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Abstract— In this paper, Computed Tomography (CT) images of six confirmed COVID-19 patients were analyzed in order to investigate
the physiological abnormalities in the vascular tree in response to the disease-induced hypoxia. The CT images were classified into an
L-type and H-type groups based on the cumulative voxel distribution of the CT scan. A 3-Dimentional model of the vascular tree was
reconstructed out of each CT image following a computational framework. Then, the Cross-Sectional Area (CSA) of the vessels
belonging to each vascular tree was computed. The acquired results were compared against averaged measurements of three healthy
subjects that were computed following the same approach. The results showed that as the severity of COVID-19 lean towards H-type
phenotype, signs of vasoconstriction in small blood vessels with a CSA less than 10 mm? tend to decreases, whereas signs of vasodilation
in medium to large blood vessels increases. The intensity of dilated blood vessels proximal to consolidated areas of the lung was found
to increase significantly as the disease progresses in the lungs. Furthermore, signs of vasoconstriction and vasodilation in the vascular
tree were observed in all lobes of the lung in both phenotypes including seemingly healthy lobes. The results in this paper are suggestive
of intrapulmonary blood flow shunting towards unaerated areas of the lungs which may lead to a ventilation/perfusion mismatch even
at minor cases of COVID-19. The results also suggest that subject-specific regulated use of vasodilating medication may reduce the
number of cases that require mechanical ventilation.
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in several cases, the resultant pulmonary hypoxia is associated
I. INTRODUCTION with near-normal respiratory system compliance [5]-[8].

Coronavirus disease 2019 (COVID-19) is the outbreak of Such an interesting combination of characteristics indicates
pneumonia caused by a novel coronavirus officially named Lhat a!veolar' dama%e' lmay not be the malnIDcaluse O,f the
the severe acute respiratory syndrome coronavirus 2 (SARS- ypoxic respiratory farlure seen in some COVID-19 patients.
CoV-2) [1]. This virus was initially discovered in Wuhan, In contrast, many studies suggest.that the f ormation of
Hubei province, China, in December 2019 [2]. It seems to be pulm.onary micr ovascular thrombpsw, as an inflammatory
a very contagious virus that has rapidly spread globally, reaf:tlon followmg the a!veolar viral damage, could be the
causing a significant global health pandemic [3]. By mid-July F;]mE Irgiison behind the high number of deaths by COVID-19
2020, data from the World Health Organization (WHO) el . .
reveal that more than thirteen million people worldwide are Gattinoni e.t al. ,[5] hypotheglzed that.COVID-19 patients
diagnosed with the disease, and the fatality rate has exceeded could be classified into two main categories (phenotypes), the
the 4.3 % margin L-type and the H-type patients. The L-type COVID-19 is

Although this disease satisfies the 2012 Berlin Definition usually seen at the early stages of the disease, where lung

of Acute Respiratory Distress Syndrome (ARDS) [4], many compliance is almost normal. Nonetheless, low ventilation to
emerging studies suggest that COVID-19 has its uniq’ue and perfusion (Va/Q) ratio with low lung weight is often observed

peculiar phenotypes requiring further investigation. Severe in th{) 5¢ [()iatientsfl indicgting thﬁt a dysﬁan](ition of the Ib];o?d
hypoxic respiratory failure is the main feature of this disease. supply induces the respiratory hypoxia in L-type COVID-19

However, what characterizes it from a typical ARDS is that, to the oxyg.enated alveoli rat.her than alveolar damage.
Conversely, in the H-type patients, inflammatory exudate
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builds up inside the alveoli, along with the thickening of the
alveolar and the wvascular wall is observed. This is
accompanied by a high lung elastance, a typical scenario of
severe ARDS [13]. Thus, those two types of COVID-19
phenotypes may occur separately, or they may progress from
one type to another. It is, therefore, extremely essential to
improve our understanding of the differences in the
pathophysiology between those two phenotypes for enhanced
treatment and better mechanical ventilation management
protocols.

It is generally believed that, in common bacterial and viral
pneumonia patients, two types of lung vascular abnormalities
are observed. Initially, the body's immune system expands
(vasodilates) the vascular blood vessels near the infected
alveoli to increase the vascular permeability to those areas,
which may eventually lead to alveolar edema and proteinosis
[14]. When the body detects severe alveolar hypoxia, the lung
attempts to physiologically redirect the unoxygenated blood
in the arteries to better-aerated alveoli to optimize the VaA/Q
ratio. This is done by constricting the small intrapulmonary
arteries near the hypoxic alveoli, which causes an increase in
resistance to the blood flowing towards those areas in a
physiological phenomenon known as hypoxic pulmonary
vasoconstriction (HPV) [15].

The reported vascular abnormality response in COVID-19
patients is also not consistent with that of a typical ARDS. For
example, Lang et al. [16] noticed in dual-energy CT scans of
12 COVID-19 patients severe perfusion abnormalities caused
by blood shunting toward areas where gas exchange is
impaired due to vasodilating the blood vessels predominately
within, or surrounding, areas of lung opacities. Furthermore,
an autopsy study performed by Tian et al. [17] also observed

severe vascular congestion in early-phase COVID-19 patients.

In addition, an ongoing study involving more than 500
COVID-19 patients performed by the functional respiratory
imaging (FRI) company Fluidda [18] showed that the virus is
resulting in severe vasoconstriction of small capillaries in the
lung, and vasodilators delivered to the lung is a recommended
therapy. However, studies like [6], [7], [19] suggest that loss
of hypoxic pulmonary vasoconstriction is the main cause of
impaired regulation of pulmonary blood flow in L-type
patients of COVID-19, which results in the severe Va/Q
mismatch. Thus, the physiological vascular abnormality
response to COVID-19 is controversial and requires further
investigation.

In this paper, CT scans of confirmed L-type and H-type
COVID-19 patients are used to analyze the physiological
vascular tree abnormality response to the disease compared to
those of healthy subjects. The contribution of this paper is that
it enhances our understanding of the physiological differences
between the two main types of COVID-19 pneumonia.
Furthermore, it provides an estimate of the physiological
abnormality response to the virus in the vascular tree at
different severity stages of the disease, which may improve
the clinical management of patients at the hospitals.

II. MATERIAL AND METHODS.

A. Analysis of Vascular Abnormalities Overview

Mashreq University Research Ethics Committee approved
this study. Fig 1 illustrates a flowchart of the main steps
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adopted to analyze the vascular abnormalities caused in
response to COVID-19 infection. The approach utilizes data
from thoracic CT images of healthy and diseased subjects.
The CT images of the COVID-19 subjects are classified into
L-type and H-type subject groups based on the cumulative
voxel distribution of the CT scan. Then, an image processing
approach was implemented for the segmentation and the 3-
Dimensional (3D) reconstruction of the vascular tree out of
each CT image. The cross-sectional area (CSA) of the
generated blood vessels is then computed as the sectional
surface area normal to the blood vessel centerline.

CT image acquisition of healthy and
COVID-19 subjects

v

Classification of COVID-19 CT images into
L-Type and H-Type subject groups

v

Segmentation & 3D reconstruction of the
vascular tree out of each CT image

v

Generation of a centreline for each 3D model
of the vascular tree

v

Computation of the CSA of the vascular tree
as the sectional surface normal to the
centerline

v

Analysis of the lung cumulative measurements
of the vascular tree CSA of each phenotype of
COVID-19 in comparison to the averaged
measurements of the heathy subjects

v

Analysis of the correlation between the
intensity of the radiographical signs of
COVID-19 and vascular abnormalities in
individual lobes

v

Analysis of the spatial distribution of vascular
abnormalities caused by COVID-19 infection

Fig. 1 The general approach adopted to analyze the vascular tree
abnormalities caused by COVID-19 phenotypes.

[ /

The analysis of the acquired results was performed in three
main stages. Firstly, the cumulative measurements of the
cross-sectional area of the pulmonary blood vessels of the
entire lung acquired from the L-type and H-type COVID-19
subject groups were evaluated concerning the averaged
measurements of the healthy subject group. Then, the changes
in CSA of the blood vessels within the individual lobes
because of COVID-19 infection was analyzed. This was done
to evaluate the correlation between the intensity distribution



of COVID-19 radiographical signs on CT images and the
vascular abnormality caused in response to each phenotype of
the disease. Finally, the spatial distribution of the CSA of the
blood vessel surrounding the opacities and consolidation
caused by COVID-19 in each subject group was analyzed to
evaluate the phenomena of intrapulmonary blood flow
shunting towards areas of the lung where gas exchange is
reduced, causing ventilation/perfusion mismatch.

B. CT Scans Acquisition

Nine CT images are used in this study. Six of which are
confirmed positive COVID-19 patients obtained from the
public datasets available at [20]. The remaining three CT
images were acquired from healthy subjects with no known
history of smoking or chronic pulmonary disease. Table |
outlines the general information of each CT image along with
its acquisition parameters. As shown in Fig. 2, the CT images
of the COVID-19 patients were classified into L-type and H-
type COVID-19 groups based on the cumulative voxel
distribution of the CT scan as described in [5].
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Fig. 2 The cumulative distribution of the Hounsfield units

As a result, each COVID-19 group contained three CT
images labeled from 1 to 3 based on the severity of the
observed radiographical signs of the disease, where case CL-
3 and case CH-3 are the most severely affected cases the L-
type and the H-type group, respectively.

It is important to note that CT imaging of COVID-19
patients illustrates some spatial radiographical signs of the
disease, including, but not limited to, Ground Glass Opacities
(GGOs) sometimes associated with air space consolidation
[21]-[23]. However, similar features are also seen in CT scans
of typical pneumonia patients, and hence, CT scanning is not
recommended to be used for the diagnosis of COVID-19 [24].

C. Computation of the Blood Vessels Cross-Sectional Area

Fig. 3 illustrates the main steps adopted to compute the
vascular tree's Cross-Sectional Area (CSA) in each case. First,
a 3-Dimensional (3D) model of the pulmonary vascular tree
was reconstructed out of each CT image dataset following the
methodology described in [25]. Briefly, a Gaussian 3D filter
(radius =1) was applied to the image slices using the open-
source software ImageJ] (NIH, Bethesda, Maryland, USA) in
order to reduce the noise in the images (Fig. 3(a). Then, a 3D
mask of the lung parenchyma was generated by inserting a

Cumulative Number of Voxels (%)

TABLEI
CT IMAGES PARAMETERS
Case Gender  Pixel KvP Slice Pitch
ID Size Thickness
(mm) (mm)
COVID-19 (L-Type)
CL-1 Male 0.69 120 1 1.125
CL-2 Male 0.69 120 1 1.25
CL-3 Male 0.76 120 1.5 1.075
COVID-19 (H-Type)
CH-1 Male 0.68 120 1 1.075
CH-2 Male 0.68 120 1.5 1.075
CH-3 Male 0.74 120 1.5 1.075
Non-COVID-19
H-1 Male 0.68 120 1.25 1.075
H-2 Male 0.64 120 1.25 1.075
H-3 Male 0.64 120 1.25 1.075
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of the CT images of the L-type (left) and H-Type (right) patients
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seed within the lung volume using the 3D Toolkit in ImageJ
(Fig. 3(b)). The 3D Dilate and the 3D Erode functions, also
available within the 3D toolkit of ImagelJ, were then applied
to the generated masks to fill the missing voxels and smooth
the boundaries. The generated lung masks were then added to
their originating images using the image calculator tool in
ImageJ (Fig. 3(c)).

Furthermore, an enhanced contrast function was applied
for better segmentation results. Finally, the tubeless filter [26]
was applied to the processed images in order to extract the
pulmonary vascular tree from its surroundings by examining
the connectivity between the pixels within the images dataset
based on the eigenvalues of the Hessian matrix (Fig. 3(d)).
The resulting images were then imported into the open-source
medical image processing software 3D Slicer V4.10.2 for the
3D reconstruction process of the vascular tree (Fig. 3(¢)).

The generated 3D models were cleaned up manually to
remove any leakage resulting from image blurring or the
presence of consolidation due to the viral infection in the CT
images of the COVID-19 patients. The blood vessels
belonging to each lung lobe were then, separated and a
centerline was generated for each set of blood vessels, as
shown in Fig. 3(f). Finally, the CSA was computed as the



sectional surface area normal to the points constructing the
generated centerline of the vascular tree.

CT Scan Stack

(a) The application of the
Gaussian filter

(b) Generation of the lung
volume mask

S

(c) Suppression of the mask on
the original image

(d) The application of the
Tubness filter

(e) 3D reconstruction of the
vascular tree

(f) Generation of the centreline

(g) Computation of CSA as the
area of the sectional surface
normal to the centerline

Fig. 3 The computational framework to estimate the Cross-Sectional Area
(CSA) of the vascular tree.

III. RESULTS AND DISCUSSION

A. Analysis of the Total Lung Vascular Tree

The cumulative distribution of the CSA of the vascular tree
acquired from the CT images of the COVID-19 patients was
compared to the averaged value of those of the healthy
patients as shown in Fig. 4. The averaged values of the CSA
of the healthy subjects were computed with a correlation
coefficient of 0.98+0.01. It can be noticed clearly that in all
types of COVID-19 cases, the highest discrepancies are
observed in the small blood vessels with a CSA of 10 mm? or
less. However, medium to large blood vessels is affected
significantly only in H-type cases.

An increase of up to 11.5% in the volume of the blood
vessels with a CSA less than five mm? was observed in L-type
patients. This is a sign of severe vasoconstriction in such
small blood vessels. As the severity of COVID-19 leans
towards the H-type phenotype, signs of vasoconstriction in
such small blood vessels seem to decrease. In the most severe
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L-type case (CL-3), the volume of the small blood vessels
with a CSA less than 5 mm? decreased by 30%, whereas the
volume of the blood vessels with a CSA range of 5-10 mm?
increased by 4.7%. Similar observations can be made in the
results of the least severe H-type patient (CH-1). This is a
significant indicator of a severe mismatch in the blood vessels'
cross-sectional area, which may cause blood flow shunting. In
intermediate to severe H-type patients, the volume of the
small blood vessels with a CSA less than 10 mm? decreased
by 13-30%, whereas an increase of up to 33.5 % was observed
in the volume of the blood vessels with a CSA larger than 20
mm? in those cases.
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Fig. 4 The cumulative measurements of the cross-sectional area of the
pulmonary blood vessels acquired from the L-type and H-type COVID-19
patients in comparison to the averaged measurements of the healthy subjects.

It could be clearly seen from Fig 4 that the CSA of the small
and large blood vessels are severely affected in COVID-19.
No signs of significant vasodilation were observed in minor
to intermediate cases of L-type patients. However, signs of
severe vasoconstriction in small blood vessels in the same
subject group were present. In contrast, signs of severe
vasodilation were observed in H-type patients, whereas the
results of the same subject group showed no signs of severe
vasoconstriction. In transitional cases (i.e., cases that could be
classified as either L-type or H-type) a significant mismatch
in the small blood vessels with a CSA less than 10 mm? was
observed.

B. Analysis of the Vascular Tree of Individual Lobes

1) L-Type Patients: Similar to the common types of
pneumonia, COVID-19 infection may affect a single lobe, or
it may spread throughout the lung tissue. All L-type cases
examined in this study were found to be single lobe infected
patients, where ground-glass opacities (GGOs) were observed
in a single lobe, and the other pulmonary lobes did not
illustrate any radiographical signs of COVID-19. Nonetheless,
significant discrepancies were observed in the CSA
measurements of the blood vessels belonging to those
seemingly uninfected lobes compared to the averaged
measurements of the blood vessels of the healthy subjects. For
example, signs of GGOs and consolidation were observed
only at the Left Lower Lobe (LLL) of Case CL-1. However,
the volume of the blood vessels with a CSA less than 5 mm?
was increased by 20.4% at the Right Lower Lobe (RLL) of
CL-1, as shown in Fig 5. indicating severe vasoconstriction
within that seemingly healthy lobe. Although not significant,
signs of vasodilation were also not limited to the infected
lobes. Similar observations could be made on the results of



case CL-2 and CL-3. Only the Right Lower Lobe (RLL)
seems to be infected in those two cases. Nevertheless,

significant discrepancies can be seen in the CSA
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measurements of the blood vessels belonging to all lobes of
the lung compared to the healthy subject reference
measurements.
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Fig. 5 Measurements of the Cross-Sectional Area (CSA) of the blood vessels within the Left Lower Lobe (LLL) and the Right Lower Lobe (RLL) of the L-type
COVID-19 patients in comparison to the averaged measurements of the healthy subjects.

Therefore, the results indicate that, even though a single
lobe might be infected by COVID-19 pneumonia, signs of
vasoconstriction and vasodilation are present in other
uninfected lobes. This might also cause a blood flow shunting
towards less oxygenated tissues that lead to severe hypoxia
even though radiographical signs of COVID-19 are less
present in such types of cases. The results also suggest that
signs of vasoconstriction decrease, and signs of vasodilation
increases as the diseases progresses in the lungs

2) H-Type Patients: All H-type subjects examined in this
study showed radiographical signs of COVID-19 distributed
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on all the pulmonary lobes. However, some lung zones were
more infected than others. For example, the CT images of case
CH-1 showed more predominant signs of COVID-19 at the
upper and middle lung zones. Nonetheless, signs of vascular
abnormalities were observed on the CSA measurements of the
blood vessels belonging to the five lobes. However, similar
to L-type patients, the results of the lower lobes showed more
vascular abnormalities compared to the upper lobes of the
lungs, as shown in Fig. 6.
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Fig. 6 Measurements of the Cross-Sectional Area (CSA) of the blood vessels within the Left Lower Lobe (LLL) and the Right Lower Lobe (RLL) of the L-type
COVID-19 patients in comparison to the averaged measurements of the healthy subjects.

Additionally, it is interesting to note that the volume of the
blood vessels with a CSA less than 5 mm? decreases as the
signs of COVID-19 increase in this type of patient. This
indicates that vasoconstriction may not be as intense in H-type
COVID-19 patients as in the L-type patients. However, signs
of vasodilation are more prominent in H-type patients' results
than the L-type ones, and such signs increase as the severity
of the infection intensifies in the lung. This is mainly due to
the physiological inflammatory response of the lung to the
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viral infection. Thus, blood flow shunting towards
unoxygenated areas of the lung is also present in the H-type
COVID-19 patients

C. Spatial Distribution of Vascular Abnormalities

Fig 7 illustrates the spatial distribution of the CSA of the
blood vessel surrounding the opacities and consolidation
caused by COVID-19 in a sagittal view. The illustrated results
were acquired from cases CL-1, CH-1, and CH-3. It could be



seen that the blood vessels tend to dilate proximal to lung
opacity and consolidation. The intensity of such vasodilation
increases dramatically as the area of the lung opacity and
consolidation increases. On the other hand, signs of
vasoconstriction proximal to lung opacity and consolidation
were less observed in the results of CH-1 and CH-3 compared
to that of CL-1, whereas the intensity of the small blood
vessels (CSA < 5 mm?) peripheral to the area of lung opacity
and consolidation seems to decrease as the diseases progress
in the lungs. This indicates that the lung physiological
hypoxic vasoconstriction response tends to be dysfunctional
in severe COVID-19 cases.

CSA ‘ ] I

2
(mm?) o 5 10 15 20 25 30 35 40

Fig. 7 Spatial visualization of vascular abnormalities in COVID-19 patients.
(a) Case CL-1, (b) Case CH-1, and (c) Case CH-3. The long red arrows
indicate the corresponding spatial location of COVID-19 radiographical signs.
Orange arrowheads indicate small blood

Furthermore, the observed differences in blood vessels
cross-sectional area surrounding the opacities and
consolidation increase intrapulmonary blood flow shunting
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towards areas of the lung where gas exchange is reduced,
causing ventilation/perfusion mismatch even at minor cases
of COVID-19. Therefore, vasodilator medications at early
stages of COVID-19 pneumonia might reduce the number of
patients requiring mechanical ventilation.

D. Study Limitations

The results shown in this study indicate that small blood
vessels with a CSA less than 5 mm? experience significant
vasoconstriction, particularly at L-type patients. However, the
presented results are limited by the relatively low CT image
resolution, which does not allow the 3D reconstruction and
analysis of the small blood vessels (arteries and veins) with a
CSA less than the CT image pixel size (0.64 - 0.76 mm?).
Such volume of small blood vessels is estimated to represent
more than 5% of the total volume of the vascular tree in
healthy subjects [27]. Therefore, an imaging modality with a
higher resolution, such as dual-CT, may provide more refined
results of vascular tree abnormalities in COVID-19. In
addition, areas of opacities and consolidation in CT images
may prevent the 3D reconstruction of the blood vessels
located within. Therefore, the presented results are not a
precise representation of the true volume of the vascular tree.
Finally, although the examined subjects represent various
severity cases of COVID-19, the number of the examined
subjects has to increase in future studies for more reliable
outcomes.

IV. CONCLUSION

Despite sharing the same etiology (SARS-CoV-2), the
physiological response to COVID-19 infection may differ
dramatically from one patient to another. The findings in this
study are strong indications that COVID-19 infection causes
dysfunction to the physiological vascular abnormality
response to typical hypoxia. However, such dysfunction may
vary depending on the phenotype of the disease. In L-type
COVID-19 patients, where lung compliance is almost normal,
the blood vessel proximal to consolidated areas of the lungs
were vasodilated, whereas signs of vasoconstriction were
observed in small blood vessels of other seemingly healthy
zones of the lung. Such vascular abnormalities may cause
pressure difference, which leads to a blood flow shunting
towards tissues of the lung where gas exchange is impaired.
This explains the reason behind the ventilation/perfusion
mismatch that may occur even in minor cases of COVID-19.
In H-type patients, the edema tends to build up, and lung gas
volume decreases as in a typical ARDS infection. Although
signs of vasoconstriction were less present in this subject
group, signs of vasodilation were significantly prominent, and
the intensity of such signs increases as the severity of the
edema intensifies in the lungs. This configuration abnormality
in the vascular tree will also superimpose a pressure
difference that causes blood flow shunting towards less
oxygenated tissues of the lungs.

Although the number of the investigated subjects is small,
the vascular abnormality response to COVID-19 was found to
be subject-specific depending on the severity of the infection.
Hence, it may not be sufficient to classify the disease
spectrum into two main broad phenotypes for treatment and
mechanical ventilation protocols. The results in this study also



support the hypothesis that using vasodilated medications at
early stages may improve the ventilation/perfusion ratio and,

hence, reduce the number of patients requiring ICU admission.
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