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High-resolution X-ray phase-
contrast tomography of human
placenta with different wavefront
markers
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Phase-contrast micro-tomography (LCT) with synchrotron radiation can aid in the differentiation
of subtle density variations in weakly absorbing soft tissue specimens. Modulation-based imaging
(MBI) extracts phase information from the distortion of reference patterns, generated by periodic
or randomly structured wavefront markers (e.g., gratings or sandpaper). The two approaches have
already found application for the virtual inspection of biological samples. Here, we perform high-
resolution nCT scans of an unstained human placenta specimen, using MBI with both a 2D grating
and sandpaper as modulators, as well as conventional propagation-based imaging (PBI). The 3D
virtual representation of placenta offers a valuable tool for analysing its intricate branching villous
network and vascular structure, providing new insights into its complex architecture. Within this study,
we assess reconstruction quality achieved with all three evaluated phase-contrast methods. Both
MBI datasets are processed with the Unified Modulated Pattern Analysis (UMPA) model, a pattern-
matching algorithm. In order to evaluate the benefits and suitability of MBI for virtual histology, we
discuss how the complexities of the technique influence image quality and correlate the obtained
volumes to 2D techniques, such as conventional histology and X-ray fluorescence (XRF) elemental
maps.

Highly coherent synchrotron X-rays allow phase-sensitive imaging techniques to exploit refraction as a contrast
mechanism for label-free samples. Phase information is widely used to increase contrast especially for low-
absorbing biological materials by several orders of magnitude compared to the attenuation signal in the hard
X-ray regime!. In combination with micro-tomography (1CT), it gives access to high-contrast undistorted 3D
data without damaging the sample. Unlike traditional histological methods that require slicing and staining, the
sample can undergo further analysis with different techniques.

Phase-sensitive techniques such as grating-based imaging (GBI)*?, edge illumination (EI)* and speckle-based
imaging (SBI)*~ rely on analysing sample-induced changes to a pattern generated by a wavefront modulator.
While GBI employs diffraction or absorption gratings to create interference patterns, EI is based on X-ray
absorption within the masks and is independent of interference effects. In SBI, the wavefront modulator, often
referred to as a diffuser, creates a random phase and absorption profile that produces intensity variations, i.e.,
speckles. The distinction between these methods lies in how they encode and disentangle the imaging signals
within various experimental arrangements and reconstruction methods.
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SBI methods typically rely on a pixel-wise correlation analysis or cost function minimisation to retrieve the
information. Differences associated with changes in the speckle pattern caused by the sample can be modelled
to extract absorption, phase and dark-field signals. The same analysis can be applied to a wavefront marked
with a periodically structured illumination, such as one-dimensional gratings®® and two-dimensional gratings
(i.e., grids, TAIs)!%-12. This more generalised approach can then be referred to as the modulation-based imaging
(MBI) technique.

Besides ‘X-ray Speckle-Vector Tracking'* or ‘X-ray Multi-modal Intrinsic-Speckle-Tracking and
others!'”"'%, “Unified Modulated Pattern Analysis’ (UMPA) is a pattern-tracking algorithm capable of processing
such datasets2%2!, UMPA enables the simultaneous retrieval of the transmission, orthogonal differential phase
shifts, and small-angle scattering signals.

In this study, we focus on examining image quality of the reconstructed phase volumes obtained with
MBI using synchrotron radiation and wavefront markers of varying structural complexity, namely Talbot
array illuminators (TAI) and sandpaper. In addition, we investigate how the reconstructions compare to the
propagation-based imaging (PBI) method. While MBI is sensitive to phase gradients, PBI is sensitive to the
Laplacian of the phase and it makes use of contrast enhancement effects at interfaces that occur when increasing
the distance from sample to the detector. The phase signal is generated from the interference between differently
shifted wave fronts, which gives rise to fringes along the edges of the sample features. Phase retrieval in PBI
does not require additional optical elements and relies on a low-pass filter proposed in Ref.?2. Given its simple
experimental implementation and fast processing, it is well suited for fast tomographic acquisitions. The method’s
application is, however, constrained by sample composition assumptions?? and the setup’s spatial coherence?,
constraints that are less relevant in MBI?*?°,

Recently, tomographic MBI datasets processed with the faster, re-implemented version of UMPA in C++2!,
have demonstrated the ability to provide high-resolution virtual histology of biological specimens with both
sandpaper?® and TAIs?, granting access to perfectly co-registered multi-modal information, including insights
on the sample’s unresolved microstructure through dark-field?.

Here, we investigate human placental villous tissue at high spatial resolution to examine micrometre-sized
morphological features in three dimensions, accessible with phase-contrast fCT. We then correlate the results
with conventional histology and X-ray fluorescence (XRF) microscopy to accurately interpret the virtual images
within a biological context.

The mammalian placenta is a structurally diverse organ?, important for ensuring the fetus’ wellbeing and
proper development. It is a unique organ with several vital physiological functions that ensure proper delivery of
oxygen and nutrients to the fetus, while also providing defense and detoxification from toxins and metabolites.
As a result, a quantitative 3D virtual representation of the villous structure organisation of the human placenta
can aid in a better understanding of its function and potential effects on fetal health®’. Moreover, it facilitates a
clearer identification of relationships between various structures within the densely-packed tissue.

>14-16
>

Materials and methods

Sample preparation

Term placental tissue was collected after delivery from an uncomplicated pregnancy with written informed
consent. Ethical approval for this study was obtained from the Southampton and Southwest Hampshire Local
Ethics Committee (11/SC/0529). All the methods in the study were performed in accordance with the relevant
guidelines and regulations. The placental tissue was dissected and fixed in neutral buffered formalin overnight
before being transferred to PBS. A smaller piece of the placental tissue was later cut into smaller portions at the
Munich Institute of Biomedical Engineering (Technical University of Munich, Germany), and processed using a
Shandon Excelsior ES automatic tissue processor (Thermo Fisher Scientific, U.S.). The tissue was embedded into
a paraffin block after an ethanol-dehydration series. The block was cut into a cylindrical shape and attached to a
sample holder for the tomographic measurements. The final size of the sample was about 4.5 x 4.5 x 3mm?. A
bigger sample from the same batch was recently analysed in Ref.?!.

Experimental setup

The measurements were performed at the imaging beamline P05 operated by the Helmholtz-Zentrum Hereon at
PETRA III (DESY, Germany). A double-crystal silicon monochromator was used to produce 20 keV X-rays from
anundulator insertion device located 85 m from the micro-tomography end-station>*. The images were acquired
with a custom-built CMOS camera®* optically coupled to a 100 pm cadmium tungstate (CdWOy,) scintillator.
We used a 5x magnification, which resulted in a sensitive area of 6.55 x 2.75 mm? (5120 x 2151 pixel) with
an effective pixel size of 1.28 um in the sample plane. All the images were taken with an exposure time of 80 ms.
The system resolution was estimated from a slanted edge modulation transfer function, resulting in 2.14 um
(1.67 pixel). A schematic of the main components of the experimental setup is shown in Fig. 1. It includes a
modulator, mounted on a two-axis motorised translation stage, in addition to a standard tomographic setup.

Multi-modal tomography with MBI

For MBI tomography, we used 7 um period hexagonal silicon TAI and 6 layers of 1000 grit silicon carbide
sandpaper (‘6 x 1000’ in the following) as wavefront markers. The modulators were motorised and stepped
in the plane transverse to the beam direction following the patterns shown in Fig. 2¢.f: a tilted grid for the
TAI to scan one unit cell (16 steps) and a spiral for the sandpaper (20 steps). For each modulator step, 3001
angular views of the sample were acquired in a continuous 180° tomographic scan. 20 dark images and 70
reference images were taken before and after each tomographic scan. The raw images were dark current and
beam profile corrected. Bad pixel outliers were replaced by the median of their closest neighbours; the beam
profile was estimated from the low-pass filtered (50 pixel kernel size) reference images. The set of sample and
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Fig. 1. Experimental setup at the imaging beamline P05, PETRA III (DESY, Hamburg, Germany). The
modulator was mounted on translation stages for lateral translation.
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Fig. 2. Modulator reference maps, visibility analysis and stepping patterns for the two wavefront markers.

(a) Reference image details from the centre of the FOV of the 7 um period TAI and (d) the 6 x 1000 grit
sandpaper, with zoomed insets of the highlighted region. (b,e) Show the visibility maps and the insets show the
speckle pattern 2D auto-correlation map (20 x 20 pixel around the peak—dark red, base—blue). The insets
aid in the visualisation of the mean size of the marking structures (FWHMra1 = 2.85 pixel vs. FWHMeéx1000
= 5.82 pixel). The estimated mean visibilities for the TAI and sandpaper are 15.0% and 22.5%, respectively. The
modulator stepping patterns for the two acquisitions are shown in (c,f).

reference frames recorded at different modulator positions were processed using UMPA?! with a 3 x 3 analysis
window for each tomography angle after modulator drift corrections®*. Within small-angle approximation,
the resulting differential phase signals (g—i, g—f) along the two orthogonal directions are proportional to the

pixel displacements provided by UMPA (uz, ). Absolute phase shifts ¢ induced by the object were obtained
by integrating the two orthogonal channels with the Fourier method described in Ref.**. A 2D polynomial
of first order was fitted to the background areas of the differential signals and subtracted before integration.
Subsequently, a second order polynomial was fitted to the integrated phase, and subtracted to reduce residual
low frequencies. The tomographic reconstructions were obtained with a conventional filtered back-projection
from ASTRA Toolbox>”, after applying a Butterworth band-pass filter to the sinogram for ring artifact
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corrections. The reconstructed quantity is the decrement 9 of the real part of the sample’s complex refractive
indexn = 1 — 6 + 48, which can be converted to electron density p. using

k2
=4 (1)
pe 27 T0 ’
where 79 is the classical electron radius and k = 27 /) is the wave number. In the same way, the real part of the
refractive index 3, related to the linear attenuation coefficient 1%, is obtained from the transmission projections
retrieved with UMPA.

Phase contrast tomography with PBI

The modulator was moved out of the beam for the single-distance PBI measurements. Given the experimental
parameters in Table 1, the sample was placed 93 mm from the detector, within the reccommended distance range
for single-distance propagation phase contrast tomography?. The acquired images were corrected for the dark
current and the mean beam profile calculated from 70 frames before and after the tomographic acquisition
prior to applying the phase retrieval filter?”. A phase-retrieval parameter v = §/3 = 202.43 was chosen from
tabulated values of soft tissue in wax (xraylib*!). However, the value of v can be experimentally tuned to optimise
the image appearance.

Histology

Conventional histology was performed on the same sample a few months after the tomographic measurement.
The sample was re-embedded in paraffin, attached to a histological cassette, and sent to Morphisto Ltd., Germany
for slicing and staining. Five different levels of the sample were taken (sections every 100 pm, 5 pm thick). The
sections were dewaxed, rehydrated and stained using standard haematoxylin and eosin (H&E) and periodic
acid-Schiff (PAS) protocols. The sections were then imaged using a Zeiss Axioskop plus microscope equipped
with a built-in camera AxioCam MRc (Carl Zeiss AG, Germany). The pixel sizes in the sample plane were
1.33 pm and 0.66 pm for the x5 and x 10 objectives, respectively.

XRF imaging

2D puXRF measurements were performed at the ID21 beamline at the European Synchrotron Radiation Facility
(ESRE France). The sample was scanned at 7.3 keV photon energy (Si(311) monochromator-0.15 eV resolution)
with a step size of 3 um for the low resolution and 0.5 pm for the high resolution maps, respectively. A micro-
beam of size 0.3 um x 0.8 um (V x H) at the focus spot, incident at 62° to the sample plane*?, was delivered by
Kirkpatrick-Baez mirrors. Similar works*?, report on delivering, point by point, an estimated dose of the order
of 1 x 10° Gy. A single-shot detector, located at an angle of 90° from the incoming beam, collects the XRF
photons point by point in a raster scan, with an acquisition time of 200 ms per pixel. The acquired spectra were
then processed and fitted by PyMCA, a software using least-squares fitting algorithms and SNIP background
subtraction routine, producing XRF elemental distribution maps. This ensured that the background noise was
removed and that the remaining peaks were statistically relevant. The scanned slice was 5 pm thick and no
staining was used. During the XRF scan, the slice was positioned on a 4 um thick sheet of ultralene film and
secured within a circular sample holder.

Results

Wavefront marker characterisation

Here, we examine the phase volume reconstruction from MBI with sandpaper and TAIs, measured within the
same experimental arrangement. The method’s performance at an imaging system is usually characterised by the
reference pattern visibility*%. In MBI with sandpaper, the pattern’s modulation is due to interference effects and
changes with sandpaper grain size, composition, and propagation distance*!. For the TAIs it can be affected by
composition, cell size, etching depth, and propagation distance!’. The phase information can be extracted from a
single exposure with UMPA; however, scanning the modulator improves phase sensitivity and spatial resolution
by incorporating complementary information from the different steps. The stepping pattern was changed
between the two acquisitions to optimise the pattern sampling over the field-of-view (FOV)!:* (see Fig. 2c,f).

Energy (keV) 20
Pixel size (m) 1.28
z (PBI) (mm) 93

z (MBI) (mm) 175
zo (mm) 115
d (m) 85
Angles 3001
Acquisition time per frame (ms) | 80

Table 1. pCT experimental setup parameters.
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Visibility is defined as the local standard deviation over the mean value of the reference image, for each
pixel*>. We adopt the same definition for our analysis on both MBI datasets. Figure 2a,d show a 250 x 250 pixel
region of interest (ROI) in the central part of the wavefront markers in the FOV; they highlight the differences in
the marking structures arrangement. The hexagonal TAI exhibits a homogeneous visibility throughout the FOV,
with a mean value of 15%, whereas the sandpaper generates a random speckle pattern with a visibility of 22.5%.
The latter has a mean speckle size of 5.82 pixel (7.45 pm), estimated as the full width at half maximum (FWHM)
of the pattern’s 2D auto-correlation function?*. The same analysis was performed on the TAI pattern, indicating
a FWHMra1 of 2.85 pixel (3.65 pm) and thus a finer sampling. The measured values are in accordance with
the specifications of the wavefront markers when taking into account the imaging system point spread function.
The silicon carbide sandpaper was composed of particles with a mean size of 5.8 pm. The 7 um hexagonal lattice
etched in 200 pm thick silicon wafers had a duty cycle of 1/3, etching depth of 17 um, and a phase shift of 27/3
for the selected energy (5 microns, Germany). The 2D auto-correlation functions for both patterns are shown in
the insets of Fig. 2b,e.

Phase-contrast tomography
Axial slices at the same height in the three phase-contrast volumes are shown in Fig. 3 with zoomed insets of the
same ROIs. Visually, the details within the three reconstructions exhibit comparable image quality.

MBI phase-contrast volumes were obtained by processing the datasets with different wavefront markers using
UMPA. Ring artifacts were more pronounced for the measurements using sandpaper, requiring an adjustment
of the Butterworth filter settings, compared to the TAI volume. This could be due to the coarser sampling of
the wavefront and larger wavefront marking structures, even though a higher number of modulator steps were
acquired for the sandpaper dataset. This suggests that the visibility and number of modulator steps are not
always parameters that determine the final performance of MBI tomography for a given setup. The speckle size,
or wavefront marking structure size, can also greatly influence the MBI phase retrieval at high-resolution setups.
Moreover, at high spatial resolution, the tracking algorithm can be affected by the slightest system vibrations,
which can result in reconstruction artifacts and influence the differential phase signal retrieval. The uCT hutch
EH2 at P05 features a massive granite base stage mounted on a tripod, which supports all motors, along with
the sample and detection systems which are mounted on tripods themselves. This design minimizes potential

— blood vessels —» arterioles/venules capillaries [l O

Fig. 3. Same axial slice of the placenta sample’s tomographic phase reconstruction with the three examined
measurement techniques: (a) MBI with sandpaper, (b) MBI with TAI, and (c) PBI. The volumes are aligned
and the zoomed ROIs (I-III) on the right show identical sample details. The red and blue boxes indicate the
sample and background ROIs (40 x 40 pixel) used for estimating image quality parameters.
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external environmental sources of vibration and is able to move with 1 pm precision allowing for very precise
alignment?®. Despite this, beam fluctuations remain a challenge. Given that the monochromator is located 85 m
away from the detector, even minor fluctuations can amplify imperfections present on elements in the X-ray
path, impacting the beam profile stability and overall pattern-matching system performance. These system
imperfections can be corrected by means of drift correction functions® or principal component analysis (PCA)
methods?® to synthesise an optimal reference image that matches the samples pattern?’. The latter, however,
requires an empty background ROI in the sample image for the synthesis.

The PBI volume, on the other hand, exhibits good spatial resolution but suffers from low-frequency artifacts
from beam imperfections and reveals inhomogeneities in uniform parts of the sample. The principal limitation
concerning single-distance free-space phase-contrast imaging is that it provides qualitative information, and
does not distinguish between the objects phase and absorption contributions. The absence of this information
prevents the calculation of the exact density of the material or possibly retrieving its chemical composition.
Unlike single-distance PBI, the multi-distance approach requires greater experimental and computational
complexity. It involves scanning the sample at multiple propagation distances and applying contrast transfer
function-based signal extraction methods*”. The sample has to be positioned precisely to avoid misalignments
across the distances. In turn, this approach provides both phase and attenuation signals. However, neither free-
space propagation method is suitable for investigating optically thick or mixed objects composed of arbitrary
absorbing and phase-shifting components, a limitation that does not apply to MBI?’.

Image quality
Image quality parameters such as spatial resolution, phase sensitivity, contrast-to-noise ratio (CNR), and the
Natural Image Quality Evaluator (NIQE) are useful in understanding the differences between phase-contrast
tomographic reconstructions from different techniques. Here, we evaluate the spatial resolution with a method
that considers a global noise level threshold as resolution limit in the Fourier power spectrum of the image. The
noise level is estimated from the standard deviation in a homogeneous ROI of the volume, a method similar
to the one in Ref.*8, covered in more detail in Ref.?%. The spatial resolution measurements in the three volumes
indicate that PBI performs better than MBI, with a measured value of 5.1 pum, in contrast to the 8.2 um and
7.7 um for the TAI and sandpaper SBI datasets, respectively. Angular sensitivity is a quality parameter which
describes the sensitivity of the differential phase signal measurement. It is defined as the standard deviation
in a homogeneous background ROI of the horizontal and vertical refraction angle image outside the sample.
Here we report mean values of about 318 nrad and 399 nrad for the TAI and sandpaper datasets, respectively. In
phase-contrast tomography, the projection angular sensitivity is reflected to the volumetric reconstruction and
influences electron density resolution, i.e. phase sensitivity—the smallest resolvable electron density difference.
The TAI demonstrates greater angular and phase sensitivity compared to sandpaper, likely due to the finer
marking structures. CNR evaluates the signal level in the presence of noise. In our case it was estimated by
considering the red and blue boxes in Fig. 3b as signal and background ROIs for the mean value (I, I;) and
standard deviation (o) measurements. The results indicate that both MBI datasets perform comparably well in
terms of contrast, slightly better than the PBI dataset. The histograms in Fig. 3 indicate that the MBI datasets have
narrower § value distributions. The NIQE is a blind image quality analyser that only makes use of measurable
deviations from statistical regularities observed in natural images*’. A smaller number suggests an image with a
more natural look to human perception. In our case, the values indicate very similar results, with the TAI dataset
achieving a slight advantage. All the abovementioned quality parameters are reported in Table 2. By assessing
these image quality parameters, it is possible to systematically evaluate the performance of different approaches.
It should be noted that these results can change depending on the parameters used for the phase retrieval.
PBI can be tuned by changing the phase-retrieval parameter v, however, values close to the theoretical sample
composition should be used when available®. In the same way, MBI reconstructions will yield different values
when modifying the analysis window size!>?. In this work we selected reconstruction parameters in such a way
to optimise spatial resolution. This means we chose a small analysis window in UMPA and selected a tabulated
that doesn't filter excessively but still reduces most of the edge enhancement fringes at tissue interfaces.

3D virtual histology of human placenta

In the previous section we reported and discussed the image quality for the phase reconstructions. Considering
the comparable obtained results, we opted to use the classic MBI with sandpaper, to demonstrate how virtual
histology can contribute to a biological application.

Figure 3 shows an axial slice of the phase volume with some labels: major blood vessels (blue arrows),
arterioles and venules (light blue arrows), and capillaries (yellow arrows). Figure 4 reports a more comprehensive
visualisation of the datasets. Panels (a)-(d) show a comparison between nCT and conventional histology. pCT
datasets were resliced to correlate the XY orientation to the histology block face using Avizo (ThermoScientific)
as in Ref.>!. Cross-sections of the villi and surrounding tissue are shown for H&E and PAS-stained histology

Method Resolution (Lm) | 0, (nrad) Ooy (nrad) | op, (#electrons/A%) | CNR NIQE
MBI (TAI) 82 3312 306.4 0.00152 6.3+ 1.3 | 20.41
MBI (6x1000) | 7.7 428.2 369.0 0.00206 5.8+ 1.1 | 20.44
PBI 5.1 na. na. 0.00890 3.0+ 0.7 | 20.59

Table 2. Estimated image quality parameters for the different phase-contrast reconstructions.
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Fig. 4. (a) H&E and (c) PAS-stained histology sections with the corresponding reconstructed (b) phase and
(d) attenuation volume slices in the MBI sandpaper volume. (f) Rendering of the phase volume with different
views in the volume in (e,g). Dark and light blue arrows indicate bigger and smaller blood vessels, respectively.
(h-i) Show a slice in the phase volume along with the segmentation of a single villous tree. (j) Reports its 3D
representation and branching analysis.
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slices in Fig. 4a,c. The correlated slice in the phase volume is shown in Fig. 4b and attenuation in Fig. 4d.
Fibrin deposits are thought to occur where there is damage to the syncytiotrophoblast and are accentuated
around the vessels and easily visible in the phase contrast volume. Different structures can be identified: the
syncytiotrophoblast envelope surrounding the villous section, blood vessels, and connective tissue (stroma)2.
Single blood cells (~6 pm) can be distinguished in the circulatory system sections. Figure 4e—g show renderings
of the phase volume and highlight the three-dimensional spatial arrangement of the villi. Blue arrows point to
major blood vessels. In order to confidently segment a single villous tree in the densely-packed 3D villi network,
some manual selection was necessary. The high contrast of the villous structures with paraffin wax facilitated
this task. A villus branching tree was segmented from the phase-contrast uCT dataset using Microscopy Image
Browser?, as performed in Ref.’!. The segmentation label was imported into Imaris (Oxford Instruments,
U. K.) and its branching morphometry quantified using the ‘filament tracer’ tool. Figure 4h-j show how the
single tree distributes in a two-dimensional slice within the volume. This highlights the challenge of tracing and
mapping parts of a single villus using traditional two-dimensional techniques. The ability to virtually extend the
information to three dimensions with phase-contrast pCT overcomes this limitation and provides equivalent
information. Figure 4j shows the segmented villous, the structure had a total length of 13.6 mm, with a mean
branch length of 55.8 um and mean branching angle of 45.3°.

Correlation of virtual histology to XRF maps

A 5 pm thick unstained slice of the same sample was scanned at the X-ray microscopy beamline ID21 (ESRE
France) to retrieve XRF 2D elemental maps at two spatial resolutions, with 3 um and 0.5 pm scanning steps
on 270 x 140 and 180 x 140 matrices, respectively. Spectra were acquired for each raster scan step and the
different elemental peaks calibrated to obtain the elemental distribution maps. After the scan, the slice was sent
to collaborators at the Institute for Life Sciences, University of Southampton, United Kingdom for conventional
histology. The slice was transferred from ultralene film to a glass slide and stained with H&E. This procedure
proved challenging, and it may have introduced some deformations to the original sample shape, visible from
the comparison of Fig. 5e.

Figure 5 shows the correlated images of the XRF scans at two resolutions, conventional histology and virtual
histology. Image correlation was performed following the same steps described in the previous section. The
nuclei within the syncytiotrophoblast are highlighted in the phosphorus elemental map, on the outer edge of the
villi in Fig. 5d, while stromal cells are visible in the connective tissue where phosphorus and iron elemental map
overlap (purple pixels in (d)). Interestingly, iron accumulates in stromal cells and as expected in erythrocytes
(inside blood vessels, central region in (d)), but not in the syncytiotrophoblast. In addition, we show the calcium
and sulphur elemental maps for the higher-resolution XRF scan. The calcium map highlights the morphology of

the sample, while the sulphur map emphasises the supportive connective tissue, the villous stroma®2.

Discussion and conclusion

The human placenta proved to be a suitable sample for this study because it has an intricate three-dimensional
architecture and vascularisation, which is difficult to resolve and trace with two-dimensional imaging
techniques™. The tree-like villi structures serve to increase the surface area by which products from the maternal
blood are made available to the fetus for nutrient intake and studies have shown that branching may be associated
with the inverse of the fetoplacental weight ratio, a widely used clinical parameter®. Furthermore, villous shape
is influenced by vascular development, and abnormal vascular development can be linked to disorders like pre-
eclampsia®®’. Their undistorted visualisation, especially in 3D and without the use of any contrast agent, is
fundamental for extending our understanding of fetal development. The correlation between pCT volumes
and conventional histology, along with high-resolution XRF elemental maps, suggests that virtual histology can
offer comparable or potentially superior information with less stringent requirements and in a non-destructive
manner.

In our case, a different sample preparation would have facilitated the tracing of blood vessels (i.e., perfusion
fixing techniques®®). After delivery, the placenta collapses and loses a significant amount of maternal blood,
resulting in a sparser distribution of blood cells and deflated vessels. For instance, individual blood cells appear
as isolated bright dots in the phase-contrast volume, a finding confirmed by the two-dimensional techniques.
Moreover, Fig. 5¢ shows that tissue damage can occur from prolonged radiation exposure of thin samples during
XREF scans.

Both MBI datasets have been acquired at similar experimental conditions and have been reconstructed
using the same UMPA algorithm and processing steps. The image quality has been analysed in terms of spatial
resolution and CNR. In our measurements we found that the TAI dataset exhibits a 25% higher phase sensitivity
than the sandpaper dataset, with shorter acquisition times, while the CNR ratio obtained with the two MBI
techniques was comparable. Nevertheless, the advantage of employing a random phase modulator, such as the
sandpaper, is the simplicity of the setup. Unlike for the TAIs, the use of the sandpaper does not impose limitations
on the geometry of the setup and does not require any specifically microfabricated optical element in the X-ray
beam. We found a lower spatial resolution for MBI (about 8 pm) than for PBI (5.1 pm), whereas a lower CNR
was determined for the PBI dataset. However, it should be noted that both spatial resolution and CNR can be
tuned by changing the value of parameters of the phase-retrieval algorithms. For a given dataset of PBI, an
increase of CNR normally corresponds to a decrease in spatial resolution, and vice versa. The entire process from
image acquisition to data analysis and tomographic reconstruction is in general faster with PBI than with the
MBI methods. On the other hand, MBI techniques are able to provide complementary image signals (dark-field,
quantitative phase and attenuation information are obtained from the same dataset), which can not be accessed
with PBI. In the case of placental tissue, the lack of extended homogeneous regions, where sub-resolution
microstructural information could be obtained, limits the detectable small-angle scattering signal. The sample’s
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Fig. 5. Correlation between X-ray phase contrast tomography, conventional histology, and 2D uXRF maps.
(a) Conventional histology slice stained with H&E. (b) Same slice in the phase-contrast volume. The red boxes
in (a,b) indicate the field of view (FOV) of the high-resolution XRF scan, while the dotted boxes represent

the FOV of the lower resolution XRF scan. (¢) Zoomed ROI delimited by the red box in (a) indicates that
H&E staining was not successful (faded colouring), because the tissue properties were changed by radiation
damage during the XRF scan. (d) Overlay of phosphorous (P) and iron (Fe) elemental maps, shown in red and
blue, respectively, with individual maps displayed in panels (g,h). Additionally, we report calcium (Ca) and
sulphur (S) elemental maps in panels (k,1). Elemental maps are normalized, with black corresponding to the
weakest and white to the strongest XRF signal. The high-resolution XRF scan has 3 x higher spatial resolution,
making it challenging to compare these details directly with the X-ray phase-contrast scan. In contrast, the
lower-resolution XRF scan has a comparable resolution to virtual histology. (e) Shows the ROI delimited by the
black dotted box in conventional histology in (a). (f) XRF elemental map overlay for the lower-resolution scan
(P and Fe maps are shown below in (i,j)). (m,n) Show the same detail in the attenuation and phase-contrast
volumes (white dotted box in (b)).

structural complexity leads to an increased level of noise in the dark-field signal (see Supplementary Fig. S1). As
aresult, achieving a reliable dark-field signal becomes particularly difficult, and few dark-field studies have been
conducted at this high spatial resolution level using similar methods?*. Furthermore, both the attenuation
and dark-field signals are contaminated by propagation fringes, causing the dark-field to primarily emphasize
edges rather than the intended signal. With more sophisticated analysis that accounts also for the propagation
fringes in the transmission signal, the three signals from MBI could be combined together for, e.g., studies of
material decomposition®®®!. Such studies could provide volumetric information similar to the XRF elemental
maps shown in Fig. 5d,f and relative subplots.

Ultimately, the choice of the technique is driven by a number of factors including the sample characteristics,
the scientific question addressed in the experiment, and the available experimental facilities. We note that the
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phase sensitivity and spatial resolution achievable by the PBI and MBI techniques can be tuned depending on
the experimental needs, but, at the synchrotron, are ultimately limited to the micrometre range for the spatial
resolution, and to angular sensitivities on the order of nanoradians?*-2%. To access even higher spatial resolutions
in the near-field regime, other methods could be considered, such as X-ray holotomography®? or X-ray near-field

ptychography®>.

While this study demonstrates the potential of phase-contrast uCT for virtual histology of human placenta,
its application in clinical or routine laboratory settings presents several challenges. Transitioning to laboratory-
based X-ray sources would involve significant trade-offs in terms of system stability, resolution, flux, and
coherence?>®*, However, advancements in compact X-ray sources, coupled with phase-contrast imaging setups
optimized for laboratory environments, could bridge some of these gaps®*~%’. Another consideration is the
optimisation of data acquisition and processing in MBI methods. Simplified setups, continuous acquisition
schemes®»% and automated workflows will be essential in making MBI accessible and practical for a broader
range of users. Future work could explore integrating AI-driven solutions to expand the accessibility of virtual
histology with more efficient scans®-7.

Data availability

Tomographic data from P05 underlying the results presented in this study may be obtained from the authors
upon request, please contact the corresponding author, S.S. XRF data can be found at https://doi.org/10.15151/E
SRF-ES-1308373111. The Unified Modulated Pattern Analysis (UMPA) code is available at https://github.com/o
ptimato/UMPA and the drift correction functions at https://doi.org/10.5281/zenodo.8383714.
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