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Introduction

The placenta ensures fetal development and maternal adaptations via regulation of nutrient and
waste transfer, endocrine function, and immunological response. Placental dysfunction can
result in poor fetal outcomes such as fetal growth restriction (FGR), which affects 5%-10%
of pregnancies.! However, the ramifications of inadequate placental function extend far beyond
short-term health outcomes. Epidemiological studies show that reduced placental weight and
surface area are associated with low birth weight and an increased risk of hypertension, heart
failure, coronary heart disease and sudden cardiac death in adult life.>~* Yet despite the critical
importance of the placenta, its structural and functional integrity as well as response to envi-
ronmental challenges remains under-researched and poorly understood.

One of the key functions of the placenta is to transfer nutrients and waste between the
mother and the fetus. Underpinning this exchange function is the architecture of the placental
vasculature. The human placenta is haemochorial, with fetal (feto-placental) vasculature
surrounded by trophoblast and bathed in maternal (utero-placental) blood. An elaborate
feto-placental vascular tree is critical for optimal fetal growth, yet this elaboration is particularly
sensitive to environmental stressors.” This is exemplified by the characterisation of placentas from
FGR babies: there are significant reductions in vascular volume and structural changes throughout
the human feto-placental vascular tree from the chorionic plate to the capillaries.®®

Reduced placental vascular complexity has implications beyond impaired nutrient and waste
exchange, and it is emerging that poor placental vascularity alters how blood flows to the devel-
oping heart and fetal vascular system. These changes in blood flow (haemodynamics) alter the
mechanical forces exerted on endothelial cells, thus altering endothelial cell function and blood
vessel remodelling.®~!! Moreover, the developing heart beats directly against the resistance of the
placental vascular bed,'? and therefore, changes in mechanical signals have potent and enduring
effects on cardiac development and structure.'® Recent recharacterisation of mouse mutants
known to be lethal in gestation revealed striking, and previously unappreciated, placental
defects.!* Notably, strong correlations between placental defects (many of which involved
feto-placental vascular malformation) and heart pathology or abnormal fetal vascular develop-
ment were observed.'* Other genetically modified mouse experimental models (which include
ablation of genes such as PPARy, Wnt, Hex and Islet-1) have also demonstrated the necessity of

© Cambridge University Press and the an elaborate feto-placental vasculature for optimal fetal heart development, although none have
International Society for Developmental established the consequences for later cardiovascular health.!>-2° Furthermore, severe placental
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ations in feto-placental vascular structure associate with adult cardiovascular health remains
relatively unexplored.
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feto-placental vasculature. To assist researchers with considering
the best options for their research question, this review will present
current methodologies and considerations for imaging of feto-
placental vasculature ex vivo and in vivo in human and experimen-
tal models. The review will also provide examples of studies that
have implemented the various imaging approaches and the insight
they have provided into placental function and fetal outcomes.

Feto-placental vascular structure and function

Fetal blood travels to the human placenta via the umbilical arteries,
which upon reaching the placenta diverge and branch into large
vessels known as chorionic plate arteries.” These vessels radiate
across the fetal surface of the placenta, before plunging into the pla-
centa where they branch again into multiple, elaborately branched
villous trees, which arise from a stem villus in the chorionic plate.®
Several villous trees may occupy a lobe (also known as a cotyledon)
which is distinguished by septa on the maternal side of the
placenta. The finest branches of the villous trees, known as termi-
nal villi, form grape-like structures.?” The walls of these terminal
villi are extremely thin, making them ideal for maternal-fetal
exchange.”®* By term, the terminal villi make up almost 40% of
the villous volume of the placenta with the feto-placental capillary
network greater than 500 km in length and 12-14 m? in surface
area.>® Once the fetal blood has travelled through the capillary net-
works within villi, fetal blood is drained through a venule at the
base of each villus, and these venules will then converge into the
umbilical vein which returns blood to the fetal circulation.’**!

Given the inherent ethical and logistical issues of obtaining and
imaging human placentas, it is imperative that experimental mod-
els are utilised to increase our understanding of placental develop-
ment and function and consequences for later health outcomes.
No commonly used animal model is a perfect model for human
placentation, and excellent extensive reviews on comparative
placentation have been published by others.”>->* Here, we restrict
our review to focus predominantly on imaging of feto-placental
vasculature on human, mouse and rat placentas as the imaging
performed in other species is currently limited in comparison.
Furthermore, with regard to consideration of the role of feto-
placental vasculature in driving fetal cardiovascular development
and subsequent health, mice and rats are particularly useful models
due to ease of genetic manipulation, short lifespan and the vascular
structure of the fetal side of the placenta. Like the human, the
mouse and rat placenta is a discoid, haemochorial organ,***¢ with
the rat placenta more invasive when compared to mouse.*® The
rodent placenta consists of three distinct regions: (i) the maternal
portion (the decidua basalis and underlying myometrium), (ii)
junctional zone and (iii) labyrinth zone. The junctional zone
(equivalent to the human basal plate) consists of spongiotropho-
blast and trophoblast giant cells, which synthesise hormones
crucial for fetal development and maternal adaptations to preg-
nancy.’*% The labyrinth zone is the site of maternal-fetal
exchange and the labyrinth vasculature is argued to be analogous
to a single chorionic villus in the human placenta.’®*%-4!
In rodents, arterioles from the umbilical artery divide and branch
before travelling to the maternal border of the labyrinth zone
where they then form a dense capillary bed.?!**

Imaging feto-placental vasculature

Due to the intricate structure of feto-placental vasculature, it is
imperative that imaging approaches capture the correct context
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for the experimental hypothesis. Biological imaging approaches
are diverse and are developing at a rapid rate to provide previously
unimaginable perspectives. Analysis of feto-placental vasculature
in humans and experimental models has been carried out through
a range of two-dimensional (2D) and three-dimensional (3D)
imaging techniques both ex vivo and in vivo. These imaging
approaches include stereology, electron microscopy, confocal
microscopy, micro-computed tomography (micro-CT), light-sheet
microscopy, ultrasonography and magnetic resonance imaging
(MRI). Each of these approaches provides benefits and limitations
for understanding how feto-placental vascular structure informs
placental and fetal development and thus, future health outcomes.

Stereology

Stereology enables 3D interpretation of 2D sections of tissue.
In essence, random systematic sampling and measurement of
tissue cross-sections can provide unbiased and quantitative data
of 3D structures such as volume, surface area, length and number.
Undoubtedly, stereology has been a prevalent imaging technique
to characterise placental structure, particularly in the rodent.
Stereology has been used to assess placental morphology in
humans,*>~*” mice,'#48-6! and rats.®*** Via unbiased randomised
sampling of 2D histological images, structures of interest can be
quantitated and mathematically extrapolated to infer 3D structure.
In the placenta, stereology is commonly used not only to evaluate
information of placental vascular length, diameter, surface area,
volume and density!842-445463.64 byt also to estimate its theoretical
diffusion capacity by measuring capillary interhaemal membrane
thickness and volumes of placental components, that is, labyrinth
zone, spongiotrophoblast and decidual volumes.?3~>5%%6!

Stereology has been implemented to assess placental structure
in human pregnancy complicated by FGR, pre-eclampsia and
diabetes.*>"** FGR placentas exhibited thicker trophoblastic epi-
thelium, a reduction in peripheral villous surface areas and a
reduction in volume of peripheral villi and intervillous space.*®
In contrast, there were no significant differences in the volume
of intervillous space and all types of villi in pre-eclampsia, when
compared to normal pregnancy.*>** These changes support the
notion that feto-placental vascular complexity is an important
determinant of fetal growth. Higgins and colleagues utilised
stereological analysis to examine human placentas from diabetic
pregnancies which exhibited increased terminal villous volume,
capillary volume and capillary length.*? Interestingly, maternal
gestational hyperglycaemia affects capillary, but not stromal, devel-
opment, and these changes may increase specifically the surface
areas for maternal-fetal exchange and potentially represent a struc-
tural mechanism which accounts for the overgrowth of fetus and
abnormally high birth weight. Alternatively, hyperglycaemia elicits
excessive insulin secretion which promotes abnormal vascular
proliferation, causing downstream abnormalities. Overall, these
findings suggest differential condition-specific effects on placental
integrity: FGR (but not pre-eclampsia) leads to reduction in
structural size and complexity, while gestational diabetes leads
to changes in terminal structures.

The early elegant stereological assessments by Coan and
colleagues established the developmental dynamics of C57BL/6]
mouse placental morphology.*! Maternal blood spaces were
shown to expand rapidly between E14.5 and 16.5, whereas fetal
capillary development continuously increased in volume and
surface area right up to late gestation.®! These findings highlight
the importance for feto-placental capillary expansion to meet
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increased fetal demand for nutrients in late gestation when fetal
growth is rapid. These initial assessments have been extended to
the comparison of different mouse strains, revealing differences
in feto-placental structure including growth of feto-placental
capillaries and interhaemal membrane thickness,*? an important
consideration when selecting experimental models. In well-
established mouse models of developmental origins of health
and disease (DOHaD) such as maternal protein restriction®® and
maternal undernutrition,® stereology has demonstrated changes
in placental vascular morphology. Moreover, stereological investi-
gations of knockout-mouse models have given important insights
into the dynamic nature of the placental function, especially
into the co-ordination of maternal and fetal signals to in part com-
pensate for an adverse environment in utero.8-°0:57:6062 Placental
structural development in rats has also been examined by stereol-
ogy and revealed greater feto-placental complexity in comparison
to mice.*** In a rat model of glucocorticoid (‘stress’ hormone)
excess in pregnancy, the reduction in fetal weight is accompanied
by markedly reduced placental weight and feto-placental vascular
volume, length and diameter, although not maternal blood
spaces.®* Similar stereological outcomes have been obtained
in other mouse studies of glucocorticoid excess® including 11p-
hydroxysteroid dehydrogenase 2 knockout (118-HSD27") mice
which also exhibit reduced cardiac function.!'®* Interestingly,
administration of pravastatin to stimulate placental vascular
growth factor A and enhance feto-placental angiogenesis in
11B-HSD2/- fetuses also ameliorated fetal cardiac function,'®
highlighting the likely direct influence of feto-placental
vascular structure on fetal organ development.!®** However,
none of the studies mentioned have shown a conclusive role
of feto-placental vasculature directly informing adult cardio-
vascular health.

Stereology is a well-established and low-cost method, albeit
laborious, with the advantage of encompassing the entire placental
vasculature. Stereology has also yielded important insights
into placental vascular morphology in human, mouse and rat
alike. However, stereology approaches necessitate dismembering
the structural integrity and connectivity of placental vascular
networks. Thus, this approach cannot be used to evaluate placental
vascular tree topology. To overcome these limitations, high-
resolution contrast-enhanced micro-CT (discussed below) may
well replace stereology in years to come.

Electron microscopy

Electron microscopy is a 2D imaging technique which includes
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). TEM creates high-resolution and high-
magnification images of fine structural characteristics by passing
electron beams through tissues. However, TEM destroys the con-
nectivity of the placental vascular networks due to the necessity of
tissue-sectioning during sample preparation. SEM scans the
surface of a tissue specimen and also generates a 2D image of a
3D surface via interaction of high energy electron beam with a
prepared specimen. However, SEM destroys surrounding tissues
due to the requirements of sample preparation and the high elec-
tron beams. In 1955, Wislocki and Dempsey implemented electron
microscopy to investigate placental morphology in rats,% pigs®®
and humans.%” Thereafter, electron microscopy has been used
by other investigators to delineate fine detail in the placental
vasculature of monkeys,®® minks,®’° horses,”! rodents*0-2>%72-74
and humans.®®7>-8 Demir and colleagues have used TEM to
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investigate the development of feto-placental villous trees during
the early period of ectopic human pregnancy compared to normal
pregnancy.®® A decade later, Coan and colleagues investigated the
mouse placental exchange region, which included characterising
cytoplasmic bridges attached to several areas of the interhaemal
membrane.” This was the first study that combined TEM and
SEM to determine ultrastructural characteristics of mouse placen-
tal development.”® Additionally, TEM has contributed to the
understanding of placental cellular mechanisms in gas exchange
surrounding capillaries,”® as well as the interior of feto-placental
endothelial cells.® Moreover, TEM has been used to inspect the
maldevelopment of the trophoblast and placental terminal villous
compartment in human preterm growth-restricted”” and pre-
eclamptic pregnancies,?’ illustrating irregular trophoblast surface
and elongated villi in preterm intrauterine growth restriction,””
and excessive villous arborisation with attenuated villi in
pre-eclampsia.’”

Vascular corrosion casting of feto-placental vasculature can be
visualised using SEM.**7>%* Briefly, a vascular cast is generated
with a polymer (i.e. Batson’s casting compound) and after poly-
merisation, the surrounding tissue is removed with a corrosive
agent to reveal the surface of the vascular cast 1073848889
SEM has been utilised to reveal the intricate connectivity of
feto-placental vasculature of healthy pregnancies’>’®”? and com-
plicated pregnancies such as FGR, whereby pronounced variations
in placental surface were observed.”>”> SEM has also been used to
provide anatomical comparison between humans and rodents, as
well as a deeper understanding of how placental structure associates
with fetal outcomes. ***72-77 For example, SEM has revealed that the
human placentas of FGR pregnancies exhibit abnormalities in their
terminal villi compartments, including reductions in numbers of
capillary loops, branches and coiled vessels.”” SEM has been applied
to image the transition from arterioles to capillaries in the mouse
feto-placental tree and revealed that expansion of the feto-placental
vasculature in late gestation is strain dependent.’? Moreover, SEM
revealed that chronic hypoxia during pregnancy in mice caused
expansion of the feto-placental capillary bed and thinning of the
interhaemal membrane,”* possibly as a compensatory adaptation
to ensure maternal-fetal exchange.

Even though electron microscopy has obvious advantages,
especially visualising the feto-placental vasculature (particularly
capillary and terminal villi) at extremely high resolutions and
high magnifications, it only provides 2D images and also a very
restricted field of view of a small segment over the entire vascular
network. Moreover, each examination requires demanding sample
preparation which destroys the connectivity of the placental
vascular networks and the surrounding tissue. Other 3D imaging
modalities such as confocal microscopy, light-sheet micro-
scopy and micro-CT may overcome these limitations of electron
microscopy.

Confocal microscopy

The development of 3D imaging techniques has altered the scope
to study microvasculature with greater accuracy and precision.
Confocal microscopy relies on point illumination; the technique
utilises a confocal pinhole and a photomultiplier detector to
exclude out-of-focus light surrounding the focal plane. This
generates a series of 2D optical sections with enhanced contrast,
precision and definition. These 2D optical sections can then be
combined and reconstructed into a 3D representation which
results in high-contrast and high-resolution images.”
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Confocal microscopy has been applied to human placentas to
visualise the architecture of chorionic villous vascularisation in
the first trimester,”! second trimester®> and at term.8869394 [t
has also been used to examine the spatial arrangement of the capil-
lary bed.”>?¢ Confocal has been utilised to investigate the distribu-
tion of villous capillaries in human diabetic placentas, including
the surface and volume ratios between the fetal capillaries and
the villus. It has also been implemented to provide a structural basis
for computational modelling of oxygen flux in human placenta.’®?”
Recently, Sargent detailed methods of confocal microscopy in
rhesus macaques placentas.”®

Although confocal microscopy can be used to visualise the
architecture of chorionic villous vascularisation, a major limitation
is the maximum depth of focus (~1 mm?®),”? which means that a
full-specimen coverage of the placental vasculature is currently
impossible using this technique. Nonetheless, 3D confocal micros-
copy is still a useful approach for quantifying fine details of placen-
tal structure.

Micro-computed tomography

In recent decades, X-ray micro-CT has become a valuable and
increasingly popular technique for non-destructive ex vivo imaging
and has been used extensively to visualise placental vasculature in
3D,6-852727499-111 a5 well as other organs including brain,!!>-!14
heart, 215 lung,'05112116 Jiver!l7-119 and  kidney!12115:120-123
While micro-CT scanning is clearly suitable for imaging bone,
blood vessels with low-inherent contrast properties cannot be
directly visualised. To overcome this issue, a radio-opaque com-
pound, such as Microfil® (Flow Tech Inc., Carver, MA, USA),
Batson’s No.17 (Polysciences Inc., Warrington, PA, USA),
BriteVu® (Scarlet Imaging, Murray, UT, USA) or barium sulphate,
is perfused into blood vessels to heighten the contrast of the vessel
lumen against surrounding tissues. This delineates the vascular
structures for qualitative and quantitative analysis.®”!?! In recent
years, this approach has been successfully applied to examine
placental vascular integrity in mice,3>7>749-106 ratg107108 apd
humans.®-%19-111 Briefly, ex vivo micro-CT of vasculature consists
of four main steps: (i) generation of vascular casts using a radio-
opaque compound; (ii) ex vivo micro-CT scanning and 3D image
reconstruction; (iii) vascular network segmentation and (iv) visual-
isation and characterisation of vascular network.!® Importantly, the
field of view using micro-CT is sufficiently large to capture the entire
span of feto-placental vasculature in rodents and humans.
Moreover, casting approaches for micro-CT can be modified to dis-
tinguish arterial and venous networks within the placenta, and the
non-destructive nature of the imaging means the same sample can
be preserved for follow-up histological assessments.

In mice, the innovative work of Rennie and colleagues
using Microfil® and micro-CT has added considerable depth
of understanding in the structural changes of feto-placental
vasculature.’>!%0-102 The developmental course of mouse feto-
placental vasculature has been captured,®!%°-12 and comparison
between mouse feto-placental arterial and venous trees has been
drawn.'® Again, mouse strain differences have been revealed using
this technique, such as differences in the expansion of the feto-
placental arterial and capillary vasculature in late gestation.>?
Experimental models have also been characterised using this
technique. As such, endothelial nitric oxide synthase deficiency
reduced feto-placental vascular diameter and lengths in peripheral
vessels.!®! Also, maternal chronic hypoxic mice showed a signifi-
cant reduction in the absolute volume of feto-placental arterial
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vasculature and the total number of vessel branches (—44% and
—30%, respectively), when compared to controls.”* Moreover,
environmental pollutant exposure polycyclic aromatic hydrocar-
bons in C57Bl/6] mice reduced the volume and surface area of
the feto-placental arterial vasculature,”> as well as resulting in
significantly increased feto-placental arterial vascular tortuosity
and reduced intra-placental arteriole vessels.'?? These alterations
can cause reduced placental blood flow, leading to ineffective
maternal-fetal exchange as well as potentially impaired fetal
development and outcomes. Further investigations are required
however to clarify these associations, as well as the consequences
for adult health.

In humans, Pratt and colleagues have evaluated different meth-
odologies in placental preparation and imaging.'” They attempted
to optimise the application of contrast agent, perfusion pressure,
perfusion location and perfusion vessel in tissue preparation.'®
As such, they found the quality of the feto-placental cast from
Microfil® more superior than barium sulphate as well as the
contrast injection through umbilical artery more effective than
via the umbilical vein or chorionic vessels.'”” Aughwane and
colleagues recently investigated the degree of heterogeneity in
human feto-placental vasculature using multiscale micro-CT
and histological analysis.!'® They found that the vascular density
varied throughout placentas, and the patterns of vascular branch-
ing differed across a number of normal placentas.!!” Langheinrich
and colleagues have also analysed the vascular density and surface
area of human feto-placental vasculature using micro-CT with
barium sulphate perfusion.!"! Furthermore, they quantitated
feto-placental vasculature in FGR and found arterial vascular
volume in FGR was significantly lower than healthy controls.?
Junaid and colleagues combined two techniques [corrosion casting
(Batson’s No.17) and micro-CT] to image the whole human
placental vascular morphology in FGR.®’ Notably, this study
was the first to evaluate the whole human placenta. They detected
an alteration of chorionic arterial branching patterns and a reduc-
tion in capillary network density in FGR placentas,” as well as
shorter median vessel length density in arteries but longer median
vessel length density in veins.®

We have recently established micro-CT methodology in our
laboratory to characterise mouse and rat feto-placental vascular
structures.!”1% The qualitative assessments of mouse and rat
feto-placental vascular structures at the end of gestation revealed
striking species differences. Compared to mouse, rat feto-placental
vasculature exhibits far greater branching complexity, vascular tree
span and tree depth (Fig. 1). While differences in vascular structure
are readily apparent qualitatively, obtaining quantitative data has
proven more challenging. Despite the excellent work of others,
quantitation of these vascular trees has been limited by costly soft-
ware needed for such analyses. Indeed, Aughwane and colleagues
recently also highlighted these methodological issues and barriers
in the analysis of human feto-placental vasculature.!'® To assist
with this, we have recently developed an end-to-end methodology
for 3D quantitative characterisation of feto-placental arterial
vascularity.!% The methodology enables quantification of numer-
ous parameters including tortuosity, vessel diameter, number and
order of vessel segments.!®

Beyond assessing the broad expanse of the feto-placental vascu-
lar tree, higher resolution scans with a narrower field of view can
reveal the capillary structure of the placenta. We have recently
assessed this in a rat placenta at the end of gestation, and the capil-
lary tuft can be distinguished in exquisite detail (Fig. 2). Thus,
micro-CT approaches may be able to replace electron microscopy
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2000 micron

Fig. 1. Visualisation of a feto-placental arterial network at the end of gestation in a mouse (left) and a rat (right). Colour rendering represents different levels of the feto-placental

vascular tree. Top row, superior view; bottom row, lateral view; scale bar, 2000 pm.

and enable investigators a non-destructive way to image capillary
networks in their experimental models. Moreover, contrast-
enhanced micro-CT (work in progress in our laboratory) can
provide potential novel opportunities to visualise greater detailed

structures in placental vascular architecture. Iodine'?* and zirco-

nium-substituted Keggin polyoxometalate® have also been used
on mouse placenta and gross structures can be clearly visualised.

https://doi.org/10.1017/52040174420000720 Published online by Cambridge University Press

Fig. 2. High-resolution visualisation of the
rat feto-placental capillary tuft at the end of
gestation.

However, further work still needs to be developed to explore the
full potential of contrast-enhanced micro-CT techniques for
assessing placental vasculature.

Micro-CT is a quantitative 3D imaging technique that is
advantageous for investigating 3D placental vascular networks.
Evidently, the combination of the contrast agent casting technique
and the micro-CT scanning can generate striking images of
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feto-placental vascular geometry and connectivity in 3D.
However, the methodology does involve technical challenges:
the casting technique can be difficult, visualisation of data
requires considerable computing power and quantitation can be
challenging.

Light-sheet microscopy

Light-sheet microscopy has the potential to be a powerful tool for
investigating feto-placental vasculature at a macro and micro scale,
using either contrast agents or antibodies. However, to our knowl-
edge, little work has been published on this with regard to the
placenta. Light-sheet microscopes are traditionally built in-house,
require significant computing power for visualisation of the images
and optical clearing of the tissue (for a comprehensive review,
see!?>126). Optical clearance can be challenging for a structure such
as the mouse labyrinth zone which is dense with blood vessels.
Light-sheet microscopes also traditionally have a relatively small
field of view. However, there have been recent exciting develop-
ments for tissue clearance and the use of light-sheet microscopy
in whole mice,'?” mouse eyes,'?® mouse hearts,'? mouse colons,'*
mouse uterine walls,'*! human brains'*? and human fetal urogeni-
tal organs,'** as well as comparison between different tissue types
(i.e. bone, muscle and brain).!** With these recent developments,
there comes demands for new ways to visualise and quantitate
these images. This is a rapidly emerging field and we anticipate
that this method will add substantially to our understanding of
placental vascular development.

Ultrasonography

None of the imaging modalities discussed thus far are able to assess
the feto-placental unit in real time. Indeed, a key challenge for
placental research is the ability to accurately monitor placental
blood flow in real time, and in particular feto-placental blood flow
in vivo with sufficient resolution to yield predictive and diagnostic
data. Conventional 2D ultrasonography has been widely used as a
primary imaging modality for the assessment of human placental
structure and haemodynamics during pregnancy.'*>-137 Utero-
placental vasculature can be identified towards the end of the first
trimester,'*® and there have been recent striking developments in
3D ultrasonography to obtain human placental volumes and over-
laying power Doppler ultrasound of the major vasculature.'?’
Moreover, 3D ultrasound has been used to reveal placental volume
and vascularity.!**-1%* These approaches provide not only the
opportunity for a screening test for growth restriction but also
novel insight into how placental vasculature informs future health
outcomes.

With regard to experimental models, preclinical micro-
ultrasound has provided useful insight into placental haemody-
namics in models commonly used to understand early life origins
of adult disease.!852101102145-152 R example, using preclinical
high-resolution ultrasound, there is evidence for perturbed umbili-
cal cord blood flow and velocity in 113-HSD2”" mice.'® However,
this was ameliorated by pravastatin administration and also
improved fetal cardiac function.'® Current resolution of the con-
ventional 2D ultrasound is not adequate for evaluating 3D vascular
complexity and fine branching structure. Therefore, the technique
cannot investigate the entire extent to which vascular networks
are altered in FGR and the downstream effects on fetal outcomes.
However, colour Doppler and photoacoustics are emerging as
valuable tools for understanding placental haemodynamic changes
and structure in real time. At E14.5 in mouse pregnancy, the
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utero-placental and feto-placental blood supply can be visualised
including chorionic plate vessels and intra-placental arterioles.!*®
Moreover, these assessments can be taken in conjunction with
Doppler measures of fetal heart and other aspects of the fetal
circulation including the aorta, inferior vena cava, ductus arterio-
sus, ductus venosus, inferior vena cava, carotid and pulmonary
arteries.”® Recently, photoacoustic technology has been utilised
to image the human placenta in normal and pathologic preg-
nancy'**!*° including maternal hypoxia and hyperoxygenation,'*®
and pre-eclampsia.'®” These approaches will provide invaluable
insight into how placental and fetal haemodynamic parameters
in early life associate and inform adult cardiovascular outcomes.

Magnetic resonance imaging

The technology of MRI has advanced over the past few years to
enable assessment of placental structure, blood flow and oxygena-
tion. MRI is a non-invasive, in vivo 3D imaging modality that
has been used for fetal and placental investigations and is emerging
as a possible clinical tool. For instance, using MRI in obstetrics
to assess human placental abnormalities'*®1>? and to predict fetal
volume and birth weight.!*-162 MRI has the advantage of captur-
ing a large field of view, and thus full-specimen coverage, and, in
the case of rodent models, multiple placentas.!®* However, in com-
parison to ultrasound and photoacoustics, there are significant
limitations with translation of MRI studies to a clinical setting.
These include machine accessibility outside of large clinical
research centres, logistics for obese pregnant women undergoing
an MRI and feasibility of using MRI to assess fetal oxygenation
in high-risk pregnancies. The low resolution of MRI is also not
suitable for detailed analysis of placental microvasculature and
microcirculation.

Experimentally, MRI is used to reveal placental and fetal devel-
opment across gestation. Blood oxygen level-dependent MRI
(BOLD-MRI) can be used to evaluate changes in feto-placental
oxygenation detecting changes in deoxyhaemoglobin concentra-
tion during a respiration challenge (ie. T,*). For example,
BOLD-MRI has been used to measure changes in human placental
oxygenation during maternal hyperoxia in normal pregnan-
cies'®*1> and FGR pregnancies.'®® Moreover, in rat models of
FGR, there is a lower feto-placental response to maternal hyperox-
ygenation.!®”1%8 Furthermore, dynamic contrast-enhanced MRI
(DCE-MRI) with contrast agent intravenous injection (i.e. gadolin-
ium chelate) has been used to quantify placental function such as
blood volume, blood flow, oxygenation and perfusion rate in dif-
ferent placental compartments.!® Recently, DCE-MRI has been
used to investigate placental perfusion in hypoxic-induced FGR
rodents,'7%"17? pre-eclamptic rats (induced by continuous delivery
of L-nitro-arginine methyl ester to chronically inhibit nitric
oxide synthase)!”> and prenatal alcohol exposure in monkeys.!>!
Placental blood flow and perfusion rate were reduced significantly
in the animal models of hypoxia and ethanol exposure!>:170:171
but not in a model of pre-eclampsia.'’”> A combination of DCE-
MRI and fluorescence imaging has also been used to delineate
and quantify the volume of maternal and fetal compartments
in mouse placenta.'” Therefore, both BOLD-MRI and DCE-
MRI can be used for in vivo 3D assessment of placental
and fetal function, blood flow and oxygenation. While these
approaches are highly useful in an experimental context, it
remains to be seen if MRI will transition to being standard use
clinically.
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Future considerations and opportunities

The capacity to image the placenta, and in particular the feto-
placental vasculature, brings opportunities to reconsider models
of developmental programming from a different perspective.
Blood flow plays a critical role in determining heart and vascular
development, yet haemodynamic placental influences have been
neglected in consideration as a determinant of adult cardiovascular
disease. Through imaging of established experimental models, the
development of more specific models to tease out the placental-
cardiac axis, and modelling approaches, new context for the early
life origins of adult cardiovascular disease should emerge in the
next few years. This work should also provoke possibilities of
whether placental blood flow can be modified to attenuate cardio-
vascular disease.

There is no doubt that the various imaging approaches to
visualise feto-placental vasculature have yielded useful perspectives
for placental and fetal biology. However, with the rapid advances
in imaging techniques, there comes the need for computational
power and technology to acquire, store, display, visualise and ana-
lyse such complex images. To advance this field, it is critical that an
interdisciplinary research community is developed to collaborate
not only on imaging techniques but also on software and compu-
tation resources. Alongside reaching consensus on best practice
and standardisation, making open-source software available to
the whole research community will be pivotal.

Though beyond the scope of this review, it is important to
highlight the rapid emergence of modelling approaches in feto-
placental vasculature. These have been made possible due to
the technical advances in imaging techniques and have enabled
several groups to utilise either engineering or mathematical
modelling approaches in order to couple structure with
function,32749496:100-102,107.145,175-185 The ex vivo dual perfusion
of the human placenta, in vivo MRI and ultrasonography (includ-
ing photoacoustics) being developed in parallel will provide rich
means of validation for computational models in predicting pla-
cental function, particularly oxygen transfer. This interdisciplinary
placental research community is thus at a juncture of developing
some important modelling tools for clinical application to help
predict and manage complicated pregnancy, including FGR.
Moreover, these tools will be invaluable in understanding the influ-
ence of early life environment on development, in particular the
haemodynamic implications of altered placental vascular structure
on fetal tissues, and how adverse health outcomes in later life may
be prevented.

Conclusions

Placental function and structure in relation to DOHaD are still
poorly understood, particularly in how feto-placental vascular
structure affects placental function and fetal cardiovascular devel-
opment. Although multiple imaging modalities can be used to
assess feto-placental structure, each has its limitations. With the
new array of imaging techniques, technology, software, computa-
tion development and modelling approaches becoming available,
the field can move forward at a rapid pace. However, the speed
of progress will rely on interdisciplinary and cross-research group
collaborations, particularly in establishing open access ways to
visualise and analyse data. Through this, the field is poised to
deepen the understanding of placental development and function,
and fetal health outcomes in early and adult life.
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