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Abstract
Introduction  Computer-Aided Lung Informatics for Pathology Evaluation and Ratings (CALIPER) software has already 
been widely used in the evaluation of interstitial lung diseases (ILD) but has not yet been tested in patients affected by 
COVID-19. Our aim was to use it to describe the relationship between Coronavirus Disease 2019 (COVID-19) outcome and 
the CALIPER-detected pulmonary vascular-related structures (VRS).
Materials and methods  We performed a multicentric retrospective study enrolling 570 COVID-19 patients who performed 
a chest CT in emergency settings in two different institutions. Fifty-three age- and sex-matched healthy controls were also 
identified. Chest CTs were analyzed with CALIPER identifying the percentage of VRS over the total lung parenchyma. 
Patients were followed for up to 72 days recording mortality and required intensity of care.
Results  There was a statistically significant difference in VRS between COVID-19-positive patients and  controls (median (iqr) 
4.05 (3.74) and 1.57 (0.40) respectively, p = 0.0001). VRS showed an increasing trend with the severity of care, p < 0.0001. The 
univariate Cox regression model showed that VRS increase is a risk factor for mortality (HR 1.17, p < 0.0001). The multivariate 
analysis demonstrated that VRS is an independent explanatory factor of mortality along with age (HR 1.13, p < 0.0001).
Conclusion  Our study suggests that VRS increases with the required intensity of care, and it is an independent explanatory 
factor for mortality.
Key Points   
• The percentage of vascular-related structure volume (VRS) in the lung is significatively increased in COVID-19 patients.
• VRS showed an increasing trend with the required intensity of care, test for trend p< 0.0001.
• Univariate and multivariate Cox models showed that VRS is a significant and independent explanatory factor of mortality.
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Abbreviations
CALIPER	� Computer-aided lung informatics for pathol-

ogy evaluation and rating
COVID-19	� Coronavirus Disease 2019
ILD	� Interstitial lung diseases
RT-PCR	� Reverse-transcription polymerase chain reaction
VRS	� Vascular-related structures

Introduction

Since the first pneumonia cases found in Wuhan (China) 
in early December 2019 [1], the Coronavirus Disease 2019 
(COVID-19) has widely spread all over the world with 
greater than 40 million cases and 1 million deaths reported 
as of October 2020 [2].

Clinical manifestation of disease ranges from asymp-
tomatic to mild subclinical flu-like symptoms to severe 
interstitial pneumonia which can lead to organ dysfunc-
tion—shock, acute respiratory distress syndrome, and 
acute cardiac and kidney injury—and death [3]. COVID-
19 also appears to be associated with systemic coagu-
lopathy arising from endothelial cell damage, especially 
in the pulmonary vessels, with loss of vascular integrity 
and inflammation [4, 5]. Diffuse endovascular thrombosis 
with microangiopathy was found in patients who died from 
COVID-19 [6] and anticoagulants, such as low-molecu-
lar-weight heparin, seem to be beneficial in patients with 
COVID-19 [7].

Vascular alterations may present in every stage of 
symptomatic COVID-19 [8], since they are thought to be 
dependent from the virus’ interaction with the endothelial 
cell through the ACE-2 receptors [9].

Pulmonary complications of the infection, often requir-
ing hospitalization, oxygenation support, and intubation, 
still represent an enormous challenge for worldwide 
health-care systems during outbreaks.

Chest CT is the most sensitive imaging approach to 
evaluate the extent and characteristics of pulmonary 
involvement and could serve as an effective way for early 
screening and diagnosis of COVID-19 pneumonia [10], 
although the CT appearance is variable and COVID-19 
infection is typically confirmed with microbiological tests 
such as reverse-transcription polymerase chain reaction 
(RT-PCR).

Characteristic CT manifestations associated with 
COVID-19 pneumonia include ground-glass opacities 
and parenchymal consolidations with peripheral and lower 
lobe predominance [11, 12]. Linear opacities, a “crazy-
paving” pattern and the “reversed halo” sign can be seen 
in the late phases of the disease [13]. There is some anec-
dotal evidence that there are morphological changes in 
pulmonary vasculature in COIVD-19 even in the absence 

of thrombi/thromboembolism [14, 15]. Although vascular 
enlargement in acute COVID-19 infection has been noted 
in several studies, the vascular changes in COVID-19 are 
likely difficult to detect visually and maybe underrecog-
nized as a prognostic indicator of disease outcomes.

Computer-aided quantitative analysis of chest CT exams 
has already proven to be useful both in the diagnosis of 
COVID-19 pneumonia [16], in predicting adverse out-
comes in COVID-19 pneumonia [17, 18] and to assess 
the progression of the disease [19]. To our knowledge, 
a quantitative analysis discriminating lung parenchyma 
involvement and disease related pulmonary vessel volume 
alterations has not been yet performed.

The aim of this study was to describe the relationship 
between COVID-19 outcome and a radiomic biomarker 
that assesses pulmonary vascular structures that has 
proven to be predictive in the assessment of idiopathic 
pulmonary fibrosis severity and progression [20] (CALI-
PER, Mayo Clinic), during the first COVID-19 outbreak 
in Italy in March–April 2020.

Materials and methods

The retrospective multicentric study was conducted in 
Azienda Ospedaliera Universitaria Pisana, Pisa, Italy (insti-
tution 1), and in Azienda Ospedaliero-Universitaria Maggiore 
della Carità, Novara, Italy (institution 2). The internal review 
boards of both institutions approved the research, protocol 
numbers 17368 (institution 1) and CE 130/20 (institution 2).

Data were acquired between March 1 and April 9, 2020. 
The inclusion criteria were as follows:

1.	 Having performed a non-contrast chest CT in the emer-
gency setting for clinically suspected COVID-19

2.	 Having performed at least one RT-PCR test positive for 
SARS-COV-2 RNA no longer than a week after the CT 
acquisition.

The exclusion criteria were as follows:

1.	 Severe motion artifacts in the CT scan
2.	 Not technically adequate CALIPER CT segmentations
3.	 Unavailable RT-PCR outcome or date
4.	 Unavailable clinical data

We were able to identify 570 patients who met the 
above criteria, 268 from institution 1 and 302 from insti-
tution 2. The patient selection process is depicted in Fig. 1.

We subsequently identified a subgroup of 53 sex- and 
age-matched controls from institution 1. These controls 
were selected among oncologic patients who performed 
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a routine examination and were free of any CT-evident 
neoplastic or inflammatory disease in the chest cavity. We 
chose the controls randomly trying to reflect the sex and 
age distribution of COVID-19 patients. All the controls’ 
CT scans were non-contrast-enhanced.

Chest CT acquisition

All chest CT scans were performed during a single full 
inspiratory breath-hold in a supine position. In institu-
tion 1, the CTs were executed either on a 64-slice Siemens 
Somatom Sensation scanner (Siemens Healthineers) or 
on a 64-slice General Electric Light Speed scanner (Gen-
eral Electric Co). The Siemens technical parameters were 
120 kV, 284 mAs, 1.84 spiral pitch factor, collimation width 
0.6, 512 × 512 matrix, 1.5 mm reconstruction thickness, B31 
kernel. The General Electric technical details were 120 kV, 
169 mAs, 0.98 spiral pitch factor, collimation width 0.625, 
512 × 512 matrix, 1.25 mm reconstruction thickness, stand-
ard kernel.

In institution 2, all the scans were performed on a 128-
slice Philips Ingenuity Core scanner (Philips Healthcare). 
The scan technical parameters were 120 kV, 226 mAs, 
1.08 spiral pitch factor, 0.625 collimation width, 512 × 512 
matrix, 1 mm reconstruction thickness, B kernel. In younger 
patients (< 40 years), tube voltage was reduced in all cases to 
80–100 kV and the tube current modulation was automati-
cally modified on the basis of the scout image.

RT‑PCR execution technique

The RT-PCR tests in both institutions were performed 
through nasopharyngeal swabs (Xpert® Nasopharyngeal 
Sample Collection Kit for Viruses or eNAT® Transport and 
Preservation Media plus One pernasal applicator swab). The 
RNA was first extracted (Seegene Nimbus IVD, Hamilton 
ELITe Galaxy, Abbott m2000sp or Biomèrieux NUCLIS-
ENS® EASYMAG®) and subsequently magnified and 
identified (Applied Biosystems™ 7500 Fast Dx Real-Time 
PCR Instrument or Abbott m2000rt) with two different sets 
(GeneFinder™ COVID-19 Plus RealAmp Kit or Allplex™ 
2019-nCoV Assay). A rapid amplification instrument was 
also used (DiaSorin LIAISON® MDX). All these proce-
dures are in full compliance with the WHO Guidelines [21].

Chest CT CALIPER analysis

All the chest CTs were analyzed by the CALIPER software. 
The initial data processing steps involved extraction of the 
lung volume from the surrounding thoracic structures and the 
segmentation into upper, middle, and lower zones (see Fig. 2) 
based on the location of the carina and craniocaudal extent 
of the lung volumes. Lung segmentation was performed with 
an adaptive density-based morphologic approach, whereas 
airway segmentation involved iterative three-dimensional 
region growing, density thresholding, and connected com-
ponents analysis. Parenchymal tissue type classification was 
applied to voxel volume units using proprietary texture analy-
sis. CALIPER utilizes a computer vision-based approach to 
CT image characterization including the use of volumetric 
histogram signatures to map features and uses 3D morphol-
ogy of these features for tissue classification. Specifically, 
CALIPER lung parenchymal analysis involved algorithmic 
identification and volumetric quantification of five radiologi-
cal parenchymal features: normal lung, low-attenuation areas 
(such as hyperinflation or emphysema), ground-glass density, 
reticular abnormalities, and honeycombing measured in total 
litres for the whole lung. The volume of these radiological 
parenchymal patterns is also available as a percentage of total 
lung volume. The extent of parenchymal involvement in ILD 
can be considered a percent of total interstitial lung abnor-
malities (ILD%): a sum of percent of areas of ground glass, 
reticular, and HC as described by Romei et al. [20]. The 
CALIPER software, having been developed to assess features 
of COPD and interstitial lung diseases, was not designed to 
segment or characterize areas of lung consolidation.

For vascular-related structures, the larger vessels at the 
hilum were automatically excluded by lung segmentation 
[22]. The eigenvalues of the Hessian matrix were used in 
order to obtain an optimized multiscale filter that enhances 
tubular structures, and thus segment the pulmonary vessels 

Fig. 1   Flowchart of patient selection
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with a diameter approximately larger than 3 mm. The vol-
ume obtained was defined as vascular-related structures 
(VRS). VRS percentage was defined as the ratio of the 
total vessels volume divided by the total lung parenchymal 
volume.

Chest CT visual analysis

A total severity score (TSS) was visually calculated for 
each patient according to the well-established method pro-
posed by Li et al. [23]. A radiologist with over 10 years 
of thoracic imaging experience evaluated all COVID-19 
CT scans performing the visual quantitative evaluation. 
The score was based on the sum of interstitial pneumonia 
and consolidation percentage involvement in each lobe, 
which was scored as 0 (0%), 1 (1–25%), 2 (26–50%), 3 
(51–75%), or 4 (76–100%), respectively. The TSS score 
therefore ranged from 0 to 20.

Outcome definition

We observed all the participants for up to 72 days after the 
CT scan. We analyzed firstly the mortality, thus dividing the 
COVID-19 patients between survivors and non-survivors, 
and secondly the required intensity of care, defining three 
different groups:

1.	 Patients discharged at home without the necessity of 
oxygenation/ventilation

2.	 Patients treated with low-flow oxygenation or non-inva-
sive ventilation

3.	 Patients treated with invasive ventilation in the intensive 
care unit

Statistical analysis

Clinical and demographic variables were described with the 
use of frequencies and percentages for categorical variables 
and mean and standard deviation or median and interquartile 
range for quantitative variables, as appropriate. The differ-
ences between groups were evaluated with the chi-square 
test for categorical variables and with the unpaired Student’s 
t-test or with the Kruskal–Wallis test for quantitative varia-
bles, as appropriate. When more than two groups were avail-
able, the analysis of variance (ANOVA) model followed by 
the Bonferroni test or the Kruskal–Wallis test followed by 
Cuzick’s test for trend [24] were considered.

To estimate the overall survival, the Kaplan–Meier 
method was performed, and the log-rank tests were used for 
between-groups comparisons of the overall survival.

Moreover, the putative risk factors associated with death 
were evaluated with a univariate Cox regression model. A 
multivariate Cox regression model was then built according 

Fig. 2   Left: CALIPER lung segmentation in a 68-year-old COVID-19 patient (VRS 10.7%, ILD 56.5%) Right: CALIPER segmentation in a 
91-year-old COVID-19 patient (VRS 12.4%, ILD 51.4%). VRS are shown in red in the lower right corner of both images
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to the best Bayesian Information Criterion (BIC). All vari-
ables met the proportional-hazard assumption.

All reported p values are two-sided. p values of less than 0.05 
were considered to indicate statistical significance. All statistical 
analyses were performed with Stata 15 (StataCorp 2017).

Results

We studied 623 subjects: 570 COVID-19 positive, age 
64.7 ± 15.6 and male sex 290 (50.9%) and 53 COVID-19 
negative controls, age 61.6 ± 13.2 and male sex 33 (15.6%).

No statistically significant difference was found in the 
distribution of age and sexes in the two groups (p = 0.113 
and p = 0.156, respectively).

As regards CALIPER analysis we found a statistically 
significant (p = 0.0001) difference in the distribution of 
VRS between COVID-19-positive patients and the con-
trols (median [iqr] 4.05 [3.74] and 1.57 [0.40], respec-
tively). All controls’ ILD percentage was 0.

Of the 570 COVID-19-positive patients, 115 (20.2%) 
required no hospitalization and spent the whole 30 days 
of observation in home isolation; 329 (57.7%) were hos-
pitalized and required low-flow ventilation or NIV, while 
126 (22.1%) patients required ICU admission and invasive 
ventilation (Table 1).

With reference to the severity of care (groups 1, 2, 
and 3), the age distribution was significantly different 
(p < 0.0001) between the groups (group 1: 57.2 ± 15.7; 

group 2: 68.2 ± 15.6; group 3: 62.4 ± 12.5). The pair-
wise contrasts (with the Bonferroni correction) were all 
statistically significant (group 1 vs 2 p < 0.0001; group 
2 vs 3 p = 0.001; group 1 vs 3 p = 0.024). There was no 
statistically different sex distribution between the groups 
(p = 0.052).

ILD, VRS, and TSS showed an increasing trend with 
the severity of care, test for trend p < 0.0001 (Table 2 and 
Fig. 3).

We also evaluated the correlations (R) between ILD, 
VRS, and TSS: R (ILD-VRS) = 0.89; R (ILD-TSS) = 0.61; 
R (VRS-TSS) = 0.64.

Finally, we noted that even the group1 patients had a 
higher VRS than controls (p < 0.001).

We observed the 570 COVID-19 and they exited between 
1 and 72  days (median 32  days). Ninety-eight patients 
deceased during the observation period (52 males and 46 
females, 53% and 47% respectively).

Once the subjects have been divided into two groups with 
respect to the median age: group young, age < 66 years; 
group old, age >  = 66, we recorded the following distribu-
tion of death of the two groups (18 group young and 80 
group old, 18.4% and 81.6% respectively).

The estimated survival function with the Kaplan–Meier 
method is shown in Fig. 4. No statistically significant dif-
ference was found comparing survival curves between sex 
groups (p = 0.8 log-rank test) while a statistical difference 
was found among groups as younger people (< 66 years) 

Table 1   Characteristics of the 
patients

Plus-minus values are Means ± SD
#  Unpaired Student’s t-test
†  Chi-square test
‡  Kruskal–Wallis test
**  VRS (pulmonary vascular-related structures %) is defined as the ratio
between the total vessels volume and the total lung parenchymal volume
ILD interstitial lung disease extent %;
TSS total severity score
1 Discharged at home without the necessity of oxygenation/ventilation
2 Treated with low-flow oxygenation or non-invasive ventilation
3 Treated with invasive ventilation in the intensive care unit

Variable COVID-19 group 
(N = 570)

Control group  
(N = 53)

p value

Age — years 64.7 ± 15.6 61.6 ± 13.2 0.113#
Male sex — no (%) 290 (50.9) 33 (62.3) 0.156†
VRS **— median (iqr) 4.05 (3.74) 1.57 (0.40) 0.0001‡
ILD **— median (iqr) 15.34 (28.2)
TSS **— median (iqr) 7(5)
Intensity of care — no (%) 1 115 (20.2)

2 329 (57.7)
3 126 (22.1)
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had a significantly higher survival (p < 0.0001 log-rank test, 
Fig. 5).

The putative risk factors (sex, age, VRS, ILD) associ-
ated with death were evaluated with a univariate and mul-
tivariate Cox regression model; the corresponding hazard 
ratio and p value are shown in Table 3.

In the multivariate analysis, the only independent pre-
dictors were age and VRS with an HR of 4.28 [95% CI 
2.55–7.19] and 1.13 [95% CI 1.07–1.94], respectively. 

That is, in our model, the death risk increased by 13% for 
every additional percentage point of VRS.

Finally, estimated survival curves based on the multi-
variate Cox model corresponding to specific age groups 
and VRS percentile values are shown in Fig. 6.

Discussion

In our study, the percentage of VRS over the total lung 
parenchyma was associated with mortality, and its increase 
corresponded to an increment to the required level of care.

Table 2   Characteristics of 570 
COVID-19-positive patients 
divided according to the 
intensity of care

Group 1, discharged at home without the necessity of oxygenation/ventilation
Group 2, treated with low-flow oxygenation or non-invasive ventilation
Group 3, treated with invasive ventilation in the intensive care unit
¶  Plus-minus values are means ± SD
†  p value obtained from ANOVA model
Pairwise contrasts (with Bonferroni correction):
group1 vs group 2 (p < 0.0001); group 1 vs group 3 (p = 0.024);
group 2 vs group 3 (p = 0.001)
‡  Chi-square test
**  VRS (pulmonary vascular-related structures percentage) is defined as the ratio
between the total vessels volume and the total lung parenchymal volume
ILD interstitial lung disease extent %; TSS total severity score
#  p value obtained from Cuzick’s test for trend (23)

Variable Group 1 (N = 115) Group 2 (N = 329) Group 3 (N = 126) p value

Age — years 57.2 ± 15.7 68.2 ± 15.6 62.4 ± 12.5  < 0.0001†
Male sex — no (%) 57 (49.6) 180 (54.7) 53 (42.1) 0.052‡
VRS** — median (iqr) 2.31 (2.06) 4.13 (3.44) 5.70 (4.53)  < 0.0001#
ILD** — median (iqr) 3.8 (14.2) 15.6 (27.5) 29.7 (34.2)  < 0.0001#
TSS** — median (iqr) 5 (3) 7 (5.5) 9 (8)  < 0.0001#

Fig. 3   Median and interquartile range of vessels percentage (VRS) 
according to the intensity of care. 1: Patients discharged at home 
without the necessity of oxygenation/ventilation. 2: Patients treated 
with low-flow oxygenation or non-invasive ventilation. 3: Patients 
treated with invasive ventilation in the intensive care unit. PVess 
% = VRS %

Fig. 4   Kaplan–Meier survival estimates in 570 COVID-19-positive 
patients
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In the multivariate analysis, the independent predictors 
were age and VRS.

Even with all the caution due above all to the high 
correlation between VRS and ILD, we can say that VRS 
maintains its explanatory capacity even considering ILD 
and TSS.

The CALIPER software has already been widely used 
in the analysis of the CT features of patients affected by 
different interstitial lung diseases [25, 26]. A recent study 
[20] conducted on 105 patients affected by idiopathic pul-
monary fibrosis demonstrated a strong correlation between 
the software-evaluated disease markers (VRS and ILD) 
and forced vital capacity. To our knowledge, no researcher 
has so far tried to utilize the software for the evaluation of 
the CT scans of COVID-19 patients.

SARS-CoV-2 pneumonia, although different in eti-
ology, has a close resemblance to many ILDs, since it 

features bilateral and peripheral ground-glass opacities, 
interlobular septal thickening with “crazy paving” pattern 
and “reversed halo sign” [11–13]. Given these premises, 
we decided that the CALIPER evaluation of COVID-19 
patients was not only feasible but also necessary in order 
to individuate the risk factors of mortality.

Actually, in our study ILD% was significantly different in 
the patient groups with different intensity of care, and it was 
correlated to survival in the univariate Cox model. These results 
were achieved despite the fact that CALIPER is not able to 
properly classify areas of lung consolidation, which are a rel-
evant part of COVID-19 pneumonia. We observed that areas of 
ground-glass opacity in the setting of COVID-19 are correctly 
segmented and classified by the CALIPER, while consolida-
tive areas that are correctly segmented as lung parenchyma are 
typically classified as a reticular pattern. This is not unexpected, 
as consolidation is most similar in density and texture to dense/
coarse reticular features in ILD. In areas of very dense periph-
eral consolidation, these regions can be incorrectly excluded 
from the lung volume segmentation by the CALIPER extrac-
tion process. These CALIPER limitations may explain why 
ILD% is not significant in the multivariate analysis. We also 
should consider that the partial exclusion of the consolidation 
areas in our model decreases the value of total lung volume and 
tends to overestimate the VRS% and ILD % value in the lung 
included in the analysis.

However, COVID-19 is a multisystemic pathology that 
does not affect only the air spaces in lung parenchyma [27]. 
In particular, a recently published cornerstone study [6] 
showed that the lungs of patients who died from the disease 
showed diffuse endothelial damage with diffuse thrombosis 
and microangiopathy. Most importantly, that study reported 
a new vessel growth due to intussusceptive angiogenesis that 
was 2.7 higher than in patients who died from influenza.

Fig. 5   Kaplan–Meier survival estimates in 570 COVID-19-positive 
patients divided into two groups (age  66 years and age > 66 years)

Table 3   Risk factors considered 
associated with the survival 
in 570 COVID-19-positive 
patients

#  Median age in the 570 COVID-19-positive patients: 66 years
*  Model selection: best Bayesian information criterion (BIC)
†  VRS (pulmonary vascular-related structures percentage) is defined as the ratio between the total vessel
volume and the total lung parenchymal volume
ILD interstitial lung disease extent %; TSS total severity score

Univariate model Multivariate model*

Risk factor Hazard ratio (95% CI) p value Hazard ratio (95% CI) p value

Age# 1.06 (1.04–1.07)  < 0.0001
 median value Reference Reference
 median value 4.99 (2.99–8.33)  < 0.0001 4.28 (2.55–7.19)  < 0.0001
Sex
Female Reference
Male 1.05 (0.71–1.57) 0.8
VRS† 1.17 (1.11–1.24)  < 0.0001 1.13 (1.07–1.94)  < 0.0001
ILD† 1.02 (1.017–1.03)  < 0.0001
TSS† 1.11 (1.07–1.16)  < 0.0001
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In our study, the percentage of pulmonary vascular-related 
structure over the total lung parenchyma was strongly associ-
ated with mortality, and its increase corresponded linearly to 
an increment to the required level of care. We could suppose 
that these results may reflect alterations in alveolo-capillary 
exchanges and blood oxygenation in COVID lung and provide 
evidence through morphological changes in the vasculature 
that support the role of angiopathy and neoangiogenesis in the 
pathophysiology of SARS-CoV-2 pneumonia.

It is also possible that the algorithm to extract the VRS 
could sometimes include areas of peri-vascular interstitial 
involvement in addition to the vascular structures. Therefore, 
areas of COVID-19 interstitial pneumonia or inflammatory 
changes next to a vessel might be captured as a “VRS” struc-
ture, increasing the amount of VRS % value in our results. 
This is maybe depicted in Fig. 2, where the more consol-
idated patient on the right part of the image shows VRS 
which are less linear and less “vessel like” in comparison 
with the less consolidated patient on the left.

As a result, we can try to explain the high positive linear 
correlation between VRS and ILD. This is not a novelty in 
CALIPER studies, since it has already been found in the set-
ting of idiopathic pulmonary fibrosis [28, 29]. Those papers 
justified the correlation with pulmonary hypertension and to 
the morphologic alterations of the vascular structure which 
are typical of lung fibrosis. Both the aforementioned reasons 
can apply to COVID-19 patients, since a percentage of them 
can be affected by pulmonary hypertension [30] and vessel 

distortion can be present. In addition, it may reflect the pre-
viously discussed angiopathy and perivascular interstitial 
involvement, which are expected to be more pronounced in 
patients with greater ILD% involvement.

The significant increase of VRS % in patients belong-
ing to group 1 (with low ILD involvement and few consoli-
dations) versus normal subjects demonstrated that even if 
VRS % included part of the interstitial disease, it is a faith-
ful index of the percentage of vascular volume in the nor-
mal lung and in the parenchyma affected by ILD. Vascular 
enlargement and congestion in that critical area in which the 
blood-air exchanges happen may be the pathophysiological 
reason for our results. Noteworthy, Menter et al. found dif-
fuse alveolar damage and capillary congestion in the autop-
sies of COVID-19-deceased patients [31]. Therefore, the 
possibility to evaluate the volumetric characteristics of ves-
sels in the lung with the CALIPER is particularly relevant in 
COVID-19 pneumonia. This is visually challenging, and an 
objective measure of the vascular changes that have clinical 
significance could be valuable in the triage and treatment of 
acute COVID-19 patients.

Another factor that may contribute to explain the correla-
tion between VRS, the intensity of care, and mortality is the 
fact that having been developed for interstitial pneumonia 
evaluation, the CALIPER does not include areas of thick 
peripheral lung consolidation in the total lung volumed. 
As a consequence, VRS may be increased in patients with 
large consolidative areas, being therefore a biomarker that 

Fig. 6   Estimated survival 
curves based on the multivariate 
cox model of Table 3 for 570 
COVID-19-positive patients 
having (a) age  66 years and 
specified VRS percentile values 
and (b) age > 66 years and 
specified VRS percentile values
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combines information from both vascular-like structures and 
consolidation.

Specifically, CALIPER evaluation of the CT scans in 
COVID-19 patients could help identify those with a higher 
risk of mortality who therefore need closer attention by the 
physician. According to our multivariate model, combin-
ing VRS and patient age to identify a subset of “high-risk” 
patients, has the potential to be used as a gatekeeper for 
earlier/more aggressive therapy. While it is certainly not a 
parameter to evaluate on its own, it may work in addition 
with the already known clinical risk factors [32] for an inte-
grative analysis on the model of the one performed by Chao 
et al. [33]

In our study, we found no significant differences in mor-
tality between the two sexes; we were then unable to repro-
duce the results reported by Percivale et al. [34]. Our other 
findings regarding the age and percentage of parenchymal 
involvement risk factors in mortality are largely confirma-
tory of the existing literature [30, 35].

Our study has several limitations. The first one is the 
retrospective nature of the study, in which the enrolled 
patients presented autonomously to the emergency depart-
ment during various stages of the disease. This fact likely 
introduces some bias for more severe cases of COVID-19 
or for patients with co-morbidities that would necessitate an 
emergency department visit. A second limitation is due to 
the nature of CALIPER, which was developed for evaluation 
of parenchymal lung disease and vascular-related structures 
but trained for classification of features in the setting of ILD 
and COPD. The CALIPER application does not have a “con-
solidation” class and, in some cases, incompletely extracts 
the lung parenchyma, particularly in peripheral regions of 
dense consolidation. The third and last limitation is the lack 
of laboratory parameters, such as pO2, for correlation and 
assessment of disease severity at the time of CT evaluation.

Conclusion

Our results indicate that VRS increases with the required 
intensity of care, and its increase could be a risk factor for 
mortality. Obviously, given the novel nature of this research, 
further investigations are needed in order to confirm our 
results. Additional development of segmentation and clas-
sification algorithms to characterize areas of consolidation 
in COVID-19 pneumonia would allow for a more compre-
hensive assessment of the pulmonary parenchymal processes 
and a more accurate determination of percent involvement 
for cases with dense consolidation.
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