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The primary life-limiting pulmonary morbidity of severe coronavirus disease (COVID-19) is characterized by pulmonary
endothelialitis, microangiopathy, and aberrant angiogenesis (1). Although numerous studies have highlighted the pronounced
microangiopathy in pulmonary circulation, the impact of the bronchial vascular system has not been fully elucidated. Therefore, we
comprehensively analyzed complete lung lobes from three male patients (age, 63.7 + 14.2 years; hospitalization time, 22 = 1 days,
mechanically ventilated) who succumbed to severe COVID-19 using conventional computed tomography, histology, microvascular
corrosion casting, and hierarchical phase-contrast tomography (2). We used three control lungs from body donors (age,
78.3 = 13.6 yr; nonventilated, two females and one male died from cerebral stroke or uterine carcinoma).

In pulmonary computed tomography angiography, we found the previously reported pulmonary sequelae of COVID-19 lung
injury in the form of bilateral peripheral ground-glass opacities, peribronchial consolidations, and peripheral macrovascular
congestion (3) (Figures 1A and 1B). Peribronchial and perivascular microvessels (vasa vasorum) were distinctly dilated (Figures
1C-1F). This intrapulmonary shunting by the bronchial circulation (Figure 2A) accounts for the continued perfusion in a variety
of airway conditions, such as inflammation, acute respiratory distress syndrome, and chronic thromboembolism (3). In severe
COVID-19 pneumonia, the microvascular architecture of the peribronchial vessels showed a microvascular architecture with
densely packed aberrant bundles of blood vessels (Figures 2B—2E). The expansion of the peribronchial plexus is mainly driven by
intussusceptive angiogenesis as evidenced by the appearance of transluminal endothelial tissue pillars (Figures 2B-2D) (1, 4, 5).

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 and Video E1 in
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Figure 1. Bronchial artery and vasa vasorum dilatation and expansion in coronavirus disease (COVID-19) pneumonia. (A) Dual energy
computed tomography revealed the characteristic features of severe COVID-19 pneumonia as bilateral ground-glass opacities, peribronchial
consolidations, and a diffuse crazy-paving pattern. (B) lodine map showed dilatation of macrovessels in or leading to opacified air spaces and
frequently evident vascular “tree-in-bud” (blue arrows). (C and D) Hierarchical phase-contrast tomography (high-resolution tomographic images
analyzed by Synchrotron radiation X-ray tomographic microscopy) demonstrated the regular architecture in healthy control lungs (C), whereas in
COVID-19 pneumonia, a dilatation and an expansion of vasa vasorum and peribronchial vessels was observed (D). Scale bars: C, 1,000 pm;

D, 400 wm. (E and F) Representative hematoxylin and eosin—stained sections show sporadic peribronchial vessels (black arrow) in the control
tissue (E), whereas the peribronchial plexus in COVID-19 lungs was characterized by an expansion and the formation of angiomatoid- and
plexiform-like vessels (black arrows) (F). Scale bars: 20 um. ad = alveolar duct; br =bronchus; vs = pulmonary vessel.
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Figure 2. Intrapulmonary shunting via bronchial circulation in coronavirus disease (COVID-19) pneumonia. (A) The schematic illustrates
intrapulmonary cross-circulation and draining by bronchial arteries to the peripheral lung, pleurohilar veins, and “Sperrarterien,” specialized,
spiral-like intrapulmonary arteriovenous anastomoses recruited by hypoxia and flow irregularities. The bronchial circulation arises primarily direct
from the thoracic aorta and intercostal arteries and, under normal conditions, constitutes less than 2% volume of the left cardiac output.
However, the bronchial flow can significantly exceed the regular hemodynamics upon hypoxic and inflammatory stimulus. As part of a
physiological right-left shunting, nearly two-thirds of the bronchial vessels are drained peribronchially to the peripheral lung and finally into the
left ventricle (up to 4% of left ventricular output), whereas the remaining third is perfused pleurohilar veins draining ultimately to the right heart.
(B) Scanning electron micrograph of a microvascular corrosion cast demonstrates the expansion of vasa vasorum of an intralobular artery by
intussusceptive angiogenesis (red arrowheads) in the lung tissue of a patient who succumbed to severe COVID-19 pneumonia. Scale bar,
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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) (yellow) 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.

Figure 2. (Continued). 50 um. Intussusceptive angiogenesis is a well-characterized morphogenetic process observed during the capillary
expansion in cancer, inflammation, and regeneration, but it has also been reported in the alveolar plexus of COVID-19 lungs. Scale bar,

100 wm. (C) Scanning electron micrograph of a microvascular corrosion cast demonstrates the peribronchial plexus in healthy control lungs
(blue arrows). Scale bar, 200 wm. (D) Scanning electron micrograph of a microvascular corrosion cast reveals the cross-circulation in COVID-19
lung tissue between a Sperrarterie and a lobular artery in a secondary pulmonary lobule, which is characterized by plexiform-like vascular
proliferations by intussusceptive angiogenesis (red arrowheads). Scale bar, 200 um. (E) Three-dimensional evaluation of microvascular
corrosion casts by Synchrotron radiation X-ray tomographic microscopy illustrating the irregular, hierarchical vascularity with dilated, blunt-like
vessels in COVID-19 pneumonia. Scale bar, 100 wm. br = bronchiole, pa = lobular artery; sa = Sperrarterie.
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the online supplement). This intralobular shunting is accompanied by different spots of glomerouid-like vascular expansion (Figures
3C and 3D).

Here, we show the first insight into the complex three-dimensional phenomenon of bronchiopulmonary shunting in COVID-19.
However, the sequelae of this excessive neovascularization, the actual remodeling that may account for intralesional
hyperperfusion and long-term implications, have so far not been understood.
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