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Many SARS-CoV-2 studies have supported the theory that the Type II alveolar epithelial cells (AEC-2) are the
primary portal of entry of the virus into the lung following its brief nasal occupation. However, the theory of
inhalational transmission of the virus from the ciliated and goblet nasal cells to the lung parenchyma is not
supported by the imaging findings on chest computerized tomography (CT), leading the authors to consider an

alternative pathway from the nose to the lung parenchyma that could explain the peripheral, basilar predomi-
nant pattern of early disease. Imaging supports that the pulmonary capillaries may be an important vehicle for
transmission of the virus and/or associated inflammatory mediators to the lung epithelium.

Many SARS-CoV-2 studies have supported the theory that the Type II
alveolar epithelial cells (AEC-2) are the primary portal of entry of the
virus into the lung following its brief nasal occupation.'™* However, the
theory of inhalational transmission of the virus from the ciliated and
goblet nasal cells to the lung parenchyma is not supported by the im-
aging findings on chest computerized tomography (CT), leading the
authors to consider an alternative pathway from the nose to the lung
parenchyma that could explain the peripheral, basilar predominant
pattern of early disease. Imaging supports that the pulmonary capillaries
may be an important vehicle for transmission of the virus and/or asso-
ciated inflammatory mediators to the lung epithelium.

1. Distribution of pulmonary pathology in COVID-19 disease

The chest CT pattern most frequently described in early COVID-19
infection is basilar and peripheral predominant ground-glass opacities
(GGOs) and/or consolidation (Fig. 1). In a meta-analysis conducted by
Ishfaq et al., a peripheral distribution was identified in 55% with the
majority of disease in the lower lobes.” Darwish also found peripheral,
and right lower lobe predominance of ground-glass opacity progressing
to consolidation.® Al-Umairi included over 4000 patients in a meta-
analysis with the most frequent finding of ground glass and con-
solidative pulmonary opacities in a lower lobe peripheral distribution.”
Karimian described peripheral opacities in 70% and peripheral and
central opacities in 30% of 4598 COVID-19 infected patients.®

2. Distribution of pulmonary pathology in respiratory
inhalation diseases

The pattern of disease on CT is related to the pathophysiology of the
infection. If the primary entry of the virus were inhalational following
the nasal infection, we would expect upper lung and airway-centered

https://doi.org/10.1016/j.clinimag.2022.06.011

predominant distribution as is common with other inhalational lung
diseases (Fig. 2). Centrilobular emphysema secondary to cigarette
smoke inhalation has a predominantly central, upper lobe distribution.
Additional smoking-related diseases including Langerhans cell histio-
cytosis and respiratory bronchiolitis interstitial lung disease are also
upper lobe and central. Silicosis, berylliosis and hard metal diseases are
inhaled and present with upper lung findings on chest CT. Hypersensi-
tivity pneumonitis caused by an inhaled antigen has an upper lung
predominant airway-centered distribution as well.” If COVID-19 pul-
monary disease was solely inhalational, we would expect that Hou et al.
would have identified a high expression of ACE2 receptors in not only
the respiratory mucosa in the nasal cavity but also throughout the upper
and lower respiratory tract. In contrast, while elevated rates of cellular
infection were noted in nasal mucosa, there was decrease in uptake
along the lower bronchial trees making inhalation a less likely method
for direct lung parenchymal infection.'? The hypothesis of viral micro-
aspiration is also not supported by the imaging findings; aspiration
typically causes opacification of the central lower lobes and not the
periphery'® (Fig. 3).

3. Distribution of pulmonary pathology in hematologic spread

Diseases related to pulmonary blood flow are typically lower lobe
predominant and peripheral. They include metastatic disease which is
spread randomly and located predominantly at the end of lower lung
blood vessels. Pulmonary infarcts and septic emboli (Fig. 4) are also
lower lung predominant and peripheral similar to COVID-19's earliest
CT findings.!! If the alveolar epithelial type 2 cell (AEC-2) was the
primary target of the virus then the majority of patients would be ex-
pected to have acute lung injury (ALI) as the predominant finding at
autopsy. In a large autopsy series performed at our institution, 36/40
(90%) of patients had evidence of micro thrombotic disease compared to
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Fig. 1. Chest CT with intravenous contrast on lung window settings in axial and coronal projection demonstrates peripheral ground glass opacities in a patient with

early COVID-19 infection.

~

Fig. 2. Non-COVID 19 bacterial pneumonia with airway-centered upper lobe
predominance.\.

|

Fig. 3. Bilateral lower lobe aspiration pneumonia with airway-centered
consolidation and tree in bud opacities. Note the dilated, fluid-filled esophagus.

only 73% with ALL 11/40 patients had only micro thrombotic disease
and no ALL'? The results of Chen et al. were concordant with 91.3% of
335 patients having micro thrombotic disease.'® In matched radiology
pathology samples microthrombi were identified in areas of normal
imaging supporting the idea that vascular disease precedes the ground
glass opacities of alveolar disease.'* Ackermann found that capillary
microthrombi in the lung were 9 times more prevalent in patients with
Covid-19 compared to influenza (P < 0.001)."°

The nasal cavity is a favorable site for early inoculation of SARS-CoV-
2 infection due to high levels of ACE2 expression, the predominant
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Fig. 4. Peripheral septic emboli at the end of blood vessels are spread hema-
tologically to the lungs.

receptor facilitating viral entry, that is highly expressed by ciliated
respiratory epithelial cells.'? Air inspired through the nose passes the
nasal turbinates causing a change in airflow from a laminar pattern to a
protective “transitional” pattern that is not quite laminar, and not quite
turbulent. Much of the aerosolized debris, including pathogens and dust,
precipitate from the inspired air into the mucus blanket covering the
epithelium.'® Humans inspire about 10-20 k L of air per day; about 80%
of particles 3-5 pm in diameter and 60% of particles 2 pm in diameter
are filtered by the nose. Anything <1 pm will probably end up in the
lower airway.'”'® SARS-CoV-2 is about 0.1 pm,'° therefore, the nose
would do a poor job of filtering the virus alone, and if inspired it would
probably reach the lower airway. However, respiratory droplets are
generally bigger than 1 pm and droplets from sneezing are probably 5
pm. So overall, the nose would be highly effective at retaining respira-
tory droplets containing the virus.

The virus multiplies in the ciliated nasal cells and via transcellular
and paracellular migration could traverse the disrupted basilar lamina
and infect immediately adjacent nasal capillary endothelial cells and/or
lymphatics.’” Monteil et al. demonstrated that SARS-CoV-2 can directly
infect engineered human blood vessel organoids in vitro.?! Following
vascular access, the virus and associated inflammatory mediators could
then travel to the superior vena cava, right atrium, right ventricle and
pulmonary capillaries where it could have its first opportunity to infect
pulmonary capillary endothelial cells.>>?® Endothelial cells are polar-
ized with their luminal membrane directly exposed to the blood and its
components, the basolateral surface is separated from tissues by a
basement membrane anchored to the cell membrane.? Viral infection of
the endothelium leads to endotheliitis with associated disruption of the
capillary basement membrane and leakage of fluid and virus into the
interstitium and alveolus. The injured endothelial cell causes activation
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of von Willebrand factor with clot formation. The endothelial cell itself
can increase in height and narrow a capillary lumen further increasing
the risk of organ ischemia.’*

Hough et al. describe how reverse crosstalk could occur with blood-
borne infections; proinflammatory factors in the blood cause injury to
the alveolar-capillary barrier likely via endothelium-activated neutro-
phils which travel to the epithelium causing inflammation.?® To support
reverse crosstalk as a mechanism for viral entry into an organ, the virus
needs to be identified in cells of organs other than the lung that could
have only been accessed via the blood. Mondello's systematic review
described viral particles in the interstitial cells of the myocardium on
electron microscopy (EM). Coronavirus was identified in membrane-
bound vesicles in hepatocytes and in the tubular epithelial cells of the
kidney.”® Livanos found SARS-CoV-2 in small intestinal epithelial cells
by immunofluorescence staining or EM in 15 of 17 patients.”” Eymieux
et al. used EM to demonstrate the existence of exit tunnels that link
cellular compartments with secretory vesicles which can fuse with the
plasma membrane and release virus into the extracellular space.?

The peripheral opacities that are the characteristic imaging finding
likely reflect fluid in the peripheral alveoli caused by the disruption of
capillary basement membranes; they first increase in density and then
decrease in density over time as is characteristic of fluid filling alveoli.
Inflammatory mediators and viral particles could access the lung via the
damaged basement membrane. This concept of a spread of virus from
endothelium to epithelium explains the vulnerability of those with
endothelial instability”’ to worse outcomes and supports interventions
to stabilize the vascular endothelium.**>!
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