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Abstract

The placenta is a highly vascularised organ with unique structural and metabolic complexities. As
the primary conduit of fetal support, the placenta mediates transport of oxygen, nutrients, and waste
between maternal and fetal blood. Thus, normal placenta anatomy and physiology is absolutely
required for maintenance of maternal and fetal health during pregnancy. Moreover, impaired placental
health can negatively impact offspring growth trajectories as well as increase the risk of maternal
cardiovascular disease later in life. Despite these crucial roles for the placenta, placental disorders,
such as preeclampsia, intrauterine growth restriction, and preterm birth, remain incompletely
understood. Effective noninvasive imaging and image analysis are needed to advance the obstetrician’s
clinical reasoning toolkit and improve the utility of the placenta in interpreting maternal and fetal
health trajectories. Current paradigms in placental imaging and image analysis aim to improve the
traditional imaging techniques that may be time-consuming, costly, or invasive. In concert with
conventional clinical approaches such as ultrasound, advanced imaging modalities can provide
insightful information on the structure of placental tissues. Herein, the authors discuss such imaging
modalities; their specific applications in structural, vascular, and metabolic analysis of placental health;
and emerging frontiers in image analysis research in both preclinical and clinical contexts.
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INTRODUCTION

The placenta plays numerous critical roles
during pregnancy, from modulating adaptations
of maternal cardiovascular, skeletal, and
endocrine systems, to controlling transport of
nutrients, oxygen, and waste between maternal
and fetal circulations. Impaired development
and/or function of the placenta can result in
adverse maternal and fetal clinical outcomes.
With respect to the development of advanced
diagnostic tools and treatment options that can
potentially inform and improve clinical practices,
noninvasive biomedical imaging of the placenta
provides a promising approach. Herein, the
authors discuss imaging modalities that can
be used to generate insight into anatomical
structure, vascular physiology, and metabolism
of the placenta (Figure 1)."° For example,

multiple modalities are now available that
used to

be

blood

can study placental

Electron microscopy

Pielesz et al.,' 2019

Maternal Tissue

Aughwane et al.,* 2019
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flow, maternal-placental and fetoplacental
vasculature, placental microcirculation, the
spatial pattern of fetoplacental density, placental

sufficiency, intrauterine hypoxia, placental
oxygenation, and haemoglobin oxygenation
in  normal and pathological conditions.

Additionally, the increased value and analytic
depth of multiparametric three-dimensional
(3D) computational image analysis methods
that accompany these imaging modalities are
discussed in detail. Finally, in the last section of
this review the authors discuss how advanced
computational approaches such as computer
vision, automation, and deep learning strengthen
the power of preclinical and clinical biomedical
imaging data.
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Figure 1: Examples of imaging modalities that can be used to generate insight into anatomical structure, vascular, and

metabolic function of the placenta.®
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NEW FRONTIERS IN CLINICAL IMAGING

Structure

Detection of abnormalities in placental structure
is clinically important because it allows clinicians
to diagnose symptoms early in the pregnancy
and develop individual treatment responses.*
These structures include the boundaries of
different placental compartments, the size and
volume of the placenta and extraembryonic
tissues, and the overall location of these
structures with respect to one another.
Microfocus CT (microCT) is a fast-growing
imaging technique that can provide high-
resolution, large field-of-view 3D morphological
structures of the placenta. Its use in quantitative
analysis of the fetoplacental vascular tree and

Entire body / 1m

the feasibility for obtaining this information on
human samples with the aim of understanding
complications of intrauterine growth restriction
(IUGR) has been demonstrated ex vivo.f In
a complementary ex vivo study, Pratt et al’
compared two contrast agents by their capacity
to produce superior image quality for improved
measurements of placental vascular density
and analysis of the vascular tree structure,
and determined MICROFIL® to be the better
contrast agent for this application. Despite
the capabilities of microCT to generate non-
destructive high-resolution images, this modality
cannot be used for human placental imaging
in vivo because of its use of an ionising source,
but it remains an invaluable tool for preclinical
or clinical ex vivo quantification of morphology
and vascularity.
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Figure 2: Schematic representation of spatial resolution versus penetration depth of various preclinical (dashed
border) and clinical (solid border) imaging modalities used for placental and extraembryonic tissue imaging. The
temporal resolution is represented by a pseudo-colourmap, with red representing slow and violet representing fast.
The cost is represented by a different pseudo-colourmap, with grey representing low cost and black representing

high cost. Note that photoacoustic imaging has a dashed white border which represents its primary use in preclinical
studies but has yet to be clinically used in any form. Given the absence of clinical applications for photoacoustic
imaging, associated costs for this technique are not included.
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Non-ionising techniques such as MRI, which
provides better soft-tissue contrast, or ultrasound
(US), which provides higher throughput real-time
images, are more commonly used in preclinical
and clinical studies. Lax et al® and Teo et al®
provided three easily identifiable /in vivo features
useful in diagnosing placental invasion in T2-
weighted MRI images: 1) lower uterine bulging;
2) heterogenous placental signal intensity; and 3)
dark linear intraplacental bands. However, MRI is
best used as an adjunct to US, particularly when
the US resolution is diminished as a result of
obesity or a posteriorly situated placenta.
Furthermore, as shown in Figure 2, US is low-
cost compared with MRI and is advantageous for
longitudinal studies to monitor fetal growth and
changes in placenta function. In a retrospective in
vivo US study, Rac et al.’® developed a predictive
equation of placental invasion termed placenta
accreta index, which relies on the number of prior
caesarean deliveries and several US parameters
including smallest myometrial thickness, lacunar
spaces, and the presence of bridging vessels.
Additionally, alongside placental compartments,
US can be used to image the umbilical cord
insertion point. For example, Wax et al”
determined that cord insertion-to-placental edge
distance could be used to diagnose marginal
cord insertion and risk for prelabour rupture
of membrane, preterm prelabour rupture of
membrane, extreme umbilical cord lengths, and
spontaneous preterm birth as described by

Ebbing et al®? With respect to structural
assessments, US followed by MRI is the
preferred methodology overall to obtain

structural tissue contrast, but further studies
directly comparing the specificity and sensitivity
of the two are needed.

Vascular Function

Normal fetal growth requires sufficient oxygen
and nutrient delivery through the placenta.
Therefore, quantification of maternal-fetal
perfusion and vascular function is crucial in
diagnosing placental abnormalities. Historically,
preclinical ex vivo microscope analysis has
dominated interpretation of placental vascular
development and function. For example, Coan
et al.® performed stereological analysis on
mouse placentas to quantify the development
of the labyrinth zone, which serves as the
nutrient transport barrier and mediator between

Creative Commons Attribution-Non Commercial 4.0

the maternal and fetal circulatory systems.
Furthermore, these methods support predictions
of the diffusion capacity of oxygen. In general,
postmortem microscope analysis can provide
high-resolution images for modelling of placental
vascular function, but to clearly predict the
health of the fetus and understand the functional
interdependence of the maternal-placental-fetal
triad, longitudinal monitoring is needed because
ex vivo microscopic analysis is not sufficient.

Functional MRI can address the need for
longitudinal monitoring by providing online
monitoring of blood flow using blood oxygen
level dependent (BOLD). In a study by Sgrensen
et al,”* dark and bright areas corresponding to
the fetal and maternal side, respectively, in BOLD
placental images during normoxia and hyperoxia
were compared. BOLD signal increased as darker
areas became brighter, which is indicative of
increased placental oxygenation. Thus, a reduced
or constant placental BOLD signal during
hyperoxia may be associated with impaired
placental function and poor neonatal outcome.
Furthermore, BOLD images of the placenta
acquired over time can be used to generate time-
to-plateau maps, which can aid in identifying
regional heterogenous oxygenation in the
placenta.® This promising biomarker had relatively
homogenous values near zero under normoxia
conditions, while placentas under maternal
hyperoxia displayed inhomogeneous delayed
values. Indeed, multiple studies concluded that
maternal hyperoxia induces the hyperoxic BOLD
effect, which is an increase in placental signal
intensity in T2-weighted images as reviewed
by Sgrensen et al® In pregnancies complicated
by IUGR, similar effects were observed with a
significantly increased BOLD effect compared
with control cases. However, the authors noted
that the BOLD effect is a relative measurement
and that an increase in BOLD signal may originate
from a reduced T2-signal baseline rather than
an increased absolute signal. A baseline T2-
signal may therefore be a sufficient initial clinical
biomarker for detecting dysfunctional placentas.

Online monitoring of blood flow can additionally
be accomplished using arterial spin labelling
(ASL) MRI. Using pseudocontinuous ASL MR,
Liu et al'® generated four perfusion-related
parameters: placental volume, placental blood
flow (PBF), high PBF (hPBF), and relative hPBF.
In a longitudinal study, patients with ischaemic

RADIOLOGY 57

September 2020 -



placentas showed significant decreases in
hPBF and relative hPBF values compared with
controls, suggesting its promise as a biomarker
for predicting placental ischaemia. By monitoring
placenta perfusion, diseases such as IUGR or
congenital heart disease (CHD) have been
linked to dysfunctional placentas. For example,
placental perfusion velocity-selective  ASL
(VSASL) MRI measurements have value for
predicting fetal CHD." In fetal CHD pregnancies,
variation in regional placental perfusion
significantly increased while global placental
perfusion significantly decreased with advancing
gestational age. Overall, functional variants
of MRI can quantify maternal-fetal perfusion.
However, MRI variants that rely on the aid of
exogenous contrast agents (contrast enhanced
[CE] MR, such as gadolinium, are not approved
for human use because of its dissociation into
toxic form.”® Therefore, similar to structural MRI,
functional MRI, but not CE MRI, may be used as
an adjunct to functional US to clinically evaluate
vascular function.

CE US (CEUS) enables imaging of structures
with low perfusion by employing the use of
gas-filled, lipid-encapsulated microbubbles
to increase contrast because of the acoustic
impedance mismatch from surrounding tissue. In
an in vivo study by Roberts et al.”® to assess the
safety of CEUS for studying placental perfusion
in rhesus macagques and human subjects,
placental structural damage was not observed
after multiple CEUS examinations. Additional
results of the examinations in human subjects
demonstrated visualising placental perfusion in
as early as 11 weeks.” As a clinical continuation
of this work, Roberts et al.?° used CEUS to assess
maternal blood flow into the intervillous space
and reported the detection of maternal perfusion
through the spiral arteries in as early as 6 weeks.
This suggests that remodelling of extravillous
trophoblast cell clusters to reduce flow resistance
into the intervillous space may be a progressive
process that occurs earlier than previously
suspected.?®° Doppler US imaging is traditionally
used to quantify the maternal-fetal blood flow.?
Uterine artery Doppler, a combination of pulsed
and colour Doppler features, can be used to
measure the human maternal-fetal blood flow
to show that most early IUGR cases display
abnormal waveforms, which is associated with
coexisting preeclampsia and maternal-placental

58 RADIOLOGY + September 2020

vascular malperfusion.?? Furthermore, uterine
artery Doppler in combination with multiple
maternal serum markers can be used to predict the
development of preeclampsia.?®*** With respect
to high-risk pregnancies, Doppler US has been
supported to reduce the risk of perinatal deaths
with potentially fewer obstetric interventions.?®
Further studies correlating fetal development
to maternal-fetal blood flow are required and
could provide invaluable insights into developing
therapies for placental malfunction.

Metabolism

Irregularities in cellular metabolism have shown
to be surrogate markers of disease. In the
case of obesity, Calabuig-Navarro et al.?*® have
proposed that the metabolic capacity of the
placenta plays a central role in regulating fetal
adiposity and conferring disease risk to offspring.
Indeed, placental fatty acid esterification and
mitochondrial fatty acid B-oxidation associate
with markers of fetal adiposity in the context of
maternal obesity.?® Mechanistically, this may relate
to the interaction between fatty acid oxidation,
mitochondrial function, and oxidative stress.?”
Thus, it may be insufficient to strictly perform
structure and vascular imaging. Metabolic
imaging is a relatively new field that olbserves
and tracks changes in metabolic pathways that
may be linked to various clinical conditions.
Quantification of the placental metabolic
capacity, in addition to structure and vascular
function, can lead to a better understanding of
the interaction between placental function and
fetal development. For example, Austin et al.?®
elaborated on the importance of evaluating the
spatial distribution of elemental metal species
and their role in metabolic processes, such
as oxygen transportation and mitochondrial
function. Deficiencies in these essential metals
and/or long-term exposure to exogenous heavy
metals are associated with the negative health of
a child. A predominant methodology that can be
used to obtain placental metabolic data is proton
magnetic resonance spectroscopy ((H-MRS). In a
clinical in vivo study, Denison et al.?® used 'H-MRS
to measure the choline-lipid ratio in severe cases
of placental insufficiency that were associated
with TUGR. Current evidence suggests that a
reduction in placental choline peaks is associated
with poor cellular turnover; therefore, the choline-
lipid ratio may be used as a novel biomarker



to detect impaired placental function. Song
et al.3° performed a similar study in which they
proposed to combine the choline-lipid ratio
with apparent diffusion coefficient values
from diffusion-weighted MRI to enhance the
sensitivity and specificity of detecting IUGR.
Compared with the data presented by Denison
et al, the lipid peaks in the present study
significantly increased with IUGR severity. The
discordance in these findings may relate to the
population-based differences in the severities of
IUGR in these two studies.

To further understand the involvement of
metabolism in placental abnormalities, variants of
Raman spectroscopy, a label-free method based
on Raman scattering that provides the molecular
structure of the sample, can be used. Thus far
these studies have been largely restricted to ex
vivo studies. Pielesz et al.! tested the application
of Fourier transform Raman spectroscopy to
identify spectroscopic biomarkers or specific
frequency ranges that may  accurately
indicate the transport efficiency governed by
syncytiotrophoblast. The most notable region
observed was the 950-750 cm™ frequency range,
which represented changes in molecular structure
to differentiate healthy from pathological
tissue. Using micro-Raman  spectroscopy,
Chen et al.¥ studied the metabolic variation in
preeclamptic placentas. Compared with normal
placentas, preeclamptic placentas displayed
higher amplitudes at peaks assigned to the
tryptophan indole ring and phenylalanine, which
suggest a significant reduction in the ordered
structures of the proteins as well as damage to
the amino acid side chains. Overall, these studies
support the notion that Raman spectroscopy
is effective in differentiating healthy from
pathological placental tissue and therefore can
be used to increase the diagnostic accuracy of
placental insufficiency.

NEW FRONTIERS IN PRECLINICAL

IMAGING

One major need in placental imaging is to
understand the dynamic changes in blood
oxygen saturation and vascular perfusion in vivo
without the use of exogenous contrast agents.
To address this, several advances have been
made towards photoacoustic imaging (PAI), an
imaging modality that combines US with the
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high-molecular sensitivity of optical imaging
to measure changes in oxygen saturation by
exploiting the different absorption spectrums of
oxy- versus deoxyhaemoglobin in the placenta.*?
Extracting the saturation level involves fitting
the PA intensity to the optical absorption of
haemoglobin at various excitation wavelengths.??
Using PAI in a rat and mouse study, Lawrence
et al.®** and Yamaleyeva et al. 3% respectively,
measured placental hypoxia and evaluated its
association with the progression of preeclampsia
or IUGR due to ischaemia. Key challenges that
must be addressed prior to clinical translation of
PAI are limited light delivery to deep fetal tissues
and safety limits of nanosecond pulsed radiation
exposure for developing tissues.

In addition to translating technology for clinical
trials, preclinical studies support investigation
of the relationship between placental biology
and embryonic development through the use
of models with short gestation periods and
homogeneous genetic traits. Yadav et al.¥
used dynamic CE MRI to quantitatively study
the gestational age-dependent perfusion
changes and vascular diameters in the regional
compartments of normal murine placenta.
With advancing gestation, the maternal central
canal diameter increases, which may contribute
to an increase in placental perfusion. In a
separate longitudinal study by Krishnamurthy
et al.,*® T2-weighted MRI signals were measured
with advancing gestational age. With advancing
gestation, T2 relaxation times decreased in
both high and low perfusion zones with absolute
T2 signal values in low perfusion zones matching
the whole placenta.

To address aspects of placenta biology that are
specific to primates, extensive, ground-breaking
research has been performed on nonhuman
primate models, such as the rhesus macaque,
a more clinically relevant translational animal
model establishing the maternal-fetal-placental
unit function during pregnancy.® In a placental
perfusion study of rhesus macaques, BOLD
and dynamic CE MRI placental images were
compared to create a model connecting the
observed T2-weighted images to a modified
BOLD signal parameter that relates the intervillous
blood flow and oxygen exchange with the fetal
vasculature.®® Furthermore, with the aid of
contrast agents, Lo et al.*' used Doppler US with
dynamic CE MRI to detect IUGR in nonhuman
primate models. T2-weighted MRI and anisotropic
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water diffusion images of the fetal brain in utero
were acquired to characterise the aberrant effects
of IUGR on fetal neurodevelopment, such as
reduced brain volume. Several new contrast
agents are being developed to obtain specific

molecular information for these imaging
techniques, such as MRI, US, and optical
techniques; however, these agents still need

to be evaluated thoroughly prior to clinical
translation.#?44 Overall, longitudinal preclinical
studies play a crucial role in translating these
technological advancements to the clinic.

FUTURE OF IMAGING

Computer Vision

Computer vision techniques provide a
particularly promising new frontier for the
evaluation of placental physiology and structure-
function relationships. These techniques make
use of certain features to numerically describe
physical properties of the placenta, which, once
determined, can be used to test for correlation
between clinical characteristics of the pregnancy
as well as clinical maternal-fetal outcomes. For
example, placental maturity and gestational
age have been tested in US and MRI images
with positive results. Specifically, grey-level co-
occurrence matrix texture features, known as
Haralick texture features, have been used to show
anincrease in placental heterogeneity throughout
the gestational age.*>4¢

Image analysis is increasingly combined with
machine learning techniques that provide
prediction models for examining correlation
between clinical characteristics and outcomes.
A multitude of machine learning and clustering
methods, including Naive Bayes, K nearest
neighbors, k-means, and multilayer perceptron,
have been successfully used alongside texture
analysis techniques for MRI and US images.
For example, Romeo et al¥ used machine
learning methods with MRI-derived texture
analysis features to assess the presence of
placenta accreta spectrum in patients with

placenta praevia with an accuracy up to 98%.
Using an alternative segmentation approach,
Gupta et al.“® applied wavelet decomposition-
based conditional random fields to successfully
develop segmentation methods for US images
These tools could potentially

of the fetus.
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be applied to placenta segmentation using
proper constraints and choice of the training
set features.

Morphomics

Morphomics is a recently coined term that
involves quantitative measurements generated
via image analysis software and scientific
visualisation tools. These analytic morphomics
aid in personalised care by stratifying the image
analysis data with respect to disease status.
Compared with  platform-dependent and
specialised commercial software used in clinical
settings, a wide range of open-source, free, and
customisable software tools are available for
morphomic analysis. ImagedJ is an open-source
software that became popular as a result of its
large repository of plugins and macros, including
3D viewer plugins, developed by the userbase
for different tasks and image formats.*®
Quantitative analysis of villi anatomy in the
placenta, molecule transportation across the
maternal-fetal interface, and analysis of volumetric
data to study placental microcirculation, such
as the spatial pattern of fetoplacental vascular
density, is possible with these tools. 3750-52

Insight Segmentation and Registration Toolkit
(ITK) provides software developers with a
large collection of image segmentation and
registration algorithms, which are widely used
for implementing custom software for specific
medical imaging problems.>®* Two [TK-based
tools that gained popularity among researchers
are ITK-SNAP for visualisation and segmentation
of 3D images to aid in analysis of placental
form and function calculations, and Elastix
for image registration.>**>> Using Elastix, You
et al® developed a semiautomated method
for segmentation of the maternal and fetal
compartments of the placenta using intravoxel
incoherent motion. Finally, the large community-
supported 3D Slicer software with a user-friendly
interface® was used by Looney et al.>® to fully
automate the segmentation of 3D placenta US
data. 3D Slicer additionally supports registration,
segmentation, and annotation, as well as
scripting functionalities for batch-processing in
Python. The design allows users to easily customise
3D Slicer by adding modules or extensions
developed by the community to address specific
imaging modalities or analysis tasks, such
as studying fetal development or modelling
placenta Vvilli.>%%°  SlicerMorph, an actively




developed extension for 3D Slicer, provides
biologists with the morphometric analysis tools
for 3D volumetric and surface data, such as semi-
landmarking and Generalized Procrustes Analysis
(GPA) for population-level analysis.

CONCLUSION

US is the gold standard for non-ionising
noninvasive imaging used to assess placental
structure. However, US alone is not sufficient to
fully characterise placental pathophysiology,
including vascular and metabolic functions and
their relationship to clinical maternal and fetal
outcomes. Emerging imaging modalities such
as PAIl are gaining popularity because they
can be transparently integrated with existing
imaging systems including US. Another useful
clinical non-ionising modality discussed above in
detail is MRI and its variants, including diffusion-
weighted, BOLD, and ASL, which have been
studied to provide unique biomarkers to
determine placentalabnormalities. With respectto
unravelling the role of metabolic heterogeneities

in placenta health, several biomarkers have
recently been discovered and studied using
various technologies, such as 'H-MRS and Raman
spectroscopy. Finally, to accurately quantify
data generated by these imaging modalities,
in terms of both 3D visualisation and multiple
quantitative  parameters, computer vision
methods for quantitative image analysis are
emerging. Various open-source platforms are
being explored to develop analytical morphomics

that can eventually predict effects on
fetal growth based on dynamic changes in
placental health and function. The recent

explosion of image analysis and machine
learning strategies will enhance both the quality
and quantity of data available for making
accurate diagnosis and monitoring therapeutics
towards maintaining a healthy placenta. The
clinical translation of these new frontiers is
greatly needed to aid in the detection and
diagnostic accuracy of placental abnormalities,
reduce the risk of perinatal deaths, and
improve the long-term course of offspring
developmental health.
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