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ARTICLE INFO ABSTRACT

Keywords: Mammalian placentas exhibit unparalleled structural diversity, despite sharing a common ancestor and principal
Placenta functions. The bulk of structural studies in placental research has used two-dimensional (2D) histology
m,icr"CT sectioning, allowing significant advances in our understanding of mammalian placental structure. However, 2D
Ig:)sr;‘;}gfgiive histology sectioning may be limited if it does not provide accurate information of three-dimensional (3D) tissue
Structure architecture. Here, we propose correlative 3D X-ray histology (3D-XRH) as a tool with great potential for

resolving mammalian placental structures. 3D-XRH involves scanning a formaldehyde-fixed, paraffin embedded
(FFPE) tissue block with 3D X-ray microscopy (microCT) prior to histological sectioning to generate a 3D image
volume of the embedded tissue piece. The subsequent 2D histology sections can then be correlated back into the
microCT image volume to couple histology staining (or immunolabelling) with 3D tissue architecture. 3D-XRH is
non-destructive and requires no additional sample preparation than standard FFPE histology sectioning, however
the image volume provides 3D morphometric data and can be used to guide microtomy. As such, 3D-XRH in-
troduces additional information to standard histological workflows with minimal effort or disruption. Using
primary examples from porcine, bovine, equine, and canine placental samples, we demonstrate the application of
3D-XRH to quantifying placental structure as well as discussing the limitations and future directions of the
methodology. The wealth of information derived from 2D histological sectioning in the biomedical, veterinary,
and comparative reproductive sciences provides a rich foundation from which 3D-XRH can build on to advance
the study of placental structure and function.

1. Introduction

Despite evolving only once and having conserved physiological
functions, the mammalian placenta exhibits unparalleled structural di-
versity among organs [1-6]. The selective pressures governing the
evolution of morphological divergence, and the functional consequences

of structural diversity, are poorly understood. The bulk of our knowl-
edge of mammalian placental structure is derived from two-dimensional
(2D) histology sections [6]. Studies employing 2D histology sectioning
have provided valuable insight into mammalian placental structure and
laid the foundation for structural investigations into the placenta.
However, 2D imaging techniques may have limitations for
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understanding placental structure if they do not accurately reflect the
native three-dimensional (3D) architecture of the biological structures
[6]. Indeed, extrapolating 3D placental structure from 2D images has
been shown to be problematic [7]. 3D imaging of the placenta is also
important for anatomy, pathology, and as a basis for mathematical
modelling of placental function [8-10].

3D imaging therefore presents an opportunity to better quantify
mammalian placental structures in their native 3D. However, choosing
any single imaging technique comes with inherent trade-offs. The most
obvious is the trade-off between spatial resolution and volume of tissue
imaged, with higher resolution datasets typically limited to a smaller
biovolumes [11]. Other trade-offs can be just as influential in choosing
an imaging technique, such as the restriction of imaging modalities from
differences in sample preparation. For example, the strong chemical
fixation and heavy-metal staining steps needed for standard
high-resolution electron microscopy imaging typically quench fluores-
cence [12] and remove fluorescence microscopy as an option for these
samples. Correlative imaging workflows are therefore designed to
overcome such limitations by applying multiple imaging modalities to
the same sample to exploit their benefits while mitigating against their
trade-offs [13].

Correlative 3D X-ray histology (3D-XRH) (Fig. 1, Table 1) is a novel
technique whereby formalin-fixed, paraffin-embedded (FFPE) tissue
samples are non-destructively scanned by 3D X-ray microfocus
computed tomography (microCT) prior to histology sectioning and
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Table 1
— Comparative aspects of 2D histology sectioning and 3D microCT imaging.
Correlative 3D-XRH gives the benefits of both modalities.

Parameter Histology sectioning microCT imaging

2D information v v

Isotropic 3D information x v

Non-destructive x v

Staining v x

Pixel/voxel size <1 pm >1 pm (@pically3-10 pm)
Image output type RGB Greyscale
Immunolabelling v x

Multiscale x v

staining [14]. This produces a 3D image volume of the embedded tissue
sample with minimal effort which is then automatically ‘virtually sliced’
into a serial image stack that can be used to both select a location of
interest for histology sectioning and to quantify the 3D architecture of
specific biological structures within the sample. The resulting stained
histology section(s) can then be correlated back into the microCT vol-
ume to identify structures from differential staining or examine indi-
vidual slices at higher resolution. Correlative 3D-XRH workflows have
been applied to diverse tissue types, including lung [14,15], pancreas
[16], and whole horse embryos [17]. 3D-XRH is therefore a powerful
tool for coupling multidimensional imaging modalities and quantifying
microscale tissue architecture, particularly in biomedical research fields

1. Tissue 2. Formaldehyde 3. Paraffin 4. microCT microCT 10. microCT
dissection fixation embedding imaging dataset segmentation
- & : y
5. Histological 6. Slide 7. H&E / Ab 8. Slide Histology 9. microCT  11. 3D projection
sectioning mounting Staining Imaging dataset dataset reslicing & Analysis
(Sample preparation) (Image processing and analysis)

Figs. 1. 3D X-ray histology (XRH) is a powerful tool for resolving placental structure. (A) Diagrammatic summary of the workflow used in this paper. This
workflow is adapted from that detailed in Ref. [14]. (B-G) Illustrative steps in our 3D-XRH workflow. Formalin-fixed, paraffin-embedded (FFPE) blocks (B) are
imaged in a microCT scanner (C&D) prior to microtomy (E). Tissue sections are then stained with H&E (or immunolabelled) (F) and imaged on a slide scanner (G).
The outputs of this workflow are both a 3D volume X-ray dataset (H) and 2D stained histology sections (I) of the same tissue sample. Asterisk marks the sample.
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where a large historic focus on 2D histology sectioning can be used to
‘ground-truth’ 3D structures derived from microCT.

We propose that 3D-XRH would be a powerful tool to introduce to
the study of placental structure. Given the large amount of 2D histology
data previously used in describing mammalian placental structures, 3D-
XRH presents the logical next step in expanding this understanding in
3D. Here, we discuss the benefits of 3D-XRH and outline the central
workflow. We demonstrate its applicability in comparative placentation
by showing worked examples using FFPE placental samples from pig,
cow, horse and zebra, and dog.

2. Method and Materials

Below, we detail the protocol we have used to generate the 3D-XRH
datasets of mammalian placental samples shown in this work (Fig. 1).
Parameters and equipment can be altered to accommodate different
samples and research environments; however, the central principles will
remain the same. This protocol is adapted from that detailed in
Ref. [14]. We do not intend to claim that this protocol would not benefit
from further optimisation, such as experimental refinement of fix-
ation/embedding protocols to prevent tissue shrinkage, however to help
users more easily add 3D-XRH to their current histology workflows we
have written the protocol in line with standard FFPE histology protocols.
This also has the benefit of allowing users to apply 3D-XRH to historic
FFPE tissue samples previously embedded for standard histology.

2.1. Sample collection and ethics

Pig, cow, horse, and dog placentas were collected as part of ongoing
veterinary studies. Pig (gestational day 100 (G100)) and cow (G90,
G170, and G280) placentas were stored as supplementary samples in
INRAE experimental farms during experimental protocols aiming at
other purposes and previously validated by ethical committees. Horse
placenta (term) was obtained by natural delivery at the experimental
farm of Institut Francais du Cheval et de I’Equitation (IFCE). The dog
(G27) placenta was obtained at Alfort’s veterinary school (ENVA) in
France during spaying of pregnant bitches for clinical purposes. A zebra
(term) placenta was collected after delivery at Marwell Wildlife, UK.
Sample analysis in Southampton received local approval from the Uni-
versity of Southampton (47770.A1/46381.A2).

2.2. Tissue dissection, fixation, and embedding

Placental tissue should be dissected and fixed as soon as possible
following collection to best preserve microscale structures.

1. To prevent desiccation during dissection, the tissue was submerged
in buffer 1 x phosphate buffered saline pH 7.4.

2. Under a stereo microscope, <1 cm?® tissue samples of interest were
excised with fine dissecting scissors.

3. The dissected tissue was fixed in buffered fixative (4 % formaldehyde
in 1 x phosphate buffered saline pH 7.4) overnight at room tem-
perature and stored at 4 °C prior to embedding.

4. Fixed tissue pieces were embedded into paraffin wax blocks using a
HistoStar embedding workstation. (ThermoFisher Scientific). To
optimise downstream histological sectioning, orient the sample so
that the desired XY block face runs perpendicular to the cutting axis.

Note: It helps to place the tissue between sponges in the cassettes
during processing to ensure that the sample remains flat.

2.3. microCT-based 3D X-ray histology imaging
All microCT imaging was conducted at the p-VIS X-ray Imaging

Centre (www.muvis.org), 3D X-ray Histology Facility at the University
of Southampton.
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5. FFPE tissue blocks were imaged using a custom Nikon XTH 225
ST microCT scanner (Nikon X-Tek systems Ltd) operating at peak
voltage of 80 kV. Source-to-object and source to detector dis-
tances were 37.2 mm and 933.1 mm respectively generating
datasets at 6.0 pm isotropic voxels. Acquisition was conducted by
collecting 3001 projections over a 360° angular range (angular
step: 0.12°).

6. Following the acquisition process, the radiographic data were
reconstructed into 32-bit.vol files using the built-in reconstruc-
tion software which used a filtered back projection algorithm.
This ensures that there are no over- or under-saturated voxels in
the generated volume, and appropriate “windowing” can be
selected further down the line according to the needs of the
analysis.

7. Following reconstruction, the 32-bit raw volumes were brought
into Fiji/ImageJ software (NIH, Bethesda, MD; http://imagej.nih.
gov/ij) [18].

8. The XRH datasets were roughly aligned (resliced) to simulate the
traditional histological slicing of a tissue block when navigating
through the stack along the XY plane. This requires subsequent
rotations and reslicing across the three orthogonal planes. The
process is semi-automated using the “histological relevant
reslice” script, available through the XRH processing toolbox
[19]. The script requires the user to draw a line parallel to the
wax/air interface, measures the angle of that line, and, using that
information, rotates the volume so that the interface becomes
parallel to the Y-axis of the image and orthogonal to X. It then
reslices the volume across the XZ plane and repeats the process.
This process ensures that each XY slice within the image stack is
parallel to the histology cassette, if applicable, so that scrolling
through XY slices progresses from the surface of the wax block
towards the cassette, mirroring the motion of a microtome knife
during the physical sectioning in conventional histology work-
flows (refer to Video 1 in Ref. [20]).

9. A 3D median filter (2 x 2 x 2 kernel) was then employed, fol-
lowed by a 2D unsharp mask (Gaussian blur factor = 3 pixels),
applied to each reconstructed slice of the microCT stack using a
custom script (available through the XRH toolbox; https://doi.
org/10.5281/zenodo.8252047). This approach improves the
signal-to-noise and contrast-to-noise ratios, serving both visual-
isation and segmentation workflows.

10. Upon completion, the grey levels were linearly windowed to a
range of (—50, 100), encompassing X-ray attenuation informa-
tion related to soft tissue, paraffin wax, and the surrounding air.
Images were then converted to 16-bit and saved as .raw volume
files.

2.4. Histology sectioning, staining, and slide scanning

This step is destructive to the sample, so make sure all microCT
imaging is finished and the datasets satisfactory prior to proceeding. A
single slice through the sample is sufficient to realign and correlate the
microCT dataset, however take as many slices as desired to identify
structures of interest through the tissue volume.

11. FFPE tissue blocks were cut using an RM2135 Manual Rotary
Microtome (Leica) to generate 4 pm thin sections. Blocks were
kept on ice if not mounted in the microtome to keep the wax cold
as warmer sections are more likely to tear.

12. Sections were kept flat using a paintbrush and gently transferred
to a 45 °C water bath for >30 s.

13. Sections were placed on slides by submerging the slides under-
neath the floating sections. Sections were adhered to the slides by
melting the wax in an incubator at 37 °C for >48 h.

Note: Sections destined just for haematoxylin and eosin (H&E)
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staining can be dried on a hot plate at 60 °C for 0.5-1 h after sectioning,
however this is inappropriate for immunohistochemistry applications as
this temperature can denature target proteins.

14.

15.

Histology slides were stained with H&E using a standardised
protocol to visualise cellular and tissue structures. Any H&E
protocol optimised for specific FFPE tissue samples or applica-
tions can be used.

Stained slides were imaged using a dotSlide Virtual Microscopy
System slide scanner (Olympus) under a 40x objective lens
generating large images with an XY pixel resolution of 0.35 pm.

2.5. Image registration, segmentation, and quantification

Image datasets were correlated, segmented, and quantified as
detailed step-by-step in Ref. [11]. Image processing will require manual
oversight, and can therefore be labour-intensive for large datasets, but
following the semi-automatic steps below can rapidly decrease image
processing time.

16.

17.

18.

@
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Processed microCT datasets were further resliced to precisely
correlate the z-depth to the histological block face cutting axis.
For this, three distinct tissue landmarks were identified in the
histological section. microCT datasets were loaded into Avizo
(ThermoFisher Scientific) and then the tissue landmarks from the
histological section were located within the z-stack and their XYZ
coordinates recorded. The three landmark XYZ coordinates were
then used to reslice the microCT dataset to the new orientation.
As stated above, the microCT dataset will be processed to be
approximately at the orientation of the physical block face, so
these adjustments should be minimal in practice.

The resliced dataset can now be segmented in 3D. For these ex-
amples, datasets were loaded into Microscopy Image Browser
(MIB) [21] and semi-manually segmented by masked intensity
thresholding, followed by statistical thresholding and manual
curation.

Segmented tissue structures were then quantified for metrics such
as volume and surface area within MIB. For visualisation in

% connected
component:
59.7%

Fig. 2. Worked example of the output from this correlative 3D-XRH workflow in a piece of porcine (pig) placenta. (A&B) 2D H&E histology image (A) and the
corresponding slice through the 3D microCT dataset (B) of a piece of G100 pig placenta. Labelled are an areola (a), maternal tissue (m), trophoblast (t), and blood
vessel (v). Asterisk points to a small air bubble in the paraffin wax outside of the tissue. (C-E) Inset of major blood vessels marked in (A&B) shown in the 2D histology
image (C), microCT dataset (D), and segmented in the microCT dataset (E). Blood vessels (red) and other tissue (grey). (F-H) Inset of a single blood vessel highlighted
in (C&D) shown in the 2D histology image (F), 2D microCT slice (G), and volume render from a cropped 128 voxel cube from the 3D microCT dataset (H). (I-K) 3D
reconstruction of the tissue piece from the 3D microCT dataset showing tissue exterior (I), blood vessels (red) (J), and the largest connected component from the
blood vessel reconstruction (orange) (K). An image using this piece of G100 pig placenta was previously published in Ref. [6].
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figures, surface meshes of segmented structures were generated
in Avizo and rendered in Blender v.3.1.2 (blender.org).

3. Example Results

Using the 3D-XRH workflow outlined above, we generated correla-
tive 2D H&E histology-3D microCT image datasets for pieces of
mammalian placental tissue. H&E staining is by far the most common
method for visualising cellular and tissue structures in histology sections
[22,23], making comparison easy with the wealth of previous literature
in comparative placentation. Correlative H&E sections in this study
could therefore be used to identify structures in the greyscale microCT
datasets and ‘ground-truth’ them in the established literature.

In this example, H&E staining was used to identify an areola,
maternal tissue, fetal trophoblast, and blood vessels in a piece of G100
(gestational day 100) porcine (pig) placental tissue (Fig. 2A&B) from
previous literature e.g. Ref. [24]. To illustrate the benefit of 3D-XRH in
comparative placentation, we identified and segmented the blood vessel
network in this piece of tissue (Fig. 2C-E). Side-by-side comparison of a
mid-sized blood vessel between 2D H&E histology (Fig. 2F) and microCT
(Fig. 2G) highlights the trade-offs between the individual modalities. 2D

G170

D Tissue exterior
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histology presents a much higher XY resolution than microCT and can
resolve individual endothelial cells, however it lacks the 3D connectivity
of microCT (Fig. 2H). 3D reconstruction of the blood vessel network
enables the visualisation of its complex hierarchical branching structure
(Fig. 21 and J). From this, connectivity can be calculated, and the largest
connected component extracted, visualised, and quantified (Fig. 2K).
In tightly interdigitated placental structures such as placentomes,
labelling structures as fetal or maternal can be difficult. This is because
2D histology sections lack connectivity to resolve tissue context, yet
microCT datasets lack staining information identifying organismal
origin. We used 3D-XRH to identify and segment areas of fetal and
maternal tissue across gestational time points in bovine (cow) pla-
centomes (Fig. 3A-C). Previous literature has shown that maternal tissue
stains more purple (haematoxylin-rich) than pinker (eosin-rich) fetal
tissue [25]. This permitted us to 3D reconstruct and visualise the ar-
chitecture of maternal septa at different time points, and quantify their
volumetric contribution to the sample (Fig. 3D). Using a cropped cube
from a microCT dataset of tightly interdigitated placentome tissue, we
used 3D-XRH to assign the relative contributions of fetal and maternal
tissue (Fig. 3E-H). Unfortunately, there is some fine tissue shrinkage on
the fetal side of this sample that occurred during fixation, but the

Maternal septa

% Septa: 12.7

% Septa: 15.6

1mm

% Septa: 16.6

Fig. 3. — 3D-XRH reconstruction and quantification of fetal and maternal tissue in bovine (cow) placentomes across gestation. (A-C) 2D H&E histology
image (A), corresponding slice through the 3D microCT dataset (B), and segmented microCT slice (C) of a piece of G90 cow placentome. Labelled are the fetal side of
the placentome (f), major fetal villus (fv), maternal side of placentome (m), major maternal septa (ms), and a blood vessel (v). Segmented are the major parts of the
fetal (yellow) and maternal (purple) contributions to the placentome, with tightly interdigitated tissue (grey). (D) 3D reconstruction of tissue pieces from the 3D
microCT dataset showing tissue exterior (grey) and maternal septa (purple) for different time points. (E-G) Inset marked in (A&B) shown in the 2D histology image
(E), microCT dataset (F), and segmented in the microCT dataset (G). (H) Segmentation shows major fetal (yellow) and maternal (purple) tissue contributions.
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example still illustrates the potential of 3D-XRH for placentome biology.
Further refinement of tissue fixation protocols, perhaps using different
fixatives or embedding procedures, could mitigate against fine tissue
shrinkage in the future iterations of this workflow.

3D connectivity is particularly important for villous placentas as
there is evidence to suggest that extrapolating the 3D structure of
branching placental villi is problematic from 2D data [7]. We used
3D-XRH to identify and segment the chorionic villous surface of equine
(horse and zebra) placentas (Fig. 4A-E) [26,27]. 3D reconstruction
permitted quantification of the villous surface area important for
feto-maternal nutrient exchange in its native 3D (Fig. 4F and G). The
connectivity of the 3D microCT dataset can be used to trace the origin of
individual villi, such as those associated with microcotyledons (Fig. 4H)
or those originating from the chorionic surface in between micro-
cotyledons (Fig. 4I).

The canine placenta, and its maternal interface, consists of a of series
of tissue layers that vary radically in structural composition [24,28].
Using 3D-XRH, we identified and reconstructed these layers in 3D
(Fig. 5A-G). Almost all tissue layers could be clearly identified and
segmented in the microCT dataset, however the chorionic plate was low
opacity and was therefore reconstructed by manual tracing and inter-
polation. It is therefore displayed in Fig. 5 as approximate. Our seg-
mentation enabled the quantification of these layers by their volumetric
contribution to the tissue sample (Fig. 5H) and surface area to volume
ratio (SA:V) (Fig. 5I). Ranking tissue layers by SA:V highlights those
which contribute to secretion or uptake disproportionately to their
volume (Fig. 5I). Of course, these values are the given SA:V at this scale
of investigation and additional finer scales (inclusive of nanostructures
such as microvilli or fine maternal vessels) would need to be incorpo-
rated for a holistic understanding of materno-fetal exchange surfaces.
Immunofluorescent staining of this sample of canine placenta, targeting
vimentin to label stromal cells and counterstained with DAPI to visualise
nuclei, highlights the compatibility of 3D-XRH with immunolabelling
and shows how molecular information can be correlated with 3D
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microstructure (Fig. 2J and K).
4. Discussion

Here, we have outlined the principles behind 3D-XRH and high-
lighted the benefits of applying this methodology to quantifying
placental structure through worked examples. Since the bulk of what we
know of mammalian placental structure is derived from 2D H&E his-
tology stains [6], 3D-XRH presents an easy way to use these data to
identity structures from X-ray microscopy and introduce 3D structural
information to these datasets. We used 3D-XRH to reconstruct and
quantify the blood vessel network of a piece of porcine placenta, the
maternal septa from bovine placentomes at different gestational time
points, the villous surface area of equine placentas, and the tissue layers
in a piece of canine placenta as a demonstration of these principles.

The individual trade-offs of 2D H&E histology and 3D microCT can
be mitigated against, and their benefits exploited, by coupling the two
methods into a correlative 3D-XRH workflow. Our 3D-XRH datasets
provided both high-resolution, differentially-stained 2D structural in-
formation and quantitative 3D architecture for every tissue sample,
expanding the amount of information available for investigation.
Although technically it is possible to serially section and image an entire
paraffin tissue block, such imaging would be extremely laborious, time
consuming, destructive, and prone to section loss. For reference,
assuming a ~5 pm physical histology section thickness (comparable to
our virtual z-pixel depth), a ~1 cm tissue cube would require ~2000
slices to be imaged in its entirety (comparable to the number of virtual
slices in our 3D-XRH example datasets above), which would be a co-
lossal amount of work for any given researcher to section manually.
Adding microCT imaging prior to histological sectioning is advanta-
geous as it requires no additional sample prep beyond that already
necessitated for FFPE histology and is relatively effortless, quick,
entirely non-destructive, and not subject to section loss. Having
knowledge of the 3D arrangement of a given tissue piece can also guide

@

Surface area: 1,319.7 mm2
Villus amplification factor: 11.95 x

o

Microcotyledonary villus

Non-microcotyledonary villus

Fig. 4. — 3D-XRH reconstruction and quantification of equine (horse and zebra) placental villi. (A&B) 2D H&E histology image (A) and the corresponding slice
through the 3D microCT dataset (B) of a piece of term horse placenta. Labelled are the allantoic membrane (am), chorion (c), blood vessel (v), and villi (vi). (C-E)
Inset of placental villi marked in (A&B) shown in the 2D histology image (C), microCT dataset (D), and segmented in the microCT dataset (E). Villi (blue) and other
tissue (grey). 3D reconstruction of samples from the 3D microCT dataset showing villi (blue) and other tissue (grey), in a piece of term horse placenta (F) and other
pieces of horse and zebra placenta (G). (H-I) 3D-XRH datasets can be used to resolve the connectivity of individual villi. Shown are a villus that connects to a
microcotyledon (mi) (H) and a villus that connects to the non-microcotyledonary tissue surface (I).
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Tissue Layers
Fetal
O Chorionic plate

. Chorionic vessels
[:] Placental labyrinth

Maternal
D Junctional zone

! Spongy zone
. Connective tissue
D Glandular zone

D Myometrium

microCT
volume render

Merge
(Nuclel / Stromal Cells)

Stromal cells
(anti-vimentin Ab)

Fig. 5. — 3D-XRH reconstruction and quantification of tissue layers in a piece of canine (dog) placenta. (A&B) (A-C) 2D H&E histology image (A), corresponding slice
through the 3D microCT dataset (B), and segmented microCT slice (C) of a piece of G27 dog placenta. Colours in (C) are as in the legend in (D). (D-G) 3D recon-
struction of the microCT dog placenta dataset showing all tissue layers (D), fetal-facing side (E), maternal-facing side (F), and the hemophagous zones (G). (H-I)
Quantification of the contributions of the tissue layers imaged by microCT by volume (H) and surface area to volume ratio (SA:V) (I). (J) Inmunofluorescent staining
of the spongy zone labelling nuclei (DAPI; cyan) and stromal cells of mesenchymal origin (anti-vimentin antibody (Ab); red) shown alongside the 3D structure from

an (approximate) correlative subvolume from the microCT dataset (K).

microtomy by informing which z-depth into the block tissues of interest
reside prior to sectioning. Taken together, 3D-XRH shows clear benefits
when incorporated into histology studies in placental research.

As within any imaging modality, correlative 3D-XRH also has limi-
tations. Previously, we have published a workflow for correlative
microCT-vEM (3D volume electron microscopy) of placental tissue [11,
29] which employs heavy metal staining (as contrasting agents) and
resin embedding prior to microCT imaging. The 3D-XRH workflow
described here has advantages over our microCT-vEM workflow in that
it permits the imaging of larger pieces of tissue (<~1 cm® versus <
~3-5mm?) and, due to the lack of heavy tissue processing, leaves tissue
pieces largely innate for downstream staining or immunolabelling.
However, this same lack of tissue processing, and the similar X-ray
attenuation levels of biological tissues and paraffin wax, means image
datasets from 3D-XRH are of much lower contrast than in microCT-vEM,
which can make segmentation challenging and more laborious. Also,
3D-XRH generates bigger block face 2D sections than in microCT-vEM.
3D-XRH wax sections are also softer than the resin sections taken in
microCT-vEM. Taken together, these factors mean the 2D slices used to
reslice 3D microCT datasets are more likely to be deformed in 3D-XRH.
Practically speaking, this has little impact on the qualitative image
correlation shown in this study, but for quantitative voxel-to-voxel
registration, sophisticated image warping algorithms would be neces-
sary [14].

Despite these limitations, 3D-XRH still offers great future scope for
research in comparative placentation. As tissue is processed using
standard FFPE protocols, immunolabelling with chromogenic or fluo-
rogenic antibodies can be used to target proteins of interest in 2D his-
tology sections and couple molecular profiling with 3D quantification of
the associated tissue architecture (Fig. 2J and K). Artificial intelligence
algorithms, be they based on ‘deep’ machine learning techniques or user
supervised ‘shallow’ learning techniques, could be employed in the
future to improve the segmentation of lower contrast images generated
by 3D-XRH. For deep learning, software such as Deep MIB [30] that use
manually segmented training datasets to train neural network classifiers
to label tissue structures of interest could be used for 3D-XRH datasets.
For shallow learning, software such as Weka [31] or Ilastik [32] can be
used alongside user intervention and feedback to train classifiers. Future
application of such approaches should further improve 3D-XRH work-
flows and widen its applicability to placental research beyond compar-
ative placentation. With a proper randomised systematic approach to
avoid bias in sampling, 3D-XRH could also be used within clinical ap-
plications, such as comparing the villus structure between control and
pathological placentas, or by coupling changes in molecular expression
identified from immunohistochemistry with changes to 3D tissue
architecture.
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5. Concluding Remarks

Most of our understanding of mammalian placental structure is
derived from 2D histological sectioning. Although these data have
contributed greatly to characterising placental structure, they are
limited by not reflecting 3D tissue architecture. We therefore propose
3D-XRH as an opportunity to build on the rich resources of placental
histology sectioning. Here, we show worked examples of 3D-XRH on
non-human placental tissue to reconstruct and quantify placental
structures. These examples demonstrate the applicability of 3D-XRH to
resolve and quantify complex 3D tissue structures in the mammalian
placenta.
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