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Abstract

The human placenta exhibits a complex three-dimensional (3D) structure with a interpenetrating vascular tree and large internal interfacial
area. In a unique and yet insufficiently explored way, this parenchymal structure enables its multiple functions as a respiratory, renal, and
gastrointestinal multiorgan. The histopathological states are highly correlated with complications and health issues of mother, and fetus or
newborn. Macroscopic and microscopic examination has so far been challenging to reconcile on the entire organ. Here we show that
anatomical and histological scales can be bridged with the advent of hierarchical phase-contrast tomography and highly brilliant
synchrotron radiation. To this end, we are exploiting the new capabilities offered by the BM18 beamline at ESRF, Grenoble for whole
organ as well as the coherence beamline P10 at DESY, Hamburg for high-resolution, creating unique multiscale datasets. We also show
that within certain limits, translation to xCT instrumentation for 3D placenta examination becomes possible based on advanced
preparation and CT protocols, while segmentation of the datasets by machine learning now remains the biggest challenge.
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Significance Statement

Our study harnesses cutting-edge synchrotron and laboratory X-ray imaging techniques, to bridge anatomical and histological scales
and generate high-resolution, multiscale datasets of an intact placenta. The results leverage XPCT as a suitable technique to advance
the understanding of placental development and function, and may lead to diagnostic tools for predicting and preventing pregnancy
complications.

Introduction fetus, while removing waste products and carbon dioxide. In clinical
With its intricate feto-placental vessel network confined within vil- practice, placental examination can provide importantinformation
lous trees (1), the placenta is an excellent example of how the three- aboutmaternal diseases, the cause of preterm delivery, fetal growth
dimensional (3D) architecture of tissue and vasculature enables its restriction, or fetal neurodevelopmental damage (2). Despite the
function. Here, the proximity between maternal and fetal blood ves- information which can be gained from it, the organ is however fre-
sels is essential to provide sufficient nutrients and oxygen to the quently overlooked and discarded without proper examination.
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As a result, many aspects of placenta morphology, cyto-
architecture, and medically relevant abnormalities remain elu-
sive, and with limited data available. Beyond the current indica-
tions and clinical recommendations, a significant potential for
future advanced diagnostics can be assumed, and a not yet fully
exploited source of information for the etiology of maternal and
fetal disorders. Given the fact that the organ is easily available,
and thatits examination is not associated with any risks for moth-
er or baby, large cohorts can be achieved, with corresponding ben-
efits for the training of machine learning models and artificial
intelligence. While macroscopic and microscopic assessment of
the placenta can in principle be combined, one must take note,
however, that microscopic pathological investigation is extremely
laborsome if larger volumes of the placenta have to be sampled.
For studies of placental tissue organization on multiple scales
both in view of general physiology and pathological manifesta-
tions, a multiscale 3D imaging technique is required which re-
solves tissue morphology and the vascular network while
providing a large field of view.

Different imaging modalities are available for the investigation
at tissue and organ level, providing comprehensive insight into
physiological and pathophysiological states. Magnetic resonance
imaging (MRI), including volumetric MRI, diffusion tensor imaging
(DTI), and functional MRI (fMRI), can inform us about placenta
morphology or functional connectivity alterations (3). On the
microscopic scale, cellular and subcellular resolution is still pri-
marily provided by optical microscopy performed on tissue sec-
tions, and can now be combined with a plethora of specific
molecular labels. Based on histological sections, microscopic in-
spection of the cytoarchitecture still remains the gold standard
of histology and pathohistology.

In recent years, propagation-based X-ray phase-contrast tomog-
raphy (XPCT) emerged as a promising technique for tissue imaging,
offering a unique potential to extend histology and pathohistology
to the third dimension, covering multiple length scales from whole
organs (4-6) to sub-100 nm resolution (7, 8). Importantly, XPCT pro-
vides a scalable and isotropic resolution without destructive slicing
of the specimen and quantitative density-based contrast (9-17). At
the same time, XPCT is extremely flexible concerning the sample
environment (18-20). Recently, complementing histological inves-
tigation, XPCT was used to study murine (21) and human placenta
vasculature and tissue architecture (22-24). In previous studies,
however, tissue samples were either extracted from the organ, or
contrast was too low to study tissue morphology and vasculature,
unless involved contrast enhancement by staining agents or resin
filling was employed.

In this work, we demonstrate the unprecedented capabilities
emerging from recent advances in whole organ XPCT, also de-
noted as hierarchical phase-contrast tomography (HiP-CT) (4), as
implemented at the novel synchrotron beamline BM18 (ESRF,
Grenoble, France). Entire intact, non-stained, human placentas
can be imaged in 3D at sub 20 um voxel size and a superior con-
trast, allowing to study the vascular network and tissue morph-
ology. Structures of interest such as infarctious regions, fibrin
depositions, and intervillous thrombi can be detected in the entire
organ and characterized in 3D. We present different approaches
for image segmentation, and for the translation of HiP-CT to a la-
boratory setup. We then extend whole organ 3D imaging by subse-
quent, targeted extraction of biopsies from the organ, which are
then studied at submicron voxel sizes at the P10 coherent imaging
beamline (PETRA 11, Hamburg, Germany). In this way, we contrib-
ute comprehensive 3D datasets for a placenta atlas with unprece-
dented contrast and resolution.

The manuscript is organized as follows: following this intro-
duction, methods of sample preparation and image acquisition
are detailed, as well as the analysis workflow including the data
processing methods and the segmentation and visualization tech-
niques. Subsequently, the results of the hierarchical imaging con-
figuration are presented together with different segmentation
approaches. Then, results obtained on whole organs at a labora-
tory setup and of placenta tissue biopsies imaged at high reso-
lution are showcased. The manuscript concludes with a
discussion and summary of the results together with an outlook
for future studies.

Methods

All experiments were approved by the UMG (Universidtsmedizin
Gottingen) ethics commission (permit number: 21/12/22), and
samples were de-identified prior to use in the study.

Sample preparation

Figure la schematically illustrates the sample preparation pro-
cedure. Placenta samples were either embedded as a whole or
cut into smaller pieces. In total, five intact organs were prepared
for the scans, following the protocol proposed by Brunet et al.
(18). After extraction, the samples were immediately immersed
in formalin (4.5% FA, PBS buffered [Histofix, Carl Roth,
Karlsruhe]) and cross-fixated for 6 to 7 days. Afterwards, the sam-
ples were dehydrated in solutions with ascending (not denatured)
ethanol (EtOH) concentrations (50%, 60%, and 70%, 3 to 4 days
each). Agar was cooked, cutin cubes or shredded and subsequent-
ly putin an 70% EtOH solution. Each placenta was then placedin a
plastic jar (Cornucopia Gallon Plastic Jars, BPA free) with a diam-
eter of 14 cm and a height of 26 cm. Agar cubes were placed at the
bottom of the jar (until 3-5 cm above bottom). Shredded agarose
was added to fill the intermediate empty spaces. Then, the organ
was carefully inserted into the container in a vertical position.
Simultaneously, shredded agarose was placed in the surrounding
space, stabilizing the organ. To make sure the organ did not dry
out and to prevent bubble formation, the container was filled
up with (70% EtOH) solution every 10 to 15min. To delay
bubble formation (25), the filled jar was then degassed (down to
80 mbar), the solution was pumped out again, more shredded
agarose inserted and re-densified. This procedure was iterated
until the organ was entirely covered in agarose and fully stabi-
lized. Finally, agarose cubes were added on top of the embedded
organ until the jar was fully filled and, after repeated degassing,
the jar was sealed. Smaller samples were placed in jars with
smaller diameter (9 cm) or large Falcon tubes (3 cm in diameter,
S50mL volume) and sealed after repeated degassing. For refer-
ence (empty beam) images, identical jars/tubes were filled with
a 70% EtOH solution to serve as reference. Note that as a central
advantage of HiP-CT empty (jar) images account for the attenu-
ation caused by the embedding media in the sample jar, provid-
ing an improved reference in view of beam hardening, and also
higher dynamic range. This procedure was used for all EtOH
embedded samples shown in the manuscript (except BM18-HR
setup, see Table 1).

For scans recorded at the GINIX-endstation (Table 1: P10-PB) at
P10 (PETRA III), 3 mm biopsies were punched out of the fetal side
of the placenta or punched out of the center with a cylindrical rod.
After a dehydration series, the samples were placed in 4.3 mm
wide glass capillaries filled with 70% EtOH and locally fixed with
shredded agarose. Here as well, the empty beam, projections
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Fig. 1. Schematic of experimental procedure and data acquisition. a) lllustration of sample preparation starting with sample extraction and fixation in
4.5% PFA, followed by dehydration with ascending alcohol series and completed by degasing and mounting of the sample in an EtOH-agar-filled sample
container. After data acquisition (see [b]-[e]), features of interest are segmented, rendered, and quantitatively assessed. b) Illustration of the
experimental setup at the BM18 beamline (ESRF, Grenoble). A tripole wiggler is used to generate X-rays which are attenuated by the sample and are
recorded by an X-ray camera. c) Photograph of the experimental setup illustrated in (b) (top: source direction, bottom: detector direction). d) Cone beam
geometry for X-ray data acquisition at an in-house pu/nano-CT setup (RX Solutions, France). e) Photograph of the in-house experimental setup with a
nano-focus source, flat panel detector and the sample placed on a rotation stage.

were acquired inside the same capillary above the sample with
only the 70% EtOH solution present.

Experimental setups

For this experiment, data were collected at three different sour-
ces/instruments and four different setups: a laboratory u-CT
system (EasyTom, RX Solutions, Chavanod), in two configurations
at the BM18 synchrotron beamline dedicated for hierarchical
full-field phase-contrast tomography of large samples (ESRF,
Grenoble), and at the GINIX instrument of the P10 beamline at

the PETRA Il storage ring (DESY, Hamburg). For all recording of in-
tact organs, the HiP-CT protocol (4) was used.

HiP-CT beamline (BM18)

The BM18 beamline uses a tripole wiggler source without any add-
itional crystal monochromator. The broad polychromatic energy
spectrum can be further tuned by a set of filters, with a typical
range between 50 and 320keV. The beam size at sample level
can cover a FOV of up to 350.0 x 17.0mm? (adjustable with a slit
system), allowing to image larger organs at multiple scales
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Table 1. Parameters for the synchrotron setups BM18 (-T: whole organ acquisition, -HR: high-resolution acquisition with extracted tissue
sample, ESRF, Grenoble) and P10-PB (parallel beam setup, GINIX, PETRA III, Hamburg) as well as the laboratory setup (uCT, EasyTom, RX
solutions, Chavanod). The FOV is given for a single radiograph, for the BM18-T setup the lateral stitching resulted in an FOV of 150.2 mm x
8.06 mm. The total scan time is calculated for 28 z-positions for BM18-T, 10 z-positions for BM18-HR, and for a single tomogram with flat

and dark fields for P10-PB.

BM18-T BM18-HR P10-PB uCT
Tube Voltage/(avg) Energy 92 keV 68.5 keV 15keV 150kV
7(s) 0.013 0.02 0.035 1.43
Xo1 177.6m 177.6m - 312mm
X12 10m 2.4m 22 mm 480 mm
PXeit (um) 19.19 3.164 0.65 50
FOV (H x V) (mm?) 48.5 x 8.06 16 x 4.43 1.6x1.4 91x67.5
No. of projections 12,000 8,000 3,000 1,440
No. accumulations 3 3 0 20
Tot. scan time ~9h ~106 min 75s ~20h
Total dose (kGy) 168 61.92 - -

(depending on slits and detectors), with a maximum propagation
distance of 38 m, high-throughput and unprecedented contrast
and resolution at the whole organ scale.

For the experiments presented in this work, two different ac-
quisition modes were implemented. In the first configuration,
the so-called tetra acquisition setup (BM18-T, part of the so-called
HiP-CT protocol (4)) was implemented (see Fig. 1b,c). The beam
was attenuated using Al,Os; (7mm thickness), Molybdenum
(0.21 mm thickness), and a glassy carbon block (30 mm thickness),
resultingin an average energy of 92 keV. Vertical slits were used to
crop the beam height to 8.06 mm. The beam propagated through
air (10 m propagation distance) and was recorded by a an indirect
detection systems, which could be varied as required. For the
BM18-T configuration of whole organ recordings, we used a cus-
tom built detector equipped with a LUAG:CE scintillator (2mm
thickness, Crytur, Czech Republic), a dzoom optic, and an Iris 15
sCMOS detector (Teledyne Photomectrics, USA) with 5,056 (H) x
2,960 (V) pixels. Cropping the detector chip and constraining the
FOV with vertical slits resulted in an effective detector size of
2,528 (H) x 420 (V) pixels (48.5mm (H) x 8.06 mm (V)). Taking the
geometrical zoom into account and after 2 x 2 binning at the de-
tector, the effective pixel size was 19.19 um. In total, 12,000 projec-
tions were recorded over 360° with a per-frame exposure time of
13 ms. Three projections were recorded at each angle (with small
deviations in angular position due to continuous rotation) and lat-
er averaged in order to increase the signal-to-noise ratio. In order
toincrease the lateral field of view, scans were done in tetra acqui-
sition mode. Here, a central off-axis scan and an annular off-axis
scan are laterally stitched together to reach a final lateral field of
view of 7,827 pixels (150.2 mm). By moving the sample 7 mm after
each scan, 28 tomograms were recorded and vertically stitched to
an overall volume height of 19.6 cm with a total scan time of 9 h.

For the second configuration, here referred to as the BM18 high-
resolution setup (BM18-HR), a Al,Os filter (0.5 mm) and 110 mm of
glassy carbon blocks were inserted in the beam. A LUAG:CE 100 um
scintillator with a zoom optic coupled optically to a sSCMOS cam-
era (5,056 (H) x 2,960 (V) pixel, Iris 15, Teledyne Technologies,
Thousand Oaks, USA) with 4.25um physical pixel size resulted
in an effective pixel size of 3.164um. Constraining the chip size
with vertical slits to 5,056 (H) x 1,400 (V) pixels resulted in an
FOV of 16 mm x 4.43 mm. As an example, a scan consisting of 10
z-positions (vertical translation of 3.2 mm between each scan)
took around 106 min. Here, off-axis scans were acquired (no tetra
acquisition) with empty beam images recorded in air, following
the standard imaging protocol. Scan parameters are tabulated
in Table 1: BM18-HR.

In-house X-ray system

Before recording tomographic scans at the laboratory uCT-setup
(EasyTom, RX Solutions), the reference jar was centered on the
sample stage. Then, distance and acquisition settings were se-
lected, and a series of 128 projection images was recorded with
a flat panel detector (CsI scintillator) with a physical pixel size of
127 um. For each projection angle, several acquisitions were aver-
aged. For the empty beam correction, the reference jar was used
(according to HiP-CT, as described in (4)). The configuration is de-
picted in Fig. 1d,e, and all relevant scan parameters are listed in
Table 1: uCT.

Nano-imaging setup (P10)

The parallel beam configuration at the GINIX endstation (P10,
DESY, Hamburg) allows for a field of view (FOV) of approximately
1.4 x 1.6 mm, probed at 0.65um pixel size with highly coherent
monochromatic radiation (Si(111) channel-cut monochromator)
in continuous rotation mode, resulting in an overall scan time of
approximately 2 min. Single distance tomograms were recorded
with 3,000 projections acquired over 360°. A high-resolution de-
tection system was used (Optique Peter, France) with a 50
mm-thick LuAG:Ce scintillator and a 10x magnifying microscope
objective (26), coupled to a pco.edge 5.5 sSCMOS camera (PCO,
Germany). The camera performs with a maximum frame rate of
100 Hz, utilizing a rolling shutter and fast scan mode. This detec-
tion scheme yielded an effective pixel size of 0.65um, the beam
size was adjusted to approximately 2 x 2 mm using the upstream
slit systems. This experimental setup was previously described in
(20, 27, 28). Here, a conventional flat field acquisition protocol was
applied for FFPE samples while the HiP-CT protocol was applied
for liquid embedded samples (see Sample preparation).

Histological examination

After XPCT-imaging, the paraffin samples were re-embedded in
paraffin blocks and 2 um thick sections were cut followed by histo-
logical staining using Hematoxylin and Eosin (HE) at the Institute of
Pathology at Hannover Medical School. Immunohistochemistry for
CD31, ready-to-use (clone JC70A, Cell Marque, Rocklin, CA, USA)
and CD163, ready-to-use (clone MRQ-26, Cell Marque, Rocklin,
CA, USA) were stained on a VENTANA BenchMark ULTRA
(Hoffmann-La Roche, Basel, Swiss) platform with the aforemen-
tioned dilutions, pretreatment and incubation times according to
the manufacturer’s advice. Histology slides were scanned using
an Aperio CS2 slide Scanner (Leica Biosystems, Nussloch,
Germany), and images were acquired using QuPath (29).
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Segmentation and visualization of the vascular tree

For all imaging setups, phase reconstruction algorithms were
used toretrieve the phase information encoded in the recorded in-
tensity (BM18, uCT: Paganin-based phase retrieval; P10-PB:
CTF-based phase retrieval). After tomographic reconstruction of
the recorded, phase-retrieved, projections and visual inspection
by practising pathologists/gynecologists, the vasculature was seg-
mented using seeded watershed algorithms, deep learning-based
techniques, or simple thresholding. For volumetric data annota-
tion, webknossos (Scalable minds UG, Potsdam, Germany (30))
and micro-sam (31, 32) were used. Subsequently, rendering
software such as NVIDIA IndeX (NVIDIA, Santa Clara, USA),
Avizo 3D (Thermo Fisher Scientific, Waltham, USA), Cinematic
Anatomy (Siemens Healthineers, Erlangen, Germany), VGSTUDIO
MAX (Hexagon, Stockholm, Sweden), and ZEISS arivis (Carl Zeiss
AG, Oberkochen, Germany) was used for a three-dimensional visu-
alization of the dataset. For additional post processing such as
orthogonal views and maximum intensity projections, the Fiji soft-
ware was used (33).

Results

Hierarchical whole organ XPCT

Using existing acquisition protocols, the BM18 beamline allows to
capture the tissue architecture of an organ on multiple scales with
voxel sizes spanning from high-resolution scans with a few mi-
cron voxel size to whole organ scans with several tens of micro-
meters and FOVs sufficient to cover the entire human placenta.
Figure 2a showcases such a scan, where the entire organ is cov-
ered in a sequential acquisition of 28 scans (translation in
z-direction). This enables 3D visualization at the microanatomical
and as well as the histological level. Tissue density and morph-
ology, and in particular also the thinning vasculature tree can
be assessed quantitatively. The contrast and resolution are suffi-
cient to extract and quantify morphometric parameters such as
tissue density variation, or local shape measures based on the
structure tensor (20, 27, 34), or other advanced radiomic quan-
tities (35). Notably, coagulated blood in the vascular system as
well as calcified vessels results in very strong X-ray absorption,
taking the role of an inherent vascular contrast agent. Due to
the process of formation, however, the blood clots are not con-
tinuous but break apart and are therefore interrupted and oc-
cluded vascular regions alternate. This strong variation in
contrast makes a segmentation based on conventional techniques
such as simple thresholding, watershed or seed/gradient-based
segmentation ineffective, requiring advanced deep learning based
segmentation methods, e.g. by implementation of a U-Net archi-
tecture. This approach is described in more detail further below.
The orange box in Fig. 2a shows a subacute intervillous thrombus
with its characteristic laminar-structured lesions (lines of Zahn),
as previously described in (36) (in more detail shown in Fig. Sc,
d). Complementary histopathological investigation show these le-
sions to consist of thrombocytes and a fibrin network with a large
number of erythrocytes (a correlative comparison is presented in
Fig. S3). In Fig. 2b, a reconstruction of the umbilical cord is shown,
obtained from a high-resolution scan (Table 1: BM18-HR), resolv-
ing the umbilical arteries and umbilical vein in great detail to-
gether with the mucous connective tissue (Wharton's jelly).
Wharton's jelly contains branched fibrocytes (with visible cell nu-
clei) embedded in a meshwork of collagen and reticulin fibers.
Vein and artery walls with their respective layered structure are
clearly resolved. Umbilical arteries and umbilical vein are

Fig. 2. Physiological placenta recorded at the BM18 beamline using the
HiP-CT protocol. a) Tomographic slice through the entire placenta
(Table 1: BM18-T) with zoom-in at regions of interest (green, amniotic
membrane; orange, infarctious regions; yellow, vasculature). Pink stars
represent structures of the vascular network. b) High-resolution scan
(Table 1: BM18-HR1) of umbilical cord with zoom-in at umbilical artery
(black) and umbilical vein (orange).

segmented and visualized in Fig. 5a, revealing a thickening of
the umbilical cord (vascular ectasia). Additional histological sec-
tions of the umbilical cord are showcased in Fig. 8c.

In Fig. 3, a tissue sample of approx. 2.5 cm is shown, which was
extracted from a SARS-CoV-2-infected placenta. The tissue was
scanned using the high-resolution setup (Table 1: BM18-HR)
which allows to resolve structures in the terminal villous unit,
as well as syncytiotrophoblasts in the endocrine tissue regions
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Fig. 3. SARS-CoV-2 infected placenta recorded at BM18 beamline using the conventional imaging protocol (see Table 1: BM18-HR). Zoom-in regions show
vessels (purple box, top) and placental tissue cytoarchitecture (green box, bottom). The lighter (denser) interfaces surrounding the terminal villi (zoom-in
in the green box) can be associated with the syncytiotrophoblast. The intervillous space appears to be reduced.

of the placenta. The syncytiotrophoblast is the endocrine tissue
covering the highly vascularized chorionic villi. Previous histo-
logical studies of placentas from SARS-CoV-2 infection fetuses re-
vealed pathologies including chronic histiocytic intervillositis and
syncytiotrophoblast necrosis (37, 38). In these cases, the intervil-
lous space seemed compressed and reduced, an observation in
line with the morphological appearance in Fig. 3.

Besides virtually slicing the volume and screening for features
of interest, 3D visualization is necessary to study the three-
dimensionality of the volume in its entirety. Recent major ad-
vancements with regard to GPU based rendering and dedicated
software packages provide have enabled photo-realistic render-
ings of the reconstruction volume by using shaders to control
lighting, texture, color, and further parameters of 3D models.
Figure 4 shows a rendering of a healthy placenta scanned with
the BM18-T configuration. The rendering was created by the so-
called cinematic volume rendering technology (cVRT) (Siemens
Healthineers, Germany), which is based on real-time Monte-
Carlo path tracing. The software includes several algorithmic
steps such as computation of interpolated density values, density
classification, gradient computation, and shading. To this end,
CVRT takes into account physical optical effects (absorption,
emission, scattering) to simulate a complex interaction of light

with the scanned object. Additionally, complex light effects (shad-
ows, light absorption/scattering, ambient occlusion, and caustic
effects) together with classical camera features can be mimicked.
This allows to study the detailed surface of the placenta, see for
example the fetal side shown in Fig. 4a,d, and also to virtually
cut through the organ as in Fig. 4b,c. Tissue heterogeneity can
be inspected in certain regions, the vascular tree can be followed
from the umbilical cord to tiny capillaries, and specific features of
interest can be represented in unprecedented detail. Figure 4e
showcases the intricate network of the winding and branching
vasculature tree, with the required visual effects achieved by ma-
nipulation of the opacity in the histogram. The strong contrast is
caused by the clotted blood. Correspondingly, gaps appear where
blood is missing. This prevents a segmentation by thresholding
gray values, while segmentation of the entire network would be
desirable, for quantification purposes. To this end, we have tested
deep learning techniques based on the U-Net architecture (39).

Vascular network segmentation

A variety of methods were examined for vascular network seg-
mentation. Manual segmentation was carried out using the web-
knossos user interface (UI). Automatic volume annotation and
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Fig. 4. Cinematic rendering (Cinematic Anatomy, Siemens Healthineers, Germany) of the entire human placenta (Table 1: BM18-T, same placenta as
shown in Fig. 2). a) Rendering of entire placenta. At the left, a hole indicates the position from where a biopsy was extracted before the scan. b) Cut through
placenta by a vertical plane. High-density structures mostly observed at the surface indicate potential fibrinous tissue regions. c) 3D view inside the
maternal side of placental tissue. d) Umbilical cord branches out, creating the vascular network inside the placenta. e) Histogram-based manipulation
allows to visualize part of the vascular network with coagulated blood residues (white).

segmentation is facilitated by a machine learning feature based
on the ‘Segment Anything Model’ (32). Here, feature branching
poses a challenge for automatic segmentation, such that
branches need to be segmented separately (see Fig. 5b and
Fig. S8 for segmentation results). Automating the segmentation
of the entire placenta is essential in view of the significant effort
of manual segmentation. This is particularly true when it comes
to the segmentation of vasculature in multiple organs within
the scope of a clinical study.

To automate the segmentation of the vascular network, a 3D
deep learning architecture (V-net) was trained by sparse manual
annotations. To this end, a 400 pixel cube volume was extracted
from the center of the placenta and the volume was manually an-
notated using dedicated software (webknossos and micro-sam).
This resulted in three labels, namely not annotated voxels (0), pla-
cental tissue (1), and vasculature (2). These annotations were used
to train the V-net. While at first the sparsity of annotations pre-
vented the validation loss to drop, additional annotations with
webknossos as well as training with provided annotations by
Tun et al. (40) resulted in a significant improvement of the seg-
mentation results (see Fig. S9 for validation loss plot). The results
are highlighted in Fig. S8b. It shows that many small branched
segments can be tracked which are otherwise not visible by simple

thresholding. At the same time, larger branches suffer from fre-
quent interruption. The largest challenge is posed by false posi-
tives and branch interruptions in smaller branches, resulting in
difficulties of 3D visualization and tracing. By simultaneous obser-
vation of the falsely segmented regions and annotation of the re-
spective regions with the correct label, network segmentation
results can be successively improved. In this study, the focus of
the segmentation has been on visualizing vessels. Obtaining seg-
mentations that allow quantification requires significantly more
effort.

Translation of HiP-CT to laboratory instrumentation

Beyond the datasets acquired at the BM18 beamline dedicated to
human organ imaging, we translated the technique to a labora-
tory instrumentation. The same sample containers were placed
in an ¢CT imaging system. The samples were moved close to the
detector to obtain large FOV at the expense of magnification (see
Table 1: uCT). The imaging results are shown in Fig. 6. Owing to
the flat field being recorded in a 70% EtOH-filled jar, ring and cup-
ping artifacts were significantly reduced. A high contrast can be
observed, allowing the identification of tissue substructure and
the vascular tree (Fig. 6a). The blood in veins and arteries appears
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Fig. 5. a) Segmentation of umbilical vein (yellow) and arteries (blue, red) from umbilical cord, same as illustrated in Fig. 2b using the MATLAB
nerve-tracking toolbox (41). b) Manual segmentation of a vascular network region using webknossos (30) and skeletonized using FIJI (42). The rendering
was created using Avizo 3D. c) Tissue region with intervillous subacute thrombosis in scan of intact human placenta (BM18-T) with clearly
distinguishable laminar structured lesions (lines of Zahn). To the right, same region shown in correlative histological slice (a more detailed correlative
depiction is shown in Fig. S3. d) Three orthogonal slices with the segmented intervillous thrombus in the center (orange).

to have clotted, resulting in strong attenuation and facilitating
segmentation of the broad vasculature segments (Fig. 6b).
Contrast variation in the inner placental tissue regions indicate
a heterogeneous morphology in terms of tissue density and com-
position. Cinematic rendering (Fig. 6¢) adds to the impression that
vasculature can be accurately reconstructed and segmented, al-
lowing for morphometric and geometric analysis of the data.

3D virtual histology with submicron voxel size

Next, we extended the multiscale approach by biopsy extraction
and high-resolution scans, using the GINIX instrument dedicated
to coherent imaging at beamline P10 of the PETRA III storage ring
(DESY, Hamburg). Biopsies with a cross section in the range of 3-5
mm were scanned in different embedding media. Figure S6a,b
shows a slice through a Smm paraffin-embedded (standard
FFPE) sample, where 5x5x 3 (%, y, z) tomograms were recorded
and stitched together using the NRStitcher software package.
The grid artifact is caused by the overlay of the regions and ac-
cording superposition of the gray values. Each scan covers ~0.5
cm of placental tissue from a SARS-CoV-2 infected patient at
sub-um voxel sizes (0.65 um). In Fig. 7a,b, results obtained for a bi-
opsy from a control placenta is shown, fixated by 4.5% PFA and li-
quid embedded in 70% EtOH. Empty beam reference images were
recorded with the capillaries with empty solution in the beam, fol-
lowing the concept of the HiP-CT, see Section ‘Methods: Sample
preparation’ for details on sample preparation. The results (single
tomogram, non-stitched) indicate a superior image quality with
regard to SNR and contrast, as well as better tissue preservation
compared with the paraffin-embedded sample. The quality of

the scans allows inspection of microvili and resolves cell
nuclei, which can be segmented and counted for the purpose of
statistical/morphometric analysis.

Placental villi and fibrin deposition can be distinguished and
their presence can be confirmed by correlative light microscopy
examination of histological sections (Fig. 8a and Fig. S7). Dark re-
gions visible on the edges in Figs. 9 and 8a,b are identified as ag-
gregates of syncytial nuclei at the interface between terminal
villi (syncytial knots). The strong contrast might be caused by ac-
cumulation of heterochromatin. The terminal villi have syncy-
tiotrophoblasts on their surface and are filled with villous
stroma and fetal capillary vessels. The large visible vessel is sur-
rounded by a thick layer of muscle tissue. An increased number
of syncytial knots (Tenny Parker changes) may indicate preg-
nancy complication e.g. by preeclampsia. Via correlative hist-
ology (Fig. 8b), the dark spherical structures were identified as
fibroblasts.

For the results presented here, an additional information docu-
mentis provided, including an overview table (Table S1) of placen-
tas studied, as well as additional figures. These include a
comparison of image quality comparison between synchrotron
scan (BM18-HR) and in-house scan (uCT-setup), photographs of
sample intact placentas and sample preparation, datasets of
FFPE human placental tissue acquired at the P10-PB setup, cor-
relative imaging of conventional histology, and the loss curves
for the training of the V-net. In addition, we show a cinematic ren-
dering of the fetal side of a healthy human placenta, and of an en-
tire human placenta, and also include a video animation of a
rendered healthy human placenta.
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Fig. 6. Laboratory scan of entire healthy human placenta (same placenta
as shown in Fig. 2). a) Slice showing placental tissue, reconstructed from a
laboratory xCT scan, with zooms into vasculature and amniotic
membrane on the fetal side of the placenta. b) 3D visualization with three
orthogonal slices through the volume and rendering of the vascular tree
(Avizo 3D, Thermo Fisher Scientific, Waltham, USA). c) Cinematic
rendering of the dataset, highlighting the fetal side of the placenta.

Discussion

This work shows an unprecedented view of the 3D tissue organ-
ization of an entire human placenta. The main accomplishments
of this work are:

e scan of an entire human placenta with a voxel size of 19.9 um
creating an human placenta atlas, with several high-
resolution datasets of particular regions of interest (~3um
voxel size).

100 pm

b

Fig. 7. Synchrotron-recorded data of liquid-embedded samples from P10
coherent applications beamline (DESY, Hamburg) using the P10-PB-setup
(Table 1: P10-PB). a) Slice through liquid-embedded (3 mm biopsy punch
in 70% EtOH with PBS buffer) tissue sample of healthy placental tissue. b)
Cinematic rendering (Cinematic Anatomy, Siemens Healthineers,
Germany) of tissue dataset shown in (a).

e first time 3D visualization of placental tissue abnormalities
such as an chronic intervillous/subacute thrombi with lam-
inar structured lesions and placental infarcts.

e comparative assessment of placental abnormalities by correl-
ation of the established gold-standard in placental parenchyma
analysis—histopathology—to 3D acquired XPCT datasets.

e exploration of 3D image segmentation approaches and quan-
titative assessment of placental vasculature.

e first achievements in translation of the whole-organ imaging
approach (4) from the synchrotron to the laboratory.

The promising novel insights into placenta morphology ob-
tained by the multiscale capability of the presented approach
open up a number of opportunities for follow-up investigations.
For example, vascular abnormalities occurring in pregnancy com-
plications such as preeclampsia would be an excellent target
which could take advantage of the approach. Main future chal-
lenges can be identified as:

¢ adaption of sample preparation protocols to assure a cross-
fixation of the entire organ while decreasing the overall prep-
aration time.
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Fig. 8. Correlation of regions of interest of XPCT data and H&E stained histological slices (red arrow denotes vasculature inside placental villi with
erythrocytes; blue arrow, fibrin deposition; green arrow, syncytial knots/syncytiotrophoblast). a) Correlative overview on a healthy placenta placental
villi (red arrows), intervillous fibrin (blue arrows), and syncytial knots (green arrows). b) Direct comparison of fibrin depositions (top) and syncytial knots
(bottom) between histological slices and XPCT-acquired data of placenta with preeclampsia. c) Umbilical cord with two arteries (green asterix) and one
vein (brown asterix) in healthy placenta Intima, Media, and adventitia are readily visible on XPCT imaging. d) Infarctious regions in XPCT data (top) and
histological slices (bottom) recorded in healthy placenta (same sample as Fig. 2).

¢ contrast enhancement by vessel staining.

e improved segmentation of vascular network using deep
learning techniques and topological modeling.

e translation and optimization of the laboratory imaging proto-
col for whole organs.

¢ increasing the number of scanned samples including tissue
alterations (healthy vs. control) by an automatized high-
throughput workflow.

To support the preservation of the sample and to increase the
stability, uniform cross-linking of the entire organ with a fixative
(such as 4.5% PFA) is required. In this experiment, one week of fix-
ation resulted in only partially cross-linked tissue components,
where especially center parts of the placenta remained soft and
showed fresh blood residues. Cross-linking duration should there-
fore be increased for to up to a month for entire organs due to the
large organ volume and density of tissue organization, alterna-
tively the vascular tree could be perfused with fixative solution
to speed up fixation. At the same time, preparation time could

potentially be decreased by organ-specific modification and opti-
mization of the existing protocol (18). In addition, the protocol
needs to be re-assessed and optimized with regard to the addition-
al extraction of tissue for 3D histopathological assessment.
Tofacilitate the segmentation of the vascular tree and morpho-
metric tissue quantification, contrast can be enhanced by perfu-
sion with staining agents (previously explored in (22, 43)). The
injection should be administered immediately after the placenta
is extracted, and the vascular network should be flushed of any re-
maining blood beforehand. Potentially candidates which proved
suitable for vessel staining in previous XPCT studies include iod-
ine (44-47), gold (48), and neodymium-based (49) staining agents.
As is shown, current imaging capabilities allow to segment the
main branches of the vascular tree with semi-manual annotation
using dedicated state of the art software packages. We further
demonstrate that the manual segmentation can be replaced by
implementing a U-Net workflow where only a sub-volume is an-
notated and a significant part of the vascular tree of the entire
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[ terminal villi —> fibroblasts

[ intervillous space  *  fetal capillary vessels

—3 vasculature

syncytial knots

Fig. 9. Synchrotron data (P10-PB setup) from FFPE placental tissue in proximity to an infarctious region, extracted from a physiological placenta.
Terminal villi (red) contain fetal capillary vessels (pink star, segmented on the right), are partially surrounded by syncytiotrophoblasts and enclosed by
intervillous space (red). We can observe syncytiotrophoblastic (syncytial) knots on the terminal villi surface (yellow arrow) and fibroblasts in the villous

stroma (orange arrow).

dataset can be segmented. However, the limited amount of
annotated data (serving as ground truth) is a bottle-neck.
Advanced vessel segmentation and skeletonization techniques
were recently introduced (50-52) and need to be further explored
in view of assessment of vascular pathologies. The structure ten-
sor approach should also be tested for further morphometric tis-
sue analysis.

Complementing the synchrotron results, the present work also
demonstrates the potential of translating whole organ imaging to
laboratory setups and commercially built xCT scanners. In this
way, studies with larger sample numbers (such as demonstrated
in (28)) can be realized to investigate morphology-induced func-
tional deficiencies in birth complications such as for example pre-
eclampsia. Furthermore, owing to the non-destructive nature of
XPCT, smaller volumes can be extracted in targeted ways from
the placenta, for subsequent examination with high-resolution
instruments as shown in Figs. 7 and 9, as well as for subsequent
histological analysis (see infarctious region in Fig. 8d) as is com-
mon in clinical practice.

In summary, the presented data demonstrate that X-ray phase-
contrast computed tomography (XPCT) of entire organs is a prom-
ising technique for studying vascular network connectivity in the
human placenta, with a potential to provide new insights into 3D
tissue organization and its pathological alterations. In order to as-
sess morphometric features, advanced segmentation techniques
need to be applied and appropriate metrics and algorithms for
3D vessel segmentation need to be further explored and devel-
oped. The translation of the technique to the laboratory enables
the coverage of a statistically significant number of samples, e.g.
in context of clinical studies, shedding new light on the etiology
of birth complications.
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Data Availability

The data (reconstructions, segmentations, scripts) are deposited
in the open repository Goettingen Research Online (GRO.data)
under the link: https:/doi.org/10.25625/I8VFLD. Raw data were
generated at ESRF and DESY and will be made public 2 years after
the beamtime, which for the ESRF data will be July 2025. Raw data
before routine release, or any other additional data/material sup-
porting the findings of this study are available from the corre-
sponding author on request.
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