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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic surges on as vast research is produced to study the novel SARS-CoV-2 virus and the
Coronavirus infection disease state it induces. Still, little is known about the impact of COVID-19-induced microscale damage in the
Micromechanics

lung on global lung dynamics. This review summarizes the key histological features of SARS-CoV-2 infected
alveoli and links the findings to structural tissue changes and surfactant dysfunction affecting tissue mechanical
behavior similar to changes seen in other lung injury. Along with typical findings of diffuse alveolar damage
affecting the interstitium of the alveolar walls and blood-gas barrier in the alveolar airspace, COVID-19 can cause
extensive microangiopathy in alveolar capillaries that further contribute to mechanical changes in the tissues and
may differentiate it from previously studied infectious lung injury. Understanding microlevel damage impact on
tissue mechanics allows for better understanding of macroscale respiratory dynamics. Knowledge gained from
studies into the relationship between microscale and macroscale lung mechanics can allow for optimized

Diffuse alveolar damage
Fibrotic lesions
Surfactant dysfunction
Microangiopathy

treatments to improve patient outcomes in case of COVID-19 and future respiratory-spread pandemics.

1. Introduction

COVID-19 has now claimed the lives of hundreds of thousands of
people around the world with millions of cases reported [1]. New in-
formation on SARS-CoV-2 is being published at a rapid rate, but there is
still little information connecting the microlevel changes of the infected
lung tissue with the functional changes seen at the macrolevel. Scientists
and clinicians note progressive changes in macroscale lung dynamics in
patients with COVID-19 acute respiratory distress syndrome (CARDS)
that differ from patients with acute respiratory distress syndrome
(ARDS) of other etiologies, questioning the validity of using ARDS spe-
cific ventilation protocols for treating COVID-19 patients [2,3]. As such,
the macroscale mechanics of the lung at the whole organ level, or
macromechanics, arise from structural changes at the tissue level mak-
ing it imperative to understand the microlevel mechanics, or micro-
mechanics, in gaining a complete picture of the COVID-19 lung to treat
those that are severely affected. Histopathology studies have made great
progress in determining the microlevel changes occurring in the lungs of
COVID-19 patients [4]. These findings help elucidate the effects of the

viral infection but must be linked to the mechanical properties to
translate to the function and physiology of the lung.

In order to study the microlevel mechanics of COVID-19 infected
lung, an understanding of mechanics in the healthy lung must first be
obtained. With each breath in, the lung expands and fills with air, the
ratio of the change in volume with respect to the change in pressure
determines the lung compliance, defined by the ease in which the lung
expands. The elastic and resistive properties of the lung can be seen in
the sigmoidal shape of the pressure-volume (P-V) curve of the breathing
cycle. The linear portion of the curve displays the elastic properties,
mostly in the range of normal breathing, while the upper curve is
indicative of increased lung stiffness and thus increased resistance [5].
As lung properties arise from micromechanical properties, it is seen that
tissue properties are highly dependent on the surface tension, as well as
the stress bearing elements of the tissues [6,7]. In the context of me-
chanics, stress refers to the forces acting on an area of tissue and is
related to the stiffness of the tissue, defined as the amount of stress due
to a unit change in strain. Strain is usually defined as the relative change
in length, area or volume, and can be considered a measure of the

* Corresponding author at: Ross Hall, East Carolina University, Greenville, NC, USA.

E-mail address: vahdatial8@ecu.edu (A. Vahdati).

https://doi.org/10.1016/j.1fs.2021.119341

Received 15 January 2021; Received in revised form 23 February 2021; Accepted 27 February 2021

Available online 11 March 2021
0024-3205/© 2021 Elsevier Inc. All rights reserved.


mailto:vahdatia18@ecu.edu
www.sciencedirect.com/science/journal/00243205
https://www.elsevier.com/locate/lifescie
https://doi.org/10.1016/j.lfs.2021.119341
https://doi.org/10.1016/j.lfs.2021.119341
https://doi.org/10.1016/j.lfs.2021.119341
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lfs.2021.119341&domain=pdf

E. Dimbath et al.

relative change in deformation [8]. Stress and strain are important
concepts in characterization of the mechanical behavior observed in the
structure and function of the alveoli.

To better understand the role of alveolar components on lung func-
tion, a deeper look at the structure and function of the alveoli is needed.
In fact, there are approximately 400 million alveoli in the adult human
lung responsible for carrying out gas exchange. Densely packed within
the parenchyma, the alveoli are grouped into sacs around alveolar ducts
attached to the terminal bronchioles. The airway tree and alveolar
structure have evolved to provide optimal gas exchange through
matched components of gas transport [9]. Homogeneous ventilation of
the gas-exchange units decreases the individual stress and strain in the
alveolar walls [10]. The thin septa between the alveoli allow for a large
surface area for gas exchange within the confines of the thoracic cavity
and are made up of only a few cell layers, the thin interstitial layer and
the capillary network [9]. Thin alveolar tissues must also be able to
withstand the cyclic deformation imposed during the breathing cycle
generating stress and strain within the tissue [11,12]. To support the
thin alveolar membranes and protect against cell damage, a fiber
network extends throughout the lungs made up of two main types of
connective tissue fibers, elastin and collagen (Fig. 1). Axial fibers extend
from the conducting airways into the parenchyma and peripheral fibers
enter the parenchyma through the pleura, these fibers are connected by
the septal fibers that extend through the alveolar septum and form the
entrance rings of the alveolar ducts [9]. This well-developed alveolar
structure provides optimal gas exchange function to the lung as a whole.
Mechanical properties of the lung arise from the mechanics of individual
components of the alveoli.

The walls of the alveoli are composed of two types of epithelial cells.
Type I cells form thin elongated cytoplasm branches that cover 95% of
the alveolar surface. The cytoplasm of these cells forms tight junctions to
control fluid accumulation in the alveolar space [9]. The junctions can
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undergo a coordinated repair process to avoid apoptosis if a relatively
small area is damaged [14]. Type II cells are the progenitor cells for the
alveolar epithelium thus functioning in repair and regulation of the
alveolar epithelium. In addition to their regenerative functions, type II
cells aid in regulating fluid in the alveolar space [15]. These type II cells
also have indirect impact on alveolar mechanics by decreasing surface
tension through secretion and recycling of surfactant components. The
concentration of surfactant released is dependent on the cell signaling
pathways activated by the stretch of alveolar walls in breathing [7]. On
the opposing side of the alveolar wall, endothelial cells make up the wall
of the capillary and exhibit a similar mosaic of two cell types as the
alveolar epithelial cells. Aerocytes (aCap) cells, are specialized for gas
exchange and can be found tightly fused to type I epithelial cells forming
the thinnest part of the barrier membrane. General capillary (gCap) cells
are similar to type II epithelial cells and act as progenitor cells to the
endothelium and maintain homeostasis and vasomotor tone [16].

As stated above, type II cells impact alveolar mechanics through the
secretion of the components that comprise the surfactant layer of the
alveoli. Surfactant is a thin liquid layer that lines the inner wall of the
alveoli modulating the surface tension inside the alveoli, therefore,
protecting the wall from overextending at high volumes or collapsing at
low volumes. At low volumes, areas of the alveolar wall are folded below
the surfactant layer and unfold as volume rises. The surfactant works
interdependently with the fiber network to maintain alveolar surface
area through minimizing effects of surface tension on the edges of the
septal walls allowing the septa to unfold with increased pressure (Fig. 1
(a, ¢)) [17]. Subsequently, under normal breathing, a 2-fold increase in
volume only results in a 1.2-fold increase in alveolar surface area,
greatly reducing the stress in the tissue [9]. In this way, expansion of
alveolar walls is modulated by the surfactant maintaining optimal sur-
face area without overstretching the axial fibers and smoothing the
alveolar epithelial surface for efficient gas exchange [17]. Dysfunction

(d)

Fig. 1. Collagen and elastin fiber network in the lung. I. A. Fluorescence microscopy of thin lung tissue sections stained with Sirius red collagen and green elastin
staining concentrated at alveolar septal edges (arrows) (bar = 100 pm) (used with permission from [13]). II. Depiction of forces in the axial, septal and peripheral
fiber systems, acting as the stress-bearing elements of the acinar airspaces, (a). Healthy rat lungs fixed at low pressure show narrow alveolar ducts with folded and
pleated septal walls of alveoli. Fine dashed lines show the border between the duct and alveolar airspaces, while red and green arrows depict the direction of surface
tension force (green) and the counteracting pull of axial system fibers at entrance rings (red). The axial network of collagen and elastin fibers is concentrated at the
edges of alveolar septa, coil the ductal airspaces, and form the alveolar entrance rings (represented by the connecting thick gray lines), (c). Healthy rat lungs fixed at
higher pressure, showing widening of alveolar ducts and stretching of alveolar septa, with the surface tension force counteracted by the tensile force of axial fiber
system in the direction of the ductal lumen, (b, d). Schematic representation of the axial fiber network of collagen and elastin coiling the alveolar duct (depicted by
red springs) and stabilizing the alveolar walls with changes in pressure. The axial fiber network is connected to the peripheral fiber system of the pleura (thick black
line) through the alveolar septal fibers (green lines), which are found between the basal laminae of the alveolar epithelium and endothelium. Without these three
fiber systems, the surface tension would cause the alveoli to collapse. During inflation, pressure gradient due to differences in the pleural pressure (Pp)) and alveolar
pressure (P,),) induce outward forces (Fo) in the peripheral fiber system, which are transmitted into the fiber system of the septal wall (F;) and eventually are
counteracted by the tension in the axial fiber system of the ductal airspace (used from [11], Creative Commons Attribution 4.0 International License, http://creative
commons.org/licenses/by/4.0/). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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or compromise of the surfactant layer can arise from damage to the type
II epithelial cells and edematous fluid or other cellular components
filling the alveolar space [6,11].

Within the alveolar septa is a thin interstitial layer comprised mostly
of different cell types and the fiber network. Fibroblasts indirectly
contribute to mechanical properties through forming and maintaining
the fiber network system, impacting the nonlinear elastic properties of
the alveolar wall [7]. Overall, cellular contribution to the mechanical
properties is estimated to be small with the fiber network most signifi-
cantly impacting tissue elasticity and stiffness [18]. The fiber network is
the main stress bearing component and provides the main structural
support for the lung, in particular the alveoli [19]. To protect the tissue
from high stresses that can cause injury, the fiber network maintains the
structure of the alveoli. Concentration of fibers throughout the alveolar
wall is modulated by the surface tension. High positive surface tension at
the free edge of the alveolar septum causes expansion and thus an
increased concentration of fibers to stabilize the septum with the
increased stress concentration (Fig. 1) [9]. The fiber network aids in
controlling the degree of expansion and contraction of alveoli to protect
tissues from damage and optimize gas exchange. Elastin is responsible
for the elastic recoil of the lung and contributes mostly to the mechanical
properties of the tissue at normal breathing volumes where strain levels
are low. The elastin fibers exhibit linear elastic stress-strain relationship
and can easily deform to two times in length [8]. The other main fiber
component is collagen with fibers being composed mainly of variable
amounts of type I and type III collagen, lending to different levels of
stiffness among fibers [20]. Collagen fibers affect tissue properties at
higher deformations and strain levels. Unlike elastin, collagen has a
nonlinear elastic stress-strain relationship which leads to the apparent
tissue stiffening at higher volumes [7]. At lower volumes, collagen is
often seen as crimped or wavy in a heterogeneous network [21]. The
crimping of the fibers allows for collagen to have greater effects on
mechanical properties with larger expansion.

As a whole, mechanical properties of the alveolar tissue determine
efficiency of gas exchange. Previous studies have determined how the
behavior of alveolar tissue components, together with their arrange-
ment, determine the mechanics of the whole lung [5]. In this review, we
aim to determine the key histological features of the alveoli infected by
the SARS-CoV-2 virus in relation to alveolar mechanical properties.
Comparison to previously studied lung injury allows for drawing con-
nections between the structural changes of the alveoli and the me-
chanical properties. This review begins by summarizing how the SARS-
CoV-2 virus induces damage to the alveoli and its relation to previously
established and known viruses affecting the lung. Next, histopatholog-
ical findings in recent studies are reviewed which are then linked to
changes in mechanical behavior. The findings are divided into sections
based on areas affected: alveolar airspace, alveolar interstitium through
fibrotic remodeling, and alveolar capillary. Finally, the microscale me-
chanics are related to the respiratory dynamics seen at the macroscale
with COVID-19 infection. Quantifying and visualizing the microlevel
changes in the COVID-19 lung can lead to a better understanding of their
effects on the gas exchange function leading to better treatment pro-
tocols for patients and improved patient outcomes long term.

2. Methods

Due to the rapidly evolving nature of research on COVID-19, in
addition to peer-reviewed research articles, we included preprints, ed-
itorials and letters to the editor in our search strategy. An optimized
search strategy was used to find relevant literature for this narrative
review. One author (KS) iteratively developed keywords in the domains
of “lungs” and “biomechanics” based on the terms used in known,
relevant studies, and combined keywords with controlled vocabulary (i.
e., Medical Subject Heading [MeSH] terms) from PubMed/MEDLINE.
These two search domains were combined with a slightly adapted
version of the preset PubMed search strategy to identify COVID-19
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studies. The search strategy is available (see Appendix 1). On October
9, 2020, one author (KS) mapped and implemented the search strategy
in three databases (PubMed, Scopus, and BioRxiv). We did not have any
language or geographic restrictions for our search of databases. A sub-
sequent search was run on December 1, 2020 to capture newly published
articles and preprints.

The combined search results from the three databases were dedu-
plicated manually in EndNote and subsequently uploaded into Covi-
dence. Covidence identified and removed additional duplicates not
caught in the manual deduplication process.

Two authors (ED and AV) independently screened the titles and
abstracts of articles in Covidence. Conflicts were resolved by discussion.
Following title and abstract screening, the full text review of articles was
performed independently by two authors (ED and AV). Conflicts were
resolved by discussion.

3. Results

The original and updated searches retrieved 3673 records from the
three databases queried (Fig. 2). After 1252 duplicates were removed,
2421 unique records remained for title and abstract screening.
Following the title and abstract screening process, 2231 records were
deemed irrelevant to the research questions and were excluded. The full
text of the remaining 190 records was reviewed to determine full rele-
vance and eligibility. This resulted in 83 eligible records included in this
review.

3.1. COVID-19 in the lung

Information obtained from studies of COVID-19 infected lungs,
points to lung injury that has epithelial, vascular, and fibrotic effects [4].
These injuries are very similar to those found in previous coronaviruses,
SARS and MERS, as well as influenzas such as HIN1 with diffuse alve-
olar damage (DAD) and vascular injury as the main findings [22-26].
Even with so many similarities in histopathological findings, there is
disagreement as to if the DAD in COVID-19 is typical or has novel dif-
ferences that sets it apart from other pulmonary diseases, particularly
with respect to the vascular findings [27-29]. Capillary and vascular
changes were not initially studied in COVID-19 pathology but have since
become a focal point for many studies [30]. As new information con-
tinues to be published on the structural effects of COVID-19 on the
microscale lung, it is apparent that the viral infection induces tissue and
cellular level changes that affect the dynamic function of the lung
(Fig. 3).

Before looking at the specific damage induced by COVID-19 infection
it is important to look at how the SARS-CoV-2 virus enters the cells. It is
believed that SARS-CoV-2 enters the cells through the angiotensin
converting enzyme 2 (ACE2) receptor after activation of the spike
domain by transmembrane serine protease 2 (TMPRSS2) [31]. SARS-
CoV-2 not only shows high binding affinity for ACE2 but may also be
cleaved by the protease furin which in turn activates cell surface re-
ceptors, such as neuropilins, particularly Natriuretic Peptide Receptor 1
(NRP1), enhancing infectivity when co-expressed with ACE2 [32-34].
ACE2 is present on alveolar epithelial cells as well as endothelial cells of
the alveolar capillaries. This is supported by findings of the virus in type
I and II pneumocytes and endothelial cells [35-38]. Viral RNA and
capsid proteins are found colocalized with ACE2 receptors in tissues
[39]. When the virus infects these cells, it is thought to damage the cells
through direct viral impact and induce a host immune response causing
further damage (Fig. 3). Higher viral loads are found in patients that
died earlier in disease course and the virus is found in early stages of
DAD while absent in later stages [35-38,40]. With the virus more
prevalent in earlier stages of disease, the initial damage may be due to
direct viral impact with later and continued damage due to the host
immune response although this is hard to determine [36,41]. Many
methods used to detect the virus in lung tissue rely on fresh tissue
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Fig. 2. Flow diagram of study selection.

samples for examination, but a recent study has detected and sequenced
the SARS-CoV-2 virus from formalin-fixed tissue samples allowing for
viral detection and sequencing of previously studied samples to better
track the virus [42].

Due to the ability for the virus to induce direct and indirect damage,
the disease severity is dependent on the degree of damage to the alveoli,
particularly the epithelium, microthrombi and other vascular effects
that cause capillary damage [25,41,43-46]. Current findings allow for
preliminary understanding of how the microlevel changes of the alveoli
affect the mechanics of the tissues in COVID-19 lungs.

3.2. Alveolar airspace deterioration

Within the alveoli of the lung, the SARS-CoV-2 virus is able to
directly infect the type I and type II epithelial cells that line the alveolar
wall. Infection leads to cell death with loss of the epithelial layer as well
as DAD which can be triggered by the innate immune response that is
activated by viral infection. The alveolar airspace can also be disrupted
by capillary damage that causes fluid accumulation due to capillary leak
and intra-alveolar hemorrhage [47,48]. Recent reviews of COVID-19
histopathology studies have found DAD as the main finding in the
lung and similar to DAD of other etiologies [23,49,50]. DAD typically
progresses through stages, the early acute or exudative phase, the pro-
liferative or organizing phase, and less often the fibrotic phase [51]. The
exudative and proliferative phases have the greatest impact on the
alveolar space. The phases of DAD can be characterized by specific
histopathology findings but there is often overlap of findings between
phases [51]. Exudative DAD is characterized by hyaline membranes that
normally appear early in infection [52]. Other typical findings in the
acute phase are interstitial and alveolar edema, capillary congestion and
microthrombi, inflammatory cell infiltrates, scattered fibroblasts,

thickening of the alveolar septa, denudation of the alveolar epithelium
and type II hyperplasia within a few days of infection [53]. The orga-
nizing phase occurs about a week later and is characterized by prolif-
eration of fibroblasts in septa and alveolar spaces to begin tissue repair
through organization of edema, disappearance of hyaline membranes,
and atypia of pneumocytes [51,53]. Thromboemboli can also be seen in
capillaries and pulmonary vessels. The organizing phase can progress
into the fibrotic stage after about 3 to 4 weeks [53].

The most robust data on histopathology of the COVID-19 lung has
come from postmortem biopsy and autopsy studies that have findings of
heterogeneously distributed DAD in various stages [35,45,54] . These
studies give insight into disease progression with relation to viral
infection and damage to the alveoli [36,38]. Most studies find DAD in
acute, organizing, or combination of acute and organizing stages with
more severe findings after longer disease course
[24,25,27,36,38,48,55]. Acute DAD was seen early in disease course
typically within first 10 days of disease course [38,56]. An autopsy study
on the first 12 deaths in a Hamburg hospital found acute DAD in 8 pa-
tients with prominent hyaline membranes, activated pneumocytes,
capillary congestion, and protein-enriched edema [43]. Another large
study of 20 patients found 14 with acute DAD and foci of organization
[28]. Studies of smaller cohorts have also found acute DAD with little to
no organization [26,42,57]. Organizing DAD begins to show up a week
to 10 days after symptom onset and rarely within a few days of symp-
toms which may be due to subclinical phase or rapid disease progression
[22,25,36,38]. A case report of a patient with unusual disease progres-
sion showed predominantly organizing DAD with intra-alveolar fibrin
and fibroblastic tissue with type II hyperplasia and alveolar inflamma-
tion [58]. Other studies have also reported patients that show predom-
inantly DAD in organizing phase [28,59]. Organizing DAD can also
begin to show areas of loose interstitial fibrosis along with intra-alveolar
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Fig. 3. SARS-CoV-2 infection induces alveolar level changes in the lung. The pulmonary alveolus is lined with type I and type II epithelial cells and surrounded by a
meshwork of capillaries to facilitate gas exchange. As the healthy alveolus (left) becomes infected with the SARS-CoV-2 virus (right) damage occurs to the alveolar
tissues and capillaries. The alveolar damage leads to build-up of debris and fluid inside the alveolus, affecting gas exchange function (images adapted and sourced

from shutterstock.com).

fibrin and inflammatory infiltrates [60]. Few studies have been able to
study the early effects of COVID-19 or effects of the disease not
complicated by medical treatment, reporting similar microscale struc-
tural changes to those of patient cohorts with various comorbidities,
medical treatments, and prolonged disease courses [61-66].

Along with findings indicative of DAD, intra-alveolar hemorrhage
was also observed in COVID-19 patients [22,48,59,62,66-70]. Infiltra-
tion of the alveolar space with inflammatory cells as well as neutrophils,
megakaryocytes, macrophages, extracellular matrix components, and
other cells that disrupt function were also observed [22,25,43,71,72].
Neutrophils and NETs in the COVID-19 lung can occlude peripheral
airways [73]. While most findings were that of typical DAD, acute
fibrinous and organizing pneumonia (AFOP) was also seen in some
studies which is thought to be a less studied and less well understood
variant of DAD. In AFOP, fibrin balls form in the alveolar spaces instead
of hyaline membranes which can block airflow into the alveoli
[53,54,67,70,74,75]. A study of postmortem biopsies of 6 COVID-19
patients found 5 patients that died around 20 days after disease onset
showed AFOP with fibrin balls in alveolar spaces, fibroblasts

surrounding intra-alveolar fibrin with lymphocytes and type II hyper-
plasia along with loose connective tissue in alveolar ducts [29]. Fibrin
balls can occlude airspaces while fibrin in the alveolar spaces can
contribute to hyaline membrane formation, thickening the septa for gas
exchange and to early granulation tissue organization that contributes to
fibrosis [53,74]. The changes found in DAD and other types of alveolar
damage in COVID-19 lungs are often accompanied by and lead to gas
exchange function loss or severe impairment. This is seen in regions of
alveolar collapse, atelectatic regions, and loss of airspace [66,69,76,77].
In addition to the primary viral infection by SARS-CoV-2, secondary
infections such as bronchopneumonia and aspergillosis are seen in pa-
tients with longer durations of disease. It is important to distinguish
findings of COVID-19 from those of secondary infections to determine
the true impact of COVID-19 [24,44,68,75,78]. DAD can be further
aggravated by these secondary infections as well as mechanical venti-
lation making it difficult to determine the extent of damage explicitly
due to the virus.

Impact of DAD on microscale lung mechanics: DAD and other
damage affect the tissue mechanics of the alveoli, thus impeding gas
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exchange function. Damage to the alveoli can cause an increase of the
alveolar surface tension and the local forces surrounding areas of injury.
The structural alveolar changes of DAD in COVID-19 are similar to those
of DAD of other etiologies thus, previous studies of lung injury with DAD
give valuable insight into mechanical effects of COVID-19 alveolar
damage. Mechanical ventilation is also a factor in micromechanical
changes in the lungs of COVID-19 patients. COVID-19 patients requiring
mechanical ventilation may show higher incidence of secondary infec-
tion, as well as longer use of mechanical ventilation and increased
incidence of ARDS compared to mechanically ventilated patients with
influenza pneumonia or no viral infection [79]. Much of the damage that
occurs in acute and organizing DAD, as seen in CARDS as well as typical
ARDS, directly affects the function of the alveolar space through
dysfunction of surfactant, alveolar edema, and atelectatic regions. As
surfactant functions to regulate surface tension in alveoli, the loss or
dysfunction of surfactant can increase surface tension, altering the
compliance and increasing stress in the surrounding alveoli [6]. The loss
of type II alveolar epithelial cells in COVID-19 leads to loss of surfactant
regulation and production [80]. Although due to limited studies on the
early pathogenesis of COVID-19, it is difficult to determine the cause of
surfactant disruption. Loss of type I and type II epithelial cells allow the
alveoli to become flooded with edema, blood, and cellular debris as ion
channels regulating fluid in the alveoli are lost or impaired leading to
further degradation of the surfactant layer and epithelial cells [6,80,81].
The surfactant can also be degraded by reactive oxygen species from the
interstitial side. When surfactant is lost, the surface tension in the
alveolar sacs is no longer regulated to protect against overdistention and
further damage can occur.

With increase in surface tension in the alveolus, edema, hemorrhage,
and atelectatic regions act as stiff regions that show little to no expan-
sion with breathing which increases stress in surrounding alveoli [6,82].
Any occlusion of airspace, such as the fibrin balls in AFOP or neutrophil
extracellular traps (NETs), can block airflow and act as stiff regions in
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otherwise homogenous lung. Just as fibrin balls can block alveolar
airflow, NET formation can also restrict airflow from reaching periph-
eral airways as seen in infections caused by other respiratory viruses
[83]. When alveoli become occluded with fluid due to edema and
hemorrhage, the size of the alveoli decreases resulting in smaller surface
area for gas exchange [6]. As the flooded alveolus decreases in size, the
surrounding alveoli increase in volume and forces on the alveolar walls
increase thus increasing the stress surrounding the foci of injury
(Fig. 4B). It is not the flooding of the alveolus that affects the compliance
of the region but rather the subsequent increase in stress of the sur-
rounding area [82]. The continued increase in stress of the surrounding
area due to mechanical ventilation may lead to further damage and
increase the size of the injured area [84]. When surface tension is
increased, the forces on the alveolar septa are increased which can cause
injury and microatelectasis due to ventilation, often from mechanical
ventilation but can also occur with spontaneous breathing [6,85,86]. As
lung injury progresses, more alveoli are damaged leading to loss of
aerated and recruitable alveoli and a decrease in lung compliance [82].
If the alveolar damage of COVID-19 continues to progress and is not
correctly regulated, DAD can progress from the organizing phase to
fibrotic remodeling.

3.3. Fibrotic remodeling

Organizing DAD sometimes progresses to the fibrotic stage leading to
thickening of the alveolar tissues and stiffening due to fibrosis. Before
deposits of mature collagen are present in the alveoli, the alveolar septa
thicken with fibroblast proliferation. Within the thickened walls of the
alveoli the connective tissue begins to organize, there is interstitial
inflammation with loose fibrosis and interstitial infiltrates and staining
techniques show changes in collagen and elastin fiber content
[27,36,38,60,63,66]. Organization leads to the final stage of fibrosis if
repair of the epithelium is disorganized, there is repeated injury, or
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is increased to 15 cmH,O0 there is greater difference in inflation between aerated and flooded alveoli (Reprinted with permission of the American Thoracic Society.
Copyright © 2020 American Thoracic Society. All rights reserved. Perlman et al. [131]. The American Journal of Respiratory Cell and Molecular Biology is an official
journal of the American Thoracic Society [131]). II.) Areas of flooded alveoli may act as stress concentrators increasing stress in septa of surrounding alveoli. When
alveoli become flooded and decrease in size, the forces on the walls of neighboring alveoli (radiating septum) increases leading to concentrated areas of increased
stress in the lung (adapted from open access [6]). III.) As edema formation impacts the ability of surfactant to control surface tension in multiple focal areas of the
lung, global lung function can become affected. The reduction in surface tension control at the microscale can cause a shift in the pressure-volume curve, as shown in
silico modeling studies. The graph shows the sigmoid-shaped pressure-volume relationship for a block of 1241 alveoli computed for four different surfactant levels
where Payy, Ppr, Vi, and Vi are the alveolar pressure, pleural pressure, total alveolar volume and total alveolar volume when all collagen and elastin fibers are at rest
respectively. The computer model shows that as the amount of surfactant in the lung increases, the volume of alveoli at a fixed pressure increases as well (used with
permission from [125]).
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initial injury is severe [52,87].

Interstitial inflammation seen in COVID-19 shows the presence of
neutrophils in acute DAD and chronic inflammatory infiltrates including
lymphocytes and macrophages along with proliferating connective tis-
sue [38]. The immune mechanism underlying the interstitial inflam-
mation seen in COVID-19 seems to share many similarities to that of
macrophage-activation syndrome with presence of helper CD4+ and
cytotoxic CD8+ T lymphocytes [38,88-90]. Of particular interest is the
role of regulatory T-cells, which are a subset of CD4+ T lymphocytes and
have been shown to be involved in the maintenance of immune ho-
meostasis and immunological self-tolerance. For example, a study by
Ichikawa et al. [91] reported that in the inflamed lung, low integrin
alpha E (CD103) expression by lung tissue-resident CD4+ T lymphocytes
may define their pathogenic effector subpopulation promoting fibrotic
response through production of interleukin 5 (IL-5) and interleukin 13
(IL-13). In contrast, it was shown that high CD103 expression can define
the immunosuppressive tissue-resident cell subpopulation limiting
fibrotic responses. These two functionally distinct CD4+ T cell pop-
ulations thus may play a critical role in controlling alveolar fibrosis [91].
Readers interested in more detailed discussion of the role of T-cells in
fibrosis are referred to a recent review by Zhang and Zhang [92].

The fibrotic phase is the most severe phase and leads to increased
fibrotic tissue that impairs alveolar function and has been seen in some
patients that died of COVID-19 [37,54,75,93]. A study by Y. Li et al. [94]
used a minimally invasive autopsy technique utilizing ultrasound-
guided postmortem core biopsies to look at the lungs of 30 patients
and examine the progression of COVID-19 to the fibrotic stage. They
found 12 patients with fibrosing DAD that was often in combination
with other stages of DAD. The fibrosing DAD had dense interstitial
fibrous tissue with collagen fibers as well as collagen duct fibrosis and
collagen deposition in alveolar walls. Patients with fibrosing DAD not
only had longer durations of illness but were also younger than those
with less severe DAD [94]. Other studies using biopsy techniques have
also found fibrosis in COVID-19 patients. In two samples by postmortem
cryobiopsy, Barisione et al. [95] found late stage fibrosis with loss of the
alveolar structure, honeycombing with structural remodeling with
mature collagen and remaining alveoli with slit-like appearance. Aiolfi
et al. [96] also studied biopsy samples from two patients antemortem
that underwent thorascopies that showed alveolar damage with inter-
stitial fibrosis and stained positive for collagen IV with immunohisto-
chemistry staining. A study comparing patients with COVID-19, ARDS of
other etiologies, pneumonia, influenza, and healthy lungs found more
collagen type I in patients with lung pathologies with the most being
seen in COVID-19 [97]. In one study, researchers used orcein and
Masson trichrome staining to visualize the changes in collagen and
elastin fibers, finding loss of fiber network in the alveolar walls with
increase in reticulin (collagen III) fibers, in a patient that died after
about 10 days of symptoms [66]. Further research is needed to better
characterize the progression of alterations of collagen and elastin fibers
in COVID-19. While damage in the lungs can be due to direct viral insult,
the damage may continue after clearance of the virus from the tissues
[36,38,76]. This was seen in the autopsy of a patient that died of pul-
monary fibrosis after clearance of COVID-19 [98]. Some studies have
looked at factors, other than DAD, that may contribute to the progres-
sion to fibrosis such as increased numbers of pulmonary megakaryocytes
and endothelial to mesenchymal cell transition [99,100]. It is worth
noting fibrosis is not specific to DAD, therefore it is important to account
for health history of patients as it can be caused by other agents such as
age, emphysema, and other previous exposures [45,55,70].

Impact of fibrotic remodeling on microscale lung mechanics:
The progression from septal thickening to fibrosis in the COVID-19 lung
not only affects ventilation-perfusion but also stiffens the alveolar tissue
further inhibiting gas exchange. Septal thickening with fibroblasts and
connective tissue as seen in COVID-19, increases the barrier membrane
thickness for gas exchange and affects the ability of gases to diffuse
across it [9]. This is detailed in the capillary damage section below. It is
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important for there to be tight regulation of fibroblast proliferation and
apoptosis, as fibroblasts function to lay down new matrix for healing
which can also progress into fibrosis [101]. While increased collagen
content increases the stiffness of the tissues, the interactions between
collagen, elastin, and other extracellular matrix constituents also impact
the mechanical properties of the alveolar tissues [7]. The collagen and
elastin networks likely intermingle leading to behavior more complex
than the properties of each fiber type. The stiffening of the tissues due to
changes in fiber interactions and distribution in alveolar walls can cause
contraction leading to increased strain on surrounding tissues, similar to
the effects of other injury such as microatelectases [85]. Proteoglycans
surrounding the connective tissue fibers may also affect tissue properties
through osmolarity-dependent interactions, stabilizing the fiber
network and influencing the ability of the collagen to fold and stretch
under mechanical loading [21]. In the COVID-19 injured lung, the os-
molarity of the interstitium could be altered by the accumulation of fluid
from edema, capillary leak, and hemorrhage. Animal models of lung
injury progressing to fibrosis have shown that there is relatively little
change in the elastin content of the tissues but that increased collagen
content can lead to changes in mechanical properties that affect the
inflation of the alveoli such as increased elastance, resistance and hys-
teresivity [102]. Along with direct impact to the tissues, COVID-19 also
affects the capillaries within the alveolar septa.

3.4. Capillary damage

While DAD of other etiologies is known to cause damage to the
alveolar tissues accompanied by microthrombi in the alveolar capil-
laries, it is thought that vascular injury plays a greater role in COVID-19
disease progression than other lung injuries leading to ARDS [103].
Thromboinflammation and other vascular damage may contribute to the
vascular injury seen in COVID-19 [104]. The co-localization of throm-
bosis with inflammation, termed thromboinflammation, in COVID-19
lung injury can lead to endothelial damage [105]. Endothelial and
vascular damage can also arise from direct effects from the virus
invading the cells through ACE2 receptors leading to perivascular
inflammation and possible endothelial to mesenchymal transition dis-
rupting the basement membrane [99,106]. A common histopathological
finding in the alveolar capillaries of COVID-19 patients is capillary
congestion [55,69]. A biopsy study of 10 patients showed no capillary
microthrombi but areas of vascular congestion and hemorrhage were
present [27]. Another autopsy study of 12 patients found microthrombi
in small arteries and capillaries showed congestion leading to the belief
that while patients died of pulmonary effects, coagulopathy is a common
complication in COVID-19 [43]. In an autopsy study of 14 patients,
capillary congestion was seen in areas of acute DAD. The study also
identified 5 types of pulmonary thrombi within the cohort including
capillary microthrombi, partially organized thrombi in mid-sized ar-
teries with complete occlusion, non-organized thrombi in mid-sized
arteries that did not completely occlude vessel, bone marrow emboli,
and septic pulmonary thromboemboli, with the most common being
capillary microthrombi in 11 of the 14 patients [44].

There is still some debate as to whether the incidence of micro-
thrombi is greater in COVID-19 than in DAD of other etiologies, with
some believing there is no difference [28,36,49], while others believe
there is an increase in microthrombi and vascular changes in COVID-19
[25,35,40,45,65,70,96,107-110]. Regardless of frequency, micro-
thrombi may contribute to disease progression, with alveolar and
interstitial inflammation, and are often seen despite use of anticoagu-
lants and are not always found in conjunction with areas of DAD
[35,88]. In a study that looked at 34 tissue samples from 16 patients, two
immunopathological phenotypes were found based on interferon stim-
ulated gene (ISG) expression. The low ISG group is thought to be
indicative of later disease progression and has higher frequency of T and
B lymphocytes as well as thromboembolic events or disseminated
intravascular coagulation (DIC) when compared to the high ISG group
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[48]. ISG expression, such as interferon gamma-induced protein 10
(IP10), is associated with affecting the integrity of capillary endothelium
through intra-alveolar hemorrhage as well as promoting lymphocyte
adhesion to the endothelium [48,111]. Chemokines associated with
compromised endothelial integrity were also found in the low ISG group
[48]. Expression of proinflammatory cytokines in COVID-19 can lead to
capillary damage. For example, increased release of tumor necrosis
factor alpha (TNF-a) has been associated with viral binding of ACE2
[112]. The local release of TNF-a can impact vascular permeability
while its global release can lead to DIC [113]. Readers interested in more
detailed discussion of the gene expression and cytokine release in
COVID-19 are referred to the recent reviews by Fung and Liu and Gus-
tine and Jones [89,113]. Despite the use of anticoagulation drugs,
microthrombi were found during autopsy of 10 COVID-19 patients
where electron microscopy showed deposition of fibrin within the cap-
illaries [68]. This study also found that DAD was less pronounced in
patients that had microthrombi which was also seen in other studies
[114]. Based on these findings, it is believed that the microthrombi are
part of a COVID-19 associated coagulopathy and not typical DAD find-
ings. A possible link to vascular damage is the finding of amyloidosis in
COVID-19 patients [68,78]. Stepping beyond the traditional 2D view of
histopathology, Li G. et al. used 3D images from high-resolution cleared
tissue microscopy to gain a deeper look at autopsy findings. This allowed
for visualization of the fibrin deposition and clot formation in COVID-19
further supporting the role of microangiopathy in pathogenesis of
COVID-19 [115].

In addition to microangiopathy and microthrombi, endothelial
damage in COVID-19 has been found to lead to angiogenesis [93,116].
In an in depth study by Ackermann and colleagues, autopsy findings
from seven COVID-19 patients were compared with findings from HIN1
patients to study the vascular effects of COVID-19 [107]. They found
that not only were capillary microthrombi nine times more likely in
COVID-19 than HIN1 but that angiogenesis is also 2.7 times as likely
with findings of structurally deformed capillaries and intussusceptive
angiogenesis. To further explore these findings of angiogenesis, using
samples previously studied by [68], Eckermann and colleagues used 3D
images based on phase contrast x-ray tomography to visualize features
of the samples in a more realistic fashion, allowing for the observation of
vessel branching and the connection of hyaline membranes to the vessel
wall. Others have also used pulmonary angiography and dual-energy
computed tomography (CT) to study the perfusion of pulmonary ves-
sels of COVID-19 patients [117]. The findings of impaired perfusion are
suggestive of widespread pulmonary angiopathy and thrombosis in
COVID-19 with the tree-in-bud pattern seen in CT images as a possible
marker for immunothrombosis and angiogenesis seen at the microscale.

Along with thrombosis and direct injury to the capillaries, neutro-
phils may also play a role in vascular occlusion and clot formation.
Neutrophils are found in capillaries of COVID-19 patients and can play a
role in capillary damage through the formation of NETs with more NETs
in CARDS than ARDS [37,45,73,110,118]. NETs are found to contribute
to vascular occlusion in COVID-19 patients as clots in capillaries of the
alveolar septa are high in neutrophils and exhibit nearby endothelial
damage of the vessels wall [118]. A large study of 38 patients studying
the immunothrombosis of COVID-19 found that microthrombi of
platelets, fibrinogen, and neutrophils and increased NET formation were
found in a larger percentage in COVID-19 lungs when compared to 24
non-COVID-19 control patients which is thought to lead to immuno-
thrombosis in COVID-19 [110]. It is thought that neutrophils generate
excess reactive oxygen species (ROS) leading to further lung damage,
thrombosis, blood cell dysfunction, and systemic inflammatory response
[47]. Other capillary components may contribute to pathogenesis and
coagulopathy in COVID-19 such as pericyte damage, increased mega-
karyocytes, and damage to endothelial glycocalyx with increased hya-
luronan [37,70,71,100,109,119,120].

Impact of capillary damage on microscale lung mechanics: Some
studies have hinted that the damage to the alveolar capillaries
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contributes to poor oxygenation and decreased diffusion capacity
[47,69,109,117,121]. Capillary effects of COVID-19 directly relate to
the mechanics involved in alveolar expansion and blood flow in the
alveolar capillaries. Comparisons of COVID-19 with similar viruses such
as SARS and MERS show similar disease progression between the three
but with increased vascular effects in COVID-19 [121]. There is het-
erogeneity in findings of vascular effects of COVID-19 but when
observed, these findings at the alveolar level lead to poor oxygenation
and decreased diffusion capacity.

It is necessary to continue to study the vascular effects of COVID-19
to gain a deeper understanding of the effects on the function of the
alveoli and gas exchange particularly ventilation-perfusion mismatch
and dynamics of blood flow. While the capillary structure does not
contribute much to the stiffness of alveolar wall, the thickness of the
alveolar-capillary barrier and mechanics of blood flow affect efficiency
of gas-exchange, leading to hypoxia [9]. Diffusion of gases between the
alveolar airspace and capillary blood is directly dependent on barrier
thickness. When the endothelium is injured, as is seen in COVID-19,
aerocytes become damaged and are regenerated by gCap cells during
repair. When edema forms in the interstitium, liquid first accumulates in
the thick portions of the alveolar septum to protect the thin areas and
preserve gas exchange function [122]. As edema fluid continues to
accumulate, it disrupts the thin portions and increases the barrier
thickness for decreased diffusion [9]. Septal thickening also occurs with
buildup of fibroblasts and deposition of collagen within the interstitial
space as well as build-up of hyaline membranes and cellular debris
within the alveolar space [36,94]. Congestion within the capillary with
NETs and microthrombi disrupt perfusion and subsequently the ability
of gases to diffuse across the barrier membrane. Optimization of venti-
lation and perfusion in the healthy lung allows for optimized gas ex-
change and is dependent on the amount of capillaries and the
distribution of erythrocytes within the capillaries. When capillaries
become occluded, as is seen in COVID-19, there is ventilation without
perfusion, contributing to dead space in the lung [9]. This damage can
lead to capillary hemorrhage which affects blood flow and decreases gas
exchange. Animal studies have shown hemorrhage decreases the capil-
lary surface area and reduces oxygen diffusion capacity [123]. Hemor-
rhage of capillaries and capillary leak allow for capillary contents to
spread into the alveoli causing flooding of the airspace and interstitium.
In this way, the damage to the capillaries, alveolar airspace, and alveolar
walls are all connected and lead to progression of the others. Just as the
microscale components of damage in COVID-19 are connected to one
another, the microscale mechanical changes directly impact the function
and dynamics of the lung at macroscale.

3.5. Importance of microlevel mechanical changes on whole lung
dynamics

The microlevel changes seen in the COVID-19 lung at the alveolar
level affect the function of the lung at macroscale through the formation
of stress concentrators leading to heterogeneous ventilation of the
alveoli [10,124]. Stress concentrators are areas of focal lung injury that
can cause excessive and potentially harmful mechanical loading in the
surrounding tissues (Fig. 4). Surfactant dysfunction, alveolar collapse,
intra-alveolar edema, lung inflammation, and focal fibrotic remodeling
all act as stress concentrators within the lung [11,82]. Stress concen-
trators are found in the COVID-19 lung at different stages of disease
progression and can be found in mechanically ventilated lungs as well as
due to self-inflicted lung injury [2]. These stress concentrators can alter
mechanics and may become a trigger for injury progression (Fig. 4) [11].
Fig. 4 shows how flooding of the alveoli at the microlevel can lead to
increased stress in septa of alveoli adjacent to areas of injury. As alveoli
become flooded and decrease in size, the forces on the walls of neigh-
boring alveoli increase leading to concentrated areas of increased stress
in the lung. The microscale surface tension effects from loss of surfactant
function with edema affect the P-V curve at the macroscale. Fig. 4 Part
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III., shows how lung compliance, determined by the slope of the P-V
curve, decreases with a reduction in surfactant amount as shown by
mathematical and in silico models. Fibrotic remodeling of the alveolar
walls, as seen in COVID-19, would also affect the overall compliance of
the lung [125]. Changes in overall compliance affect the ability of the
lung to carry out gas exchange. This review has used the current liter-
ature on tissue level changes to assess the micromechanics of the COVID-
19 lung. Previous studies have focused on the macroscale findings of the
lung in COVID-19 patients [126-130]. Here, a brief look at the
connection between microscale and macroscale is given as the micro-
structure of the lung largely determines whole lung dynamics.

Lung injury, including COVID-19, is often found with spatial het-
erogeneity where focal regions throughout the lung show damage sur-
rounded by areas of seemingly healthy tissue [38]. These stress
concentrators act as stiff regions that do not exhibit normal inflation
during ventilation causing increased stress in neighboring, healthy
alveoli (Fig. 4 Part IL.). This increased stretch can lead to progression of
injury in surrounding tissues. In this way, injured regions are thought to
percolate and join together forming larger areas of injury, so what be-
gins as few small areas of injury can quickly become a large area of
injury affecting global lung function [5]. Fig. 4 illustrates how edema in
the alveoli can increase stress in surrounding tissues, increasing the size
of injured areas, and possibly percolating the areas of injury to induce
changes seen at the macrolevel. This percolation could be a possible
mechanism for seemingly rapid disease progression and can also be used
to link microscale to macroscale as these larger areas of injury are visible
on CT scans. COVID-19 studies have looked at macroscale images of the
lung to characterize the microscale structural changes based on these
larger areas of injury. Ultrasound findings of COVID-19 were able to
characterize the progressive changes in pulmonary structure based off
comparison of histology to ultrasound findings in a letter by Almeida
Monteiro [132]. Another study looked at chronology of changes in the
lung and related morphological changes seen in postmortem cryobiopsy
samples correlation of histology to CT imagery findings [95].

These focal areas of damage, visualized in CT and ultrasound im-
agery in the lung lead to hypoxia through mismatch of ventilation and
perfusion and decreased diffusion capacity [9,133]. When this hypoxia
becomes severe, as is seen in severe cases of COVID-19, mechanical
ventilation is often needed. Although mechanical ventilation is used to
support patient respiration, it can cause hyperinflation of gas exchange
units and further progression of lung injury through what is called
ventilatory induced lung injury (VILI) [81]. Hyperinflation or over-
distension of non-injured lung tissue occurs in areas surrounding the
injury sites (Fig. 4) [6]. The injured area of the lung also exhibit reduced
compliance, this then leads to reduced compliance of the whole lung
[134]. The ability of mechanical ventilation to induce further injury and
affect lung mechanics highlights the importance of using optimized
ventilator settings to decrease VILI [82]. Adjusting ventilator settings to
lower surface tension in the alveoli may decrease the septal stresses and
reduce VILI, although hidden microatelectases in injured lungs may
increase the probability of VILI even at safe mechanical ventilation
settings [6,85]. Currently, there is not enough information from
macroscale imaging to understand the mechanical changes that affect
breathing and there is still a need to better understand the connection
between the microscale damage and macroscale effects in the COVID-19
lung.

Differences are seen in the microscale examination of COVID-19 lung
tissue compared to DAD of other etiologies, specifically the capillaries.
At macroscale there have also been differences seen in the dynamics of
the lung in the presentation of CARDS compared to ARDS of other eti-
ologies as ARDS is the macroscale equivalent to DAD. Better under-
standing of these differences can lead to optimized treatment of COVID-
19 including mechanical ventilation. Gattinoni and colleagues have
proposed two different phenotypes in COVID-19 at the macroscale that
account for the difference in disease progression seen in CARDS
compared to those of a typical ARDS of other etiologies [2]. These
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phenotypes are based on a type L in which patients show near normal
lung compliance with hypoxemia and a later type H that is similar to
severe ARDS, both requiring different treatments including different
mechanical ventilation protocols. It is hypothesized that the macroscale
type L phenotype is due to the microscale vascular changes that occur in
COVID-19 not decrease in lung volume, which could explain the “happy
hypoxia” seen in some patients [2]. Studies have begun to look at these
macroscale phenotypes in light of microscale damage and changes in
COVID-19 lungs. An autopsy study of 6 patients found 1 patient corre-
lated to the type L phenotype and died early in disease progression while
the other 5 presented with type H phenotype and AFOP was the prom-
inent histopathology finding along with vascular injury [29]. A study
using dual-energy CT found that abnormal perfusion and vascular dys-
regulation in COVID-19 may not only be found in the early L phenotype
as previously predicted [117]. These findings further support that
COVID-19 is different than ARDS. Others have used CT images of
COVID-19 patients to divide CARDS into three phenotypes: 1) multiple,
focal, over perfused ground-glass opacities, 2) inhomogeneously
distributed atelectatic regions, and 3) patchy ARDS-like pattern [128].
Further research is needed to understand possible phenotypes of COVID-
19 that are seen through progression of the disease.

Another model that has been used to previously explain ARDS is the
“baby lung” and it also seems to present differently in COVID-19
alongside the various phenotypes [135]. The “baby lung” is the
concept that patients with ARDS have a decrease in the amount of
aerated lung tissue reducing their lung to the size of a young child. It is
believed that COVID-19 begins as a typical adult lung then transitions
into a “baby lung” due to disease progression and possible exacerbation
from improper mechanical ventilation. With COVID-19, it is important
to look at not only the repeated high levels of stress and strain on the
epithelial cells of the lung but also the endothelial cells [135]. The ef-
fects of COVID-19 on the lung structure and function has led clinicians to
recommend personalized mechanical ventilation strategies as the
macroscale mechanics are too heterogeneous to use ARDS protocols
[128,129,136].

There are hypotheses into how the pathological changes of the
COVID-19 lung lead to the different changes in function at the macro-
scale but visualization of these microscale changes in vivo is challenging
due to inadequate imaging resolution and lack of validated testing
protocols. Use of in silico modeling and simulation techniques could
allow for visualization of lung micromechanics to better understand
functional changes in COVID-19 [137,138]. There is currently great
variation in procedures used in postmortem studies of COVID-19 pa-
thology and in order to make better comparisons between studies,
standardized procedures and classification systems would be beneficial
[139,140].

4. Conclusion

COVID-19 has highlighted the need to fully understand novel disease
states, as they may initially present similar to previous diseases but later
be found to induce damage specific to the virus that calls for different
treatment methods. Fig. 5 provides an overview of the changes occur-
ring in the COVID-19 lung with respect to different compartments of the
alveolus and the interdependency of these changes in affecting lung
micromechanics.

As more information comes to light on the pathophysiology of
COVID-19, therapeutics and supplements can be implemented and
tested to treat COVID-19 and decrease the severity of the disease as
outlined by Morris et al. [141]. The ability of mesenchymal stem cells to
modulate the immune response and repair damage to lungs make it a
possible contender as a therapeutic for COVID-19 [142]. For treatment
methods to be effective, the microscale mechanics must be considered to
effectively treat patients without inducing further harm such as VILI. As
this review focuses on microscale mechanics at the tissue level, future
studies should also go deeper to look at the cellular lung mechanics,
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Fig. 5. When the alveoli of the lung become infected with COVID-19, damage occurs that disrupts the alveolar airspace, interstitium and capillaries. Pathological
findings that occur within each compartment of the alveoli are summarized. The pathological changes in each compartment disrupt the mechanical behavior of the
alveoli which can induce further damage to neighboring areas. In this way, the impacts of COVID-19 on the airspace, interstitium, and capillaries are interconnected
and lead to progression of one another (image adapted and sourced from shutterstock.com).

since structural changes that occur in the tissues induce changes to the
niche of alveolar cells, imposing mechanical stress to the cells. Increased
stress on the cells and strained cellular niches could lend to the pul-
monary fibrosis seen in COVID-19 as fibrosis can be due to improper
repair which is carried out by the cells [143]. Moving forward, it will be
important to continue to study the tissue level changes occurring in the
COVID-19 lung as well as the induced morphological changes in the
alveolar cells. Recently, morphological changes have been viewed with
light microscopy and 3D electron microscopy in the endoplasmic retic-
ulum, mitochondria, Golgi apparatus, and cytoskeletal elements of
SARS-COV-2 infected cells [144]. Such morphological and structural
changes may contribute to viral replication and cell function affecting
cellular mechanics within the alveolar niche [143,144]. Repair of the
lung after injury is dependent on numerous factors including age and
comorbidities as studies have found that near normal pulmonary func-
tion after ARDS can be regained within a year but there may be other
lasting effects [9,101,145]. Overall, understanding the micromechanics
of the COVID-19 induced lung damage can shed light on the effects of
disease on the pulmonary ventilation dynamics and can provide mech-
anistic insights into optimized treatment options.
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Appendix 1
PubMed:

("Coronavirus Infections"[Mesh] AND "Pandemics"[Mesh]) OR "se-
vere acute respiratory syndrome coronavirus 2" [Supplementary
Concept] OR "COVID-19" [Supplementary Concept] OR "severe acute
respiratory syndrome coronavirus 2"[tiab] OR "ncov"[tiab] OR "2019
ncov'"[tiab] OR "covid 19"[tiab] OR "sars cov 2"[tiab] OR (("coronavir-
us'[tiab] OR '"cov"[tiab]) AND 2019/11/01:3000/12/31[Date -
Publication])

AND ("Lung"[Mesh] OR Lung[tiab] OR Lungs[tiab] OR Alveol*[tiab]
OR Pulmonary/[tiab])

AND

(Biomechanics[tiab] OR Biomechanical[tiab] OR Mechanics[tiab]
OR Dynamics[tiab] OR Stress[tiab] OR Strain[tiab] OR Histopathologic
[tiab] OR Histopathological[tiab] OR Histopathology[tiab] OR Histo-
logic[tiab] OR Morphologic[tiab] OR Morphology[tiab] OR morpho-
logical[tiab] OR Pathophysiologic[tiab] OR Pathophysiology[tiab] OR
Pathophysiological[tiab] OR Physiopathology[tiab] OR Physiopatho-
logic[tiab] OR Physiopathological[tiab] OR Model[tiab] OR Models
[tiab] OR Modeling[tiab])

Scopus:

( TITLE-ABS-KEY ( "severe acute respiratory syndrome coronavirus
2" OR "ncov" OR "2019 ncov" OR "covid 19" OR "sars cov 2" ) )

AND

( TITLE-ABS-KEY ( lung OR lungs OR alveol* OR pulmonary ) )

AND

( TITLE-ABS-KEY ( biomechanics OR biomechanical OR mechanics
OR dynamics OR stress OR strain OR histopathologic OR histopatho-
logical OR histopathology OR histologic OR morphologic OR
morphology OR morphological OR pathophysiologic OR pathophysi-
ology OR pathophysiological OR physiopathology OR physiopathologic
OR physiopathological OR model OR models OR modeling ) ) AND (
TITLE-ABS-KEY ( lung OR lungs OR alveol* OR pulmonary ) )

BioRxiv:

("sars-cov2" OR "covid-19" OR '"sars-cov-2" OR "covid-19") AND
(alveoli) AND (histopathology OR biomechanic OR model)
Note: search run using the Advanced Search.
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