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Figure 6. Segmentation of the vascular system in cardiac samples. (A) Segmentation of the vessels of a Ctr sample. The vessels are well
oriented and show a relatively constant diameter. (B) Segmentation of the vessels of a Covid-19 sample. The vessels show large deviations in

diameter and the surface of the vessels is not as smooth as in the control sample. (C) Filtered minimum projection of an area of the reconstructed

electron density of the Cov sample to highlight a vessel loop marked in blue. (D) Surface rendering of the segmented vessel and vessel graph of in

an area of the Cov sample. Scale bars 25µm. (E) Comparison of node degree n between control and Covid-19. Ratio refers to the number of graph
branch points (n > 2) divided by the number of end points (n = 1). (F) Exemplary scanning electron microscopy image of a microvascular corrosion
casting from a Covid-19 sample. The black arrows mark the occurrence of some tiny holes indicating intraluminar pillars with a diameter of 2-5µm,

indicating intussusceptive angiogenesis. Magnification 800x, scale bar 20µm.
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acquisition and reconstruction parameters, the entire data acquisition and workflow was optimized475

and then kept constant for the entire sample series, covering the different pathologies (Cov, Inf,476

Myo) and control (Ctr) group samples. Importantly, this was already possible at a home-built477

compact laboratory �CT, based on a liquid metal jet source and optimized phase retrieval, which478

is important for future translation and dissemination of the methodology developed here. Fully479

automated PCA analysis then yielded the eigenvectors of the structure tensor at each sampling480

point of the reconstruction volume, and for each sample. The corresponding distributions showed481

significant difference in architecture between Cov from all other groups Inf, Myo or Ctr groups,482

and these differences could be interpreted again by inspection of the reconstruction volumes, i.e.483

reflecting for example tissue compactness, orientation of the cardiomyocytes and the degree of484

anisotropy.485

Future improvements in segmentation and quantification will be required to fully exploit the486

structural data acquired here, or in similar studies. To this end, augmented image processing algo-487

rithms, deep learning, classification for example based on optimal transport, and the consolidation488

of the above in form of specialized software packages has to be considered. Technical improve-489

ments towards higher resolution and throughput can also be foreseen. Already at present, parallel490

beam synchrotron data acquisition (GINIX endstation, P10 beamline of PETRA III/DESY) completes491

a biopsy punch tomogram within 1.5min, at a a pixel size of 650 nm, and a volume throughput of492

107 µm
3

s
. Importantly, the image resolution and quality is sufficient to segment vasculature and493

cytoarchitectural features of interest, also and especially for standard unstained paraffin-embedded494

tissue used in routine diagnostics. The data acquisition rate and dwell time in the range of 10ms to495

20ms (per projection) is dictated by detector readout, motor synchronisation, and data flow rather496

than by photon flux density. This is also underlined by the fact that (single-crystal) attenuators497

had to be used to prevent detector saturation. The situation is entirely different, however, for the498

waveguide cone beam configuration, where the lower waveguide exit flux density, which comes with499

the significantly higher coherence and resolution, requires acquisition times of 200ms to 2500ms.500

Here, the projected source upgrade foreseen for PETRA IV will provide a significant gain in resolution501

and throughput. Robotic sample exchange will therefore be required, and a serious upscaling of502

the data management and online reconstruction pipeline. First reconstructions of heart biopsies503

exploiting the enhanced coherence and resolution of a waveguide holo-tomography setup already504

indicates that this is a very promising direction.505

506

With our presented workflow, especially in view of the laboratory system, we have for the507

first time implemented destruction free analysis of the ubiquitous FFPE embedded tissue readily508

available in every pathology lab around the world, based on an automated structure tensor and509

shape measures. This represents a first and major step in unlocking the extensive international510

FFPE archives for sub-light-microscope resolution destruction-free 3d-tissue analysis, unfolding511

manifold future research possibilities in human diseases far beyond Covid-19. This approach has512

been successfully used to classify the distinct changes in the myocardial cytoarchitecture induced513

by Covid-19. More importantly still, we have provided first proof for the suspected presence of IA514

in cardiac Covid-19 involvement, putting forward morphological evidence of a so far imprecisely515

defined clinical entirety of great importance.516
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Supplementary figures670
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674 Appendix 1 Figure 2. Reconstructions of the LJ compared to the PB setup. Comparison of the data
quality of laboratory and synchrotron measurements. (A) slice of a laboratory reconstruction at a

voxelsize of 2µm. A region of interest containing a branching vessel is marked by a blue box which is

shown in (B). The same area cropped from a tomographic reconstruction in PB configuration at a

voxelsize of 650 nm is shown in (C). The smaller voxelsize, higher contrast and SNR of the PB scans is

necessary to segment the vascular system. Scale bars: (A) 1mm, (B,C) 50µm.
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Appendix 2687

Supplementary Information: Medical Background & Datasets688

Medical Information689

sample no. age, sex hospitalization (days), clinical, radiological

and histological characteristics

Cov-I 86,M 5d, RF, D, H, I

Cov-II 96,M 3d, RF, H

Cov-III 78,M 3d, CRF, V, D, S, H

Cov-IV 66,M 9d, RF, V, S, H

Cov-V 74,M 3d, RF, D, S, H

Cov-VI 81,F 4d, RF, S, H

Cov-VII 71,M 0d, V

Cov-VIII 88,M 2d, V, H, I

Cov-IX 85,M 5d, V, S, H

Cov-X 58,M 7d, V, H

Cov-XI 54,M 15d, V

Ctr-I to Ctr-III 26, F -

Ctr-IV to Ctr-VI 36, F -

Myo-I 57,M V, H

Myo-II 23,M

Myo-III 59,M S, H, D

Myo-IV 50,M V, S, D

Myo-V 25,F

Inf-I 74,M 9d, CRF into MOF, V, S, H

Inf-II 66,F 17d, MOF, V, H

Inf-III 56,M 3d, CRF into MOF, V

Inf-IV 55,M 24d, RF into MOF, V, S
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Appendix 2 Table 1. Sample and medical information. Age and sex, clinical presentation with
hospitalization and treatment. RF:respiratory failure, CRF: cardiorespiratory failure, MOF: multi-organ

failure, V: ventilation, S: Smoker, D: Diabetes TypeII, H: Hypertension, I: imunsupression
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Structural analysis695

sample mean (Cl,Cp, Cs) fitted area eccentricity

Ctr-I (0.6508 , 0.1069 , 0.2423 ) 7.3194 0.5607

Ctr-II ( 0.5167 , 0.1907 , 0.2926 ) 11.5130 0.5736

Ctr-III ( 0.5074 , 0.2427 , 0.2499) 23.7443 0.4128

Ctr-IV ( 0.7434 , 0.1166 , 0.1400 ) 5.9026 0.6757

Ctr-V ( 0.7038 , 0.1495 , 0.1467 ) 9.5763 0.7896

Ctr-VI ( 0.4765 , 0.2835 , 0.2400 ) 13.7973 0.6688

mean (0.60 ± 0.11, 0.18 ± 0.07, 0.22 ± 0.06) 11.98 ± 6.42 0.61 ± 0.13

Cov-I ( 0.5398 , 0.2327 , 0.2275) 12.7052 0.6696

Cov-II ( 0.4676 , 0.2550 , 0.2774 ) 17.0347 0.6059

Cov-III ( 0.5896 , 0.2526 , 0.1578) 11.8845 0.7399

Cov-IV ( 0.5911 , 0.1833 , 0.2255 ) 16.3040 0.6765

Cov-V ( 0.3371 , 0.2505 , 0.4124) 16.3445 0.4081

Cov-VI ( 0.5184 , 0.2279 , 0.2537) 19.1954 0.6044

Cov-VII (0.3912 , 0.2262 , 0.3826) 19.8206 0.6530

Cov-VIII ( 0.5227 , 0.1776 , 0.2997) 15.0791 0.6033

Cov-IV (0.3253 , 0.2851 , 0.3897 ) 20.5768 0.5329

Cov-X (0.3283 , 0.2446 , 0.4271 ) 16.9989 0.6266

Cov-XI ( 0.2484 , 0.2314 , 0.5202 ) 20.1815 0.5407

mean ( 0.44 ± 0.12, 0.23 ± 0.03, 0.32 ± 0.11 ) 16.92 ± 2.91 0.61 ± 0.09

Myo-I (0.5777 , 0.2018 , 0.2206 ) 9.5528 0.4656

Myo-II (0.3887 , 0.1943 , 0.4170 ) 13.7853 0.4899

Myo-III ( 0.5984 , 0.2081 , 0.1935 ) 22.4768 0.6202

Myo-IV ( 0.4974 , 0.1908 , 0.3117 ) 18.3306? 0.6149

Myo-V (0.2664 , 0.2402 , 0.4933 ) 19.3212 0.3689

mean (0.27 ± 0.14, 0.24 ± 0.02, 0.49 ± 0.13) 16.69 ± 5.06 0.51 ± 0.12

Inf-I (0.3561 , 0.1714 , 0.4724 ) 14.9393 0.6808

Inf-II ( 0.4423 , 0.1376 , 0.4201 ) 11.7445? 0.5991

Inf-III ( 0.6150 , 0.1361 , 0.2489 ) 13.5988 0.7198

Inf-IV ( 0.5404 , 0.1849 , 0.2747 ) 13.4885 0.5561

mean (0.49 ± 0.11, 0.16 ± 0.02, 0.35 ± 0.11) 13.44 ± 1.31 0.63 ± 0.07
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Appendix 2 Table 2. Parameters of the cardiac tissue (laboratory data).697698

Datasets699

The tomographic datasets recorded in WG configuration as well as the PB datasets used for

the segmentation of the vascular system were uploaded to

https://doi.org/10.5281/zenodo.4905971.
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