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ABSTRACT 

The placenta is a transient organ which develops during pregnancy to provide haemotrophic 

support for healthy fetal growth and development. Fundamental to its function is the healthy 

development of vascular trees in the feto-placental arterial network. Despite the strong 

association of haemodynamics with vascular remodelling mechanisms, there is a lack of 

computational haemodynamic data that may improve our understanding of feto-placental 

physiology. The aim of this work was to create a comprehensive 3D computational fluid 

dynamics (CFD) model of a substructure of the rat feto-placental arterial network and 

investigate the influence of viscosity on wall shear stress (WSS).  

Late gestation rat feto-placental arteries were perfused with radiopaque Microfil and scanned 

via micro computed tomography (μCT) to capture rat feto-placental arterial geometry in 3D. A 

detailed description of rat fetal blood viscosity parameters was developed and three different 

approaches to feto-placental haemodynamics were simulated in 3D using the finite volume 

method: Newtonian model, non-Newtonian Carreau-Yasuda model and Fåhræus-Lindqvist 

effect model. 

Significant variability in WSS was observed between different viscosity models. The 

physiologically-realistic simulations using the Fåhræus-Lindqvist effect and rat fetal blood 

estimates of viscosity revealed detailed patterns of WSS throughout the arterial network, with 

WSS gradients observed at bifurcation regions, which may contribute to vessel sprouting and 

pruning during angiogenesis.  

This simulation of feto-placental haemodynamics shows the heterogeneous WSS distribution 

throughout the network and demonstrates the ability to determine physiologically-relevant 

WSS magnitudes, patterns and gradients. This model will help advance our understanding of 

vascular physiology and remodelling in the feto-placental network.  
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1. INTRODUCTION 

The placenta is a transient organ which develops during pregnancy to support healthy fetal 

growth and development. Fundamentally, the placenta serves to secrete hormones, and 

exchange nutrients and waste between the mother and fetus. Inherent to placental function is 

the appropriate development of complex vascular networks. This is achieved by an expansive 

villous structure within the placenta which consists of an extensively branched network of fetal 

vessels; by term, the capillary network is greater than 500 km in length and 15 m2 in surface 

area (Burton and Jauniaux, 1995). The villi are bathed in maternal blood and thus, fetal and 

maternal circulations remain distinct. While the fetal capillary network (herein referred to as 

feto-placental vasculature) is essential for metabolic exchange between the mother and the 

fetus, it is also a key determinant of the expansion of the placental villous tree. Disruption to 

the elaboration of the feto-placental vasculature has profound implications for placental 

development and function, and ultimately, fetal growth, pregnancy outcome and health in later 

life. Thus, deficiencies in feto-placental vessel formation, remodelling and growth impede 

blood flow, impair gas and nutrient transport to the fetus and can ultimately lead to fetal 

intrauterine growth restriction (IUGR) (Roberts and Post 2008). IUGR occurs in 5-10% of 

pregnancies (Zhang et al. 2015) and has serious implications for both short and long-term 

health outcomes. Understanding the mechanisms underlying placental vascular elaboration is 

therefore vital for devising preventive, diagnostic and therapeutic measures to improve the 

quality of fetal development.  

The similarities between human and rodent placentas makes the rodent a useful experimental 

model for understanding human placental development and function. Thus, comparative 

studies of rodent and human placenta reveal striking similarity in cell types, structure, 

haemodynamics and gene expression (Georgiades et al. 2002). Furthermore, the invasiveness 

and spiral artery development of the rat placenta makes it an especially analogous model of the 

human placenta (Soares et al. 2012). The site of maternal-fetal exchange in the rodent is the 

highly vascular labyrinth zone, which consists of an elaborate fetal vascular tree. As described 

in Georgiades et al. (Georgiades et al. 2002), in both the rodent and human species, umbilical 

vessels supply the discoid-shaped placenta centrally from which chorionic arteries then branch 

across the fetal-facing surface of the placenta. In both rodents and human placentas, feto-

placental arteries branch deeply into the exchange region of the placenta. While the structural 

appearance of the feto-placental arterial tree in both species is similar, the primary difference 

is that humans have ~20 feto-placental arterial networks, compared to one network in the rodent 

(Georgiades et al. 2002). However, rodent feto-placental vascular casts have been informative 

for understanding how feto-placental vascularity informs fetal growth over pregnancy and the 

effects of environmental perturbation during pregnancy (Georgiades et al. 2002; Rennie et al. 

2014; Yang et al. 2010). 

Research on feto-placental vessel development has been strongly focused on genetic, molecular 

and environmental regulation, with little consideration given to biomechanical factors such as 

shear stress, known to affect cellular processes involved in vessel development (Burton et al. 

2009). Haemodynamic shear stress and subsequent endothelial function is the most important 

regulator of endothelial nitric oxide synthase (eNOS) that controls nitric oxide (NO), with feto-

placental blood flow during gestation heavily reliant on NO. For a thorough review on the 
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importance of shear stress and NO production in the placental artery endothelial cells, the 

reader is referred to Sprague et al. (Sprague et al., 2010). The necessity of investigating the link 

between biomechanical factors and placental vascular development has culminated in 

transdisciplinary, biomedical engineering approaches to expand the understanding of the 

complexity of placental development and function.  

Despite the importance of shear stress in feto-placental arteries, previous investigations have 

been limited in their approach. This is in part due to technical challenges to visualise the feto-

placental network in 3D and to assess in vivo microvascular blood flow. Some work has also 

been done in computational models of the human placenta. Gordon et al. (Gordon et al., 2007) 

studied idealised human intraplacental vessels, whereas Bernard et al. (Bernard et al., 2013) 

created a 3D model of the first bifurcation of a human placenta and reported velocities and 

pressure. Others have focussed on oxygen transport in the human placenta capillaries and 

terminal villi (Pearce et al., 2016; Plitman Mayo et al., 2016). In contrast, the entirety of rodent 

placental vasculature can be imaged. Recently, 2D imaging techniques of rodent placentas have 

been replaced by micro computed tomography (μCT) to acquire 3D images of vascular casts 

taken from the feto-placental vasculature (Yang et al. 2010). Geometries can be reconstructed 

through segmentation techniques and then used to comprehensively investigate developmental 

and functional changes resulting from environmental stressors (Detmar et al. 2008; Rennie et 

al. 2011; Yang et al. 2010), which is not feasible in human.  

Reconstructed μCT 3D vascular networks can additionally be used for computational 

haemodynamic analyses and help investigate the importance of in vivo mechanical forces on 

placental development and function. Recent computational models have used rodent vascular 

networks to examine pressure distributions, shear stresses and velocities in either full arterial 

networks reconstructed from imaging but with idealised cross-sections (Rennie et al. 2011; 

Yang et al. 2010) or synthetic geometries based on average dimensions (Clark et al. 2015). 

Despite this excellent prior work, there are no 3D data on the shear stresses within feto-

placental arteries, in particular, the distribution and gradient of shear stresses within specific 

arterial segments and at branch regions. Such data will help further our understanding of 

oxygen and nutrient exchange in the fetal capillaries as well as the structural development of 

the entire network itself during gestation.      

Therefore, this study aims to develop a framework for the first large scale 3D haemodynamic 

model of a late gestation rat feto-placental arterial network. Computational fluid dynamics 

(CFD) was applied to a substructure of the feto-placental vasculature along with realistic 

assumptions and rheological properties that account for the Fåhræus-Lindqvist effect. Shear 

stress in the network was computed and compared between different approaches to blood 

viscosity. 
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2. METHODS 

2.1 Animal model and feto-placental arterial casting 

In this study we used a single Nulliparous Wistar rat that was part of a larger study group. 

Nulliparous Wistar rats (6-8 weeks old) were supplied by the Animal Resources Centre 

(Murdoch, Australia). All procedures involving the use of animals were conducted after 

approval by the Animal Ethics Committee of The University of Western Australia (AEC 

number RA/3/100/1300). Rats were maintained in 12:12 light/dark cycle and food and water 

were supplied ad libitum. Rats were mated and pregnancy was confirmed by presence of 

spermatozoa (designated day 1 of pregnancy, E1). To create arterial casts, dams were 

anaesthetised with isofluorane/nitrous oxide at E22. Uteri were collected via a midline 

abdominal incision, feto-placental units dissected and immediately immersed into ice-cold (2-

3 °C) phosphate buffered saline (PBS) for 20 minutes to induce fetal anaesthesia. Individual 

feto-placental vascular trees were cleared of blood by perfusion of warm 2% xylocaine (Attane, 

Bomac, NSW, Australia) in 0.9% sodium chloride (Baxter, Deerfield, IL, USA) and 100 IU 

heparin/ml (Sigma-Aldrich, St. Louis, MO, USA) into the umbilical artery through a double 

lumen glass micropipette. Casting of the feto-placental vasculature was then performed through 

the perfusion of Microfil® (Carver, MA, USA) based on a method previously developed 

(Adamson et al. 2002; Whiteley et al. 2006). The vascular cast was left to solidify within the 

intact placental tissue (see Fig. 1A). 

 

2.2 Scanning feto-placental arterial casts 

The cast was immersed in PBS, stabilized in a plastic vial and scanned using μCT (Xradia 520 

Versa X-Ray Microscope, Xradia 520 XRM, ZEISS, Oberkochen, Germany). To 

accommodate for the discoid placental structure (~13.5 mm diameter x 6 mm height), scanning 

was performed using a novel wide field mode that stitches a set of two normal sized 2D images 

together horizontally (normal mode tomography = 1K x 1K voxels; wide field mode = 2K x 

1K voxels). The desired field of view (FOV) is then shared across two normal images at the 

same resolution that a normal scan could achieve in half the FOV. Whole placental scanning 

achieved a resolution of ~7.1 μm with a scan time of about 15 hours. Data was then exported 

in DICOM format. Example resulting μCT data is shown in Figure 1B. 

 

2.3 3D reconstruction and geometry processing 

We used Mimics v18 (Materialise, Belgium) to 3D reconstruct the μCT data. Thresholding and 

region growing helped to segment the arterial structure and remove artefacts, with smaller 

defects removed manually using 3-matic v10 (Materialise, Belgium). Once reconstructed into 

3D, we used a first order Laplacian smoothing algorithm to reduce the noise on the 

reconstructed outer surface and lumen interior. Laplacian smoothing is a widely used algorithm 

to smooth a polygonal mesh and works by reducing the distance between vertices in a mesh, 

where the smoothing factor controls the distance. Here we used a smoothing factor of 0.7 and 

ran the algorithm for 10 iterations. The resulting geometry is shown in Figure 1C.  
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The number of vessels in a vascular structure directly relates to the computational size of the 

problem as more vessels means more computational elements. In order to reduce the size of 

the physical model for CFD, we selected a sub-volume approximately 32% the size of the entire 

geometry (see dashed box in Fig. 1D). We deemed this appropriate as this sub-volume captures 

the typical geometry of the region without the need to simulate the entire network. A robust 

CFD geometry requires the inlet and outlet surfaces to be perpendicular to the direction of flow 

so that these boundaries do not influence flow in the region of interest. Therefore, we created 

centrelines in Mimics before following each branching vessel downstream until its border was 

no longer visible on the μCT; typically near the capillary bed. We then cut each vessel 

perpendicular to the centreline in this area (see Fig. 1D-F). Our final processed geometry 

contained one inlet through the umbilical artery and 89 vessel outlets, which was then exported 

in stereolithography (.stl) format for further use (see Fig. 1G). 

 

2.4 Computational fluid dynamics 

2.4.1 Meshing 

We used STAR-CCM+ (v11.06, Siemens, Berlin) to create our computational meshes. Each 

mesh consisted of a core of polyhedral elements and layers of prisms in the near wall boundary 

layer. Polyhedral meshes are more efficient than tetrahedral meshes; they generate four times 

fewer cells, use half the memory and approximately one tenth of the computing time when 

calculating the same solution (Spiegel et al. 2011). We began by remeshing the surface based 

on the relative average radius of the vessel so that smaller vessels contained more elements. 

We determined the approximate total thickness of the prism layer based on the local vessel 

radius, with the prism thickness defined as 10% of the average local diameter. The stretching 

factor 𝑆 of each prism layer was calculated such that the thickness of the innermost layer was 

double the size of the next layer, according to Eqn. 1, where 𝑛 is the number of prism layers. 

We then created a polyhedral core based on a constant element growth rate of 1.0.  

𝑆 = 2(
1

𝑛−1
)
     Eqn. 1 

The different element types and regional mesh refinement in shown in Fig. 1(J-K). We also 

included entrance and outlet lengths 200 μm long to reduce the impact of inlet and outlet 

boundary conditions on flow within the domain of interest. This length was verified through 

simulations to ensure a developed flow entered and exited the feto-placental network.  

2.4.2 Grid convergence 

To determine the optimum level of mesh refinement, we tested three mesh densities (coarse, 

medium and fine) and three different numbers of layers of prism elements. We used the Grid 

Convergence Index (GCI) (Celik et al. 2008; Roache 1994) to quantify the discretisation error 

between meshes. We doubled the polyhedral mesh density as well as the number of prism 

layers until the GCI was < 1%. To determine the GCI, we used the same boundary conditions 

as below, with viscosity accounting for the Fåhræus-Lindqvist effect. Our final computational 

mesh contained approximately 7 million cells with 12 layers of prism elements.  
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2.4.3 Umbilical artery velocity measurement  

For the inlet condition, we measured the velocity using high-frequency Doppler ultrasound in 

the umbilical arteries of six late gestation rats (gestation day 22). In vivo ultrasound assessment 

was performed by using a Vevo 770 ultrasound biomicroscope (Visualsonics) with a 

RMV710B 25 MHz center frequency transducer. Pregnant rats were anaesthetised with 2-3% 

isofluorane and body temperature was maintained between 36.5 and 37.5°C. Abdominal body 

hair was removed using a shaver followed by depilatory cream. Fetal-placental units were 

imaged over 45 minutes, with a minimum of six units being analyzed in each pregnancy. Blood 

velocity within the umbilical artery was measured and images were recorded for offline 

analysis. We determined the average peak systolic velocity to be 136.33 mm/s and this value 

was used throughout the steady-state simulations. 

2.4.4 Boundary conditions and solution parameters 

To simulate the blood flow through the network, we solved the 3D incompressible Navier-

Stokes and continuity equations using STAR-CCM+. As the system was assumed to be closed 

and the conservation of mass was enforced, we used Murray’s law to determine the branching 

split ratios which were applied to the mass flow calculations at the outlets. As such, the mass 

flow at an outlet, 𝑖, is equal to the cube of the outlet diameter (𝑑𝑖
3) divided by the domain wide 

sum of the cube of each outlet diameter (𝑑𝑗), multiplied by the inlet mass flow. This is shown 

by Eqn. 2, where 𝑁 = number of outlets.  

𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤𝑖 = 𝑖𝑛𝑙𝑒𝑡 𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 ×
𝑑𝑖

3

∑ 𝑑𝑗
3𝑁

𝑗=1

    Eqn. 2 

We assumed zero-velocity (no-slip condition) at all the rigid walls in the model. The flow was 

assumed laminar throughout as the Reynolds number was very low ranging from about 5 in the 

small bifurcations to 45 in the largest vessel (umbilical artery). Residual convergence criteria 

(the residual root-mean-square error of continuity equations) was set to 10-4 from the starting 

residual. 
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Fig 1 (A) Microfil cast of the feto-placental unit in situ, (B) example resulting μCT image, and 

(C) complete 3D reconstruction before further processing. (D) Complete feto-placental 

network with highlighted region (E) showing the method used to trim vessels perpendicular to 

the centreline (F). (G) Final 3D geometry used for modelling (approximate geometry shown in 

dashed box in part D). Figures A-G are shown from above. (H) Final 3D geometry shown from 

sagittal view and (I) mesh including entrance/exit lengths with outlet faces shown in green. (J) 

Mesh at entrance to umbilical artery (inlet) showing prism layers and polyhedral cells, and (K) 

local mesh refinement based on local vessel diameter. ‘Coarse’, ‘medium’ and ‘fine’ refers to 

the mesh density. 
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2.4.4 Blood viscosity and the Fåhræus-Lindqvist effect 

We assessed the resulting differences in haemodynamics between (a) Newtonian model, (b) 

non-Newtonian model, and (c) one that accounted for the Fåhræus-Lindqvist effect (Fåhræus 

and Lindqvist 1931) in the microvasculature.  

It is difficult to collect rat fetal blood for rheological analysis which results in a scarcity of data 

in the literature. We reviewed previously published work (Honda et al. 2008; Linderkamp 

2004; Linderkamp et al. 1984; Riopel et al. 1982) to investigate the relationship between 

available human maternal and fetal blood properties and the relevance of haematocrits, 

measurement conditions (shear rate) and time of pregnancy. We found a constant ratio of 

neonate to maternal blood viscosities in humans, which was assumed to be comparable in rats. 

The ratio was applied to available late gestation rat blood data to estimate fetal blood properties 

relevant to the feto-placental arterial network. A detailed description can be found in the 

Supplementary Data.  

In model (a), the Newtonian model, blood was assumed incompressible with a human blood 

density of 1050 kg m-3 analogous to rat blood density (Vitello et al. 2015). In humans, the 

dynamic whole blood viscosity and plasma viscosity is 3.5 mPa.s and 1.2 mPa.s, respectively. 

Here, we estimated the dynamic whole blood viscosity and plasma viscosity for rat fetal blood 

to be 5.14 mPa.s and 1.14 mPa.s, respectively (see Supplementary Data). 

In model (b), the non-Newtonian model, we implemented the Carreau-Yasuda viscosity model 

(Eqn. 3). The dynamic viscosity 𝜇 was calculated where 𝜇∞ and 𝜇0 are the values of the 

dynamic viscosity at infinite and zero shear rate, respectively, λ is the time constant associated 

with the dynamic viscosity changes with shear rate �̇� and 𝑛 is the power law index. 

𝜇(�̇�) = 𝜇∞ + (𝜇0 − 𝜇∞)(1 + (𝜆�̇�)𝑎)
𝑛−1

𝑎    Eqn. 3 

Appropriate rat blood properties were applied to the Carreau-Yasuda model with 𝜇∞ = 5.14 

mPa.s (from our approximations) and 𝜇0 = 0.25 Pa. s, 𝜆 = 25 s, 𝑛 = 0.25 and 𝑎 = 2 taken from 

literature (Lecarpentier et al. 2016). We then compared the differences in viscosity and 

resulting haemodynamics (see Supplementary Data). 

In model (c), we accounted for the Fåhræus–Lindqvist effect using the mathematical model 

from Pries et al. (Pries et al. 1996), shown in Eqn. 4 - 6.  

𝜇(𝐷, 𝐻𝐷) =
𝜇

𝜇𝑝𝑙𝑎𝑠𝑚𝑎
= [1 + (𝜇0.45 − 1) ∙

(1−𝐻𝐷)𝐶−1

(1−0.45)𝐶−1
∙ (

𝐷

𝐷−1.1
)

2

] ∙ (
𝐷

𝐷−1.1
)

2

  Eqn. 4 

Where 𝜇0.45 is the relative blood viscosity for a fixed haematocrit 𝐻𝐷of 0.45 given by Eqn. 5. 

𝜇0.45 = 6𝑒−0.085𝐷 + 3.2 − 2.44𝑒−0.06𝐷0.645
     Eqn. 5 

D is the vessel diameter and C describes the shape of viscosity dependence on the haematocrit 

via Eqn. 6. 

𝐶 = (0.8 + 𝑒−0.075𝐷) ∙ (−1 +
1

1+10−11.𝐷12) +
1

1+10−11.𝐷12  Eqn. 6 
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To implement this model, several steps were developed. Firstly, a wall distance function was 

used to compute the distance of local points through the geometry. We obtained a gradient 

representation of the wall distance and the gradient at the centre of the lumen was created to 

find a centreline. This was performed on a very fine polyhedral mesh to accurately capture the 

centreline, where polyhedral cells were approximated as spheres with a 𝑐𝑒𝑙𝑙 𝑠𝑖𝑧𝑒 = 1.2407 ∙

√𝑣
3

 where 𝑣 is volume of sphere. Local radii 𝑟, were then calculated as 𝑟 = 𝑤 + 0.5 ∙ 𝑐𝑒𝑙𝑙 𝑠𝑖𝑧𝑒, 

where 𝑤 is wall distance. This enabled the calculation of local diameters and relative viscosity 

(𝜇𝑟𝑒𝑙) throughout the 3D geometry. 

The distribution of blood viscosity at different diameters was plotted and compared with 

previous physical measurements (Pries et al. 1996). The dynamic viscosity (𝜇) was calculated 

by multiplying the relative viscosity by the plasma viscosity and the local viscosities were 

visualised. As before, the rat plasma blood viscosity was assumed at 1.14 mPa.s and 1.2 mPa.s 

for human plasma blood viscosity. We used a haematocrit of 45% for human blood (Pries et 

al. 1996) and 31.7% for late pregnancy rat blood (Honda et al. 2008).  

2.4.5 Data analysis 

We measured the biomechanical factors thought to affect placental blood flow, development, 

function and pathology: viscosity, velocity and WSS. Viscosity and WSS distributions were 

compared for the different viscosity models and percentage differences between the models 

were calculated and locally represented on the geometry. In each comparison of viscosity, the 

percentage difference in dynamic viscosity of the Newtonian or Non-Newtonian model is 

compared to the Fåhræus–Lindqvist model. 

 

3. RESULTS & DISCUSSION 

3.1 Feto-placental vascular geometry  

The entire geometry was 10.6 mm3 in volume and 3380 mm2 in surface area. The sub-volume 

used for CFD was approximately 32% of the entire network’s volume comprising of 17% of 

the surface area. The branching of intra-placental arteries within the sub-volume displayed a 

large distribution of diameter measurements ranging from 27 µm at the outlets nearing the 

capillaries, to 756 µm in the umbilical artery (see Supplementary Data) 

 

3.2 Viscosity in the feto-placental vasculature 

Dynamic viscosity decreases with diameter causing the red blood cells to flow centrally within 

the lumen, leaving a cell-free layer of plasma at the wall with a viscosity much lower than that 

of the bulk blood. This plasma layer becomes narrowed in the smaller vessels, further reducing 

the dynamic viscosity at the wall. Figure 2A shows the dynamic viscosity throughout the 

network when adjusted for the Fåhræus-Lindqvist effect. 

We adjusted the haematocrit concentrations to compare with the in vivo data (Lipowsky et al. 

1978; Lipowsky et al. 1980; Pries et al. 1994) presented in Pries et al (Pries et al. 1996). We 
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found good agreement, however we observed earlier inflections in viscosities (see Fig. 2B). 

Differences could be due to the corrective terms and constants used. Furthermore, the 

mathematical model assumes a core red cell layer modelled as a rigid body surrounded by a 

plasma cell-free layer which mostly accounts for the drop in viscosity. We also compared our  

data with Malek et al. (Malek et al. 2015) who implemented the Fåhræus-Lindqvist effect in 

the human retinal microvasculature. We found very good agreement in each of the haematocrit 

concentrations investigated (see Fig. 2C). Yang et al. also implemented the Fåhræus-Lindqvist 

effect into their model and found viscosity to be 2.8 mPa.s in vessels with 43 µm diameter. 

This also agrees well with our findings.  

The assumption of the core as a rigid body detracts from the physical behaviour of blood as a 

multi-phase fluid. The actual width of the cell-free plasma layer is dependent on the 

biomechanics of individual red blood cells which exhibit dynamic motion. There has been little 

focus on the interaction of red blood cells with each other and the walls, which would alter the 

assumption of the rigid core body. Although this assumption would hold for smaller arteries, 

mathematical models of higher complexity need to be considered in larger micro-vessels. 

The Newtonian model produced a constant absolute viscosity throughout the geometry (as 

expected) while the Carreau-Yasuda viscosity displayed a more heterogeneous distribution of 

higher magnitude viscosities. The difference in viscosity between the Fåhræus-Lindqvist effect 

and both Newtonian (see Fig. 3A) and non-Newtonian Carreau-Yasuda (see Fig. 3B) models 

shows the largest difference in smaller vessels (also as expected). However, the percentage 

difference was more pronounced when comparing the Fåhræus-Lindqvist effect with the 

Carreau-Yasuda model (see Fig. 3B). As shown in Figure 3, larger relative viscosities are 

observed in larger vessels. The overall Fåhræus-Lindqvist viscosity is calculated by 

multiplying the relative viscosity by the plasma viscosity, implying that in larger vessels the 

blood viscosity approaches the absolute Newtonian viscosity. We can deduce that the Carreau-

Yasuda model fails to account for the formation of the red blood cell core and plasma cell-free 

layer, and therefore, does not resemble the biophysical behaviour of blood in the 

microvasculature.  
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Fig 2 (A) Dynamic viscosity of rat blood with a haematocrit of 31.7% and plasma viscosity of 

1.1 mPa.s with the Fåhræus-Lindqvist effect. (B) Comparison of relative viscosities computed 

with our model of the Fåhræus-Lindqvist effect (shown in colour for each haematocrit value) 

to in vivo measurements (Pries et al. 1996 and references within). (C) Our data (shown in black) 

compared to 2D simulations (Malek et al. 2015) with varying haematocrit concentrations.  
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Fig 3 Percentage differences in viscosity between the Fåhræus-Lindqvist effect and (A) 

Newtonian and (B) non-Newtonian Carreau-Yasuda models.  

 

3.3 Wall shear stress in the feto-placental network 

Here we show for the first time the variation in WSS along feto-placental vessel segments, 

which indicates potential variations in signalling and remodelling (see Fig. 4). WSS differences 

were prominent at larger branching points such as the umbilical bifurcation where systolic flow 

is higher and WSS is expected to be greater. WSS in these areas is strongly associated with the 

activation of endothelial cell cascades which stimulate vascular remodelling and hence control 

the development of the hierarchical bifurcating tree structure (Barbee et al. 1995; Godde and 

Kurz 2001; Jones 2010).  
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High WSS (> 10 Pa) is linked with an increased production of nitric oxide in the endothelial 

cell layer (Dolan et al. 2013), with nitric oxide known to trigger the programmed death 

(apoptosis) of smooth muscle cells which maintain the vessel wall’s integrity. As a result, the 

large biomechanical blood forces present in the umbilical bifurcation predominate the wall’s 

internal forces, promoting the enlargement of the vessel (Guzman et al. 1997). This local 

enlargement is essential for the placenta to meet the increasing nutrient, gas and waste 

exchange needs of the fetus during late pregnancy. The WSS increases downstream in the 

network of some vessels (see Fig. 4), which may also be associated with vessel enlargement 

and increased vessel sprouting to increase the flow, surface area and ultimately, the exchange 

functionality of vascular beds. Furthermore, it is not sufficient to simply know the magnitude 

of blood flow reaching the capillaries, with the exact patterns of flow essential to further our 

understanding of the physiology (Faber, 1995; Plitman Mayo, et al., 2016). The data presented 

here helps work towards this ultimate goal.    

 

Fig 4 WSS distributions based on the Fåhræus-Lindqvist effect and rat blood viscosity. Peak 

WSS was about 10 Pa and previous work has shown WSS > 10 Pa to increase nitric oxide 

production, triggering apoptosis (Dolan et al., 2013).  

 

We find WSS peaks above 10 Pa, which is significantly larger than previous work that ranged 

from zero to about 4 Pa (Rennie et al. 2012; Yang et al. 2010). However, there are several key 

differences between previous work and this current study. Firstly, we used rats compared to 

mice (Rennie et al. 2012; Yang et al. 2010) and as rats are larger animals, they have larger 

umbilical artery diameters compared to mice (756 v 380 µm). Also, using the pressure-drop 

approach of Yang et al., they estimated flow rate in the largest mouse placental vessels to be 

approaching 10 mm3/s, compared to the average peak flow rate of 61.2 mm3/s measured using 
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ultrasound in our rats. Therefore the difference in species helps explain the differences in 

resulting WSS. 

Here we reveal the WSS gradients within specific segments of the feto-placental arterial 

network and in particular, within the umbilical artery bifurcation (see Fig. 5). We observe local 

WSS minimum at the bifurcation point experiencing flow impingement, with increasing WSS 

on either flank. Furthermore, we see WSS decreasing distally into the daughter branches, 

causing a positive WSS gradient at the entrance to these branching arteries. Dolan et al. (Dolan 

et al. 2013) investigated differential gene expressions by endothelial cells under varying 

streamwise gradients of WSS within the basilar terminus of rabbits. They showed that positive 

WSS gradients favour in vitro proliferation, apoptosis and extracellular matrix degradation, 

while decreasing the expression of pro-inflammatory genes. When genes Ki-67 and 

ADAMTS1 were activated, they were strongly associated with vascular remodelling processes 

such as cellular proliferation and extracellular matrix degradation. By mapping the 

immunofluorescence staining for the proliferation marker Ki-67 and ADAMTS1, they revealed 

a higher expression of the proliferation genes in endothelial cells experiencing positive WSS 

gradients compared to adjacent regions of negative WSS gradients (Dolan et al. 2013). 

Therefore, the WSS gradients we show here could be pivotal to vascular remodelling at 

bifurcations and in branching vessels. 
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Fig 5 (A) WSS magnitude and (B) WSS gradient distributions at the umbilical artery 

bifurcation based on the Fåhræus-Lindqvist effect and determined rat blood viscosity.  

 

3.4 Limitations of the study 

Firstly, due to the computational size of the model, we did not simulate haemodynamics 

throughout the full feto-placental network. Instead we selected approximately one third of the 

geometry. With further work, the entire network could be prepared for CFD similar to the 

excellent prior work in the area (Rennie et al. 2011; Rennie et al. 2015; Rennie et al. 2014; 

Rennie et al. 2007; Yang et al. 2010). This could be achieved using automated methods to trim 

vessels as previously reported (Yang et al. 2010). We also are currently using advanced µCT 

imaging to connect the feto-placental arteries with the capillary network to create a highly 

sophisticated geometry that combines our 3D haemodynamic simulations with oxygen transfer 

in the capillaries (Pearce et al., 2016; Plitman Mayo et al., 2016).  
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Despite the extensive use of rodent models in haemodynamic studies, there is a knowledge gap 

in rat blood rheology, in particular, in rat fetal blood viscosity. We have estimated values by 

reviewing and extracting data previously published, but ultimately, experimental data is needed 

to support our findings.  

Here we used high frequency Doppler ultrasound to measure the velocity in the umbilical artery 

of pregnant rats. However, instead of using this data to create a transient velocity input, we 

averaged the peak systolic velocity data and applied a steady-state inlet velocity to our model. 

Pulsatile simulations will significantly increase the computational times, but will create more 

accurate transient data allowing for WSS to be averaged over a cardiac cycle. Furthermore, a 

structured fractal tree (Kristen et al. 2016; Olufsen et al. 2000) or resistor boundary conditions 

could be implemented at the outlets to enhance the model. We aim to pursue these 

advancements to further refine our methodology in future work. Also, in vivo experimental 

validation is desirable. We will continue to explore methods of validation similar to those 

possible in larger arteries of the mouse (Feintuch et al. 2007) and also using future experimental 

data on oxygen tranfser and other physiological measurements.  

Finally, the applicability of our findings to the human placenta is unclear. Although rodents are 

a valuable research tool and their placentas share geometric and physiological similarities with 

those of humans (Georgiades et al. 2002; Mu and Adamson, 2009; Rennie et al. 2014; Wyrwoll 

et al., 2012; Yang et al. 2010), the imaging and modelling of human placental networks will 

also be useful and is under investigation by our group. Once adequate 3D imaging of a human 

network is acquired, a similar framework to that presented here can be applied and WSS 

computed.    

 

4. CONCLUSIONS 

Here we present the first subject-specific 3D CFD model of the rat feto-placental network. We 

created a physiological estimate of rat fetal blood and used high frequency ultrasound to 

measure velocity in the umbilical artery. We demonstrate the importance of the Fåhræus-

Lindqvist effect and show that WSS is heterogeneous within the feto-placental network, with 

WSS gradients potentially creating important developmental pathways through gene 

expression that may contribute to vessel sprouting and pruning. This work represents a 

significant advancement to our understanding of rat feto-placental haemodynamics and is a 

platform to help further investigate developmental haemodynamics in animals and humans.     
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