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Abstract:

Imaging intact human organs from the organ to the cellular scale in three dimensions is a goal of biomedical
imaging. To meet this challenge, we developed hierarchical phase-contrast tomography (HiP-CT), an X-ray
phase propagation technique using the European Synchrotron Radiation Facility (ESRF)’s Extremely Brilliant
Source (EBS). The spatial coherence of the ESRF-EBS combined with our beamline equipment, sample
preparation and scanning developments enabled us to perform non-destructive, three-dimensional (3D) scans
with hierarchically increasing resolution at any location in whole human organs. We applied HiP-CT to image
five intact human organ types: brain, lung, heart, kidney and spleen. HiP-CT provided a structural overview of
each whole organ followed by multiple higher-resolution volumes of interest, capturing organotypic functional
units and certain individual specialized cells within intact human organs. We demonstrate the potential
applications of HiP-CT through quantification and morphometry of glomeruli in an intact human kidney and
identification of regional changes in the tissue architecture in a lung from a deceased donor with coronavirus
disease 2019 (COVID-19).

Specific developments of BM0S5 include
e Specimen preparation — development of an ethanol/ethanol agarose mounting procedure to prevent
motion and bubbling;



e Sample holders - 8 environmental precision sample holders were produced and shipped to ESRF to
enable micron precision repositioning of samples in separate containers (allowing the physicians to pick
the zoom regions before remounting); these remain with ESRF;

e Reconstruction algorithm - significant changes in the reconstruction to remove low frequency
background effects; and image normalisation (to remove vertical gradients in flux);

e Image segmentation - machine learning and various quantification of the resulting structures in the highly
damaged and heterogeneous COVID-19 damaged lungs, have been expanded upon;

e All resulting in the development of the Hierarchical Phase-Contrast Tomography technique, HiP-CT,
published in Nature Methods[1].

All of these advances have enabled:

1. Quantification of the spatial heterogeneity of COVID-19 damage across donor lungs. This was achieved via
quantifying airspace morphology changes. Parameters captured.

2. 3D assessment of COVID-19 lung’s anatomic distribution of vascular and parenchymal abnormality.

Characterisation of clinical CT features such as “tree and bud”, which are visible in COVID-19 pneumonia

medical CT, but not understood.

Collected over 52 human organs from both control (LADAF) and COVID Hannover donors

Detailed hierarchical imaging over 35 organs both COVID-19 and Control have been performed.

Scans of lung biopsy pathologies performed ~ 65

Visual inspection of all biospies scan performed by expert radiologist and histopathologist for abnormalities

and data curation. Specific scans selected for analysis of fibrosis patterns.

1 publication in Nature Methods Altimeric score of 1993 and 58K accesses. [1]

9. 1 Publication (Ackermann et al.) in the Blue Journal where HiP-CT was used to identify anastmosis between
the pulmonary and bronchiole vascular supplies in the lungs of COVID-19 donors. [2]

10. 1 pre-print of a data paper detailing the anatomy of the control human lung at multiple scales.

11. Half a dozen papers in preparation.

12. Histology of organs after HiP-CT scanning reveals no obvious structural damage and proves equivalence of
resolution for highest resolution HiP-CT and histology.

13. A publicly available database of the lungs, heart, brain, kidney, spleen has been created and published
www.human-organ-atlas.esrf.eu . There have been over 716 downloads of the raw data. This is set to be
expanded to include COVID-19 organs and become a gold standard atlas of organs that is at least two orders
of magnitude higher resolution than prior databases (e.g. the Visible Human Project,

www.nlm.nih.gov/research/visible/visible human.html)
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Methods:

Lungs, brain, heart, kidney and liver were collected from COVID-19 patients during autopsies in Hannover, or
from Autopsy performed at the LADAF. Samples were embalmed and then immersion fixed for over 72h in 4%
formalin and transferred to 70% ethanol (using stepped increase from 50-70% to minimise shrinkage and
damage), leaving no viable tissue, cells or organisms (see Fig. 1A for full method). Organs were sent to ESRF
where they were stabilised in an agar-agar gel and degassed before mounting in jars and Double walled precision
environmental chambers were designed and manufactured (see figure 1C) to hold the fixed whole lobe samples
(ca. 100x100x300mm) and enable them to be taken on/off the beamline.

The HiP-CT scanning procedure adapts two protocols originally developed to image large fossils. The first, the
attenuation protocol, normalizes absorption in the field of view[3-4]; whereas the second, the accumulation
protocol, provides extended dynamic range[5]. At 25 um per voxel, HiP-CT scans are dominated by attenuation;
hence, there is reduced contrast sensitivity and a requirement for more accumulations, whereas higher
resolutions are dominated by phase, leading to fewer accumulations. The dominance of attenuation at lower
resolution creates horizontal line artifacts during concatenation of radiographs due to the vertical profile of the
beam. To remove these artifacts, the vertical profile residual background after flat-field correction is subtracted
before reconstruction. For higher-resolution scans in which phase effects dominate, this step is not required.
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Figure 1: a, Flow chart of HiP-CT sample preparation and imaging procedure; the ability to select specific higher-
resolution scan regions based on lower-resolution scans provides hierarchical tissue structure images in a data-efficient
manner. b, Left, 2D image slice (25 um per voxel) showing the location of a series of regions of 2.5 um per voxel that
transect the organ’s radius (red circles). Right, HiP-CT scans at 2.5 um per voxel every 7 mm from the external kidney
surface (left) to the centre of the sample (right). Scans are overlapped and stitched to provide a complete organ. The
magnified view shows a constant level of data quality and precision over the complete transect through the use of the
reference scan procedure. ¢, Photograph of an intact human brain mounted in a polyethylene terephthalate jar with
ethanol—agar stabilization and with the reference jar on top. d, Left, maximum intensity projection of a whole human lung
with two randomly selected VOI imaged at a resolution of 2.45 um per voxel shown in green (VOII) and blue (VOI2).
Three-dimensional reconstructions of the two high-resolution VOI are shown with 2D slices in the insets. In the 3D high-
resolution VOI, the fine mesh of pulmonary blood vessels and the complex network of pulmonary alveoli and their septa
can be seen. Yellow arrows denote occluded capillaries in 2D slices. Top right, image stack histograms for the green
(VOII1) and blue (VOI2) high-resolution VOI, respectively (fixed bin width, 0.0001). Intensity distributions are comparable
with positive skew (1.82 and 2.68) and kurtosis (6.44 and 11.88) for VOII and VOI2, respectively, the histogram
intersection is 71 £ 3% for fixed bin width in the range 1 x 1072 —3 x 10~*. Bottom right, box-and-whisker plot showing
the structural similarity index between n = 200 pairs of 2D slices independently sampled either from within the same VOI
(1-1 and 2-2) or from different VOI (1-2 and 2-1) for each group, respectively, one-way ANOVA (two sided); P = 0.8765,
three degrees of freedom, F = (0.23). Box plots show the median (centre line), interquartile range (75th—25th percentiles)
of data (box bounds) and data range excluding outliers (whiskers)),; values more than 1.5 times the interquartile range
above or below box bounds are denoted as outliers (red crosses). e, Single representative slices of high-resolution scans
from a HiP-CT image of an intact whole human lung lobe affected by COVID-19 (donor 3) and a biopsy taken from the
same patient’s contralateral lung. Both VOI are captured from the upper peripheral region of each upper lung lobe. In
HiP-CT images, fine structure of the tissue including blood capillaries (red arrows) and alveoli (blue arrows) as well as
thin alveolar septa (yellow arrows in insets) is depicted.




HiP-CT scans are performed hierarchically, the first typically at 25 um per voxel over the whole organ followed
by VOI at 6.5 um per voxel and 1.3-2.5 pm per voxel. Scanning time for HiP-CT is faster than that for other
techniques[6,7] , currently ~16 h for a whole brain at 25 um per voxel and ~3.5 h for a whole kidney at 25 um
per voxel. The experimental setup is largely automated and can be adjusted to increase scanning speed for
smaller organs while accommodating different fields of view for higher-resolution imaging. Our scanning
procedure allows users to select high-resolution VOI with the spatial context provided by the preceding lower-
resolution scans

Lung biopsy samples were also prepared and scanned to compare to HiP-CT (Fig 1E).

Results:

Technique development:

After preprocessing of radiographs to generate high-quality local tomography, image reconstruction can be
performed using a filtered back-projection algorithm, coupled with single-distance phase retrieval[8], combined
with a two-dimensional (2D) unsharp mask performed on the projection phase maps as implemented in PyHST2
software[9]. All subscans (covering typically 2.5 mm vertically) are concatenated after reconstruction.
Subsequently, residual ring artifacts that would not have been removed in the preceding steps are corrected on
reconstructed slices[10].

Using this pipeline we estimated the resolution of HiP-CT by Fourier shell correlation (FSC) analysis[11,12].
Resolution was estimated at the half-bit criterion to be 10.4 um+0.17 pm for images at 2.5 pm per voxel,
18.3 pm + 0.6 pm for images at 6.5 pm per voxel and 72 um + 3.4 um for images at 25 pm per voxel. To assess
the consistency in the quality of higher-resolution scans at different tissue depths and distances from the
rotational centre of the intact organ, we analysed intensity distributions across two high-resolution VOI. We
found that the image intensity histograms had an intersection of 71% + 3%. Both distributions showed positive
skewing and kurtosis with minimal differences in mean intensities between the different VOI (Fig. 1d, top right).
In addition, we quantified differences in image quality between the two volumes using the structural similarity
index[13] (Fig. 1c and Fig. 1d, bottom right). No significant difference in structural similarity index (median
values, 0.839-0.841, P=0.88) was observed across compared image volumes, indicating that HiP-CT can
achieve high-resolution scanning in any region of the intact human lung with consistent quality.

We also qualitatively compared high-magnification HiP-CT scans of an intact human lung and a physically
subsampled biopsy (cylindrical biopsy, 8.1 mm in diameter, 14 mm in height). The image quality of the two
samples was found to be indistinguishable (Fig. 1e). The fine structure of the lung tissue including capillaries
and alveoli was depicted in a histopathologically correct and undistorted manner, with very thin membranes
within the alveoli (yellow arrows) being some of the smallest structures (thickness of ~5 um) evident in both
samples.

By performing histopathological analysis following HiP-CT on areas of the organs that have received the highest
X-ray dose we have demonstrated that HiP-CT does not cause observable morphological damage, leaving the
tissue available for subsequent analysis not limited to histology but potentially also to spatial transcriptomics.
Histological comparison also facilitates and validates our interpretations/segmentations of HiP-CT, a key factor
in developing image processing pipelines (Figure 1).

Mapping human organs

We applied HiP-CT to image multiple length scales in a variety of human organs. Intact lung, heart, kidney,
spleen and brain (Figure 2). At 25 um per voxel, macroscopic features of each organ were unambiguously
identifiable through anatomical location and morphology including sulci and gyri of the cerebral cortex
(Fig. 2a(i.i1)), individual lobules of the lung (Fig. 2b(i.i1)), the four chambers of the heart and associated coronary
arteries (Fig. 2c(i.ii)), the pelvis and calyces of the kidney (Fig.2d(i,ii)) and the pulpa of the spleen
(Fig. 2e(i.ii)).

In the brain, layers of the cerebellum were visible (Fig. 2a(iii,iv)), and a number of individual Purkinje cells
were evident between the molecular and granule cell layers, identifiable by their distinctive pyramidal cell body
and anatomical location[14] (Fig. 2a(iv,v)). In the lung, the intralobular septa and septal veins were visible
(Fig. 2b(iii)) along with the terminal bronchi, which lead into acini. Within the acini, cup-shaped alveoli, across
which gas exchange occurs, brightly contrasted cell-sized objects mainly at intersections of alveolar septa, were
evident, which we identified as type II pneumocytes and/or alveolar macrophages based on comparative



histology (Fig. 2b(iv.v)). Bundles of cardiac muscle fibres were visible in the heart (Fig. 2c(iii)), consisting of
individual cardiomyocytes, which could be distinguished by their distinctive shape and arrangement in fascicles
and by comparative histology[15] (Fig. 2c(iv.v)). In the kidney, epithelial tubules comprising the nephron were
evident (Fig. 2d(iii)), which, at their apex, harboured the intricate capillary network of the glomerulus
(Fig. 2d(iv.v)), specialized for filtration of blood. Finally, the organization of red and white pulp in the spleen
(Fig. 2e(iii)) was visible, the former containing splenic sinuses and the latter containing periarterial lymphoid
sheaths and lymphocyte-rich follicles (Fig. 2e(iv.v)). Collectively, these images show that HiP-CT is capable of
imaging intact human organs down to the resolution of organotypic functional units and certain types of
specialized cells.

To exemplify how HiP-CT may be used in organ-wide mapping of tissue functional units, we have performed
image segmentation and analysis on the smallest functional unit of the kidney — the glomerulus; measuring the
total number, distribution and morphology of glomeruli across the kidney. These compare well to established
histology methods and provide new measures such as surface area that cannot be measured with existing
techniques.
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Figure 2: HiP-CT has redefined the resolution at which organs can be imaged, and an “atlas of organs” will be available
from the ESRF website of the organotypic structural and functional units of whole human organs. For each organ A)
brain, B) lung, C) heart, D) kidney, E) spleen, panel (i) shows a 3D rendering of the whole organ from scans at 25um.
Subsequent 2D slices (ii-iv) show the higher resolution scan area marked on its preceding scan. (v) shows a digital zoom
of the highest resolution image and in each case the arrows depict a characteristic structural feature of the respective
organ. Av) molecular layer (ml), granular layer (gl), purkinje cell (pc). Bv) capillary (c), epithelial cell/macrophage
(ec/m); Cv) myocardium (mc), coronary artery (ca), adipose tissue (at). Dv) efferent/afferent arteriole (e/a),glomerulus
(g). Ev) red pulp (rp), white pulp (wp), arteriole (a).




Sketch

Figure 3. Three-dimensional complexity of vascular remodeling and bronchiopulmonary shunting in coronavirus disease
(COVID-19) highlighted by hierarchical phase-contrast tomography. (A) The distal bronchiole (blue) is paralleled by a
centrilobular pulmonary artery (red) and an expanded plexus of private vessels (vasa vasorum) (vellow) in a secondary
pulmonary lobule in the periphery of the left lower lobe. Scale bar, 4 mm. (B) Dilatation and expansion of the
peribronchiolar plexus and vasa vasorum (yellow) is observed around the distal terminal bronchiole (blue) and
centrilobular pulmonary artery (red). Scale bar, 1.3 mm. (C) Numerous arteriovenous anastomoses (yellow) form between
bronchial arteries and pulmonary artery drain into a pulmonary vein accompanied by a pronounced shunting of a
Sperrarterie (white arrows). These specialized arteries are essential for intrapulmonary arteriovenous shunting and are
located mainly at the septal margin of secondary pulmonary lobules, where up to 3 to 5 such “Sperrarterien” anastomoses
can be found in each lobule. Scale bar, 0.7 mm. (D) The perivascular vasa vasorum and bronchial vascular plexus are
characterized by complex nodular lesions with angiomatoid- and plexiform-like arrangements (white arrowheads). Scale
bar, 0.7 mm. For high-resolution details, see COVID-19 Pneumonia in the online supplement . (E) In controls, the vascular
architecture shows a well-organized hierarchy of peribronchial vessels. Scale bar, 1.3 mm. (F) Only few perivascular
vasa vasorum are observed in healthy control tissue. Scale bar, 0.7 mm. For high-resolution details, see Control in the
online supplement.

COVID-19 analysis

Imaging the COVID-19 lung across various length scales in 3D has enabled clinicians to explore the extent and
type of COVID-19 damage. In doing so several new hypotheses concerning the pathogenesis of COVID-19 have
been confirmed such as the anastomosis of pulmonary and bronchiole vascular systems Figure 3 (2). A spatial
analysis of peribronchial vessels in COVID-19 pneumonia by hierarchical phase-contrast tomography
demonstrated the expansion of peribronchial and perivascular arteriovenous anastomoses and a recruitment of
“Sperrarterien” (blockade arteries) across individual secondary pulmonary lobules in the third dimension for the
first time (Figures 3A and 3B). This intralobular shunting is accompanied by different spots of glomerouid-like
vascular expansion (Figures 3C and 3D).




We have also published quantitative analysis of the structural changes in the airspace morphology of in the
COVID-19 lung as compared to a healthy control lung. We have shown that alveoli septum thickness increases,
there is an overall loss of patent alveoli and alveoli ducts are dilated. We have shown significant differences in
these damage patterns both within a single COVID-19 lung and as compared to a control lung. (Further details
in [1]).

In addition to these published findings, we have also performed analyses demonstrating a co-localistation of
specific damage patterns with secondary pulmonary lobule boundaries (conference presentation pending). HiP-
CT data has been combined with clinical radiology datasets of COVID-19 where it has provided the means to
correlate microstructural features to new phenomenon seen in clinical data e.g. airway tree-and-bud structures
(publication in preparation). As well as to provide correlation and to molecular data to understand how molecular
changes in patterns of angiogenesis lead to structural changes across the areas of the lung (publication in
preparation).

Conclusions:

Through our various methodological developments, we have develop a new overarching methodology, HiP-CT,
that enabled hierarchical 3D imaging of multiple intact human organs, providing consistently high imaging
quality from whole human organs down to individual organotypic functional units and certain specialized cells
at any location within the organ.

Our exemplar of multiscale glomerular analysis demonstrates the benefit of hierarchical imaging with
representative subsampling to estimate the number and morphology of spatially disparate (glomerular)
organotypic features. We also leveraged the advantages of HiP-CT for multiscale and quantitative 3D analyses
in pathological contexts, identifying and quantifying regional changes in the architecture of the air—tissue
interface and alveolar morphology in the lung of a donor with confirmed pulmonary COVID-19 disease.

HiP-CT has considerable translational potential for biomedical applications, which we demonstrated by 3D
imaging of a SARS-CoV-2-infected lung. In addition to reproducing the histopathological hallmarks of COVID-
19, HiP-CT revealed extensive regional heterogeneity in parenchymal damage, and arteriovenous anastomosis.
Our HiP-CT approach clearly demonstrates how physical subsampling methods that aim to infer organ-wide
pathophysiology could be confounded by such heterogeneity. This potential confounder is surmounted by HiP-
CT due to its flexibility in the scale of tissue volume that can be imaged, independent of location and over a
wide range of resolutions. Moreover, quantitative analysis of lung architecture from HiP-CT images aligns with
clinicopathological observations of an increased volume of ventilated air that does not participate in gas
exchange in COVID-19-related ARDS[16]. Further HiP-CT investigation of COVID-19-related ARDS requires
refinement using image-analysis methodologies such as machine learning. HiP-CT could also be used to provide
insights into the secondary consequences of COVID-19 in other organs, such as the kidney and brain, both of
which show evidence of tropism for SARS-CoV-2.

Future work

HiP-CT will evolve alongside advances in synchrotron technology. Here, we present results using our
experimental method developed on a test beamline (BMOS5). The completion of a new beamline at the ESRF,
BM18, in 2022 is anticipated to provide increased resolution in volumes several times larger than human organs
while using lower doses of X-rays with improved sensitivity and a much higher speed. Such fourth-generation
synchrotron sources may herald new possibilities in the life sciences.BM18, specifically for phase imaging of
large samples will dramatically increase the capabilities of this technique by making it possible to perform HiP-
CT on the complete human body scale, with zooming capabilities down to the histological level, at lower X-ray
doses.
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Impact

The results of this work are contributing towards 5 manuscripts to date, and over a dozen talks presented. A joint
feasibility award to UCL, ESRF, Hannover and Mainz from the Chan Zuckerberg Initiative has been made to
demonstrate the feasibility of imaging tissue at a cellular level in deep in large organisms including the human
body. This has provided 2 PhD studentships and 2.5 yrs funding for 3 Research Fellows. It was recently extended
to make BM 18 usable for this project faster and more efficiently, providing funding to ESRF to further develop
and placing UCL staff at ESRF.

Manuscripts resulting and under preparation from MD1252 beam time:

Title Imaging intact human organs with local resolution of cellular structures
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Jacob, S. Marussi, E. Brown, N. Holroyd, D. D. Jonigk, M. Ackermann and P.

D. Lee
Link https://www.nature.com/articles/s41592-021-01317-x
Title The bronchial circulation in Covid-19 pneumonia
Authors M. Ackermann, P. Tafforeau, W. L. Wagner, C. L, Walsh, C. Werlein, M. P.

Kiihnel, F. P. Langer, C. Disney, A. J. Bodey, A. Bellier, S. E. Verleden, P. D.
Lee, S. J. Mentzer and D. D. Jonigk
Journal: American Thoracic Society

Link https://www.atsjournals.org/doi/abs/10.1164/rccm.202103-0594IM
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A multiscale X-ray phase-contrast tomography dataset of whole human
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Authors R. P. Xian, C. L. Walsh, S. E. Verleden, W. L. Wagner, A. Bellier, S. Marussi,
M. Ackermann, D. D. Jonigk, J. Jacob, P. D. Lee, and P. Tafforeau

Link for pre-print https://www.biorxiv.org/content/10.1101/2021.11.20.469361v1

Publications under preparation

1. Wagner, Tafforeau et al, "Vascular Tree-in-bud in COVID-19 assessed by Hierarchical Phase-Contrast
Tomography and correlative Histopathology*, in preparation.
2. Ackermann et al. “Evidence of endothelial-mesenchymal transition in early fibrotic remodeling of
COVID-19 patients” in preparation.
3. Jafree and Walsh et al. “Mapping human nephron density and morphology with Hierarchical Phase-
Contrast Tomography”, in preparation.
4. Walsh, Ramani and Jafree, et al. “COVID-19 impact on kidney vascular geometry” in preparation.
5. Ramani et al. “The Human renal vascular network” in preparation.
6. Brunet et al. “Sample preparation and stabilization for high-resolution synchrotron x-ray tomographic
imaging of intact human organs ” in preparation.
7. Brunet, Xian, Walsh et al. “Operando monitoring of X-ray-induced bubble formation in wet soft tissue
imaging” in preparation.
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