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1.1 INTRODUCTION

The placenta enables the transfer of oxygen and nutrients to the growing
fetus, and is vital to the lifelong health of both mother and child [1,2]. It is
highly vascular, contains large volumes of maternal and fetal blood, and
undergoes major structural and functional changes across the 40 weeks of
gestation. It therefore presents unique challenges, and opportunities for
IVIM MRI.

1.1.1 Placental markers of pregnancy complications

Many major pregnancy complications are associated with placental
malfunction [3]. Deviations in blood flow can disrupt the transfer of
oxygen and nutrients to the developing fetus, eventually leading to
complications such as fetal growth restriction [4-6] (FGR, defined as
growth below the genetic potential of the fetus) and pre-eclampsia [7,8]
(PE, a disease characterized by elevated maternal blood pressure and
proteinuria). Despite these underlying placental aetiologies, both FGR and
PE are difficult to detect before the onset of symptoms. In other words, at
the point of FGR or PE diagnosis there has already been substantial
inhibition of placental function. Biomarkers which quantify placental
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development - with their potential for prediction, earlier diagnosis, and
better management of high-risk pregnancies - are therefore of great
importance.

1.1.2 Imaging markers of pregnancy complications

Ultrasound is currently the main modality for pregnancy monitoring. A
wide range of ultrasound-derived biomarkers are currently used in the
clinic, such as fetal biometry, heart rate, amniotic fluid volume, and
Doppler ultrasound of the umbilical cord and uterine arteries. FGR is
generally diagnosed by a combination of Doppler ultrasound of the
umbilical cord and uterine arteries, and fetal biometry abnormalities [9—
11]. However, there are many limitations to placental ultrasound: it has a
small field of view, limiting whole organ assessment especially later in
gestation, low contrast, and provides limited functional information [12].

1.1.3 Challenges and unique potential of placental MRI

MRI can probe both structure (what tissue is present and its configuration)
and function (e.g. blood flow, oxygenation, and nutrient exchange). It
therefore offers a unique perspective on the placenta, and has the potential
to address the limitations of ultrasound. MRI has been recently shown to
offer improvements in sensitivity and specificity, for example mean
placental T2* is a stronger predictor of low birth weight than Doppler
ultrasound [13]. However, there are a number of factors that limit the
utility of placental MRI. These include maternal and fetal motion, uterine
contractions, and magnetic field inhomogeneity. It is likely that the
uniqueness of the placenta means that bespoke solutions to these
problems are required. Recent work has made significant progress
towards these goals [14-17], hence increasing the clinical viability of
placenta MRL
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1.1.4 Diffusion MRI of the placenta

In particular, diffusion MRI (dMRI) - with its potential for non-invasive
assessment of tissue microstructure and microcirculation - is emerging as
a promising tool for placental assessment. There are a small, but growing,
number of in-vivo human placenta dMRI studies in the literature. A
majority of these studies have utilized IVIM MRI (we review these later in
the chapter). In addition, placenta dMRI studies have been performed
using apparent diffusion coefficient (ADC) [18-21] and diffusion tensor
imaging (DTI) [22] models.

1.1.5 Placenta structure

The placenta attaches to the maternal uterine wall, and connects to the
fetus via the umbilical cord. It is typically around 20cm across and 2cm
thick, and consists of 30-40 lobules (also known as cotyledons). Each
lobule contains of 1-2 functional units containing a paired maternal spiral
artery and fetal villous tree. Figure 1 is a schematic of the placenta
structure and outlines the principle blood flow routes. Fetal villous trees
consist of a large stem villous attached to the chorionic plate; this stem
subsequently branches into a network of smaller intermediate villi, which
further divide into a network of capillarized terminal villi. Maternal spiral
arteries and decidual veins are located immediately adjacent to the
placenta in the uterine wall, which consists of various fibrous cell types,
and trophoblastic cells.
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Figure 1. Schematic representation of blood flow through the placenta
and surrounding tissue. Blue and red arrows show the flow
directions of oxygenated (red) and deoxygenated (blue) fetal blood
through the placental vasculature. For clarity, only the largest villi
are included. Dashed white arrows show idealized flow lines
through intervillous space for maternal blood. Idealized
oxygenation states are represented by the red to blue color
gradient. Figure and caption from [23], used under the CC BY
license.

1.1.5.1 Movement of blood

There are two non-mixing blood types in the placenta - fetal and maternal
- both of which have very different flow characteristics. Fetal blood resides
in the fetal vasculature, and perfuses at high pressure through the
convoluted villous network. On the other hand, and quite uniquely,
maternal blood doesn't flow within vasculature. Instead, it flows at low
pressure through spiral arteries into the intervillous space, submerging
the fetal villous trees and therefore facilitating oxygen exchange with fetal
blood across the villous tree surface.
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1.1.5.2 How the placenta structure affects the dMRI signal

Due to the unique circulatory structures, it is not immediately clear how
the placental dMRI signal will be attenuated at different b-values. Our
thoughts on how placental structure, microstructure, and microcirculation
may affect the dMRI signal are as follows. We expect that blood flowing
incoherently within fetal vasculature exhibits a pseudo-diffusive effect at
the voxel scale, and hence contributes a fast-attenuating dMRI signal
component. We also expect a slow-attenuating dMRI signal component
due to water in tissue, such as fetal villous tree walls. It is far from clear
how maternal blood flow will impact the dMRI signal. It may exhibit fast
incoherent flow on the voxel scale when within vasculature, e.g. spiral
arteries and decidual veins. Therefore a fast-attenuating component to the
dMRI signal is likely within the uterine wall. However, once it has entered
intervillous space, its behaviour is very different. Any coherent flow of
maternal blood should cause little signal attenuation, however diffusion
within this flow should cause some signal attenuation - with a diffusivity
comparable to water at body temperature (3 x 1073 mm?s™!).
Additionally, percolation of maternal blood through highly convoluted
spaces proximal to fetal villi (in order to facilitate oxygen exchange) may
appear incoherent at the voxel scale. If this is the case, it is very difficult to
know the speed at which this blood would be percolating, and hence what
dMRI signal component (fast-attenuating, slow-attenuating or otherwise)
this would affect. Previous work in mouse placentas by Solomon et al.
sheds some light on the problem [24]. They found that maternal blood had
near free diffusion behaviour, whereas fetal blood flows two orders of
magnitude quicker. However, whether this observation translates to
human placentas remains unclear.

1.1.5.3 Development across gestational age

The placenta undergoes major functional and structural changes across
the 40 weeks of gestation in order to support the developing fetus. For
example terminal villi - the principal location of oxygen exchange -
develop mainly after 20 weeks [25]. Additionally, calcification generally
begins from week 37 onwards, and premature onset has been linked to
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adverse maternal and fetal outcomes [26-28]. These changes offer both
challenges and unique opportunities. Quantitative methods need to be
sensitive to the full range that parameters can take over gestation. If such
methods could accurately characterize these physiological and
pathological developments this would be of great interest clinically.
IVIM MRI provides a unique tool for working towards this goal.

1.2 IVIMIN THE PLACENTA

The first in-vivo measurements of IVIM MRI parameter values (in fact, the
first applications of dMRI) in the human placenta were presented in two
publications in 2000 [29,30]. The first [29], presents IVIM results from
eleven healthy subjects to give an idea of the ranges and trends over
gestation of all three IVIM parameters - the perfusion fraction, pseudo-
diffusivity and diffusivity. FGR cases were scanned in the second article,
and an IVIM-derived parameter was identified - the difference in
perfusion fraction between outer and inner placental ROIs - that was
lower in FGR pregnancies [30].

In subsequent placental studies, IVIM has remained the most common
model for interpreting dMRI data. These papers have generally followed
one of the approaches in these first two papers: try to characterize the
trajectory of IVIM parameters across gestational age, or identify an IVIM
parameter which is significantly altered due to pathology. Table 1 gives a
summary of the published studies of IVIM MRI applied to the in-vivo
human placenta.

Table 1. Reported diffusion MRI parameters in the placenta for in-
vivo human pregnancies. Values are reported as either mean + SD,
or median (IQR). All studies were performed at 1.5 T, excluding
both studies by Moore et al. (0.5 T), and some of the subjects in
Jakab et al. (3 T). Each study includes a variety of subjects, either
with or without disease, we refer the reader to the original studies
for full details. Capuani et al. [31] did not report parameter values
in the text; the values we present were read from the figures. We
have not included a second paper by Sohlberg et al. [32], as it
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contains the same subjects as [33].
Reference b-values No. of Pseudo- Diffusivity Perfusion
(s mm~2) subjects diffusivity (1073 mm? s™1) fraction (%)
(1073 mm? s71)
Moore et 0,0.2,3,15,47, 11 57 + 41 1.7+ 0.5 26+ 6
al. [29] 80, 115, 206,
246, 346, 468
Moore et 0,0.2,3,15,47, 20 1.7 + 0.9 (inner 25 + 8 (inner
al. [30] 80, 115, 206, ROI) ROI)
246, 346, 468 1.4 4+ 0.8 (outer 35+ 11 (outer
ROI) ROI)
Derwiget  0,0.7,3,9,18, 37 36.2 (9.6)
al. [34] 32,54, 88, 147,
252, 500
Sohlberg 0,200, 400, 32 29 (8)
et al. [33] 600, 800
You et al. 0, 25,50, 114, 16 58 + 11 (fetal
[35] 243,500, 543, ROI)
800, 900 56 +13
(maternal
ROI)
Capuaniet 0, 50, 100, 150, 30 13+1 1.5+ 0.15 34+3
al. [31] 400, 700, 1000
Siauve et 0,15, 47, 80, 23 21.22 +11.18 1.74 £ 0.30 39.37 £ 10.90
al. [36] 115, 206, 246,
346, 468, 700,
1000
Jakab etal. 0, 10, 20, 30, 33 4.77 +3.33 29+8
[37] 40, 60, 80, 100,

150, 200, 300,
400, 500, 600,
700, 800, 900

1.2.1 Trends across gestational age

There are two main reasons for characterizing biomarker trends across
gestation. Since many change significantly throughout normal gestational
aging, knowledge on typical biomarker trends is a necessary requirement
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to identify deviation. Additionally, we know that the placenta undergoes
dramatic microstructural changes across gestation. If we can identify the
dMRI-derived parameters which best capture these changes, it follows
that these will be good candidates for detecting pathological
microstructural changes.

There is variability in the reported trends for IVIM MRI parameters
across gestational age. Three studies - all of which began scanning at 22
weeks - have shown a clear decrease in perfusion fraction across gestation
[29,33,35]. Siauve et al. scanned at earlier gestations (starting at 16 weeks)
and found an increase in perfusion fraction between 16 and 22 weeks of
GA, stability between 22 and 28 weeks, then a decrease [36]. On the other
hand, two recent papers have shown an apparent increase in perfusion
fraction across gestation [31,37].

There are a number of factors which could cause this inter-study
variability. These include the lack of a common protocol, variability in ROI
selection, different GA ranges, and variation in the types of pregnancy
included. For example, Capuani et al. used small ROIs within the placenta
- rather than a whole organ average - to calculate perfusion fraction
values. Compared to other studies, Jakab et al. have a much larger range
in perfusion fraction values, which may reflect differences in the dMRI
protocol or model fitting procedure. Clearly further studies are necessary
in order to account for these discrepancies. How these factors specifically
affect the observed trend in IVIM perfusion fraction across gestation is an
important area for future work, and of crucial importance for any future
use as biomarkers.

1.2.2 Parameter variation with pathology

The ultimate aim of IVIM MRI in the placenta is to identify parameters -
or combinations thereof - which are sensitive to the presence or severity
of pathology. Thus far, although we should emphasize the small number
of studies, IVIM-derived parameters have shown reasonable
discrimination between normal and pathological placentas. For example,
the perfusion fraction appears significantly lower in placentas associated
with FGR [30,32,34], and early onset PE [33]. Additionally two studies
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show that ADC - which averages over IVIM effects - was decreased in FGR
[19,21]. However, it should be noted that the choice of b-values heavily
affects the inferred ADC values [18].

1.3 ANISOTROPIC IVIM IN THE PLACENTA

Whilst standard models for analyzing dMRI data, such as IVIM, ADC, and
DTI, have shown promise in the placenta, it has been shown in other
tissues that advanced microstructural models can extract more specific
biophysically-linked parameters from the signal. We recently undertook a
study to assess which microstructural models best explain dMRI data in
the placenta [23].

1.3.1 dMRI scans

We scanned 9 healthy pregnant subjects with a rich, multi-shell, multi-
directional dMRI protocol. The three principal gradient directions were
scanned at b=15, 25, 80, 115, 206, 246, 346 s mm™2, eight directions were
obtained at b=40, 400, 1000, 2000 s mm~?2, and there were six b=0 images.
We used this acquisition - which is much richer than would typically be
available - in order to assess the most expressive models which the
placental dMRI signal potentially supports.

1.3.2 Modelling

The models we fit to the data were motivated by our predictions of how
placental structure and microstructure will attenuate the dMRI signal (i.e.
Section 1.1.5.2 . We chose a set of 14 microstructural models, the majority
of which consist of two compartments separately modelling the fast-
attenuating (primarily associated with perfusion) and slow-attenuating
(primarily associated with diffusion) signal components.

In “standard" IVIM MRI, perfusion and diffusion compartments are
both considered to be isotropic. This may not hold in the placenta, for
example in areas with fibrous cells or where vasculature has a coherent
orientation. We therefore include models which allow anisotropy in
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perfusion and diffusion compartments, and can therefore be considered
anisotropic extensions to IVIM. We found it informative to categorize our
models depending on the anisotropy of these two compartments. For
example, we use “anisotropic-isotropic”" to refer to models with
anisotropic perfusion compartment and isotropic diffusion compartment.

All models are combinations of compartments as described in [38],
such as ball, stick, zeppelin, and tensor. “Ball" represents an isotropic
diffusion compartment (i.e. an ADC model). A “tensor" compartment
models the signal using a full diffusion tensor, and “zeppelin" is a
cylindrically symmetric tensor. A “stick” is maximally anisotropic,
assuming that water only diffuses in a single direction. Models are built
up using combinations of these compartments, again following the
terminology in [38], for example the standard IVIM model is “ball-ball".

An example anisotropic IVIM model is stick-zeppelin, a two-
compartment model which contains anisotropic perfusion and diffusion
compartments. The signal is given by

S(b) = fexp (—bdp(np : 0)2) + (1 - f) exp(~=bGTDG)

where f is the perfusion fraction, b is the b-value, d,, is the diffusivity in
the stick principle direction, n,, is the stick principle direction, G is the
gradient direction, and D is a cylindrically symmetric tensor (i.e.
“zeppelin"). The first term in the signal equation therefore models
perfusion effects using a stick compartment, and the second term models
diffusion effects using a zeppelin compartment.

To see which model best explained the placenta dMRI signal, we
calculated a model selection statistic (the Bayesian information criterion)
for all 14 models voxel-by-voxel across all 9 subjects.

1.3.3 Results

Figure 2 shows voxelwise model selection results. Clearly, anisotropic
IVIM models best explain the dMRI signal in a majority of voxels across
all subjects, with the best model categories being anisotropic-anisotropic
and anisotropic-isotropic. In other words, the best models have
anisotropic perfusion compartment, and either isotropic or anisotropic
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diffusion compartment. Error! Reference source not found. reveals the
spatial pattern of the anisotropy of the diffusion compartment. This
pattern is consistent with the underlying physiology: there is generally
isotropy within the placenta - which may be due to large maternal blood
pools, and anisotropy within the uterine wall and chorionic plate -
potentially reflecting fibrous cell structures.

°

[ Ball (ADC)
[ stick

°

Single
compartment

Proportion of voxels with lowest BIC
o o o

°

3446 3544 35+
Gestational age (weeks+days)

Figure 2. Model selection results over 9 placenta dMRI scans. Bar
plots show the proportion of voxels within a placental ROI where
each model had the lowest Bayesian information criterion. Subjects
are labelled by gestational age, with “-cor" indicating that the
placenta was scanned coronally. The perfusion model
compartment is emphasized in the legend text. Image adapted
from [23], used under the CC BY license.



This is the pre-peer-reviewed version of the article /VIM MRI of the Placenta in Le Bihan, D.
(Ed.), lima, M. (Ed.), Federau, C. (Ed.), Sigmund, E. (Ed.). (2018). Intravoxel Incoherent
Motion (IVIM) MRI. New York: Pan Stanford, which has been published in final form at
https://www.taylorfrancis.com/books/e/9780429763496/chapters/10.1201%2F97804294272
75-16

single compartment is0-iso ®  aniso-iso
= jso-aniso B aniso-aniso

Figure 3. Mapping the spatial pattern of model selection results. Each
row displays three slices for a single subject, labelled by gestational
age (weeks+days). Voxels are colored according to the category of
model with the lowest BIC in that voxel. Models are grouped
according to the isotropy of the perfusion and diffusion
compartments respectively, for example “aniso-iso" refers to
models with anisotropic perfusion compartment and isotropic
diffusion compartment. From [23], used under the CC BY license.

Figure 4 displays DTI and IVIM parameter maps for 4 subjects. We see
similar patterns in maps across all subjects, and these are consistent with
the physiology of the placenta and surrounding tissue. For example, we
saw consistently high diffusivity in the uterine wall (e.g. Figure 4, first
column). These areas also had high IVIM perfusion fraction (Figure 4,
fourth column) suggesting they reflect areas with high volumes of
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perfusing blood. Fractional anisotropy (FA) and direction encoded colour
(DEC) maps show high anisotropy in the areas around the placenta
(Figure 4, columns 2 and 3) - likely due to the prevalence of fibrous cells
in the uterine wall and chorionic plate.

Mean diffusivity (mmz/s) Fractional anisotropy ~ Direction encoded color Perfusion fraction

Figure 4. Parameter maps derived from DTI and isotropic IVIM
model fits. Each row displays maps for a single slice from one
subject, labelled by gestational age (weeks+days). Arrows in row 3
highlight areas of high diffusivity and high perfusion at the
boundary of the placenta. From [23], used under the CC BY license.

We display stick-zeppelin - which performed consistently well in
model selection - parameter maps in Figure 5. These maps reveal more
information than can be accessed with the standard IVIM model (i.e ball-
ball in our terminology). In particular, column 4 maps show the
anisotropy of the slow-attenuating dMRI signal component - revealing
high anisotropy in the uterine wall and chorionic plate. These models also
provide zeppelin diffusivity, stick diffusivity and stick volume fraction
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maps (columns 1-3) - analogous to diffusivity, pseudo-diffusivity and
perfusion fraction respectively in the isotropic IVIM model.

Zeppelin Stick Stick volume Zeppelin fractional

diffusivity (mm?/s) diffusivity (mm?/s) fraction anisotropy
5e-03 0 1 0 1 0 1

Figure 5. Parameter maps derived from stick-zeppelin model fit. Each
row displays maps for a single axial slice from one subject, labeled
by gestational age (weeks+days). From [23], used under the CC BY
license.

Finally, although we emphasize the small number of samples and the
lack of longitudinal measurements from individual subjects, our study
shows a decrease in the perfusion fraction across gestational age
(Supporting Information in [23]). This is in agreement with [29,33,35], but
disagrees with [31,37].

1.3.4 Discussion

Our analysis shows that, when using a rich dMRI protocol, anisotropic
IVIM models explain the in-vivo human placenta dMRI signal better than
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ADC, IVIM and DTI models. We found that the fast-attenuating signal
component was anisotropic in nearly all voxels, which matches the
interpretation that vasculature has a coherent structure. This orientation
may be necessary to facilitate the transport of large volumes of blood -
both maternal and fetal - into and out of the placenta. We also observed
that the slow-attenuating signal component tended to be isotropic within
the placenta - consistent with the lack of coherent tissue structure, and
anisotropic in the areas surrounding the placenta - potentially reflecting
the prevalence of fibrous tissue in the uterine wall and chorionic plate.

In future work, we will concentrate on the anisotropic IVIM models
which best quantify placental microstructure and microcirculation. Stick-
zeppelin and zeppelin-zeppelin had consistently high model selection
ranking across the placenta and uterine wall, and hence show high
promise. Zeppelin-zeppelin is the more general model as, unlike a stick
compartment, a zeppelin can model isotropic diffusion (when axial and
radial tensor diffusivities are equal). However, stick-zeppelin has three
fewer parameters and is hence easier to fit to the data. Both models
therefore have advantages in certain situations, our view is that zeppelin-
zeppelin is preferable for very rich dMRI acquisition protocols, whereas
stick-zeppelin is best for sparser acquisitions.

These observations naturally lead to another area for future
development: designing dMRI protocols specifically to support these
anisotropic IVIM models. The rich dMRI acquisition protocol utilized in
this study is for discovery of the models that best explain the placental
dMRI signal. Once these models have been identified, we can construct
much more economical protocols suitable for clinical application.

1.4 DISCUSSION AND FUTURE DIRECTIONS

IVIM MRI - and anisotropic extensions - show promise as quantitative
imaging methods in the placenta. However, there is much further work
required to achieve the ultimate goal of translation into biomedical
applications.

The IVIM perfusion fraction shows promise as a biomarker for FGR
[30,32,34] and PE [33], and the ADC is decreased in FGR [19,21]. A
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limitation of these studies is that they use parameter values averaged over
the whole organ. Future development should harness the increased
statistical power available by considering the distribution of quantitative
measures across the whole organ, rather than averaging to a single
descriptive statistic. Future work should also focus not only on whether
dMRI-derived biomarkers are significantly different between control and
disease groups, but also whether biomarkers can be used for diagnosis
and prediction.

Another important topic is the effect of gestational age on dMRI-
derived parameters. Previous work has shown that these parameters are
highly sensitive to microstructural changes during normal placental
development, but there is fundamental disagreement in the literature over
the trends. If we do not have a good idea of the normal trajectories of these
parameters, then we cannot accurately detect pathological changes.
Future work should therefore aim to disentangle how pathology and
gestational age affect biomarker values. This is likely to require
development of analytical approaches which jointly consider these effects.

1.4.1 Protocol optimization

The utility of dMRI data depends on the choice of b-values and gradient
directions. Given the observations from an initial cohort of 9 placental
dMRI scans ([23], as outlined earlier in the chapter) we optimized the
choice of gradient table [39]. Our approach was to separately optimize b-
values and gradient directions in order to best assess the anisotropy in
both perfusion and diffusion regimes. The optimization pipeline can be
adjusted to comply with clinically limited scanning times.

Improvements in image post-processing are also important for IVIM
MRI in the placenta. The majority of existing studies perform no motion
correction, assuming alignment across dMRI volumes. This affects the
visual quality of IVIM MRI parameter maps [40], and is presumably a
major reason why most studies have focused on whole-organ averages of
parameter values. Placental MRI motion correction is a difficult problem
and requires correction of non-rigid motion [15]. Continued improvement
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of motion correction algorithms should increase the utility of placental
dMRI data.

1.4.2 It's not just about the placenta!

The placenta is a unique organ which contains both maternal and fetal
tissue, and the exact nature of the maternal-placental boundary is debated
[41]. Thus far dMRI and IVIM studies have tended to focus exclusively on
the placenta, usually ignoring tissue immediately surrounding the organ.
It seems likely that useful information can be extracted from
measurements in these surrounding areas. In particular, maternal tissue
in the uterine wall provides a rich source of information that should not
be ignored, since the transport of maternal blood into the placenta through
spiral arteries is critical to the health of the fetus. This view is supported a
previous IVIM study, which showed reduced perfusion fraction in spiral
arteries in pregnancies complicated by PE [42]. Fortunately, these
surrounding areas are usually within the field of view of a placental scan,
so the additional information comes for free.

1.4.3 Joint diffusion-relaxometry

The T2* signal strength in MRI depends (to some extent, [43]) on the
concentration of oxygen in blood. This has been exploited in a number of
placental studies [13,14,44,45]. There are also studies which have
quantified T1 and T2 values in the placenta [46-49]. These studies
demonstrated that T1, T2 and T2* values decreased across gestational age.
An exciting avenue for future development is to combine diffusivity and
relaxometry information to improve placental microstructure and
microcirculation characterisation, as previously demonstrated with T2
and diffusivity [50].

1.4.4 Histological validation

The placenta is delivered at birth; there are hence unique opportunities to
compare in-vivo dMRI measurements to histological observations.
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However, there are a number of practical issues which first need to be
addressed. The placenta is highly deformable, so matching the orientation
and positioning of the placenta between MRI and histology would be
challenging. Another issue relating to IVIM MRI is that there is no
perfusion in the delivered placenta, so validation would have to focus on
structural, rather than functional, properties. Despite these difficulties,
there is clear scope for making initial progress in this area. A first goal
might be to match dMRI measurements in cases with gross pathology -
such as large infarctions or haemorrhage - with histological observations.

1.5 CONCLUSION

IVIM MRI shows much promise for studying microstructure and
microcirculation in the human placenta and surrounding tissue
structures. IVIM parameters are sensitive to both normal placental
development, and pathological changes. Future work combining dMRI-
derived parameters with data from other MRI modalities has the potential
to increase overall sensitivity to placental viability. The ultimate aim is to
develop quantitative imaging methods that can improve prediction,
diagnosis, and monitoring of pregnancy complications.
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