is not well defined. Most animal
models of the placenta are difficult to extrapolate to human be-
cause the placenta displays a wide structural diversity between
species (Benirschke et al., 2006). For ethical reasons, it is also
impossible to perform invasive experiments or collect measure-
ments directly from the human fetus or placenta during the course
of pregnancy. Therefore, although the placenta can be imaged
in vivo using ultrasound (Pretorius et al., 1998) and magnetic re-
sonance imaging (Sørensen et al., 2013), the resolution of these
techniques is currently not sufficient to relate the in vivo or-
ientation of villous trees to incoming flow from the maternal spiral
arteries, or to extrapolate imaging data to the functionality of the
placenta.

In view of the difficulties in directly measuring placental
function, there is a need to establish tools to investigate how ob-
served pathologies in villous tree structure influence the func-
tionality of the human placenta. Computational models are
emerging as a useful tool to address this problem. Early models of
oxygen delivery and uptake within the placenta placed particular
emphasis on modelling the exchange of oxygen and carbon diox-
ide between the maternal and fetal bloodstreams at terminal villi
(Hill et al., 1972, 1973). These models include detail on gas uptake
dynamics but neglect the spatial flow characteristics of the ma-
ternal circulation and its resultant impact on gaseous exchange.

Later models considered maternal flow in the IVS as a porous
medium (Erian et al., 1977; Schmid-Schobein, 1988). Erian et al.
(1977) modelled the intervillous space in 2D, and assuming that
the villous tree is significantly deformed by maternal flow, a flow-
dependent tissue permeability was included into their model.
Chernyavsky et al. (2010) combined a 3D axisymmetric porous
medium approach and first order solute uptake kinetics by a
homogenised villous tree (uniform porosity throughout). These
porous medium models have predicted ‘short-circuiting’ of ma-
ternal blood flow from maternal spiral arteries to decidual veins
when there are highly permeable regions in the vicinity of these
arteries and veins (Erian et al., 1977), and when arteries and veins
are in close vicinity (Chernyavsky et al., 2010). In this case, there is
an effective shunt as oxygenated blood does not circulate around
the villous tree before leaving the IVS. This type of model also
suggested that greater distances between spiral arteries and de-
cidual veins facilitate nutrient delivery in the IVS. Chernyavsky
et al. (2011) employed a simple model of flow and diffusion around
distributed point sinks and statistical analysis of 2D placental
sections to estimate the potential error incurred in homogenisa-
tion of IVS tissue to uniform or slowly varying area fractions. They
showed that the accuracy of homogenisation approaches de-
pended on flow characteristics (Peclet and Damkohler numbers),
as well as the relative size of intervillous distances and typical
pathlengths from spiral arteries to decidual veins. Recently, Le-
carpentier et al. (2016) used the Navier-Stokes equations to model
blood flow between ‘rigid’ tissue obstacles in a 2D representation
of the IVS. This approach includes significant geometric detail but
is computationally expensive so does not lend itself to large scale
simulations of blood flow and/or nutrient transport in the whole
placenta. Serov et al. (2015), Serov et al. (2015) took a very dif-
ferent approach to simulating placental oxygen exchange, in-
troducing a stream-tube model of oxygen exchange in a placental
subunit. This model predicted optimal placental efficiency at tissue
volume fraction that corresponds well to those found in normal
placentas. Comprehensive reviews of placental exchange models
can be found in earlier publications (Chernyavsky et al., 2010;
Serov et al., 2015).

Existing placental exchange models are simplified geome-
trically, either by assuming that the villous tissue is homogenous

Fig. 1. (a) A schematic diagram of the human placenta at term. The placenta
contains numerous chorionic villous trees which stem from the chorionic plate of
the placenta into the intervillous space (IVS). Maternal blood enters the IVS from
the uterine spiral arteries (SA), percolates through the IVS around the villi before
draining through the decidual veins (DV). The fetal circulation resides within the
villous trees, and generally runs along the branches in stem and intermediate villi
before reaching a dilated and convoluted capillary structure in the terminal villi.
Oxygen, nutrients and wastes are exchanged between the maternal circulation and
the fetal circulation across the syncytiotrophoblast layer. (b) Model representation
of a placental subunit represented by a 2D domain of thickness τ and width ω. Each
subunit contains a representative villous tree generated from realistic morpho-
metric parameters fed by a central SA and drained by two DVs. The most distal
branches of the villous tree shown are termed intermediate villi, and these villi are
assumed to supply ‘terminal tissue blocks'.

M. Lin et al. / Journal of Theoretical Biology 408 (2016) 1–122

Please cite this article as: Lin, M., et al., A multiscale model of placental oxygen exchange: The effect of villous tree structure on
exchange efficiency. J. Theor. Biol. (2016), http://dx.doi.org/10.1016/j.jtbi.2016.06.037i



with uniform uptake potential everywhere apart from at a central
cavity (Chernyavsky et al., 2010), or assuming that maternal blood
flow streamlines follow villous branches with oxygen uptake oc-
curring across the surface of these branches which extends uni-
formly along the branch length from the central cavity to the de-
cidual vein (Serov et al., 2015). These geometric simplifications
allow analytical (rapid) solution of models to predict function, and
can be parameterised by assessment of histological slides showing
the size and distribution of villous trees. These models have sug-
gested different estimates of optimal villous tissue density for
placental efficiency, with estimates from the stream-tube model
comparing well to stereological data (Serov et al., 2015). However,
these models do not explicitly account for the branching archi-
tecture of the villous tree, which has been suggested to improve
the accuracy of model predictions (Serov et al., 2015). A recent
multiscale model of the placental vasculature (Clark et al., 2015)
suggested that vascular branching may influence placental effi-
ciency, but did not attempt to model oxygen exchange.

Current models of oxygen exchange in the placenta assume a
uniform oxygen exchange potential at any point within the villous
tree structure; for example, there is no distinction between
terminal and stem villi in terms of exchange barrier thickness. The
harmonic mean barrier thickness between maternal and fetal
blood varies through the placenta with the thinnest barriers (and
most mature terminal villi) residing peripherally in the placental
subunit (Critchley and Burton, 1987; Hempstock et al., 2003). It has
been theorised that peripheral villi are more effective gas ex-
changers than central ones, as they reside in a lower oxygen en-
vironment than central villi. A central to peripheral gradient in
oxygen concentration has been confirmed in primate placental
subunits (Ramsey et al., 1963; Richart et al., 1964), and is con-
sistent with hypothesised blood flow distributions (Wigglesworth,
1969), and has been visualised in humans using BOLD MRI
(Sørensen et al., 2013)). To date computational models of placental
oxygen exchange have not been able to account for these struc-
tural and functional inhomogeneities.

Here, we present a computational framework to model oxygen
transport in a placental subunit, which aims to bridge the gap
between detailed geometric models (Clark et al., 2015; Le-
carpentier et al., 2016) and highly smoothed homogeneous models
(Chernyavsky et al., 2011, 2010; Serov et al., 2015, 2015), providing
a picture of how the architecture of the placental villi influences
oxygen delivery. Like Erian's model, this modelling framework is
presented in 2D for simplicity but is extendible to 3D. The model is
parameterised here using morphological data and can be in-
corporated with imaging data. Our model predicts how maternal
blood flow in a human placental subunit is influenced by a non-
uniform porosity distribution over the villous structure, and
whether regional variations in oxygen uptake capacity influence
placental efficiency. Our aim is to examine the influences of villous
tree geometry on maternal blood flow patterns, distribution of
oxygen in the IVS and fetal oxygen uptake rate.

2. Materials and methods

Our model incorporates key aspects of placental structure to
simulate the distribution and uptake of oxygen within a functional
unit surrounding a representative villous tree (a placentome,
Fig. 1b). A schematic of model components and key outputs is
given in Fig. 2, and each component is described below. The model
is solved using a custom written ®Matlab (The Mathworks Inc.,
version 2012b) finite element code.

2.1. Model geometry

Following previous studies (Erian et al., 1977), we assumed a 2D
rectangular domain to represent a placental subunit (Fig. 1b),
which assumes that the placenta is of uniform thickness in the
region of a villous tree. The domain has thickness τ, which spans
the distance between the basal plate and the chorionic plate
(Fig. 1a), and width ω. Due to the lack of quantitative assessment
of the distribution of maternal vasculature with respect to the
villous trees, we followed previous studies (Erian et al., 1977;
Chernyavsky et al., 2010; Serov et al., 2015, 2015) and assumed
that the placental subunit is fed by one central spiral artery (SA)
and drained by two decidual veins (DVs), with one DV at a fixed
distance (xv) on each side of the SA. The SA and DVs were assumed
to have a fixed diameter d.

2.1.1. Representation of the villous tree
The branching component of the villous tree has been de-

scribed in several studies (Benirschke et al., 2006, Leiser 1991,
Castellucci et al., 1990). Referring to Fig. 1a, the villous branches at
the interface between the chorionic plate and the villous trees are
termed stem villi and have a diameter of up to 1.7 mm (Leiser
et al., 1991). They divide up to 15 branching generations to nu-
merous intermediate villi (diameter around 60 μm (Leiser et al.,
1991)) to supply the terminal villi. The terminal villi are con-
voluted structures in which fetal capillaries come in close proxi-
mity to maternal blood (Benirschke et al., 2006). The villus

Fig. 2. Schematic showing how model components fit together for generation of
model solution.
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structures to the level of the intermediate villi can be considered
as distinct branches for modelling purposes, but beyond that level
the villus structures become too numerous to be included in-
dividually in a model, with a branching structure that is not well
described (Clark et al., 2015).

Branching component: A rule-based algorithm, described in
detail in the Supplementary Material (Section A) was used to
generate a villous tree structure to the level of the intermediate
villi. The algorithm is controlled by the following parameters: the
number of branching generations (nb), stem length (ls), stem dia-
meter (ds), daughter to parent branch length ratio ( )l l/d p , daughter
to parent branch diameter ratio ( )d d/d p and branch angle between
the daughter branch and its parent branch (θb). These parameters,
together with the condition that there must be sufficient space for
a branch to grow within the domain boundary, define a bifurcating
tree as shown in Fig. 2, step 2. Physiological ranges for these
parameters at term are given in Table 1. The most distal villi
shown represent the intermediate villi. Using the parameters de-
fined in Table 1, a villous tree comprised of 15 branching genera-
tions with 202 terminals was generated.

Beyond the intermediate villi: The convoluted terminal villi be-
yond the intermediate villi were modelled as homogenised
‘terminal tissue blocks’ (TBs), with villous tissue density as mea-
sured in stereological studies investigating the morphological
properties of terminal villous tissue (Mayhew et al., 2003; Egbor
et al., 2006). To do this, a sampling grid was superimposed over
the tree structure (Fig. 2, step 3), and each element of the sampling
grid containing intermediate villi was assigned to be a TB with a

villous tissue area fraction (ϕTV), and an average villus diameter
(dTV) as given in Table 1 (Fig. 2, step 4). The size of elements in the
sampling grid (and so the size of each TB) was estimated to be
representative of the space occupied by terminal villous tissue
arising from each intermediate villus. The cumulative length of a
terminal convolute branching from an intermediate villus has
been estimated to be lTV¼3 mm, and there are approximately nTV
¼8-10 terminal convolutes branching from a mature intermediate
villus (Leiser et al., 1991). Therefore, the area occupied by terminal
villi arising from a single intermediate villus can be estimated by
l n dTV TV TV . The appropriate sampling grid size is then

ϕ ( )
l n d .

1
TV TV TV

TV

Based on the parameter ranges in Table 1, an appropriate
sampling grid size at term is 2 mm#2 mm.

2.2. Maternal blood flow

Governing equations: To explicitly model the fluid dynamics of
blood in the IVS between the numerous generations of villi would
be computationally impractical even in a placental subunit.
Therefore, we assume that the IVS can be represented as a porous
medium (Erian et al., 1977; Schmid-Schobein, 1988; Chernyavsky
et al., 2010). However, we defined hydraulic conductivity
κ κ( = ( ))x y, as a spatially varying quantity calculated from the
generated tree and tissue structure (Fig. 2, step 5). Maternal blood

Table 1
Model parameters, including chosen nominal value and literature range at term.

Parameter Description Nominal value Range References

Model Geometry

τ Domain thickness (mm) 20 20-45 Benirschke et al. (2006), Chernyavsky et al. (2010), Boyd and Hamilton
(1970), Johannigmann et al. (1972)

ω Domain width (mm) 40 10-40 Benirschke et al. (2006), Chernyavsky et al. (2010)
xv Distance between 18 unknown –

SA and DV (mm)
d Diameter of SA 2 2-3 Wigglesworth (1969), Harris and Ramsey (1966)

and DVs (mm)
nb Number of branching 15 up to 15 Leiser et al. (1991)

generations
ls Stem length (mm) 2 2 Leiser et al. (1991)
ds Stem diameter (mm) 1.7 1.7 Leiser et al. (1991)
l l/d p Daughter/parent branch 0.975 1 Leiser et al. (1991)

length ratio
d d/d p Daughter/parent branch 0.8 ∼0.8 Leiser et al. (1991)

diameter ratio
θb Branch angle 18° 40°-70° Haeussner et al. (2014)

(terminal branches)
ϕTV Terminal villus area 0.4 0.28-0.4 Mayhew et al. (2003), Egbor et al. (2006)

fraction
dTV Terminal villus diameter (mm) 0.05 0.03-0.06 Egbor et al. (2006), Leiser et al. (1991)

Blood flow model

μ Blood viscosity (Pa.s) × −4 10 3 × −4 10 3 Chernyavsky et al. (2010)
Pin Inlet blood pressure (mmHg) 18.8 9-12 Chernyavsky et al. (2010), Burton et al. (2009)
Pout Outlet blood pressure (mmHg) × −1.10 10 3 3-5 Chernyavsky et al. (2010), Burton et al. (2009)
κempty Maximum hydraulic 0.52 ∞ –

conductivity (mm2)

Oxygen transport model

D Diffusivity of oxygen × −1.62 10 5 × −1.62 10 5 Goldstick et al. (1976)
in blood (cm2/s)

Cf Oxygen concentration × −8.72 10 2 × −8.72 10 2- × −2.08 10 1 Acharya and Sitras (2009)
in fetal blood(ml/ml)

α Oxygen uptake constant (s$1) 0.38 unknown –

Cin Oxygen concentration × −1.64 10 1 × −1.63 10 1- × −1.66 10 1 Supplementary Material (Section C), Schaaps et al. (2005)
entering through SA (ml/ml)
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flow was therefore modelled using Darcy's law:

∇· = ( )U 0, 2a

κ
μ= − ∇

( )
PU ,

2b

where U is the average blood velocity in the IVS, μ is the viscosity
of maternal blood, and ∇P is the local maternal blood pressure
gradient.

Finite element mesh and solution procedure: The sampling grid
was refined once to obtain a finite element mesh with element
size of 1 mm#1 mm (the maternal flow mesh). The mesh was
then triangulated to obtain a mixed finite element mesh and the
lowest Raviart-Thomas mixed finite element method was im-
plemented to solve Eq. (2) for the maternal blood velocity field
(Bahriawati and Carstensen, 2005).

Boundary conditions: Pressure boundary conditions were pre-
scribed at the inlet SA ( = )P Pin and outlet DVs ( = )P Pout . Pin and
Pout were fitted in the baseline case to obtain a flow velocity at the
inlet element edge that matches literature estimates of volumetric
flow from a single SA (Qin). The two pressures were then held
constant between simulations. Assuming a total maternal blood
flow of 500-750 ml/min in a term placenta (Chernyavsky et al.,
2010), and assuming 100 SAs (Lyall, 2005), a value for Qin of 5 ml/
min is calculated. The basal and chorionic plates act as barriers to
flow in the IVS, so the y-component of velocity was set to zero at
these boundaries ( τ( ) = ( ) =U x U x, 0 , 0y y except at the inlet and
outlets). At x¼0 and ω=x , the boundaries between placental
subunits, a symmetry condition was applied ω( ( ) = ( ))U y U y0, , .

Derivation of a hydraulic conductivity field: The hydraulic con-
ductivity coefficient in Eq. (2b), was expressed using the Kozeny-
Carman formula:

κ ϕ
ϕ= ( − )

( )
d
180

1 ,
3

villi
2 3

2

where dvilli is the average diameter of villi in the IVS and ϕ is the
tissue density of villous tissue. Each element in the sampling grid
was assigned a unique isotropic κ value, which represented the
conductivity of tissue branches in that element or TB. The con-
tribution to κ of the TBs is defined by ϕTV and dTV. The contribution
of discrete villous branches in each element was defined using a
weighted average of the diameter of villi in the element and the
area occupied by branches. The maximum value of κ in each ele-
ment was prescribed a value of κempty. A smooth spatially varying
field for κ (Fig. 2, step 5) was obtained for each element of the
maternal flow mesh by sampling κ at each element of the sam-
pling grid (Fig. 2, step 3) and averaging κ over all elements sur-
rounding each node of the sampling grid. Smoothing was then
implemented via a linear interpolation to determine κ at the
midpoint of each maternal flow mesh element based on the gen-
erated nodal data, and the resultant value for κ was assigned to
that element.

2.3. Oxygen transport and uptake

Governing equations: Oxygen concentration in the maternal
blood within the IVS (Cm) was described by the advection-diffu-
sion equation:

α∂
∂ + ·∇ = ∇ − ( − ) ( )
C
t

C D C C CU , 4
m

m m m f
2

where t is time, U is the velocity field calculated from Eq. (2), D is
the diffusivity of oxygen in maternal blood, Cf is the oxygen con-
centration in the fetal bloodstream and α is the oxygen uptake

constant. Oxygen was assumed to be removed immediately by the
fetal bloodstream upon uptake, so Cf is constant.

Finite element mesh and solution procedure: A finite element
mesh comprised of bilinear elements was used to solve Eq. (4) (the
oxygen transport mesh). The spatial resolution of this mesh is the
same as the maternal flow mesh. Eq. (4) was solved using the
Lagrange-Galerkin finite element method (Supplementary Mate-
rial, Section B) (Croucher and O'Sullivan, 1998). This is a split op-
erator approach in which, over each time step, the departure point
of blood at each mesh node is calculated and Cm at that mesh node
is initiated with the concentration at the blood's departure point
at the start of the timestep. The updated oxygen concentration
field is then used as an initial condition to calculate the new
oxygen distribution resulting from diffusion using the finite ele-
ment method. Typical timestep sizes to achieve temporal con-
vergence were × − ×− −5 10 5 10 s6 3 . The model was solved to the
steady state.

Oxygen uptake by terminal villi: At the terminal villus level,
oxygen uptake was assumed to occur over the whole region bound
by the TB. Using the endpoint location of each intermediate villus
feeding a TB, α is distributed to each of the nodes of the sampling
grid element using a bilinear interpolation function. The resulting
α distribution is sampled over the oxygen transport mesh when
the model was solved.

Oxygen uptake by stem and intermediate villus branches: As the
stem and intermediate villus branches were explicitly modelled, α
was assigned at the start and end of every branch. For each villus,
α was distributed between the nodes of the oxygen transport
mesh element containing the villus. The α distribution for TBs and
non-terminal villi were summed to obtain an overall α distribution
for solution of Eq. (4) (Fig 2, step 7).

Boundary conditions: The oxygen concentration of the maternal
blood entering the domain through the SA was assumed constant
(Cin). At all other boundaries, a zero diffusive flux was imposed
( − ∇( ) =D C n. 0m , where n is the outward facing normal to the
boundary). Oxygen is carried out of the DVs via the advective
component of the solution.

2.4. Model outputs and parameterisation

Key model outputs are the flow and pressure distributions of
maternal blood, the rate of oxygen uptake by the villous tree and
the distribution of oxygen concentration in the IVS (Fig. 2). The
rate of oxygen uptake by the villous tree was computed as the
difference between the concentration flux at the inlet SA and the
outlet DVs, while the average oxygen content in the IVS was cal-
culated by dividing the sum of oxygen content at all finite element
nodes in the 2D domain by the total number of finite element
nodes. As in previous studies, the model was parameterised to the
term placenta. Nominal model parameters and ranges from the
literature are listed in Table 1.

The thickness (τ) and width (ω) of the domain were chosen
following Chernyavsky et al. (2010). However, estimates for pla-
cental dimensions vary in the literature. Ex vivo and in vivo esti-
mates of placental volume are quite consistent at term (de Paula
et al., 2008; Boyd and Hamilton, 1970), although due to the loss of
placental turgidity after delivery, placental thickness estimates
vary between studies (Boyd and Hamilton, 1970; Johannigmann
et al., 1972). For a given placental volume, the value of ω is then
expected to vary with τ. Due to the lack of quantitative studies on
DVs distribution over the basal plate, xv was also chosen based on
a previous model (Chernyavsky et al., 2010), where an optimum
delivery of nutrients was predicted when DVs are located near the
periphery of the placental subunit.

Estimation of the terminal villus density (ϕTV) varies between
studies (Mayhew et al., 2003; Egbor et al., 2006). The tissue
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density estimated by Egbor et al. (2006) was used as the nominal
value as the study also provided morphometric data for a variety
of pathological conditions, for comparison to the healthy case. The
diameter of terminal villi (dTV) is generally within the range of
0.03-0.06 mm (Egbor et al., 2006; Leiser et al., 1991) and hence, a
mid-range value of 0.05 mm was assigned as the nominal value.

Hydraulic conductivity is infinite in an empty sampling grid
element, but allowing such data points results in sharp fronts
during field fitting which is cumbersome to deal with computa-
tionally. To overcome this, the maximum κ calculated from the
sampling grid was scaled up by 10 times and set as the nominal
value for κempty.

The oxygen content in fetal bloodstream (Cf) was derived from
oxygen measurements in the umbilical artery immediately after
delivery (Acharya and Sitras, 2009), while the oxygen content in
the SA (Cin) was based on measurements in the uterine artery
collected from pregnant women during their cesarean section
(Schaaps et al., 2005). Conversion of partial pressure of oxygen to
oxygen concentration is detailed in the Supplementary Material
(Section C). The oxygen uptake constant (α) is predominantly
defined by the diffusing capacity of the exchange barrier (Mayhew
et al., 1984). Although the properties of the exchange barrier vary
regionally in the placenta, a constant 0.38 s$1 was set throughout
the subunit as the nominal case and subsequently varied to ex-
amine how regional variation in α affects oxygen uptake efficiency.

3. Results

3.1. Baseline case, consistency with previous studies

The model makes several predictions on the whole placentome
scale that are directly comparable to previous experimental and
modelling studies. These predictions are described briefly here,
and are included in more detail in the Supplementary Material for
completeness.

Function of a placental subunit: Table 2 shows model predictions
of blood flow and oxygen exchange metrics in the placental sub-
unit under baseline conditions (using nominal parameter values).
Under these conditions, the model shows consistency with ex-
perimental data, except in the ratio of venous return pO2 to that in
the IVS. This ratio is different from the ratio recorded by Schaaps
et al. (2005) for pO2 in the uterine vein to the IVS. That study at-
tributed higher measured pO2 in the uterine vein to the vascular
anastomoses in the myometrium and since such anastomoses
were not incorporated in the current model, the ratio of pO2 in
venous return to IVS is expected to be different and should be less
than 1.

Flow streamlines: In the baseline case, blood flow streamlines
are consistent with previous model (Chernyavsky et al., 2010) and
experimental (Wigglesworth, 1969) studies describing high flow
and pressure near the SA inlets and a rapid dissipation of flow and
pressure in regions comprising dense villous tissue, where blood

percolates rather than streams. However, unlike the regular
streamlines which conform to the hemispherical domain in earlier
porous medium model due to the placement of DVs with respect
to SA (Chernyavsky et al., 2010), the model generates irregular
streamlines which have a tendency to pass through regions with
higher hydraulic conductivity made up of non-terminal villous
branches with sparse terminal tissue blocks (TBs) over areas with
dense TBs, which is expected from a porous mediumwith spatially
varying porosity.

Optimal villus density: Previous studies have assessed the re-
lationship between villus density and oxygen exchange (Cher-
nyavsky et al., 2010; Serov et al., 2015), while neglecting the
branching component of the villous tree. Our model comprises
two components of villus density, terminal villus density, ϕTV, and
a contribution from the branching component of the tree. Our
model peaks in oxygen uptake at ϕ ≈ 0.15TV (average density of all
villi ≈0.24). This is consistent with previous porous medium model
(Chernyavsky et al., 2010), in terms of optimal total villus density,
but lower than the optimal villus density predicted by stream-tube
model (Serov et al., 2015).

The effect of a central cavity: For consistency with previous
models (Erian et al., 1977; Chernyavsky et al., 2010), the model was
solved using an artificially applied ‘central cavity’, represented by a
relatively villus-free region with a hydraulic conductivity of κempty,
having the same length and width of a typical cavity. Detailed
results are given in Supplementary Material (Section D.3), and
predictions are consistent with previous studies (Chernyavsky
et al., 2010) in that oxygen uptake is higher in the presence of a
central cavity as blood is able to penetrate further and deeper into
the IVS.

3.2. Parameter sensitivity

Table 3 shows sensitivity of predictions of oxygen consumption
to model parameters. Referring to Table 1, the parameters α, κempty

and xv could not be estimated directly from the literature. The
model is relatively insensitive to changes in α and κempty. However,
as expected, the model is sensitive to xv. Our model shows a de-
crease in oxygen uptake if DVs are situated closer to SAs, con-
sistent with previous porous medium models (Chernyavsky et al.,
2010). The predicted oxygen uptake rate is sensitive to the amount
of oxygen brought into the placenta, via changes in Qin (brought
upon by altered Pin or SA diameter, d) or an altered Cin. Also,
changes in Cf, which reflect changes in fetal metabolism, sig-
nificantly influence predictions of oxygen consumption. Overall,
geometrical parameters such as villous tissue density and the
branching structure of the villous tree, which is the new feature
introduced in this model, have the largest effect on model pre-
dictions of oxygen consumption. This is consistent with the con-
cept of placental branching structure having a major influence on
function. Each major structural contributor to predicted function is
addressed below.

3.3. The branching structure of non-terminal villi

The structure of the branching component of the villous tree
(the stem and intermediate villi) plays an important role in pre-
dicted oxygen consumption. In the model with baseline para-
meterisation, the villous branches act as both a barrier to blood
flow (via their contribution to IVS conductivity) and as an oxygen
exchange surface. In addition, the distribution of branches within
the IVS influences whether the villous tree is ‘space-filling’: large
empty spaces might be expected to allow free movement of ma-
ternal blood but could potentially reduce the number, and affect
the distribution of terminal villi, which are the major sites for
oxygen exchange, due to space constraint.

Table 2
Comparison of predicted blood flow and oxygen exchange metrics in a placental
subunit simulated under baseline conditions with literature data.

Metric Predicted
value

Literature
range

References

Oxygen uptake in
subunit (ml/min)

0.36 0.18-0.63 Bonds et al. (1986)

Average pO2 in IVS
(mmHg)

33 23.3-33.9 Schaaps et al. (2005),
Quilligan et al. (1960)

Ratio of pO2 in venous
return to IVS

0.90 1.48 Schaaps et al. (2005)
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Length of villous elements (ls): Often, pathology is associated
with a change in the balance of vessel branching and elongation
(Kingdom and Kaufmann, 1997). While the villous tree ‘fills’ the
placental volume, it may do so with fewer, longer branches (or
conversely more, shorter branches). By changing ls, trees with
these branching properties were generated. The effect of ls on
placental oxygen uptake, the number of terminal elements in the
branching tree, the amount of IVS filled with tissue (defined as the
proportion of sampling grid elements containing branches or TBs),
and velocity of blood emerging from the SA are shown in Fig. 3.
There is a non-linear relationship between ls and oxygen uptake
rate. As ls increases from 1.6 mm, the villous tree begins to fill
more of the IVS, and so can take up more oxygen. However, as ls
continues to increase, there is a reduction in the number of villous
branches that can fit into the domain, resulting in a reduction in
the number of terminal villi and consequently oxygen uptake. Fi-
nally, the tree becomes sparse enough that an increase in blood
flow into the IVS is possible (with the same driving pressure) with
maternal blood travelling more deeply into the IVS and oxygen
uptake begins to increase again. An illustration of how the villous
tree fills the domain, and oxygen penetration for =l 2 mms and

=l 3 mms are provided as Supplementary Material (Section E.1).
Branch angle (θb): Fig 4 shows the effects of varying θb, while

holding all other parameters constant, on placental oxygen uptake,
the number of terminal elements in the branching tree, the
amount of IVS filled with tissue, and velocity of blood emerging
from the SA. Oxygen uptake rate varies non-linearly with θb with a
peak at θ = °24b . The peaks in oxygen uptake correspond with
peaks in velocity of blood flow emerging from the spiral artery.
Although there are only small variations in the number of terminal
branches and the space filling properties of the trees with θb, the
different orientations of branches give rise to different con-
ductivity fields. Villous branches and TBs spread out more around
the inlet as θb increases, thereby allowing maternal blood to flow
more freely into the IVS under the same driving pressure, resulting
in an increase in inlet flow velocity. However, at some point
θ( ≥ °)26b the gaps between the tree branches become so big that

highly conductive paths are formed that shunt flow directly from
the SA to the DVs, bypassing the depth of villous tissue. Oxygen
uptake is reduced as maternal blood tends to flow along this ar-
teriovenous shunt without penetrating deep into the placental
tissue. Orientation of the villous tree, flow streamlines and oxygen
penetration for θ = °18b , °24 and °26 are provided as Supple-
mentary Material (Section E.2).

Number of branching generations (nb): nb was varied while
holding all other parameters constant. With less than 11 branching
generations, the tree does not cover the thickness of the term
placenta, which is not physiological, and so nb between 11 and 18
were considered. nb has only a small effect on predicted flow ve-
locity and oxygen delivery in the absence of concurrent changes in
branch length or angle.

Random variability and asymmetry: An asymmetrical villous
tree with random branching angles between 10° and 40° was
generated to evaluate the influence of random variability of villous
tree structure on model predictions. With introduction of asym-
metry, a velocity boundary condition was applied at the spiral
artery to obtain Qin of 5 ml/min as pressure boundary conditions at
the inlet SA and outlet DVs are non-applicable. While the pre-
dicted oxygen uptake rate is close to the baseline case (0.37 ml/
min per placental subunit), the flow profile and resulting oxygen
distribution (Fig. 5) differ from the baseline case and follow an
asymmetrical pattern in accordance with the conductivity field
generated based on properties of the villous tree.

Optimality of uptake with variation in geometric parameters: A
peak in oxygen exchange is seen with branch lengths near to
normal values (estimated from anatomical studies). The model
predicts that for the same placenta size, a larger number of short
villous branches result in high density tissue and obstruct ma-
ternal flow and fewer long branches result in unimpeded maternal
blood circulation but smaller gas exchange surface. The model also
predicts an optimum oxygen exchange when the branching angle
is 24°, where villous branches and TBs are spread out sufficiently
to channel maternal blood flow into the depth of the placental
tissue for oxygen exchange without being shunted directly into the
DVs. Without concurrent change in the branch length and angles,
the number of branching generations has a small effect on oxygen
exchange. The remaining model parameters, including the di-
mensions of the domain and maternal vasculature, blood flow and
oxygen transport parameters, do not display peaks in predicted
oxygen uptake within the physiological ranges analysed, although
as shown in Table 3, some parameters show uniform increases or
decreases in predicted oxygen uptake across the ranges
considered.

3.4. The distribution of exchange interfaces

To better reflect the in vivo distribution of oxygen uptake de-
scribed in the literature (Benirschke et al., 2006), the distribution
of oxygen exchange surfaces was varied regionally. First, the oxy-
gen exchange capacity (or the parameter α) was assumed to be the
same at each placenta-IVS interface, but oxygen exchange was
switched on and off regionally. Oxygen exchange was assumed to
occur 1) evenly through the whole IVS (no influence of structure as
in previous studies (Chernyavsky et al., 2010)), 2) only in terminal
villi, or 3) only in stem and intermediate villi. Second, the para-
meter αwas assumed to vary regionally according to the structural
properties of villi and uptake was assumed to be 1) proportional to
the average pO2 in equally sized regions representing central and
peripheral tissue, as well as basal, mid-placenta, and chorionic
tissue as marked in Fig. 1a of the Supplementary Material, 2) in-
versely proportional to the average pO2 in the regions, and 3) in-
versely proportional to the average harmonic thickness of the
villous membranes (τvm) estimated by Critchley and Burton

Table 3
Percentage change in oxygen uptake rate from the baseline case with variation of
the model parameters.

Parameter % change in parameter % change in oxygen uptake rate

Decrease Increase

Model Geometry

τ 10 $58.1 6.59
ω 25 20.5 119
xv 25 $24.6 –

d 25 $38 45.8
ls 10 41.2 $53.1
ds 10 $54.1 $1.83
l l/d p 10 – 80.0

d d/d p 10 $55.4 $55.5

θb 10 $8.65 $8.16
ϕTV 10 15.0 $11.4
dTV 10 21.3 $16.6

Blood flow model

μ 10 9.75 $8.18
Pin 10 $9.01 8.79
Pout 10 1.76#10$4 $1.66#10$4

κempty 10 $0.16 0.012

Oxygen transport model

D 10 2.94#10$4 $2.93#10$4

Cf 10 11.4 $11.4
α 10 $1.20 0.99
Cin 10 $21.4 21.4
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(1987) in the regions. Model predictions for oxygen uptake over
the whole placentome and average uptake per exchange interface
are shown in Fig. 6.

Compared with the baseline case when oxygen exchange oc-
curs across the whole villous tree, uptake by stem and

intermediate villi alone results in a 24.5% decrease in total oxygen
uptake. However, when uptake was assumed at terminal villi
alone, only a 4.2% decrease is observed. In conjunction with the
finding that oxygen uptake rate per exchange surface was

× −1.78 10 ml/min3 when only terminal villi acted as exchange

Fig. 3. The effect of the length of the stem branch (ls) on model predictions, as all other parameters were held constant. Increasing ls effectively increases the length of all
branches in the villous tree. A range of >l 1.6s was considered, as below this range the generated tree does not fill the thickness of the term placenta. (a) Oxygen uptake rate
is a non-linear function of ls. (b) An increase in ls gives rise to reduced number of terminal villi as the tree has fewer generations. (c) The amount of sampling grid elements
containing villous tissue increases with ls at first and then begins to slowly decrease as the tree becomes more sparse. (d) Blood flow velocity into the intervillous space is
non-linear with ls with similar changes to oxygen uptake rate.

Fig. 4. The effect of branching angle (θb) on model predictions. (a) Oxygen uptake rate is a non-linear function of θb with a peak at θ = °24b . Compared with other geometric
parameters, varying θb results in smaller variation in (b) the number of terminal branches, and (c) the space filling properties of the generated tree. (d) Peaks in oxygen
uptake correspond with peaks in blood flow velocity.
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interfaces, our model suggests that the terminal villi of the pla-
centa are the main sites of oxygen exchange in an efficient pla-
centa. The model predicts an increase in oxygen uptake from the
baseline case only when α is proportional to regional pO2, or when
uptake is ‘easier’ in high oxygen regions. This implies that a pla-
cental lobule functions more efficiently when uptake occurs in
regions with high oxygen content (i.e., central regions). However,
changes in uptake rate are small (less than 1%).

3.5. Diffusive and advective transport

The spatial variation of Péclet number was estimated across the
placental subunit under baseline conditions using an average pore
size of 80 μm (Serov et al., 2015) as the characteristic length of
the flow domain and local speed of maternal flow at each node of
the oxygen transport mesh. While oxygen transport by diffusion is
accounted for in all simulations through the use of the advection-
diffusion equation, oxygen transport was found to be dominated
by advection throughout the domain, with Peclet number less
than 1 detected in the periphery of the placentome near to the
chorionic plate. Oxygen exchange in this subchorial region is
negligible as this region corresponds to the relatively villus-free
subchorial lake and is supplied by oxygen-depleted maternal
blood which has already passed through the oxygen exchange
zone. Our model includes oxygen diffusion in the transport Eq. (4),
which was neglected in previous porous medium models (Cher-
nyavsky et al., 2010), and this analysis suggests that inclusion of
oxygen diffusion is indeed important regionally.

4. Discussion

In this study we have presented a model of oxygen transport in
a placental subunit, which incorporates key geometric features of
villous tree architecture. While computational models of oxygen
transport have typically focussed on the exchange dynamics at the
level of the terminal villi (Hill et al., 1972, 1973), or adopted a
simplified homogeneous geometry for the IVS (Chernyavsky et al.,
2010; Serov et al., 2015), the current model attempts to capture the
different structural characteristics of the villous tree from the stem
villi to terminal villi level to provide a representative anatomically
based description of how placental structures relate to their oxy-
gen exchange function. Even though villous tree properties have
been associated with different pregnancy outcomes (Mayhew
et al., 2003; Krebs et al., 1996; Egbor et al., 2006; Haeussner et al.,
2014), it is unclear which geometrical features of the villous tree
are most important for placental function. Here, our model pro-
vides an improved approach for the identification of key anato-
mical features that are crucial for placental exchange. Although the
model is presented here in 2D, the composite approach employed
is extendable to 3D, allowing a pragmatic approach which can be
extended to represent the whole placenta without excessive
computation, and can be individualised to incorporate placental
structures from high resolution imaging techniques (Collins et al.,
2012; Haeussner et al., 2014).

Consistency with previous studies: Our model predictions com-
pare well to whole organ measures in terms of oxygen uptake rate
and the average partial pressure of oxygen in the IVS. The pre-
dicted IVS blood flow pattern resulting from structural variations
of the villous tree is consistent with the ‘physiological concept’
proposed in cine-angiography and injection studies (Ramsey et al.,
1963), whereby it was postulated that streams or ‘jets’ of maternal
blood enter the IVS and percolate radially through the densely
packed villous tree due to dissipation of flow and pressure. The
oxygen distribution generated by the model results also agrees
with the decreasing central to peripheral oxygen gradient ob-
served in primates (Ramsey et al., 1963; Richart et al., 1964) and
hypothesised in humans (Wigglesworth, 1969), and is also re-
flective of the oxygen distribution visualised in humans using
BOLD MRI (Sørensen et al., 2013).

The effect of villous branches: Detailed descriptions of the
branching of the villous tree between the chorionic plate and basal
plate, which have been neglected in earlier placental exchange
models (Chernyavsky et al., 2011, 2010; Serov et al., 2015), are
incorporated in an oxygen transport model and used to reveal its
significant role in placental oxygen exchange. First, the branching
angle, length and diameter of the stem and intermediate villi, all
influence how villous tree branches are spread out and fill the
space in the placenta, thereby affecting how maternal blood flow
is constrained and channelled in the IVS. With the baseline case,
we demonstrated irregular flow streamlines which were shaped
by the varying conductivity field as maternal blood tends to tra-
verse regions of non-terminal villous branches with sparser TBs
over regions with dense TBs. Similarly, maternal blood tends to
penetrate further into the IVS when the stem and intermediate
villi are longer or more spread out, while villous branches with
shorter length and smaller branch angles are more closely packed
and obstruct maternal blood flow. The distribution of villous tissue
around the SA inlet is especially important as it determines the
tissue impedance to incoming flow, which in turn affects flow
velocity and the path taken by the flow in the IVS. If the villous
branches become too sparse, maternal blood flow will follow the
path of least resistance and flow through the gaps between the
villous branches and drain directly from the SA into the DVs,
without penetrating deeper into the IVS. Such arteriovenuous
shunting in the IVS is disadvantageous for oxygen exchange, which

Fig. 5. Flow streamlines (black lines) and normalised oxygen concentration field
(colours) predicted for a placentome containing a villous tree with random
branching angles correspond with the asymmetrical branching of the villous tree.

Fig. 6. Oxygen uptake with different distributions of exchange interfaces compared
to the baseline case where uniform uptake occurs across the whole villous tree.
Oxygen exchange at non-terminal villi only resulted in a larger decrease from the
baseline case than when uptake occurs at the terminal villi only. Oxygen uptake per
interface is highest when exchange occurs at the terminal villi only, suggesting that
the terminal villi are the main sites for efficient oxygen exchange. A small increase
in oxygen uptake from the baseline case is predicted when α is proportional to pO2.
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may also explain why villus-free margins between villous trees
and the basal plate have never been observed or reported. Al-
though previous models have suggested that shunts can arise
when decidual veins are close to the spiral artery (Chernyavsky
et al., 2010) or when highly permeable regions are created by villi
distortion due to high speed flow near the inlets and outlets (Erian
et al., 1977), our model introduces a third mechanism whereby
shunts can arise due to the branching structure of the villous tree.
Second, the structure of the stem and intermediate villi de-
termines the number of terminal villi and ultimately the surface
area for oxygen exchange. Since the model predicts that the
terminal villi are the main sites of uptake, oxygen uptake efficiency
generally increases with the number of terminals.

By changing terminal villus density alone, our model predicts
an optimal oxygen uptake when the total villous tissue fraction is
0.24, which is slightly lower than the value predicted in the pre-
vious homogeneous porous medium model of Chernyavsky et al.
(2010). However, our model incorporates a branching component
for the villous tree and predicts that the optimality of oxygen
uptake rate is influenced significantly by the branching structure
of the villous tree, and local changes in maternal blood flow pro-
files due to this structure. Our model, and previous porous med-
ium models, predict lower optimal villus densities than stream-
tube models, whose predictions of optimal villus density coincide
with normal villus densities measured experimentally. In general,
porous medium models appear to predict optimal villus density
that corresponds to the total villus density in high-altitude preg-
nancies. Serov et al. (2015) suggest several reasons for predictions
of optimality to differ between the two classes of model, including
the use of first order uptake kinetics (which assumes uptake is
proportional to local solute concentration) and the lack of explicit
representation of the uptake surface. As our model allows for local
variation in villous structure, we are able to assess the implications
of local variation in uptake surface by varying α regionally, how-
ever this is only a qualitative approximation and this cannot be
accounted for with the accuracy possible in a stream-tube model
that can explicitly describe the exchange barrier, which could
explain the lower optimal villus density predicted by the model.
Ultimately, validation of oxygen (or any nutrient) transport models
in terms of predictions of optimality will rely on concurrent
measurements of villous structure as suggested by Serov et al.
(2015), including artificial perfusion of the ex vivo placentas or
primate studies to provide higher resolution data than is possible
in in vivo human studies. Studies of ex vivo perfused placentas can
provide information on gas exchange under different maternal and
placental perfusion conditions and oxygen levels, potentially
providing validation data for both porous medium and stream-
tube models. For example, introduction of different oxygen con-
tent in ex vivo perfusion can be used to assess whether first order
kinetics is sufficient to describe oxygen exchange. Ex vivo perfu-
sion studies combined with 3D structural imaging of the same
placenta can also tell us more about how total exchange efficiency
relates to villous structure.

To date, all models are parameterised using villous density data
from stereological analysis of 2D placental cross-sectional slides.
Depending on the technique employed there may be errors in
representing 3D villous structures in vivo including the lack of
maternal and fetal blood flow, artefacts that can be introduced
during the fixation process, and extrapolation to 3D. Post-partum
analysis of histological villous density may overestimate the in vivo
density (Serov et al., 2015). Currently, there is no established
method to correct for these factors and to verify the in vivo villous
density. Although 3D imaging is constantly evolving, and high
throughput methods to measure villous structure in 3D would
improve the quality and quantity of data, at this stage it remains
arguable whether the placenta is performing at its optimal

capability. Data describing the spatial distribution of blood flow
and oxygen, such as MRI images, can potentially be used for vali-
dating model predictions in terms of flow and oxygen distributions
and heterogeneity. Our model is qualitatively consistent with
BOLD MRI distributions of oxygenation (Sørensen et al., 2013), but
quantitative comparison is limited by difficulties in separating out
maternal and fetal components in MRI. In vivo structural and
functional imaging are evolving to give a more complete picture of
the 3D placenta, with both MRI and 3D ultrasound potentially
providing significant new insights into blood flow rates and dis-
tributions in the placenta. Combining this type of imaging with
ex vivo data in the same placentas (e.g. perfusion studies, histol-
ogy, or high resolution structural imaging), provides longer-term
prospects for validation of models of the placenta such as this one
that predict spatial variation of flow and oxygenation.

The effect of exchange potential: Simulations assessing the ef-
fects of exchange potential within the villous tree were conducted.
When there was no distinction between terminal and stem villi in
terms of exchange barrier properties, oxygen exchange was found
to occur predominantly at the terminal villi, in line with the cur-
rent understanding of the role played by terminal villi in oxygen
exchange (Benirschke et al., 2006). When the exchange potential
was varied as an inverse function of the average regional pO2, the
oxygen uptake efficiency is lower than when it was varied as a
function of average regional pO2, although predicted gains are
small. This implies that oxygen is taken up more efficiently in
regions with high oxygen content (i.e., central regions) and the
uptake interfaces in these regions should possess small harmonic
barrier thickness in order to optimise oxygen uptake. Critchley and
Burton (1987) found that the mean harmonic barrier thickness is
higher in the central regions as compared to the peripheral re-
gions, showing more potential for exchange in the peripheral re-
gions which is more akin to uptake as an inverse function of the
average regional pO2 which was predicted by the model to gen-
erate a lower uptake efficiency than the baseline case. These re-
sults differ in the presence of a central cavity where the model
predicts oxygen exchange efficiency is highest when the exchange
potential is varied as an inverse function of the average regional
pO2. Further studies are required to elucidate whether structural
changes observed in the exchange surfaces in low oxygen regions
are beneficial to the placenta in terms of exchange efficiency.

Relevance to IUGR: Although several stereological studies have
reported morphological abnormalities of the villous tree in pa-
thological conditions (Mayhew et al., 2003; Krebs et al., 1996;
Egbor et al., 2006), the structure-function relationship between
the abnormalities of the placental villi and oxygen uptake effi-
ciency remains hypothetical. As it is impossible to make direct
measurement of the in vivo placenta, this model provides a
channel to assess these proposed hypotheses. With the model
sensitivity to villous tree geometry, the model results support the
hypothesis that maldevelopment of placental villi will adversely
affect placental oxygen exchange. Placentas affected by IUGR are
generally smaller in volume (Mayhew et al., 2003; Egbor et al.,
2006). Stereological studies have revealed impoverished growth of
the villi. While the villus diameter remains unaffected (Mayhew
et al., 2003; Egbor et al., 2006), the shorter villus length (Egbor
et al., 2006) gives rise to a smaller villus volume and a smaller
exchange surface area (Mayhew et al., 2003; Egbor et al., 2006).
The trophoblast epithelium was also found to be thicker (Mayhew
et al., 2003). A smaller placental volume (decreasing τ and ω),
coupled with a smaller exchange surface area and thicker tro-
phoblast epithelium (decreasing α) is predicted to lead to a de-
crease in oxygen uptake. Although a decrease in villus length (ls)
would result in an increase in oxygen uptake, the study by Krebs
et al. (1996) has suggested an increase in fetoplacental vascular
impedance at the fetal capillary level as the capillary loops in the
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IUGR cases are sparse in number, generally elongated and less
coiled than normal cases. The interplay of these factors is likely to
contribute to an overall drop in the oxygen uptake rate. Assuming
that oxygenated maternal blood enters into the IVS at a normal
rate, the decrease in oxygen uptake rate would give rise to a higher
average pO2 in the IVS than in normal pregnancies, which is
consistent with hyperoxia in the IVS as suggested by Kingdom
et al. in IUGR placentas (Kingdom and Kaufmann, 1997).

Model limitations: There are several studies which aim to
quantify the branching properties of villous structures (Haeussner
et al., 2014; Kosanke et al., 1993), and these studies are becoming
increasingly quantitative allowing incorporation of branching and
3D rotation angles (Haeussner et al., 2014). Our branching villous
model aims to match as closely as possible to these existing stu-
dies, in terms of measured tree properties including branch
numbers and lengths. A sensitivity analysis to villous branching
parameters was conducted to assess how inaccuracies or gaps in
the current data may influence results. With advancements in
imaging techniques, anatomical studies using high resolution
images (for example micro-CT) of the maternal vasculature dis-
tribution and geometry of the villi can be incorporated in the
current methodology to improve model accuracy.

In line with the 2D simplification of the 3D villous tree struc-
ture, we have modified the Kozeny-Carman formula (which is
typically applied to model 3D media) to use the area fraction oc-
cupied by the villous tree instead of volume fraction to determine
a spatially varying conductivity field for approximating IVS flow
and oxygen transport in 2D like previous models (Erian et al.,
1977; Lecarpentier et al., 2016). Extension to 3D does not require
modification of the governing equations, but does require volume
fraction to be used in the Kozeny-Carman formula and an exten-
sion of villous branching algorithms to 3D (Clark et al., 2015; Ta-
whai et al., 2000). Although a 2D model may not completely re-
flect the 3D villous geometry and flow dynamics in the placenta, it
is sufficient for preliminary identification of parameters with
major influence on placental function. Extensions of the model
into 3D can be guided by the results of this study in their para-
meterisation. For example, as the 2D model suggests branch angle
is a key contributor to function, therefore this is ‘a key parameter
to determine’ from emerging 3D imaging technologies.

Although our model assumed that the IVS is a porous medium
and approximated blood flow in the IVS using Darcy's law as in
previous models, our model moved away from a uniformly porous
medium and took a step further by using a sampling grid to cap-
ture the regional variation in porosity based on the structure of the
villous tree. In our model, a sampling grid window of 2 mm was
used to capture regional variations in porosity while satisfying the
assumption that the IVS is a porous medium. This is consistent
with the findings of Chernyavsky et al. (2011) who concluded that
villous structure in a 2D section is considered as a homogenised or
slowly varying porous medium if the sampling grid window size is
bigger than 1 mm. Even though refinement of the sampling grid
will affect the porosity distribution and give rise to a distribution
that approaches the geometry of the villous tree, model solution
may become unreliable since Darcy's law may no longer be sui-
table for approximating flow given that the assumption of the IVS
as a porous medium loses its validity. Ideally, the villous tree
should be represented with all its stem and intermediate villus
branches as well as its terminal convolutes and maternal flow and
oxygen transport should be simulated based on such detailed
structures. However, given the complexities involved in re-
presenting the convoluted structure of terminal villi, we took a
simplified approach of homogenising the ‘random’ structure of
terminal villi into a tissue block with an isotropic conductivity.
Also, with the lack of structural definition of the TBs, it is difficult
to estimate how oxygen diffusivity varies with pore size between

villous branches. Given that our results suggest that diffusion is a
minor driver for oxygen transport which only occurs mostly in the
peripheral and subchorial regions of the placentome where oxy-
gen uptake is negligible, it is reasonable to implement a uniform
oxygen diffusivity of oxygen. While it is possible to account for
conductivity anisotropy and regional variation in oxygen diffusiv-
ity based on the tree geometry or even solve for Navier-Stokes
flow around the villous tree as demonstrated by Lecarpentier et al.
(2016), computational cost is an issue with such a complicated
geometry, especially if flow is to be modelled on a whole organ
level. For similar reasons, transport in the fetal circulation was
ignored and simplified as a perfect oxygen sink, where oxygen
transferred from the maternal blood was assumed to be carried
away immediately by the fetal circulation. While this situation
does not describe the physiology perfectly, it does help tease the
effects of materno-placental blood out from those of feto-placental
blood flow to help elucidate the contributions that the perfusion of
maternal blood makes to placental function.

Like earlier model of Chernyavsky et al. (2010), we also sim-
plified oxygen uptake with a first order uptake kinetic by assuming
that the oxygen-hemoglobin dissociation curve is linear within the
pO2 range considered in the model. In future work, the uptake
kinetics could be updated to reflect the non-linear oxygen-he-
moglobin dissociation behavior for a more accurate representation
of oxygen exchange.

The parameter α is a measure of the diffusing capacity of the
placenta, with the resistance across the trophoblast epithelium
accounting for majority of the total diffusing capacity (Mayhew
et al., 1984). The resistance of trophoblast epithelium varies spa-
tially even within the terminal villi region due to the presence of
locally distended fetal capillaries which give rise to vasculo-
syncyntial membrane with particularly thin exchange barrier. As
this distribution of vasculosyncyntial membrane was only ap-
proximated by estimating the mean harmonic barrier thickness in
the different regions of the IVS, in the future the model could be
adapted to incorporate specific locations of vasculosyncyntial
membrane to assess their influence on uptake efficiency.

5. Conclusions

We presented a placental oxygen exchange model which in-
corporates key geometric features of the placental villous tree.
Unlike earlier models, the model captures multiple spatial scales of
villous tree structure and identifies the crucial role played by vil-
lous tree geometry in efficient oxygen exchange. This modelling
framework can be used and expanded upon to bridge gaps in
current knowledge arising from difficulties in extrapolating animal
models to the human placenta and the impossibility of performing
invasive experiments on human placentas. Ultimately, with high-
resolution imaging of the placenta, we expect the modelling fra-
mework to be able to predict structure function relationships in
individual placenta samples while retaining computational tract-
ability, allowing further insights into placental physiology and
pathophysiology through pregnancy.
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A Generation of tree structure

A rule-based approach was implemented to generate tree structures in this
model. A starting branch of length ls and diameter ds was positioned at
(!/2,0) so that the generated tree stems from the chorionic plate with an axis
of symmetry aligned with the opening of the spiral artery. It was assumed
that new branches occur only from existing branch tips. Before branching
can occur, the following conditions had to be satisfied:

1) There must be su�cient space locally for a new branch to form. Specif-
ically, a new branch cannot grow outside the boundary of the domain or into
space already occupied by another branch.

2) The branching generation of the new branch is below the predefined
total number of branching generation (nb).

Given that both conditions were satisfied, the new branch will grow ac-
cording to the dimensions specified by the daughter to parent branch length
ratio (ld/lp), diameter ratio (dd/dp) and branching angle (✓b).

With this algorithm, large voids between the domain boundaries and the
stem would occur if the villous tree was defined with a uniform branching
angle across all generations. As the placenta is densely packed with villous
material, the branching angle for the first 4 generations were manipulated so
that the domain space was completely filled. The branching angles used for
the first 4 generations of the baseline case are shown in Table 1.

Branching
generation

Angle between
parent and left branch

Angle between
parent and right branch

1 35� 35�

2 70� 10�

3 15� 45�

4 7� 45�

5 & above 18� 18�

Table 1: Branching angles selected for baseline case

At each bifurcation, the branch nearer to the middle of the domain was
given precedence over the other branch in order to create a tree with branches
that grow towards to the inlet source. The algorithm was implemented to
create a tree occupying half of the domain and reflected to obtain the other
half for full tree symmetry.
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B Finite element formulations

The advection-di↵usion equation used in the model was

@Cm

@t
+ U.rCm = Dr2Cm � ↵(Cm � Cf ). (1)

With the Lagrange-Galerkin method, the time derivative of Cm is given
by the Lagrangian derivative where the flow is tracked from the reference
frame of a particle

DCm

Dt
=

@Cm

@t
+ U.rCm (2)

This pure advection equation was solved for an auxiliary unknown C⇤
m by

tracing the departure point of blood at each mesh node and assigning the
concentration at the blood’s departure point to the mesh node at the start
of each timestep.

Substitution of the Lagrangian derivative into Equation 1 gives

DCm

Dt
= Dr2Cm � ↵(Cm � Cf ). (3)

By discretising the Lagrangian derivative using explicit finite di↵erence
approximation and applying the Galerkin finite element method to the di↵u-
sion equation, the Lagrange-Galerkin formulation of Equation 1 is obtained

Z

⌦

!
Cn+1

m � C⇤
m

�t
=

Z

⌦

!(Dr2C⇤
m � ↵(C⇤

m � Cf ))d⌦. (4)

where ! is a weighting function.
The weak formulation was obtained by applying the Green-Gauss theorem

R
⌦ !Cn+1

m �C⇤
m

�t

= �
R
⌦(DrC⇤

m.r! � ↵ (C⇤
m � Cf ) .!)d⌦+

R
@⌦ DrC⇤

m.n !d⌦,

where the boundary condition is prescribed in the form of di↵usive flux:
Z

@⌦

�DrC⇤
m.n !d⌦. (5)
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C Determining oxygen content of blood

Oxygen entering into the intervillous space is bound to hemoglobin or dis-
solved in plasma of the maternal blood. For maternal blood with an oxygen
partial pressure of pO2, the concentration of oxygen dissolved in the maternal
plasma (Cplasma) was obtained by:

Cplasma = 3⇥ 10�5 ⇥ pO2 ml/ml (6)

For oxygen bound to hemoglobin in the maternal blood, oxygen content
carried by blood is related to the partial pressure of oxygen by the hemoglobin
dissociation curve. A modified Hill equation is often used to establish the
amount of hemoglobin saturation in blood:

logpO2 = k1 � k2(pH � 7.4) + k3log(S/(100� S)) (7)

where k1 = 1.445, k2 = 0.456 and k3 = 0.371. These constants are ob-
tained by fitting Equation 7 to the dissociation curve derived by the mathe-
matical model proposed by Dash et al. [1].

The oxygen content carried by hemoglobin (CHb) can then be calculated
from the hemoglobin saturation and the oxygen capacity of hemoglobin in
the blood. Oxygen capacity is given as the product of the amount of oxygen
that can be carried by hemoglobin (1.34 ml/g) and the amount of hemoglobin
in the blood (0.125 g/ml):

S = 100 CHb/O2 capacity (8)

The total concentration of oxygen carried in maternal blood, Cm, is
given by the sum of oxygen dissolved in the plasma and oxygen bound to
hemoglobin.
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D Consistency of model predictions with pre-

vious modelling or experimental studies

The model, parameterised with nominal parameters, makes several predic-
tions that show consistency with previous modelling or experimental studies.
These results are summarised below.

D.1 Oxygen exchange rates and distributions

In the baseline case, the pressure di↵erence between the inlet and outlets was
set to 18.8 mmHg to generate an average volumetric flow of 5 ml/min at the
inlet. The predicted oxygen uptake rate is 0.36 ml/min per placental subunit
which is close to the mean fetal and placental oxygen consumption of 0.37
ml/min (0.18-0.63 ml/min) per subunit as measured in women undergoing
elective cesarean section [2]. The average partial pressure of oxygen (pO2)
in the IVS predicted by the model is 33 mmHg, near the higher limit of the
range measured in the literature [3, 4]. The ratio of venous return pO2 to
that in the IVS is di↵erent from the ratio recorded by Schaaps et al. [3] for
pO2 in the uterine vein to the IVS. That study attributed higher measured
pO2 in the uterine vein to the vascular anastomoses in the myometrium and
since such anastomoses were not incorporated in the current model, the ratio
of pO2 in venous return to IVS is expected to be di↵erent and should be less
than 1.

Figure 1a illustrates predicted oxygen distribution and blood flow stream-
lines in the IVS. Flow streamlines are consistent with experimental studies
describing high flow and pressure near the SA inlets and a rapid dissipation
of flow and pressure in regions comprising dense villous tissue, where blood
percolates rather than streams. The model demonstrates a tendency for flow
to pass through regions with higher hydraulic conductivity. To assess model
predictions against studies that hypothesise a central to peripheral oxygen
gradient [5, 6], the model geometry was split into equally sized regions rep-
resenting central and peripheral tissue, as well as basal, mid-placenta, and
chorionic tissue (Figure 1a). Figure 1b shows higher average oxygen con-
centrations centrally than peripherally, and decreasing concentrations as one
moves from the basal to chorionic surfaces of the placenta, which is consistent
with these previous experimental studies.
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(a)

(b)

Figure 1: (a) Streamlines (black lines) and normalised oxygen concentration
field (colours) predicted for a placental unit under baseline conditions. Oxy-
gen concentration is normalised by oxygen concentration of maternal blood
entering the IVS. Oxygenated maternal blood is delivered from the SA into
the intervillous space which then percolates radially through the villous tis-
sue for oxygen uptake before draining through the DVs. (b) Comparison of
the average partial pressure of oxygen in the six di↵erent regions as marked
in (a) demonstrated a decreasing central to peripheral oxygen concentration
gradient as well as a gradient from the basal (uterine) to chorionic sides of
the placenta.
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D.2 Optimal villus density

Figure 2 shows the e↵ect of varying �TV on the oxygen uptake capacity of the
placenta. The relationship is non-linear, with low and high �TV displaying
low e�ciency (in terms of oxygen uptake) and a peak in oxygen uptake at
�TV ⇡ 0.15. In our model, the total villous area fraction incorporates both
terminal villi and the villi in the tree and together this gives an optimal value
for theaverage density of all villi of ⇡ 0.24). This is consistent with previ-
ous porous medium models [7], our model also shows that as villous tissue
becomes denser, there is an increase in the surface area available for oxygen
exchange, increasing oxygen uptake. However, there is also a concurrent in-
crease in the terminal villus impedance to maternal blood flow, and so once
tissue is su�ciently dense oxygen uptake is restricted.

Figure 2: Predictions of oxygen uptake rate for varying terminal villous tissue
density (�TV ). The normal range of oxygen uptake rate determined from
the literature is shaded. The model predicts an ‘optimum’ uptake rate for
�TV ⇡ 0.15, and predicts low oxygen uptake e�ciency when surface area for
oxygen uptake is small (at low �TV ) or when terminal villi present a high
impedance to maternal blood flow (at high �TV ). The dotted line indicates
the nominal value of �TV .
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D.3 The e↵ect of a central cavity

Colour Doppler ultrasonography [8] revealed ‘jets’ of 4 mm in width and
length ranging from 3.0-8.6 mm emerging from the SAs into the IVS at 33
weeks. Assuming that jets enter the IVS in a central cavity (or a region in
which the villous tree is sparse), a central cavity was introduced into the
model as a relatively villus-free region having a hydraulic conductivity of
empty, which is of the same length and width of a typical jet. In the pres-
ence of a central cavity, the model predicts that oxygen rich blood is able
to penetrate further and deeper into the placental tissue (Figure 3a). As
in baseline predictions, a decreasing central to peripheral oxygen gradient
is predicted in the presence of a central cavity. Unlike baseline predictions,
when a central cavity was present, the model predicts that highest oxygen
uptake occurs when ↵ is inversely proportional to pO2 (a 1.9% increase in
uptake is predicted compared to constant uptake at all exchange interfaces)
(Figure 3b). This suggests that when central cavities were present, the high
uptake capacity in low oxygen regions of the placentome may be optimal.
Oxygen uptake increases with cavity length to an optimal length of approxi-
mately 8 mm (Figure 3c). Small decreases in uptake occur beyond this level
which may be attributed to an increased maternal blood flow velocity, which
means that blood may be moving too fast for su�cient oxygen uptake to
occur.

Anatomical studies have revealed the presence of a central cavity in the
villous tree, typically downstream of the SA opening [5, 6]. Predicted ma-
ternal blood flow patterns are consistent with the ‘physiological concepts’
hypothesised by Ramsey et al. [9] and the maternal blood is clearly shown
to project towards the chorionic plate due to the velocity of blood, resulting
in delivery of oxygen to deeper parts of the placental tissue. The oxygen
gradient between the central and peripheral regions of the placental lobule
retains a decreasing gradient and is consistent with the relative antioxidant
enzyme activity measured across the lobule [10]. We speculate that the 3.0-
8.6 mm jets observed using colour Doppler ultrasound in near term placentas
[8] are close to the optimal cavity length because longer jets do not result
in increases in predicted oxygen uptake. High speed flow from SAs may
mean that blood is circulated through the placenta before adequate oxygen
exchange can occur and may also damage the delicate microstructure of the
villi [11].
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(a)

(b) (c)

Figure 3: (a) Normalised oxygen concentration field (colours) predicted for
a placental unit with a central cavity (CC) which is relatively free of vil-
lous tissue. Oxygen concentration is normalised by oxygen concentration of
maternal blood entering the intervillous space. The central cavity gives rise
to deeper penetration by oxygen-rich maternal blood into the placental tis-
sue. (b) Compared to constant uptake at all exchange interfaces, the model
predicts the highest oxygen uptake when ↵ is inversely proportional to pO2.
(c) Oxygen uptake rate is predicted to increase with cavity length with the
increase in distribution of oxygen-rich blood in the intervillous space. How-
ever, when the cavity length is longer than 8mm, oxygen uptake rate starts
to decrease slightly.
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E The relationship between geometric param-

eters and oxygenation

E.1 Length of villous elements (ls):

Figure 4 illustrates how the villous tree fills the domain and oxygen distri-
bution for ls = 2 mm and ls = 3 mm. The tree with ls = 2 mm fills more of
the IVS with more and shorter branches with a higher number of terminal
villi. Although the tree with ls = 3 mm is made up of fewer, longer branches
and fewer terminal villi, the tree is sparse enough to result in an increase in
blood flow into the IVS, which drives oxygen uptake.

(a)

(b)

Figure 4: Space filling properties and oxygen distribution for villous tree
with (a) ls = 2 mm and (b) ls = 3 mm. Fewer, longer villous branches and
fewer terminal villi fit into the domain as ls is increased. However, oxygen is
able to penetrate further into the placental tissue as the tree becomes sparse
enough at ls = 3 mm for an increase in blood flow into the IVS.
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E.2 Branch angle (✓b):

Figure 5 demonstrates the space filling properties, flow streamlines and oxy-
gen penetration around villous trees with di↵erent ✓b. Villous branches
spread out more with increasing ✓b, allowing maternal blood to flow more
freely and penetrate deeper into the placental tissue for oxygen exchange
to occur. However, as ✓b increases further, the empty gaps between tree
branches form highly conductive paths which shunt flow directly from the
spiral artery to decidual veins, leading to a decrease in oxygen uptake as
most of the placental tissue is bypassed.

E.3 Number of branching generations (nb):

The e↵ect of nb on placental oxygen uptake, the number of terminal elements
in the branching tree, the amount of IVS filled with tissue, and velocity of
blood emerging from the SA are shown in Figure 6. While nb influences the
‘filling’ of the placenta with tissue (as seen by increases in terminal elements
and non-empty grid elements), this parameter has only a small e↵ect on flow
velocity and oxygen delivery in the absence of concurrent changes in branch
length or angle. This is because the orientation of villous branches and TBs
near the spiral artery inlet remain similar even as nb is increased (Figure 7).
This produces similar tissue resistance to inlet flow and hence, only small
e↵ects on inlet velocity (and oxygen uptake) is observed when nb is varied.
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(a)

(b)

(c)

Figure 5: Space filling properties, flow streamlines and oxygen distribution
for villous tree with (a) ✓b = 18�, (b) ✓b = 24� and (c) ✓b = 26�. Regions
around the inlet becomes less filled with villous tissue with increasing ✓b.
Flow penetrates deeper into the placental tissue, leading to an increase in
oxygen uptake. Beyond ✓b = 26�, the large spacings between branches gen-
erate paths of high hydraulic conductivity between the inlet and outlets,
resulting in arteriovenous shunting.
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(a) (b)

(c) (d)

Figure 6: The e↵ect of the number of branching generations (nb) on model
predictions. A range between 11 and 18 branching generations was consid-
ered, below this range the generated tree does not fill the thickness of the
term placenta. (a) Oxygen uptake rate increases a small amount with nb and
peaks when the tree has 14 generations. (b) An increase in nb gives rise to
higher number of terminal branches in the generated villous tree. (c) The
amount of sampling grid elements containing villous tissue increases with nb.
(d) Blood flow into the IVS remains almost constant.
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(a)

(b)

Figure 7: Space filling properties, flow streamlines, and oxygen distribution
for villous tree with (a) 12 and (b) 16 branching generations. Villous branches
and TBs are oriented in similar manner near the SA for both cases, provid-
ing similar resistance to inlet flow even though the streamline patterns are
di↵erent.
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