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ABSTRACT  

The placenta is a temporary and complex organ critical for fetal development through its 

subtle but convoluted harmonization of endocrine, vascular, haemodynamic and exchange 

adaptations. Yet, due to experimental, technological and ethical constraints, this unique 

organ remains poorly understood. In silico tools are emerging as a powerful means to 

overcome these challenges and have the potential to actualize novel breakthroughs. Here, 

we present an interdisciplinary framework combining in vitro experiments used to develop 

an elegant and scalable in silico model of oxygen diffusion. We then use in utero imaging of 

placental perfusion and oxygenation in both control and growth-restricted rodent placentas 

for validation of our in silico model. Our framework revealed the structure-function 

relationship in the feto-placental vasculature; oxygen diffusion is impaired in growth-

restricted placentas, due to the diminished arborization of growth-restricted feto-placental 

vasculature and the lack of decelerated flow for adequate oxygen diffusion and exchange. 

We highlight the mechanisms of impairment in a rat model of growth restriction, 

underpinned by placental vascular impairment. Our framework reports and validates the 

prediction of blood flow deceleration impairment in growth restricted placentas with the 

placenta’s oxygen transfer capability being significantly impaired, both globally and locally.   

Key words: Placenta; fetal growth restriction; oxygen diffusion; computational fluid 

dynamics; MRI   
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MAIN 

Computational experimentation is an emerging tool that is increasingly being leveraged to 

elucidate complex structure-function relationships in a number of biological systems such as 

the lungs 1, 2, placenta 3-5, tumors 6, 7 and others 8-11. This in silico approach overcomes 

challenges of conventional experiments, allowing for novel measurements to be made or 

experimental interventions to be actioned, both of which would otherwise be difficult, if not 

impossible to achieve conventionally. Contributing to this advancement are novel high-

resolution imaging approaches, both in vivo and ex vivo, which have informed the 

development of more realistic modelling frameworks which are however often limited by 

the lack of validation data.  

In obstetrics, fetal growth restriction is a poorly diagnosed and understood pathology driven 

by gas exchange dysfunction in the placenta. This unique organ develops an expansive 

vascular network of over 500km in length during pregnancy 12 to mediate efficient oxygen, 

nutrient and waste transport at the fetal-maternal interface and hence drive growth and 

health outcomes of the developing fetus. It has been hypothesized to be strongly influenced 

by synergistic structural, haemodynamic and diffusion impairment 3-5, 13, however, ethical 

constraints of pregnancy research and the low resolution of routine ultrasound limit the 

extent of emerging research into the human placenta.  

Consequently, animal models, particularly rodents which share similarities to human 

placenta 14, offer an avenue to provide unique insights into both health and disease 15-17. 

Seminal studies have included ex vivo casting and imaging experiments, 18-21, in silico flow or 

oxygen diffusion simulations 18, 22-26 and more recently, in utero placental magnetic 

resonance imaging (MRI) 27-29. Nonetheless, this research is vastly limited by the complexity 

of placental vasculature and the difficulties in experimental validation of computational 

tools, which make it challenging to quantify and validate the local variability in perfusion 

and oxygenation in both in utero and in silico approaches 30. Although these novel methods 

hold immense potential to shed light on the key mechanics of placental gas exchange and 

impairment, they are rarely used in tandem to overcome current limitations and generate 

novel, more sensitive and more specific indicators.  
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In this study, we present an elegant and scalable computational framework (Figure 1) 

applicable to realistic geometries, incorporating the biological complexities of gas diffusion 

and accounting for experimental data for both model verification and validation. We 

present an application in a rat model of late gestation placentae in control and growth 

restricted contexts. We use in utero flow measurements from previous work 13 to model 

flow in subject specific placental arteries (collected ex vivo), a combination of in vitro and in 

silico experiments to develop verified oxygen diffusion simulations in bioinspired capillaries, 

and in utero placental MRI to validate in silico findings. We demonstrate that through 

extensive verification and validation using a combination of in vitro, in utero and in silico 

methods, we can generate novel insights on poorly understood structure-function 

relationships in vascular systems such as the placenta, and that both structure and 

haemodynamics influence diffusion impairment in disease.  
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Figure 1:  Pipeline for in vitro, in utero and in silico research into 3D placental structure, haemodynamics and function. A well-established 

glucocorticoid (dexamethasone or dex exposure) model of fetal growth restriction (FGR) (1) in rats is used to investigate mechanisms of placental 

impairment during late pregnancy compared to control rat pregnancies. Umbilical artery flow measurements (from Bappoo et al.13) are taken in 

utero using High Frequency Doppler Ultrasound imaging (2) to define model inputs for in silico computational fluid dynamics (CFD) simulations. 

Feto-placental units are resected and blood is cleared before the placental arterial tree is cast using a radiopaque casting agent and subsequently 

imaged using micro-CT (3a). The placental tissue is reconstructed in 3D (specifically, arteries) and vessel structure is analyzed using a 3D rooted 

tree approach to extract geometrical data such as vessel size (3b) 13, 20. Openly-sourced bioinspired capillary networks 31 are constructed in silico 

(4a) and oxygen diffusion is characterized for the capillary geometries before coupling with terminal vessel outlets. Bioinspired vascular networks 

are fabricated using hydrogels and microfluidics experiments are performed 32 to measure oxygen gained for specified flow rates, hence ensuring 

that in silico oxygen diffusion modelling methods are verified (4b). The 3D geometries are prepared for flow simulations to compute the steady-

state blood flow and oxygen diffusion at the fetal-maternal interface (center figure) and placental function can be compared between 

experimental groups. Using MRI, ΔT2* values are calculated to provide a relative measure of overall oxygenation in utero and is compared to in 

silico results for validation (5). Here, this framework is used to elucidate structural, haemodynamic and functional (oxygen diffusion) changes 

during in utero growth restriction. The pipeline can be re-iterated to further generate hypotheses (e.g., mechanisms of reversal of impairment), 

adjust the experimental model (e.g., treatment dosage) and test outcomes. Adaptations of BioRender.com (2021) retrieved from 

https://app.biorender.com/biorender-templates were made in 1 (adapted from “Mouse Supine”, “Generic cell shape 5, “Placenta” and “Mouse 

embryo”), 2 (adapted from “Ultrasound transducer (convex)”, “Placenta” and “Blood vessel (3D)”, 4a (adapted from “Capillary bed”) and 5 

(“Mouse MRI machine”). Idealized capillaries in 4a were obtained from an open-source dataset33 (Creative Commons Attribution Non 

Commercial Share Alike 4.0 International) and reproduced with permission31 (Copyright © 2020, Springer Nature Limited) and fabricated vascular 
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networks in 4b were obtained from an open-source dataset34 (Creative Commons Attribution Non Commercial Share Alike 4.0 International) and 

reproduced with permission32 (Copyright © 2019, The American Association for the Advancement of Science).
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RESULTS 

VERIFICATION OF THE MODEL AGAINST THE STATE-OF-THE-ART 

With the end goal of developing and applying a framework to assess placental function, we 

began by developing and implementing mathematical models of oxygen diffusion in human 

placenta capillary-villous structures taken from a seminal placenta oxygen diffusion 

modelling study 25 (Figure 2). We prepared three previously published geometries and ran 

flow simulations (using parameters listed in Supplementary Material, Table S1) on STAR-

CCM+ (v15.02.007) and compared results to Pearce et al. 25. Prior to analysis, we ensured 

that simulation solutions were independent of the discretization approach (See 

Supplementary Material Table S2, Figure S1).  Results were in close agreement for all three 

geometries tested, with similar wall shear stress profiles (Figure 2A-B) and maximum 

differences in velocity magnitude below 4.8% (Figure 2C). This suggests that for the low 

Reynolds numbers typically observed in the capillaries, the finite volume approach to the 

Navier-Stokes equations used in our model yield similar results to the finite element 

solution to the Stokes flow, used by Pearce et al. 25. Advection-diffusion simulations also 

yielded visually identical distributions of oxygen concentration (Figure 2D-E) and 

comparable oxygen transfer rates (< 5%) at the wall interface (Figure 2F). We then used the 

model to determine new insights into the reduction in oxygen gain with increasing flow rate 

in the terminal capillary-villous structures, and show that the relationship can be described 

by negative exponential regressions (Figure 2G). 

As our goal was to develop a well verified and scalable model for application to more 

complex geometries, close agreement to the state of the art provided confidence in our 

approach. Additionally, we demonstrate the ease of scalability as our methods of geometry 

preparation, computational meshing and solving time using a standard 6GB RAM desktop 

computer took less than 20 minutes on average, whereas for similar mesh sizes Pearce et 

al.25 required 768GB RAM (computation time was not reported).  
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Figure 2: Numerical validation of methods. Flow simulation results derived from CFD methods (full Navier-Stokes equations; STAR-CCM+) 

used in this study were in close agreement with previous methods (Stokes flow; COMSOL) 25. Wall shear stress plots were comparable between 

(A) 25  and our methods (B), and other calculated properties (C) were also in close agreement. Oxygen concentration results shown in (D) 25 and 

our results shown in (E) indicate that advection-diffusion results were also in close agreement. Note: We visually approximated the cross-

sections presented by Pearce et al.25 as these were not indicated. The top row of panels (D) and (E) represent simulations of a pressure drop of 

2 Pa while the bottom row was a pressure drop of 20 Pa. The lower pressure drop simulation yielded higher oxygen diffusion into the blood 

domain. For each human terminal villous specimens (Images 1-3), we show similar behavior of oxygen transfer rate at the tissue-blood 

interface (F) 25, which followed a logarithmic relationship with increasing pressure drop (Image 1: r = 0.9982; Image 2: r = 0.9989; Image 3: r = 

0.9987). For each human terminal villous specimen (Images 1-3), we show that higher flow rates reduce the oxygen gained (G), following a 

negative power exponential relationship (Image 1: r = 0.9939; Image 2: r = 0.9765; Image 3: r = 0.9355). Three-dimensional models of terminal 

capillary-villi and modelling data (D, F) from Pearce et al.25 were adapted under a Creative Commons license (CC BY 4.0).
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VALIDATION OF OXYGEN DIFFUSION COMPUTATIONAL MODEL 

Following model verification against state-of-the-art, we aimed to validate the modelling to 

ensure results represent the ground truth. The gold standard validation approach for 

computational models are generally in vivo experimental measurements, however this is 

intrinsically difficult to obtain in human placental capillaries due to ethical constraints and 

the limits of ultrasound, most routinely used in pregnancy. Hence we sourced previously 

published capillary-inspired geometries and corresponding data of flow-oxygenation 

experiments (Figure 3) 32.  

We firstly used a serpentine-helix geometry (Figure 3A, right) for calibration of system 

unknowns (oxygen diffusivity in hydrogels) using our diffusion methods. See Supplementary 

Material Figure S2 for further model set up information. We then used results for blind 

validation of oxygen gain in a Weaire-Phelan geometry (Figure 3A, left). The oxygen 

diffusivity in the gel was calibrated until the oxygen gained reported experimentally in the 

calibration geometry was matched. We computed the oxygen diffusivity to be 5.81 ×

10−11 𝑚2/𝑠 at the calibration flow rate (35 μL/min). We then show that irrespective of flow 

rates, there was an increase in oxygen concentration as the vasculature progressed from 

inlet to outlet and that the simulations results were in close agreement with experimental 

data (Figure 3B, left), with errors below 6% recorded (3.4% error at 25 μL/min; 5.9% error at 

15 μL/min). A negative trend was also observed between flow and oxygen gain.  

Applying the computed diffusivity to simulations in the Weaire-Phelan geometry (validation 

geometry) which was manufactured using a similar hydrogel (Note: It was unclear if the 

same hydrogel was used for both geometries). We showed close agreement to experimental 

results, as we observed a 1.1% error at 10 μL/min, 11.7% error at 25 μL/min and 36% error 

at 100 μL/min. (Figure 3B, right).  

SENSITIVITY OF THE MODEL TO STRUCTURAL AND HAEMODYNAMIC CHANGES 

Following model verification and validation, we applied our methods to six previously 

published topologies of varying complexity 32 (Figure 3C) to characterize structural and 

haemodynamic contributors to oxygen gain. There was an increase in oxygen concentration 

as the vasculature progressed from inlet to outlet and oxygen gain was pronounced at lower 

pressure drops. As listed in Figure 3D, structural parameters producing the highest 
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sensitivity were vessel tortuosity (At ΔP = 2 Pa, sensitivity = 26.16; r = 0.69, p = .13. At ΔP = 

20 Pa, sensitivity = 12.08; r = 0.80, p= .053), vessel resistance (At ΔP = 2 Pa, sensitivity = 

0.12; r = 0.83, p= .82. At ΔP = 20 Pa, sensitivity = 0.05; r = 0.82, p < .05) and vessel diameter, 

although not significant (At ΔP = 2 Pa, sensitivity = 6.96; r = 0.16, p = .16. At ΔP = 20 Pa, 

sensitivity = 5.97; r = 0.35, p = .49). Haemodynamic parameters including blood viscosity, 

blood diffusivity and tissue diffusivity positively correlated with oxygen gain while the 

advection enhancement factor was negatively correlated. We observed the highest 

sensitivity for blood viscosity (At ΔP = 2 Pa, sensitivity = 0.51; r = 0.99, p < .01. At ΔP = 20 Pa, 

sensitivity = 0.28; r = 0.99, p < .01). Detailed results are provided in Supplementary Material 

(Table S3-5, Figure S3-4). 
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Figure 3: Model development, validation and sensitivity. Calibration and validation model comparison. Contour plots of oxygen 

concentration are shown for the calibration serpentine-helix geometry (A, left) and the validation Weaire-Phelan geometry (A, right) 

simulations at varying inlet flow rates. As the flow rate reduces when progressing through the geometry, higher oxygen gains are observed 

near the outlets, as shown by higher oxygen concentration. Oxygen concentration gained, as measured at the outlet, is shown for both 

calibration and validation geometries for both simulation and experimental data for the serpentine-helix geometry (B, left) and Weaire-Phelan 

geometry (B, right). Model sensitivity was investigated for both structural and haemodynamic parameters was investigated using various 

geometries (C) and the sensitivity of oxygen gained to both structural and haemodynamic parameters and corresponding Pearson’s correlation 

coefficients, r, are also shown (D). All geometries (A, C) and experimental data (B) were reproduced with permission (Copyright © 2019, The 

American Association for the Advancement of Science)32 and Creative Commons Attribution Non Commercial Share Alike 4.0 International34 .
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OXYGEN DIFFUSION IN THE FETO-PLACENTAL VASCULATURE 

We then applied our oxygen diffusion framework to a well-established rat model of fetal 

growth restriction, with vascular casting and imaging used to extract pre-capillary arterial 

feto-placental vascular networks. Limitations of the feto-placental arterial casting method 

hindered our ability to capture subject-specific placental capillaries in the rat. Human 

terminal capillaries (Figure 2) were not suitable to couple with the pre-capillary rat placental 

arterial network due to differences between species 14, and bioinspired networks (Figure 3) 

lacked the complexity of capillaries. Hence, we chose to couple idealized capillaries to 

downstream vessels of rat feto-placental arteries.  

We firstly ensured that our flow simulations produced valid data. To achieve this, we 

performed computer simulations of an idealized capillary network biofabricated and 

investigated using particle image velocimetry studies (See Supplementary Material, Figure 

S5) 31. We then simulated oxygen diffusion and developed characteristic curves of oxygen 

gain by simulating different flow rates in idealized 3D dense and thin capillary networks, for 

both normoxia (21% oxygen) and hyperoxia (100% oxygen) (Figure 4A-B). In both dense and 

thin networks, the oxygen gained approached the oxygen source concentration at very low 

flows and approached zero oxygen gain at very high flows. In both normoxia and hyperoxia 

scenarios, the dense capillary network was more efficient at gaining oxygen through 

diffusion. 

Our model of growth restriction resulted in a 21% reduction in fetal weight (p<.0001) and 

less arborized vascular tree networks (Figure 4C). Growth restricted placentas had 62% 

fewer vessels (p = .15) and differences in vessel numbers were most pronounced 

downstream.  

Figure 4D shows the example results for the most (control) and least arborized (growth-

restricted) placenta. Our simulations revealed a gradual deceleration of blood from the 

umbilical artery to downstream vessels near the capillary bed in both groups (Figure 4D, first 

row). However, blood velocity measured at the outlets of the control group was 47% lower 

(p < .001) than the growth-restricted group. Outlet velocity distributions (Figure 4D, second 

row) were then projected onto place sections to show key differences in magnitude and 

heterogeneity. For the case shown in Figure 4D, the growth-restricted case is subject to a 
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localized high outlet velocity region, appearing to be aligned with insertion direction of the 

umbilical artery. 

We then inferred oxygen concentrations from outlet flow rates using the characteristic 

curves (Figure 4B) and projected these data onto representative plane sections for control 

and growth-restricted cases (Figure 4D, third row). Regions of high oxygenation 

corresponded to regions of low outlet velocities in the case shown. Under both hyperoxia 

and normoxia, oxygenation was approximately 74% higher (p < .05) on average in control 

cases using the dense capillary model curve and 78% higher (p= .13) for the thin capillary 

model (Table 1A).  
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Figure 4: Comparison of flow and oxygenation using computational fluid dynamics (CFD) 

and MRI. Dense and thin capillary networks (adjusted to the size of feto-placental outlets) 

were characterized for their flow rate-oxygen behavior (A-B) for maternal oxygen input 

conditions - normoxia (21% oxygen) and hyperoxia (100% oxygen). Following our previous 

methods 13 high resolution geometries of control (n = 3) and growth-restricted (n = 3) 

placentas were reconstructed from micro-CT images and converted to a computational 

mesh for subject-specific CFD simulations (C). Outlet flow rates computed through steady-

state simulations interpolate oxygen gain from characteristic curves. We show volumetric 

renders of blood velocity in control and growth-restricted rat placental vessels, indicating a 
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gradual deceleration of blood from the umbilical artery to the capillary bed (D). This 

deceleration is more pronounced in control cases as shown by outlet velocities. Oxygen 

concentrations were computed from characteristic capillary curves (in this case, dense 

capillaries) and projected onto plane sections for an easily interpretable color map. Derived 

from MRI (E) are representative 2D slices for normoxia and hyperoxia from the 3D coronal 

T2* image stacks. Oxygenation was measured through ΔT2* signals (relative change from 

normoxia to hyperoxia) for control (n = 3) and growth-restricted (n = 3) placentas. Idealized 

capillaries in (A) were obtained from an open-source dataset33 (Creative Commons 

Attribution Non Commercial Share Alike 4.0 International) and reproduced with 

permission31 (Copyright © 2020, Springer Nature Limited). 

Key to our interpretations of these data was our ability to directly compare observations 

with equivalent in utero imaging data, ΔT2* MRI of the feto-placental domain (Figure 4E), 

which is an emerging tool to non-invasively quantify placental perfusion and oxygenation 27. 

In control cases, ΔT2* responses computed from the full placenta domain segmentation 

were approximately 65% higher (p < .0001) or 70% higher (p < .05) for labyrinth zone, 

indicating a higher level of oxygenation (Table 1B). 

Table 1: Relative difference between control and growth-restricted placentas for 

simulation methods (A) and MRI measurements (B). Simulation results only include the 

labyrinth zone while results for both the full placenta and labyrinth zone are shown for MRI 

measurements.  Note: Simulation X = idealized dense capillary geometry coupled 

downstream, Simulation Y = idealized thin capillary geometry coupled downstream.  

 

We compared the differences (Table 2) between treatment groups computed using our 

computational model (simulations X and Y) to the MRI data. Comparisons in the labyrinth 
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zone had the least differences (5-10 %), whereas percentages differences ranged from 12-

17% in the full domain, which includes the feto-maternal interface.  

Table 2: Relative difference of control / growth-restricted differences between simulation 

methods and MRI measurements.  Note: Simulation X = idealized dense capillary geometry 

coupled downstream, Simulation Y = idealized thin capillary geometry coupled downstream.  
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DISCUSSION 

Computational modelling of flow and diffusion in vasculature has been an emerging tool in 

overcoming challenges of traditional qualitative biology and providing novel, often 

counterintuitive, physical insights into previously unknown mechanisms of both health and 

disease 1, 3, 6, 8. When applied correctly, this tool holds immense diagnostic, prognostic and 

therapeutic potential in addressing modern era medical conundrums. Although such 

principles are well established, the complexity of real-world biological systems such as the 

placenta and lack of validation data represent a methods implementation and data 

interpretation challenge. Hence, we hypothesized that a simple, scalable and validated in 

silico approach has the potential to overcome limitations of conventional experimental 

techniques and help generate novel insights on poorly understood structure-function 

relationships in vascular systems present in exchange organs such as the placenta. 

Specifically, we hypothesize that the mechanism of functional impairment (exchange) in the 

growth-restricted group is underlined by abnormally developed vascular structure (hypo-

vascularity) which consequently impairs haemodynamic deceleration required for optimal 

exchange.   

Using our innovative framework, we show local and placenta-wide applications of 

computational modelling complemented by in utero 3D imaging and experimental validation 

data. Through the use of open source mathematical topologies, open-source ex vivo 

specimens of human terminal capillaries, and in vivo imaging data from rodent feto-

placental vasculature in both health and disease, we have demonstrated that our highly 

scalable computer model can predict oxygen diffusion.  

VERIFICATION AND VALIDATION OF OUR OXYGEN DIFFUSION COMPUTATIONAL MODEL  

Our results demonstrated both the ease of implementation and numerical model accuracy 

across several geometries of varying complexity. Implementation was automated and the 

overall process per case took less than 20 minutes on average. Our oxygen gain results were 

in agreement with others, both numerically 22, 25 and experimentally 31, 32. The calculated 

oxygen diffusivity in the fabricated gels (𝐷𝑡 =  5.81 × 10−11 𝑚2/𝑠) was also consistent with 

the range of values (𝐷𝑡 =  2.84 × 10−11  − 2 × 10−10 𝑚2/𝑠) reported in similar hydrogels 

35, 36. 
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We acknowledge the larger error observed at the high flow rate (100 μL/min) of the 

validation case which could be a result of changes in the viscosity at higher flows, not 

accounted for in our computational model. However, low flows are typical of terminal 

exchange vessels and are therefore more physiologically relevant than higher flows. 

Alternatively, the properties (diffusivity of oxygen) in the gel used to fabricate the validation 

case could be different to the calibration case as a result of manufacturing variabilities, 

hence resulting in a higher error. Although such fabricated gels were used as a validation 

exercise in this study, our framework has the additional potential to tune and optimize 

biomaterials and emerging biofabrication methods 8 for functional performance.  

SENSITIVITY OF OXYGEN DIFFUSION TO STRUCTURE AND HAEMODYNAMICS CHANGES 

Vessel tortuosity was identified as a sensitive structural parameter through our analysis. 

Tortuosity frequently presents in vascular disease and downstream effects are unknown, 

however this feature is often ignored in simplified 0D or 1D modelling approaches. For 

instance, arterial tortuosity has previously been reported as a compensatory remodeling 

mechanism to increase vessel length and surface area and hence maintain oxygenation in 

retinopathy 37, a theory supported by our results and previous work 38. Although seemingly 

beneficial, we hypothesize that tortuosity is valuable when temporary whereas long term 

changes are detrimental as they promote blockage, leaky vessels and create an undesirable 

environment for cells 39. Our methods allow for complex geometries with varying structural 

features to be investigated and downstream physical functionality to be investigated, unlike 

simplified 0D or 1D approaches.  

Interestingly, we also showed that blood viscosity was another highly influential 

haemodynamic predictor of oxygen diffusion, with effects more pronounced at lower 

pressure drops (slower flows). It has previously been shown that viscosity increases in 

microvasculature as a result of the Fåhræus–Lindquist effect 40 and this has also been 

demonstrated in the rat placenta 13, 18. We speculate that, macroscopically, this effect 

(resulting in increased viscosity) aids in local flow deceleration which increases diffusion 

time, and microscopically, the reduction of the cell-free layer thickness characterized by this 

effect serves both as a mechanism of flow deceleration and as an adaptation to minimize 

the distance between red blood cells and tissue to optimize gas exchange. Complex 
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modelling (Discrete Element Method or Lagrangian particles) of deformable blood cells and 

plasma within the flow domain and incorporation of oxygen-hemoglobin binding 

mechanisms could test this hypothesis 41, 42.  

Our methods provide a means to exhaustively actualize physiological theories and define 

both structural and haemodynamic changes which result in increased oxygen gain. Through 

our computational framework, features can be manipulated with ease rather than 

traditional pre-clinical drug or surgical experimentation, opening opportunities to devise, 

optimize and maximize value of pre-clinical in vitro and animal models. 

OXYGEN DIFFUSION IN THE FETO-PLACENTAL VASCULATURE IS DEPENDENT ON STRUCTURE AND FLOW 

DECELERATION 

Growth-restricted rodent feto-placental networks resulted in a markedly less arborized 

vascular network. We hypothesized that a larger number of vessels is necessary for optimal 

flow deceleration and ultimately, oxygen diffusion. Our data confirmed that this behavior, 

finding control feto-placental vascular networks were more efficient at decelerating blood 

compared to growth-restricted placentas. Murray’s Law has previously been used to explain 

that the development of expansive hierarchical bifurcating tree structures is necessary to 

ensure that blood flows away from the heart with gradual pressure loss 43, which results in 

significant flow deceleration and increased time for exchange to efficiently occur at the 

capillary level.  

The placenta develops extensive vasculature to achieve its function of exchanging gases, 

nutrients and waste, hence it becomes evident that any structural impairment would impair 

exchange, yet not clearly demonstrated. Here we present the novel use of idealized capillary 

models coupled with the feto-placental vessels to simulate downstream flows and 

consequential diffusion behavior. We characterized flow rate-oxygenation behavior in 

idealized capillaries and showed the oxygen levels approached the source concentration at 

very low flows and conversely, diffusion became negligible at very high flows. Indeed, when 

coupled with downstream velocities of feto-placental structures, the higher outlet blood 

velocities modelled in growth-restricted placentas led to impaired oxygen exchange. Key to 

our interpretation and confidence in these simulation results were our MRI validation 

cohort which also showed impaired oxygenation in growth-restriction (70% lower). We 
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demonstrated the simulation assumption of idealized dense capillaries led to the least 

difference to MRI measurements in the labyrinth zone (< 7%) compared to thin capillaries (< 

10%). We also show an example of a full placenta with no idealized capillaries coupled in 

Supplementary Material (Table S6, Figure S6) (< 9% difference compared to MRI data), 

however this approach assumes non-physiological diffusion to occur in larger pre-capillary 

vessels. These data represent a major advancement to this area of research and to our 

knowledge, has not been reported elsewhere. Not only has the in vivo image data validated 

our computational approach, it also demonstrates that when used in tandem, these 

emerging interdisciplinary tools can overcome current challenges of traditional biology, and 

may enable future novel advancements.   

This is the first study to demonstrate the feasibility of computational fluid dynamics (flow 

and diffusion) as a reliable and well-validated tool in feto-placental vasculature networks. 

The pipeline overcomes current challenges in implementing complex computational 

methods in the placenta and the difficulty of model validation 30 to demonstrate localised 

effects of impaired vascular structure and consequently function (oxygen exchange). We 

hypothesized that the mechanism of functional impairment (exchange) in the growth-

restricted group is underlined by abnormally developed vascular structure (hypo-

vascularity) which in turn impairs blood flow deceleration, and hence reduces the transit 

time for optimal exchange. Expanding our readily implementable methods to a statistically 

powered experimental cohort would confirm this hypothesis.  

LIMITATIONS 

Although the idealized capillary assumption produced replicable and validated results, we 

acknowledge that feto-placental capillaries in utero are unlikely to perfectly resemble our 

bioinspired models. Additionally, the closest agreement between computational simulations 

and MRI measurements was shown when the dense capillary model was coupled to both 

control and growth restricted placentas, but physiologically, dense capillaries should only be 

assumed in control cases (and thin capillaries in growth restriction) as it has previously been 

shown that glucocorticoid exposure reduces downstream fetal capillaries 15, 17. Hence, 

advancements in casting, imaging methods 44-46 and segmentation of capillary vessels will 

lead to better in silico models. 
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A limitation to our current experimental validation approach is the spatial resolution of MRI 

(0.5 mm x 0.5 mm x 0.5 mm), which upon improvement, would help distinguish between 

intravascular and tissue oxygenation and improve interpretation of results to a similar detail 

as the computational model. Here, we compare percentage differences between control 

and growth-restricted groups computed using either our computer simulations (absolute 

total concentration at either hyperoxia or normoxia) or MRI (ΔT2* response from normoxia 

to hyperoxia). An improved and more direct validation of our simulations would involve 

comparing absolute oxygen values measured from both simulation and MRI methods. 

However, absolute measurements are not currently feasible using the MRI method which 

relies on a T2* response measurement. Conversely, simulating the T2* response would 

involve a range of assumptions including maternal responses to the oxygen challenge or 

placental and fetal metabolism, which would increase simulation complexity and introduce 

unnecessary unknowns. Finally, although differences between computational and MRI 

results were minimal, further validation in a larger cohort is needed to establish our 

proposed mechanism of impairment. 

FUTURE PERSPECTIVES 

We envision our framework to further dissect complex biological phenomena while creating 

opportunities for blue-sky research and development of novel technologies in image- and 

simulation-based diagnostics or prognostics, an area which has recently gained momentum 

through FDA-approved products47. In the first instance, we aim to apply the framework to 

study human placentas, however there are opportunities to study tissue oxygenation in 

other systems such as the retina or tumors and to incorporate additional complexity such as 

tissue metabolism or active transport to study advanced drug delivery6. 
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METHODS 

GEOMETRIES 

All geometries except rat feto-placental arterial cases presented, were obtained from open-

source publication data, particularly bioinspired intravascular topologies 31, 32 and feto-

placental capillary-villi images 25. 

Human placenta capillary-villous structures  

Specimens of terminal human placenta capillary-villous structures imaged with confocal 

laser scanning microscopy (Figure 2) were obtained through an open-source publication 25 

and used for numerical validation of our methods. 

Synthetic vascular networks 

To calibrate the computational model, we used an entangled serpentine-helix network 

(Figure 3A, left), available as triangulated iso-surfaces in stereo lithography (stl) format from 

Grigoryan et al.32 who studied blood oxygenation through a 3D bioprinted aqueous hydrogel 

(20 wt%, 6-kDa PEGDA) and reported measured oxygen concentrations. We then used a 

Weaire-Phelan vascular network (Figure 3A, right) 32 to validate the calibrated model. Other 

topologies (Figure 3C) from the same open-source publication were used to test the 

sensitivity of the model to varying structures. We also sourced idealized dense and thin 

capillary networks (Figure 4A)31 to couple with near-capillary vessels in placental 

applications, described later. 

Animal ethics 

All animal studies were performed according to animal health and welfare guidelines and 

were approved by the Animal Ethics Committee of the University of Western Australia (AEC 

number RA/3/100/1600). Wistar rats (age 6-8 weeks old) were purchased from the Animal 

Resources Centre (Murdoch, WA, Australia) and housed under a 12 hour light dark cycle. 

Food and water were available ad libitum, except during brief testing periods.   

Rat feto-placental vascular structures 

We collected, imaged and segmented rat feto-placental vasculature using our methods 

previously described 13, 18, 20, 48. Briefly, female Wistar rats were time-mated and 

administered with either vehicle (control group, n=3) or 0.5 µg/ml dexamethasone acetate 
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as a model of growth restriction in fetuses (growth-restricted group, n=3). Feto-placental 

arterial vasculature from both groups were then cast towards the end of gestation 

(Embryonic Day 21, E21) and solidified casts were scanned using micro-CT (Xradia 520 Versa 

X-ray Microscope, ZEISS, Oberkochen, Germany) (Figure 4C).  

COMPUTATIONAL MODEL  

We modelled steady fluid flow in STAR-CCM+ using a three-dimensional (3D) finite-volume 

discretization of the incompressible Navier-Stokes and continuity equations using 

established methods 13, 18. Furthermore, a passive scalar formulation was used to solve for 

steady-state solute (oxygen) concentration throughout the fluid (i.e., blood, water) and solid 

(i.e. tissue, gel media) regions, using the advection-diffusion equation (Eq. 1). 

𝜕

𝜕𝑡
∫ 𝑐 𝑑𝑉 +  ∮ 𝑐𝑣 ∙ 𝑑𝑎⃗ = ∮ 𝐷𝛻𝑐 ∙ 𝑑𝑎⃗  (1) 

where, 𝑐 is the concentration, 𝑣 is the fluid velocity and 𝐷 is the diffusivity.   

For steady-state conditions, the transport of the solute concentration c in the fluid and solid 

media may be expressed by Eq. 2 and Eq. 3, respectively, where no advection occurs in the 

solid media. 

∮ 𝑐𝑣 ∙ 𝑑𝑎⃗ =  ∮ 𝐷𝑓𝛻𝑐 ∙ 𝑑𝑎⃗  (2) 

∮ 𝐷𝑠𝛻𝑐 ∙ 𝑑𝑎⃗  =  0  (3) 

where, 𝐷𝑓 is the diffusivity of the solute in the fluid and 𝐷𝑠 is the diffusivity of the solute in 

the solid.  

To account for the binding of oxygen to hemoglobin when modelling the transport of 

oxygen in blood, an additional oxygen advection enhancement parameter (B) was 

incorporated through coupling with the velocity field in the fluid domain 22, 23, 25 (Eq. 4). 

∮ 𝐵𝑐𝑣 ∙ 𝑑𝑎⃗ =  ∮ 𝐷𝑓𝛻𝑐 ∙ 𝑑𝑎⃗  (4) 

The numerical solution of the advection-diffusion equation was performed after the fluid 

velocity field reached steady-state: the root-mean-square (RMS) value of the absolute 

momentum and continuity residuals were below 10-13. 
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Simulated flow was validated experimentally using open-source publication data 31 which 

used particle image velocimetry (PIV) for model comparison. Results were in close 

agreement and further information can be found in Supplementary Material (Figure S3). 

Discretization Approach 

The computational model consisted of two domains in all geometries simulated; a blood 

(fluid) domain embedded within a gel or tissue (solid) domain. We discretized both of those 

regions with trimmer cells and prism-layer cells, however prism-layers in the solid domain 

were only assigned at the near-wall boundary adjacent to the blood domain.  Numerical 

accuracy in both domains was confirmed using a Grid Convergence Index (GCI) test 49, 50, 

which ensures that computed solutions are independent of the discretization approach. 

Further information is provided in Supplementary Material (Table S2; Figure S1). 

Boundary conditions 

All geometries had one inlet and one outlet boundary, except for rat feto-placental arterial 

geometries that had one inlet and multiple outlets (ranging from 199-1406 outlets). 

Generally, simulations were set up as illustrated in Figure 1, with input boundary conditions 

assigned at the inlet and at oxygen sources. At the internal interface, the solute 

concentration and diffusive solute fluxes were equal. For calibration (serpentine-helix), we 

assigned parabolic velocity profiles matching experimental flow rates at the inlet, 

35, 25 𝑎𝑛𝑑 15 μL/min, while flow rates were 10, 25 𝑎𝑛𝑑 100 μL/min for the validation case 

(Weaire-Phelan). We measured the oxygen concentration at the outlet as volumetric 

concentrations. For sensitivity analyses and numerical model comparisons, a similar 

approach using pressure drops was used to simulate flow, rather than prescribed flow rates.  

Model assumptions 

For all geometries, the system was assumed to be closed, hence conservation of mass was 

imposed. We assumed rigid walls with a no-slip condition defined.  

We assumed constant network hematocrit and adjusted the viscosity to account for body 

temperature (37℃) and low shear rates in the simulated flows. The internal oxygen source 

(gas domain interface in Figure S2) was assumed to be a 100% oxygen source over its entire 

domain as experimental oxygen conditions reported by Grigoryan et al.32 were not 

quantitatively specified. We assumed that experiments were performed at standard room 
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conditions, hence at the gel-air interface, we assumed a fixed concentration of 21% oxygen 

51. In these cases where fetal blood was not used, the oxygen advection enhancement 

parameter was assumed to be 1, otherwise, the reader may refer to Pearce et al.25 for 

detailed subject-specific calculations in cases of fetal blood. 

For our comparison to a previous numerical model, parameters in Table 3 were adjusted to 

values used by Pearce et al.25, available in Supplementary Material (Table S1). Rat feto-

placental arterial simulations followed assumptions previously reported, which account for 

differences in species and scale 13. However, blood and tissue diffusivity were assumed as 

values in Table 3. 

 

Table 3: Literature based parameters used in the mathematical model. 

Parameter Symbol Value Ref. 

Dynamic blood viscosity at 37℃ 𝜇 0.007 𝑃𝑎. 𝑠 52 

Diffusivity of oxygen in plasma 𝐷𝑝 1.7 ×  10−9 𝑚2/𝑠 53 

Diffusivity of oxygen in hydrogel 
𝐷𝑡 Calculated N/A 

MODEL CALIBRATION AND VALIDATION 

Using the serpentine-helix geometry (Figure 2A, left) and available experimental data of 

flow and oxygenation, the computational model was calibrated to match experimental 

conditions. Firstly, the experimental values of inlet and outlet 𝑆𝑂2  (%) and 𝑃𝑂2 (𝑚𝑚𝐻𝑔) 

were converted to a volumetric concentration using Eq. 5 and expressed as a percentage. 

The inlet oxygen concentration was derived as 8.22 % (𝑆𝑂2  = 41.4%; 𝑃𝑂2 = 33.5%) while 

the target outlet oxygen concentration was 13.41 % (𝑆𝑂2  = 67.3%; 𝑃𝑂2 = 70.4%). 

𝑐 = 100 ∗ (𝑎𝑂2 ∗ 𝑃𝑂2 + 𝛽 ∗ 𝑐𝐻𝑏 ∗ 𝑆𝑂2) (5) 

where 𝛽 is the oxygen capacity of blood, assumed to be 1.4 𝑚𝐿 ∙ 𝑔−1 54, 𝑎𝑂2 is the 

proportionality constant derived from Henry’s Law for oxygen in blood, assumed to be 

0.0031 𝑚𝐿 ∙ 𝑚𝑚𝐻𝑔−1𝑑𝐿−1 55 and 𝑐𝐻𝑏  is the mass concentration of haemoglobin in blood, 

assumed to be 14 𝑔 ∙ 𝑑𝐿−1 54. 
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The calibration simulation was then run at an inlet flow rate of 35 μL/min and the oxygen 

diffusivity of the gel (or tissue) 𝐷𝑡, an unknown to the system, was gradually iterated until 

the computational model produced results matching the experimental data, the oxygen 

concentration at the model outlet, expressed as volumetric concentrations. The computed 

𝐷𝑡 value was verified against similar hydrogels reported in the literature. Once calibrated, 

the computed 𝐷𝑡 value was applied to the validation Weaire-Phelan model and a blind 

comparison to experimental values was made. Simulations were also run at other flow rates 

in both geometries to further validate flow-diffusion relationships shown experimentally 32. 

SENSITIVITY ANALYSIS 

Following calibration and validation of methods presented, we performed a sensitivity 

analysis (Figure 3C-D) on the computational model to reveal the influence of parameters on 

oxygen gain, by incrementally varying original values used (Table 3). Parameters included 

blood viscosity, blood and tissue diffusivity and the advection enhancement term and were 

normalized to values in Table 3. The computed outlet oxygen concentration were also 

normalized to the computed concentration when values in Table 3 were used. Sensitivity of 

outlet oxygen concentration to parameters was computed through least squares linear 

regressions.  

We also investigated the impact of structure on oxygen diffusion. Bioinspired vascular 

geometries 32 (Figure 3C) were used and pressure drops of 2 Pa and 20 Pa were simulated 

across fluid domains. Structural parameters such as vessel and gel surface area and volume, 

vessel centerline length, vessel diameter and vessel tortuosity were extracted on Mimics 

(Materialise, Belgium). Vessel resistance was calculated as the ratio of pressure drop to 

volumetric flow rate across the vessel network. As before, sensitivity of the oxygen gain to 

structural parameters were calculated.  

NUMERICAL METHOD COMPARISON 

Pearce et al.25 implemented Stokes flow as well as advection-diffusion equations on 

COMSOL Multiphysics (finite-element), instead of our approach using the Navier-Stokes 

equations in STAR-CCM+ (finite-volume). We used three human terminal placental capillary 

to compare numerical methods under similar conditions as reported25 (Table S1). From our 

simulation, we compared shear stress contours (Figure 2A-B) and maximum velocities 
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(Figure 2C). We also compared contour plots of oxygen distribution in 3 planes 

approximately similar to those presented in Pearce et al.25 (Figure 2D-E) and compared the 

total oxygen transfer rate, calculated by integrating the advective flux leaving the capillary 

domains at the outlets (Figure 2F). Finally, we investigated the relationship between total 

oxygen gained and the inlet flow rate to demonstrate diffusion behavior in ex vivo placental 

specimens (Figure 2G).  

FETO-PLACENTAL BLOOD FLOW SIMULATIONS 

For placenta simulations, we reconstructed 3D high resolution geometries of control and 

growth-restricted rat feto-placental arteries collected through a polymer casting method 

and micro-CT methods described previously. High frequency Doppler ultrasound was used 

to measure the umbilical artery velocity using established methods 16 for each group for use 

as the model input (waveform integrated over the inlet to simulate mean flow conditions) 

and asymmetrical structured fractal trees at outlets were used to model the resistance of 

unresolved peripheral vessels 13. Simulations were run using well established methods and 

outlet flow rates were recorded.  

Gas diffusion was assumed to occur downstream of the truncated feto-placental vessels, 

however rat feto-placental capillaries could not be routinely resolved using our casting and 

imaging methods 56. Hence we aimed to utilize computed outlet flow rates (from placental 

simulations, Figure 4C) as inputs to representative open-source capillary geometries 31 

(Figure 4A).  

Briefly, we first adjusted the size of the open-source geometries by scaling the vessel inlet 

area of the geometry to match the average feto-placental outlet area. We ran flow 

simulations in a dense and a thin capillary network with capillary inlet flow rates in the 

range of flow rates captured from outlets of full feto-placental network simulations and 

created characteristic flow-oxygen gain curves (Figure 4B). We also compared results for 

two maternal oxygen input conditions, at normoxia (21% oxygen) and hyperoxia (100% 

oxygen) for comparison with the maternal oxygen challenge T2* MRI experiments described 

later. Once characterized, the flow-oxygen curves were splined on Matlab (R2017b) and 

outlet flow rates recorded from full placental simulations described above were used to 

interpolate a corresponding oxygen value from the characteristic curve.  
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In summary, two simulation configurations were investigated. In each configuration, the 

oxygen gained was measured for control (n = 3) and growth-restricted (n = 3) cases and the 

relative difference between treatment groups was calculated (Figure 4D). This relative 

treatment group difference from the various simulation scenario results was compared to 

the MRI results for validation. 

1. Simulation Condition X: Characteristic flow rate-oxygen curve of dense capillary 

network (in which diffusion occurs) used to calculate oxygen gain for each outlet of 

both control and growth-restricted placentas and for both normoxia (21% oxygen) 

and hyperoxia (100% oxygen).  

2. Simulation Condition Y: Characteristic flow rate-oxygen curve of thin capillary 

network (in which diffusion occurs) used to calculate oxygen gain for each outlet of 

both control and growth-restricted placentas and for both normoxia (21% oxygen) 

and hyperoxia (100% oxygen).  

FETO-PLACENTAL MRI 

Similar to the feto-placental vascular casting protocol described previously, pregnant rats 

from control and growth-restricted groups were imaged on the last day of gestation (E21). 

All MRI scans were performed under general anesthesia and the animal’s temperature and 

respiration rate were monitored using a PC-SAM Small Animal Monitor. The temperature of 

the cradle and the anesthetic gas mixture were adjustable during the MRI scan if required to 

maintain stable physiology. 

A 9.4 Tesla (T) MRI scanner (Bruker BioSpec 94/30 US/R magnet) with BGA-12SHP gradients, 

AVANCE III HD console, ParaVision 6.0.1 software, and 86 mm ID quadrature H-1 volume coil 

was used to capture 3D in utero measurements of feto-placental oxygenation.  

As baseline conditions of T2* are variable due to extraneous factors (e.g., breathing motion, 

maternal or fetal movements), the measured absolute T2* signal from the placenta is not 

directly representative of an absolute value of placental oxygenation.  

Instead, a maternal oxygen challenge was used as an alternative to capture relative changes 

irrespective of baseline conditions and extraneous factors. Differences in T2* (ΔT2*) values 

across the placental membrane during an oxygen-challenge (from normoxia or  medical air 
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(21% oxygen) to hyperoxia or 100% medical oxygen) were therefore used to capture the 

blood oxygen concentration gradient, and thus oxygen transfer across the placenta 57, 58  

Using the T2-weighted data, multiple 2D regions-of-interest (ROIs) were drawn manually in 

three planes (coronal, axial, and sagittal). T2* values for the oxygen-challenge paradigm 

were calculated using custom-written Matlab® scripts based on the SQEXP algorithm 59. The 

ROIs in three planes were drawn for whole placentas and the labyrinth zone; the site of 

maternal-fetal exchange of the rat placentas. The ROIs were overlaid onto the T2*-weighted 

gradient-echo image at echo time 5.5 ms (Figure 4E). For further detail on the MRI 

experimental protocols, refer to Supplementary Material provided (Table S7).  

ΔT2* was measured for control and growth-restricted cases and the relative difference 

between treatment groups was calculated. This relative treatment group difference from 

the MRI was compared to the various simulation scenario results. 

STATISTICS 

Regressions used were calculated on Excel using in-built least squares regression methods 

and Pearson’s correlation coefficient was also calculated for normally distributed data 

(assessed through a Kolmogorov-Smirnov Test of Normality). Linear regressions were used 

for model sensitivity analyses, while exponential regressions were applied to (i) oxygen 

concentration-flow rate relationships in terminal human placental capillaries.  

Characteristic flow rate-oxygen curves of open-source dense and thin capillary networks 

were splined using the Matlab 2019b curve fitting tool and flow rates computed in full 

network simulations of control and growth-restricted placentas were used to interpolate an 

oxygen value for both normoxia and hyperoxia conditions. Computed outlet velocities and 

oxygen concentrations derived from either dense or thin capillary curves, were projected 

onto a plane section for the visualization of downstream blood flow behavior. 

The relative difference between total oxygen gained by the growth-restricted placentas with 

respect to control cases was calculated at both normoxia and hyperoxia. The T2* equivalent 

response (from normoxia to hyperoxia) was not simulated due to complex underlying 

modelling limitations discussed later, therefore simulation results at normoxia and 
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hyperoxia were directly compared to T2* MRI (measure of oxygenation) of the feto-

placental networks. 

It is also important to know that although we report p-values for our analyses, low sample 

sizes (n = 3 per group) were used. Normally distributed variables were analysed using 

Student’s t-test while non-normal distributed variables were analysed with Mann-Whitney 

U test. Correlations for linearly associated variables were analysed using Pearson’s 

Correlation Coefficient. Differences were accepted as statistically significant when p < .05.   
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