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Since December 2019, infection by novel coronavi-
rus severe acute respiratory syndrome coronavirus 2 

has erupted into a global pandemic, with more than 2.3 
million reported cases worldwide to date (1). The paren-
chymal imaging findings of coronavirus disease 2019 
(COVID-19) pneumonia have been well described, 
including multifocal peripheral ground-glass opacities 
with or without consolidation (2–5). However, these 
findings are not specific and can be seen in various oth-
er diseases, including other viral pneumonias, atypical 
bacterial pneumonia, drug toxicity, eosinophilic pneu-
monia, or cryptogenic organizing pneumonia (3,6–8).

Progression to acute respiratory distress syndrome 
(ARDS) has been reported in 20% of COVID-19 
pneumonia cases and in up to 41% of patients who 
are hospitalized (9). However, some patients requiring 
intubation have relatively preserved lung compliance, 
suggesting involvement of other processes in addition 
to parenchymal damage. Recent studies have proposed 
that loss of perfusion regulation and loss of normal 
physiologic hypoxic vasoconstriction contribute to the 
hypoxemia seen in patients with COVID-19 (10,11). 

In addition, there has been increasing concern for hy-
percoagulability and pulmonary embolism (PE) in pa-
tients with COVID-19, with a few concordant autopsy 
studies reporting findings of pulmonary microthrombi 
(12–17). Finally, regional and diffuse pulmonary vas-
cular pathology has also been suggested, including 
conditions mimicking high-altitude pulmonary edema 
(18). Consistent with vascular pathology playing an 
important role in the pathophysiology of COVID-19 
pneumonia, prior reports did note a high prevalence 
of vessel enlargement and thickening within areas of 
pulmonary parenchymal opacity in patients with CO-
VID-19 (2,4,5). However, to our knowledge, a de-
tailed investigation of pulmonary vascular findings at 
CT is lacking in the literature.

Recently, we observed perfusion abnormalities in 
several patients with COVID-19 infection who under-
went dual energy CT (DECT) imaging for suspicion 
of PE (19). These perfusion changes further support 
an underlying vascular pathology, but systematic in-
vestigation of its manifestation in COVID-19 pneu-
monia has not been described. Our goal was to assess 
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Purpose: To investigate pulmonary vascular abnormalities at CT pulmonary angiography (CT-PE) in patients with coronavirus disease 
2019 (COVID-19) pneumonia.

Materials and Methods: In this retrospective study, 48 patients with reverse-transcription polymerase chain reaction–confirmed 
COVID-19 infection who had undergone CT-PE between March 23 and April 6, 2020, in a large urban health care system were 
included. Patient demographics and clinical data were collected through the electronic medical record system. Twenty-five patients 
underwent dual-energy CT (DECT) as part of the standard CT-PE protocol at a subset of the hospitals. Two thoracic radiologists in-
dependently assessed all studies. Disagreement in assessment was resolved by consensus discussion with a third thoracic radiologist.

Results: Of the 48 patients, 45 patients required admission, with 18 admitted to the intensive care unit, and 13 requiring intubation. 
Seven patients (15%) were found to have pulmonary emboli. Dilated vessels were seen in 41 cases (85%), with 38 (78%) and 27 
(55%) cases demonstrating vessel enlargement within and outside of lung opacities, respectively. Dilated distal vessels extending to the 
pleura and fissures were seen in 40 cases (82%) and 30 cases (61%), respectively. At DECT, mosaic perfusion pattern was observed in 
24 cases (96%), regional hyperemia overlapping with areas of pulmonary opacities or immediately surrounding the opacities were seen 
in 13 cases (52%), opacities associated with corresponding oligemia were seen in 24 cases (96%), and hyperemic halo was seen in 9 
cases (36%).

Conclusion: Pulmonary vascular abnormalities such as vessel enlargement and regional mosaic perfusion patterns are common in 
COVID-19 pneumonia. Perfusion abnormalities are also frequently observed at DECT in COVID-19 pneumonia and may suggest an 
underlying vascular process.
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Patient demographics, date of admission, comorbidities, clini-
cal course, and laboratory findings were retrospectively col-
lected through our electronic medical record system.

pulmonary vascular findings at CT, including the preva-
lence of PE in our cohort, abnormalities of pulmonary ves-
sels, and mosaic attenuation. In addition, we used DECT, 
available on a subset of our scanners, to obtain pulmonary 
blood volume images and assess lung perfusion patterns in 
COVID-19 pneumonia.

Materials and Methods

Study Design and Setting
This retrospective study was performed at the Partners 
Healthcare system, a large, quaternary academic medical 
center. This study was approved by the institutional review 
board with a waiver of informed consent, and patient pri-
vacy was ensured in compliance with the Health Care Infor-
mation Portability and Accountability Act. All procedures 
and practices were in accordance with the Declaration of 
Helsinki.

Study Cohort
Between March 23 and April 6, 2020, 353 CT pulmonary 
angiography (CT-PE) studies were completed across the Part-
ners Healthcare system for patients in an inpatient or emer-
gency department setting. Of these patients, 51 had a posi-
tive reverse-transcription polymerase chain reaction (RT-PCR) 
analysis for COVID-19 infection via nasopharyngeal swab at 
any point during their stay in the hospital or emergency de-
partment and were included in this retrospective study. The 
time range between the RT-PCR test and CT-PE study was 0 
to 14 days, with RT-PCR always performed on the same day or 
preceding the CT-PE study. Three patients with nondiagnostic 
CT-PE studies were excluded from the study due to excessive 
motion. The remaining 48 patients were included in this study. 

Abbreviations
ACR = American College of Radiology, ARDS = acute respiratory 
distress syndrome, COVID-19 = coronavirus disease 2019, CT-PE 
= CT pulmonary angiography, DECT = dual-energy CT, IQR = 
interquartile range, PE = pulmonary embolism, RSNA = Radiologi-
cal Society of North America, RT-PCR = reverse-transcription poly-
merase chain reaction, STR = Society of Thoracic Radiology

Summary
Pulmonary vessels and perfusion are frequently abnormal in corona-
virus disease 2019 (COVID-19) pneumonia and may point to a key 
role of pulmonary vascular pathology and hypoxemia in COVID-19.

Key Points
 n Medium-to-small vessel dilatation is highly prevalent in corona-

virus disease 2019 (COVID-19) pneumonia, is not confined to 
areas of diseased lung, and often involves subpleural vessels, sug-
gesting a diffuse vascular process.

 n Perfusion abnormalities are common features of COVID-19 pneu-
monia, including mosaic perfusion, focal hyperemia in a subset 
of pulmonary opacities, focal oligemia associated with a subset of 
peripheral opacities, and rim of increased perfusion around an area 
of low perfusion (“hyperemic halo” sign).

 n Dual-energy CT pulmonary angiography provides insight on the 
vascular manifestations of COVID-19 pneumonia.

Table 1: Summary of Patient Characteristics

Characteristic Patients (n = 48)

Mean age 6 SD (y) 58 6 19
Sex
 Male 25 (52)
 Female 23 (48)
Ethnicity
 White 26 (54)
 African American 6 (13)
 Hispanic 12 (25)
 Other 4 (8)
Presenting symptoms
 Fever 29 (60)
 Chills 12 (25)
 Myalgia 14 (29)
 Cough 34 (71)
 Shortness of breath 28 (58)
 Chest pain 12 (25)
 Anosmia 4 (8)
 Hemoptysis 1 (2)
 GI symptoms 13 (27)
 Fatigue 17 (35)
 Cognitive change 5 (10)
Comorbidities
 Current smoker 0 (0)
 Ex-smoker 12 (25)
 Hypertension 23 (48)
 Diabetes 9 (19)
 Obesity 21 (44)
 Heart failure 5 (10)
 COPD 2 (4)
 History of malignancy 11 (23)
 History of DVT or PE 6 (13)
 Recent surgery 1 (2)
Oxygenation requirement
 Nasal cannula 35 (73)
 Intubation 13 (27)
Current clinical status
 Admitted 45 (94)
 ICU 18 (38)
 Discharged 14 (29)
 Deceased 2 (4)

Note.—Unless otherwise noted, data are numbers of patients, 
with percentages in parentheses. COPD = chronic obstruc-
tive pulmonary disease, DVT = deep venous thrombosis, GI 
= gastrointestinal, ICU = intensive care unit, PE = pulmonary 
embolus, SD = standard deviation.
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gists were blinded to the original radiology report 
and to clinical and laboratory findings.

All studies were evaluated for presence of ground-
glass or consolidative opacities, predominant dis-
tribution of opacities (peripheral–distal 1/3 of the 
lung, central–central 2/3 of the lung, or diffuse). 
Each lobe was also graded quantitatively on a sever-
ity score for opacities ranging from 0 to 4 (0 = none, 
1 = 1%–25%, 2 = 26%–50%, 3 = 51%–75%, 4 = 
76%–100%), and a total severity score was calculated 
by summing the scores of all 5 lobes.

The images were categorized on the basis of the 
Radiological Society of North America (RSNA)/So-
ciety of Thoracic Radiology (STR)/American College 
of Radiology (ACR) reporting guidelines, as either 
having “no evidence of pneumonia,” an “atypical ap-
pearance,” an “indeterminate appearance,” or a “typi-
cal appearance” for COVID-19 pneumonia (20). 
Briefly, these guidelines note that a “typical appear-
ance” is characterized by having any of the following, 
including peripheral bilateral ground-glass opacities 
with or without consolidation or intralobular lines, 
multifocal ground-glass opacity with rounded mor-
phology with or without consolidation, or a reverse 
halo sign. “Indeterminate findings” were defined as 
having the absence of typical features, and any of the 
following features, including: presence of ground-
glass opacities with or without consolidation in a 
nonrounded morphology that can be in a nonperiph-
eral, perihilar, or diffuse distribution. In addition, 
cases with a few small ground-glass opacities with a 

nonrounded morphology and nonperipheral distribution con-
stituted indeterminate findings per the RSNA reporting guide-
lines. Further, an atypical appearance was defined as the absence 
of typical or indeterminate features, with presence of either lobar 
or segmental consolidation without ground-glass opacities. Ad-
ditional findings, including discrete centrilobular nodules, lung 
cavitation, or smooth interlobular septal thickening with pleural 
effusion, were also categorized as features of atypical appearance. 
If there were no CT findings to suggest pneumonia, the CT scan 
was assigned the category of “negative for pneumonia.”

CT-PE Study Findings
All CT-PE images were evaluated for presence of PE and pul-
monary infarct (such as wedge-shaped ground-glass opacities), 
main pulmonary artery diameter, and evidence of right heart 
strain (right ventricle–to–left ventricle short axis . 1) (21). 
Additional parameters recorded at CT lung window (2500 to 
1000 Hounsfield units) include presence of reverse halo sign, 
presence of septal thickening, emphysema, centrilobular nod-
ules, or bronchial wall thickening. In addition, radiologists 
evaluated the pulmonary vasculature specifically for the fol-
lowing signs: vessel enlargement within areas of parenchymal 
opacity, vessel enlargement outside of opacities, dilated distal 
subsegmental vessels touching pleura or fissures, and mosaic at-
tenuation pattern (areas of more lucent/oligemic lung adjacent 

CT Image Acquisition
All images were obtained with patient in the supine position 
using one of the following CT systems: Discovery CT750 
HD (GE Healthcare, Milwaukee, Wis), Revolution Frontier 
(GE Healthcare), SOMATOM Definition Flash (Siemens 
Healthineers, Erlangen, Germany), SOMATOM Definition 
AS (Siemens Healthineers), SOMATOM Force (Siemens 
Healthineers), and Aquilion ONE (Toshiba, Tokyo, Japan). 
The main scanning parameters were: tube voltage, 140 kVp 
(plus 80 kVP for dual energy); matrix, 512 3 512; slice 
thickness, 1.25 mm; field of view, 440 mm 3 440 mm. CT 
imaging was not used for screening or primary diagnosis 
of COVID-19 at our institution but was used to assess po-
tential complications or help guide clinical management in 
difficult cases.

Lung Parenchymal Findings
CT-PE images for all patients were retrospectively and inde-
pendently analyzed by two thoracic radiologists (B.P.L. and 
D.P.M., 11 years and 2 years of thoracic imaging subspecialty 
experience) using standard picture archiving and communica-
tion system viewing software and standard viewing windows. 
Disagreement in CT scoring and categorization of CT patterns 
was resolved by consensus discussion with a third thoracic radi-
ologist (E.J.F., 7 years of subspecialty experience). All radiolo-

Table 2: Pulmonary Opacities at Chest CT

Finding Patients (n = 48)

Opacities
 Ground glass 44 (92)
 Consolidation 35 (73)
  Distribution
   Central 5 (11)
   Peripheral 27 (61)
   Diffuse 12 (27)
Lobar severity score (range: 0–3)
 Right upper 1.6
 Right middle 1.3
 Right lower 2
 Left upper 1.7
 Left lower 1.9
Averaged total lung severity score (range: 0–15) 8.3 6 4.6*
RSNA/STR/ACR category
 Typical 27 (56)
 Indeterminate 11 (23)
 Atypical 6 (13)
 Negative for pneumonia 4 (8)

Note.—Unless otherwise noted, data are numbers of patients, with percentages 
in parentheses. ACR = American College of Radiology, RSNA = Radiological 
Society of North America, STR = Society of Thoracic Radiology.
*Mean 6 standard deviation.
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the date of last follow-up, 14 patients were discharged (29%), 
and two patients who required intubation were deceased (4%).

Consistent with previous reports, the most common features 
seen at chest CT of patients with COVID-19 are multilobar 
ground-glass opacities with or without consolidation in a pre-
dominantly peripheral distribution (Table 2); of note, the distri-
bution was assessed in 44 cases, as four studies were categorized 
as negative for pneumonia without evidence of opacity. The 
average severity scores of individual lobes are listed in Table 2 
and were significantly different between the lobes (P = .03), with 
both lower lobes having a higher average severity score (average 
left lower lobe severity score of 1.9 of 3, and average right lower 
lobe severity score 2 of 3) than the other lobes (range 1.3–1.7 of 
3) (Table 2). On the basis of the RSNA/STR/ACR consensus 
guidelines, the findings were classified as typical in 56% of cases, 

to areas of diseased lung) in areas of the lung outside of the 
pulmonary opacities. Vessel enlargement was defined as 
vessel diameter larger than expected for the point within 
the vascular tree, characterized by: (a) vessel diameter 
larger than that in adjacent portions of nondiseased lung, 
(b) vessel diameter larger than that in comparable regions 
of nondiseased contralateral lung, or (c) focal dilatation 
or nontapering of vessels as they course toward the lung 
periphery.

DECT Technique and Findings
DECT was performed on 25 patients. These images were 
qualitatively assessed for mosaic perfusion (areas of hetero-
geneity on the pulmonary blood volume images with al-
ternating relatively higher and lower perfusion), focal hy-
peremia (areas of relative increase in perfusion compared 
with background lung), focal oligemia (areas of relative 
decrease in perfusion compared with background lung), 
and presence or absence of a rim of increased perfusion 
around an area of low perfusion (compared with back-
ground lung) corresponding to a parenchymal opacity–a 
“hyperemic halo” sign.

Statistical Analysis
Normally distributed data were presented as mean 6 
standard deviation, nonnormally distributed data as me-
dian (interquartile range [IQR]), and categorical variables 
as frequency (%). CIs of proportions were calculated. 
Spearman r correlation coefficients were used for correla-
tion between variables, and k interrater variable was used 
for statistical analysis of normally distributed data pre-
sented as mean 6 standard deviation, nonnormally dis-
tributed data as median (IQR), and categorical variables 
as frequency (%). Spearman rank correlation was used to 
evaluate nonparametric, nonlinear data, and Pearson cor-
relation was used to evaluate continuous normally distrib-
uted data. P value less than .05 was considered statistically 
significant. Statistical analysis was performed using Prism 
(Graphpad, San Diego, Calif ), RStudio (RStudio, Boston, 
Mass), and Stata (Stata, College Station, Tex).

Results
A total of 48 patients were included in this retrospective study. 
The average age was 58 years 6 19, and 23 patients (48%) were 
women (Table 1). The most common manifesting symptoms 
included cough (71%), fever (60%), and shortness of breath 
(58%). Hypertension (48%), obesity (44%), history of malig-
nancy (23%), and diabetes (19%) were the four most preva-
lent comorbidities. No patients had prior liver disease. Only 
two (4%) patients had a pre-existing pulmonary condition of 
chronic obstructive pulmonary disease. Six (13%) patients had 
a history of PE. Forty-five patients (94%) required admission, 
with 18 patients (38%) requiring admission to the intensive 
care unit. Thirty-five patients (73%) required nasal cannula to 
maintain oxygen saturation above 90% during admission, with 
13 (27%) of these patients eventually requiring intubation. At 

Table 3: Vascular and Perfusion Findings

Finding Patients 

Pulmonary angiogram finding (n = 48)
 Positive for pulmonary emboli 7 (15)
  Multilobar 6 (13)
  Pulmonary infarcts 3 (6)
  Right heart strain 1 (2)
  Number of patients in the ICU 2 (4)
  No. of patients intubated or deceased 0 (0)
  No. of patients with risk factors 4 (8)
   History of arrhythmia 2 (4)
   History of malignancy 4 (8)
   History of PE or DVT 2 (4)
   Recent surgery 0 (0)
 D-dimer (ng/mL)
  Positive for PE 6136 6 3951
  Negative for PE 3653 6 1439
 Dilated main pulmonary artery 8 (17)
 Vessel enlargement 41 (85)
  Within opacity 38 (79)
  Outside of opacity 27 (56)
  Extension to pleura 40 (83)
  Along fissures 30 (63)
 Mosaic perfusion pattern 45 (94)
Dual-energy CT finding (n = 25)
 Mosaic perfusion 24 (96)
  Mild 1 (4)
  Moderate 17 (68)
  Severe 6 (24)
 Regional hyperemia 13 (52)
 Regional oligemia 24 (96)
 Hyperemic halo 9 (36)

Note.—Unless otherwise noted, data are numbers of patients, with 
percentages in parentheses. DVT = deep venous thrombosis, ICU = 
intensive care unit, PE = pulmonary embolus.

http://radiology-cti.rsna.org


Radiology: Cardiothoracic Imaging Volume 2: Number 3—2020 n rcti.rsna.org 5

Lang et al

observed previously. Mosaic attenuation, likely from mosaic per-
fusion, was noted in 45 cases (94%) at conventional chest CT 
lung window (2500 to 1000 Hounsfield units). Dilated pulmo-
nary vessels even outside of vessels with emboli were seen in five 
of seven patients with PE.

Overall, DECT was performed in 25 cases (52%). A mo-
saic perfusion pattern was observed in 24 cases (96%), with 
one (4%) categorized as mild, 17 (68%) as moderate, and six 
(24%) as severe (Table 3; Figs 1, B and D, 2, B and D, 3, B 
and D). More specifically, regionally increased hyperemia over-
lapping with areas of pulmonary opacities or immediately sur-
rounding the opacities were seen in 13 cases (52%). Pulmonary 
opacities associated with corresponding oligemia at DECT 
were observed in 24 cases (96%). Intensely hyperemic area sur-
rounding oligemic pulmonary opacities forming a peripheral 
hyperemic halo was noted in nine cases (36%). Of note, all 
seven patients with PE exhibited perfusion abnormalities at 
DECT: Seven had mosaic perfusion, four had hyperemia over-
lapping with areas of pulmonary opacities, seven had oligemia, 
and four had hyperemic halo. Figure E2 (supplement) provides 
a reference of normal conventional chest CT and DECT im-
ages in a patient with COVID-19 infection but without respi-
ratory symptoms and without lung parenchymal abnormalities 

indeterminate in 23%, atypical in 13%, and negative for pneu-
monia in 8% (Table 2).

A total of seven patients (15%) were found to have PE (Fig 
E1 [supplement]), with six cases (13%) involving arteries of 
multiple lobes, three cases (6%) exhibiting pulmonary infarcts, 
and one case (2%) with evidence of right heart strain (Table 3) 
(22). Two of the seven patients with PE were admitted to the 
intensive care unit and did not require intubation. Main pulmo-
nary artery dilatation (23) ( 30 mm) was observed in eight pa-
tients (17%) (24). Patients with PE had on average significantly 
higher ᴅ-dimer levels than patients without PE (6136 ng/mL 6 
3951 vs 3653 ng/mL 6 1439, respectively; P = .02) (Table 3).

Overall, dilated pulmonary vasculature was seen in 41 (85%) 
cases, with 38 (79%) within pulmonary opacities and 27 (56%) 
outside of the opacities (Table 3; Figs 1, A, 2, 3, C), and dilated 
distal pulmonary vessels extending to the pleura and fissures were 
seen in 40 cases (83%) and 30 cases (63%), respectively (Figs 4  
A and B, 5). As described, vascular enlargement was often within 
or outside the opacity and extended to the pleura generally near 
ground-glass opacities without diffuse involvement. Ten of our 
patients had chest CT imaging available that was performed 
within 6 months prior to COVID-19 infection, and none of the 
vascular findings or evidence of pulmonary hypertension were 

Figure 1: Images in a 69-year-old man hospitalized for fever, weakness, and chills, found to have coronavirus disease 2019. 
CT pulmonary angiogram was obtained on day 4 of admission for acute intermittent tachycardia, desaturation, and new complaint 
of shortness of breath. The study was negative for pulmonary emboli. A, Contrast-enhanced CT pulmonary angiogram of the upper 
lungs at lung windows shows a region of peripheral ground-glass opacity and consolidation in the right upper lobe (arrowheads); the 
subsegmental vessels within the opacities are dilated, and the right upper lobe vessels proximal to the opacity are also dilated (arrows). 
B, Pulmonary blood volume (PBV) image at the same level shows a large peripheral perfusion defect corresponding to the distribution 
of right upper lobe opacity, with a surrounding halo of increased perfusion (arrows). There is also heterogeneous perfusion of the left 
upper lobe. C, CT image of the lower lungs in the same patient shows peripheral ground-glass opacities and consolidation in the lower 
lobes, middle lobe, and lingula with a somewhat round or wedge-shaped appearance (arrowheads). D, PBV image shows perfusion 
defects corresponding to the areas of opacity in C, with surrounding halos of increased perfusion (arrows).

http://radiology-cti.rsna.org
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at imaging; CT pulmonary angiogram was obtained for chest 
pain, tachycardia, and elevated d-dimer. Finally, of the 25 pa-
tients who underwent DECT, perfusion abnormalities were 
seen in all patients who required intubation or were deceased 
(four of four patients) and in 95% of patients who did not 
require intubation (20 of 21 patients).

Discussion
The pulmonary response to pneumonia is generally character-
ized by hypoxic pulmonary vasoconstriction and reduced per-
fusion to the sites of parenchymal disease, resulting in shunting 
of blood away from most affected and toward less affected re-
gions–a beneficial matching of ventilation and perfusion (25). 
Our finding of frequent and pronounced dilatation of vascula-
ture to regions of diseased lung may be suggestive of disordered 
vasoregulation, leading to substantial ventilation and perfusion 
mismatch even early in the disease. This finding may explain 
in part the hypoxemia that can occur in COVID-19 pneumo-
nia despite normal pulmonary compliance (10,11). Although 
attention has been previously given to the role of endothelial 
damage and resulting dysregulation of hypoxic vasoconstric-

tion in the setting of ARDS (26), we hypothesize that abnor-
mal pulmonary vasoregulation may play a large role in patients 
with COVID-19 infection even before the presence of radio-
logic or clinical features that would suggest ARDS and may be 
even more pronounced when ARDS does occur.

In normal lung, distal subsegmental vessels are usually incon-
spicuous within the subpleural regions. A substantial number of 
patients in our study, however, exhibited dilated and sometimes 
tortuous distal vessels in the subpleural lung. This phenomenon 
is distinct from the pulmonary vascular thickening (or the “thick 
vessel sign”) within pulmonary opacities in COVID-19 pneu-
monia that has been reported to range from 59% to 82% in 
patients with COVID-19 (2,4,5). This finding is nonspecific 
and can be seen in conditions such as pulmonary hypertension, 
pulmonary venous hypertension, pulmonary veno-occlusive 
disease, hepatopulmonary syndrome, and portopulmonary hy-
pertension (27). However, patients in this study with imaging 
prior to COVID-19 infection had none of these findings, which 
argues against a chronic process. Moreover, there was a lack of 
hepatic disease or other pre-existing pulmonary conditions that 
would provide a reason for the vascular pathology.

Figure 2: Images in a 45-year-old man who presented with cough and fever, requiring supplemental oxygen via nasal cannula, 
and was found to have coronavirus disease 2019. On day 5 of admission, patient underwent CT pulmonary angiography for acute 
shortness of breath, tachypnea, and an elevated d-dimer level. A, Contrast-enhanced CT pulmonary angiogram of the upper lungs 
shows multiple ground-glass opacities and consolidation with a peripheral predominance; several perilobular bands of consolidation 
suggest an organizing lung injury pattern (arrowheads). Subsegmental vessels supplying regions of opacity are dilated (arrows). B, 
Corresponding iodine map image shows increased perfusion of some areas of opacity (arrows). C, Axial CT image as part of the 
same examination shows additional peripheral ground-glass opacities and consolidation in the lower lungs, with enlarged vessels 
within and supplying regions of lung with opacity (arrows), while vessels in the anterior lungs are smaller in caliber with relatively lower 
regional attenuation of the anterior lungs. D, Corresponding iodine map image shows increased perfusion to the posterior lower lobes 
in general, decreased perfusion of the anterior lungs (long arrows), and small perfusion defects corresponding to posterior areas of 
opacity seen in C (short arrows).
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Diffuse alveolar damage is a hallmark of ARDS and can be 
caused by noninfectious etiologies and infectious etiologies, in-
cluding viral pneumonia such as severe acute respiratory syn-
drome, Middle East respiratory syndrome, and influenza (28–
32). Development of ARDS-related thrombosis was thought to 
be the result of fibrin deposition due to endothelial injury (33). 
A recent autopsy study on a series of patients with COVID-19 
infection, however, reported not only findings of widespread 
macro- and microthrombosis, but also angiopathy and notably 
increased angiogenesis (34). Furthermore, in this recent report, 
fibrin thrombi were seen in all patients with COVID-19 infec-
tion, and angiogenesis was observed 2.7 times higher in patients 
with COVID-19 infection than those with influenza. While 
this provides additional validation of prior autopsy reports de-
scribing microthombosis and small vessel thickening in patients 
with COVID-19 pneumonia, it also provides evidence of more 
widespread vascular pathologies, such as angiogenesis and en-
dothelial inflammation. These vascular mechanisms also appear 
to play a larger role in COVID-19 pneumonia than other viral 
pneumonias such as influenza (34). The vascular abnormalities 
we observed at CT imaging correlate well with these pathology 
findings and support the notion of diffuse vascular abnormalities 
in COVID-19 pneumonia. The underlying mechanisms of these 
findings, however, may be related to vascular inflammation, 

endothelial damage, microthrombosis, dysfunctional vasoregu-
lation, or a combination thereof (10,30,34–38). Further radio-
logic-pathologic correlation investigations are needed to better 
elucidate the underlying vascular phenomenon.

DECT is a powerful imaging tool used to characterize pul-
monary blood volume and patterns of pulmonary perfusion by 
taking advantage of the different attenuation profiles of different 
substances (39,40). This is achieved by utilizing two different 
x-ray energy spectra concurrently during imaging. DECT is part 
of the standard PE CT protocol at a subset of hospitals within 
our health care system. In the COVID-19 setting, DECT may 
provide insight into the physiologic process of vascular shunting. 
Of the 25 patients who underwent DECT in our study, mosaic 
perfusion abnormalities were seen in 24 patients (96%), with 
predominately increased perfusion proximal to areas of lung 
opacities. Mosaic perfusion is a subset of mosaic attenuation and 
can be broadly categorized into two etiologic categories: small 
airway disease with hypoxemic vasoconstriction due to air trap-
ping, or small vessel disease (40,41). While mosaic attenuation 
and perfusion can be seen in infections because of diffuse airway 
abnormalities and/or mucus plugging, the perfusion changes 
in our patients did not correlate in most cases with bronchial 
wall thickening, visible secretions, mucous plugging, or emphy-
sema, arguing against small airway disease as a sole or primary 

Figure 3: A, B, Images in a 41-year-old man who presented to the emergency department with acute shortness of breath and 
underwent CT pulmonary angiography for concern for pulmonary embolism. Patient tested positive for coronavirus disease 2019 
infection. A, Peripheral ground-glass opacities are present in the posterior upper lobes (arrowheads); regional dilatation of vessels is 
noted in adjacent upper lobes. B, Pulmonary blood volume image at the same level shows peripheral perfusion defects corresponding 
to the opacities, with surrounding halos of increased perfusion (arrows). C, D, Images in a 57-year-old woman who presented with 7 
days of fever, malaise, chills, cough, and increasing shortness of breath. On day 3 of admission, patient developed increasing oxygen 
requirement and elevated d-dimer level. C, CT scan of the upper lungs at lung windows shows ground-glass opacities in the central 
and peripheral upper lungs bilaterally, with regional low attenuation of a portion of the right upper lobe and superior segment of the 
right lower lobe (arrowheads). Vessels within the low attenuation region are diminutive in a regional pattern, while vessels in the areas 
of ground-glass opacity are dilated (arrows). D, Corresponding iodine map image shows regional decreased perfusion to the right 
lung (white arrowheads) and increased perfusion to the areas of ground-glass opacity, while there is also heterogeneous perfusion 
of the left upper lobe.
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underlying cause. Furthermore, the perfusion abnor-
malities had a regional rather than lobular distribution 
and extended beyond areas of parenchymal lung opacity, 
suggesting the possibility of a diffuse vascular process.

There were decreased areas of peripheral perfusion 
corresponding to peripheral lung opacities in 24 of 25 
patients who underwent DECT (96%). This radio-
graphic observation can be consistent with ARDS, as 
areas of oligemia can be seen in ARDS-related throm-
bosis (33). The opacities with corresponding decreased 
perfusion may represent filling of airspaces and inter-
stitium with exudates, or possibly peripheral areas of 
infarction mediated by small vessel thrombosis. Fur-
thermore, of the 25 patients who underwent DECT, 
perfusion abnormalities were observed in all patients 
who required intubation or were deceased and in 95% 
of patients who did not require intubation. This sug-
gests that perfusion abnormalities are highly prevalent 
in symptomatic patients who required admission. The 
small number of patients who underwent DECT, how-
ever, limited meaningful correlation of these findings 
to degree of hypoxemia or clinical outcome, which will 
require further investigation. Interestingly, however, 
there was a peripheral halo of increased perfusion sur-
rounding peripheral opacities in nine patients (36%). 
This appearance is not typical in ARDS or acute or 
chronic PE, in which uniformly decreased perfusion 
is seen within affected areas. The peripheral halo of 
increased perfusion observed in our study has neither 
been described in the literature nor noted in our prac-
tice in cases of pulmonary infarction due to bland PE 
but has been described once previously in a case of 
bacterial pneumonia (40). This suggests an interplay 
between inflammatory processes and vascular phe-
nomena in a subset of COVID-19 pneumonia. Further 
research into whether DECT may provide prognostic 
information for patients with COVID-19 is needed.

There are multiple possible causes of differential 
pulmonary perfusion. PE, pulmonary hypertension, 
and vasculitis are additional conditions that can al-
ter pulmonary perfusion (42). PE and pulmonary 
hypertension as the primary underlying causes of 
mosaic perfusion in our cohort of patients with CO-
VID-19 pneumonia are unlikely given that perfusion 
abnormalities were seen in patients without visible 
PE and often did not correspond to areas supplied 
by the pulmonary arteries containing thrombus; fur-
thermore, our patients did not have a history of pul-
monary hypertension, and only a small proportion of 
patients exhibited a mildly dilated main pulmonary 
artery (17%). Vasculitis secondary to infection can 
have varying appearances at imaging, including vessel wall 
thickening, cavitary lesions, and ground-glass or consolida-
tive opacities (43). However, it would be unusual for isolated 
involvement of medium-to-small pulmonary vessels, and 
there is a lack of concordant findings reported on pathology 
(13,16).

There has been suggestion that the pathophysiology underly-
ing COVID-19 pneumonia may resemble high-altitude pulmo-
nary edema (18). While there are imaging similarities, including 
patchy ground-glass opacities, dilated vasculature, and regional 
perfusion changes (44–46), the fundamental mechanism may 
be different, as COVID-19 is likely inflammation mediated, 

Figure 4: A, B, Images in a 47-year-old woman with a history of metastatic breast cancer 
who initially presented with nausea, vomiting, and low-grade fever and tested positive for coro-
navirus disease 2019 (COVID-19) infection. Patient underwent CT pulmonary angiography 
(CT-PE) on day 4 of admission for acute intermittent tachycardia, lethargy, and new oxygen 
requirement. A, Axial CT image with lung windows through the left lower lobe at time of pre-
sentation shows abnormally dilated distal subsegmental vessels in the subpleural lung touching 
the pleural surface (arrowheads). B, Image at the same level of CT in the same patient 11 days 
prior shows normal vessel sizes and appearances, with a normal appearance of the subpleural 
lung. C, D, Images in a 64-year-old man who presented with acute onset of fatigue, headache, 
cough, fever, and shortness of breath and tested positive for COVID-19. On day 12 of admis-
sion, patient developed increasing oxygen requirement and CT-PE was performed. C, Axial CT 
image with lung windows through the right lower lung shows peripheral regional ground-glass 
opacity in the right lower lobe, with dilated segmental and subsegmental vessels supplying the 
region of opacified lung (arrows) and smaller diameters of vessels in unaffected lung. D, Image 
at the same level of a CT scan in the same patient approximately 3 months prior shows normal 
appearance of vessels.
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whereas high-altitude pulmonary edema is characterized by un-
even pulmonary vasoconstriction, increased pulmonary artery 
pressure, and endothelial leakage (47). Abnormal inflammation-
mediated vasodilatory response in COVID-19 pneumonia may 
result in intrapulmonary shunting toward areas of impaired gas 
exchange and worsening of ventilation-perfusion mismatch, 
possibly explaining the enlarged vessels leading to and within 
areas of parenchymal opacity seen in our study.

The theory that patients with COVID-19 are at higher risk 
of both venous and arterial thrombosis has also recently garnered 
attention. The reported risk of venous thromboembolism in pa-
tients with COVID-19 has been reported to range from 25% to 
31% (12,14). The incidence of PE specifically has been reported 

to range from 14% to 30% (12,15,48–50). Similarly, 
seven patients (15%) in our study were found to have 
PE, four of whom had risk factors including history of 
arrhythmia, malignancy, or prior PE or deep vein throm-
bosis. Acute PE, therefore, may be a potential concern in 
patients with COVID-19, similar to other viral pneumo-
nias and critically ill patients in general (51–53). In ad-
dition to medium-to-large vessel thrombosis, a handful 
of autopsy reports of COVID-19 have reported findings 
of microthrombosis and small vessel thickening, which 
can be seen in the setting of ARDS, coagulopathies, and 
other etiologies of vessel injury (13,16,54).

Our study had several limitations. The study was ret-
rospective, and the patient cohort size was relatively small 
given our inclusion criteria of COVID-19 patients who 
underwent CT-PE during a 2-week window. Most pa-
tients in the study did not have a recent prior chest CT 
that would allow us to assess the temporal development of 
imaging findings, and it is possible that some of the vascu-
lar abnormalities predated the CT scans obtained during 
the acute illness. Many of the findings we detected were 
nonspecific and can occur in other diseases, and our study 
was not designed to assess the specificity of the findings 
for COVID-19 pneumonia. DECT images were only 
available for 25 patients due to availability of scanners at 
different hospitals across our health care system, and inspi-
ratory and expiratory phases were not performed as part 
of the standard imaging protocol, which may potentially 
confound mosaic patterns seen on CT images. Our study 
was also limited by the lack of control groups: patients 
without COVID-19 infection or those with COVID-19 
infection but who did not require admission. Future stud-
ies with matched control groups, as well as patients with 
other appropriate pathologies, including organizing pneu-
monia and influenza, would be helpful to further clarify 
the extent of these vascular findings. Finally, assessment 
of vessel enlargement and mosaic perfusion can be sub-
jective and therefore requires further confirmation with 
larger multireader studies or quantitative methods of 
categorization.

In conclusion, COVID-19 pneumonia appears to 
be associated with pulmonary vascular and pulmonary 
perfusion derangements that are caused by unclear 
mechanisms. Pulmonary vessel dilatation occurs not 

only within lung opacities, but also occurs in a regional pattern 
outside of parenchymal opacities and sometimes involves the 
subpleural lung. Perfusion abnormalities are also frequently seen 
at DECT imaging. Further imaging and pathologic studies are 
required to investigate the possible contributions of abnormal 
vasoregulation, intrapulmonary shunting, and/or microvascular 
thrombosis.
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Figure 5: A, Image in an 84-year-old woman with a history of breast cancer who pre-
sented to the emergency department for fever, weakness, altered mental status, acute shortness 
of breath, and chest pain, for which CT pulmonary angiogram was obtained. Axial CT image 
shows dilated, nontapering, tortuous vessels in the posterior right lower lobe (arrowheads), some 
of which extend to the pleural surface. B, CT scan in the same patient shown at the same level 
5 months prior shows normal vessels. C, Image in a 27-year-old woman who presented to the 
emergency department with acute shortness of breath and dyspnea on exertion. Patient was 
subsequently found to be coronavirus disease 2019–positive and had worsening tachypnea. 
Axial CT image through the lower lobes shows multiple dilated tortuous vessels within the lower 
lobes, with extension to the pleural surfaces (arrowheads).
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