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Preface

The COVID-19 pandemic, which presented a greater risk of severe morbidity in older and 
fragile patients, resulted in higher mortality rates in people with chronic diseases (particularly 
cardiovascular disease and diabetes) and cancer, highlighting the weakness of many welfare systems 
all over the world.

Most responsive cancer institutes have had to redesign their strategies to continue their activities. 
In particular, new therapeutic protocols and follow-up procedures have been implemented. Patients 
have had to be carefully evaluated to plan the optimal personalized treatment and to adopt the 
most appropriate therapeutic strategies, including telemedicine and digital monitoring. Healthcare 
professionals have had to be monitored for exposure to SARS-CoV-2 using genetic/antigen diagnostic 
kits and serological tests and, most recently, have been vaccinated with one of the several—not yet 
fully studied—available vaccines.

Furthermore, general management and planning aspects have also had to be reorganized, with 
particular attention being paid to the triage of patients for access to day hospital or day surgery 
sections, outpatient clinics, and clinical wards.

  This Special Issue has focused on methodological issues relevant to the identification, particularly

via radiological imaging, of serious clinical conditions requiring the sub intensive/intensive 
treatment of the acute phase and for the development/implementation of the more rigorous follow

up of fragile cancer patients in the post-COVID period at highest risk of death, significantly for 
unvaccinated patients. 

Franco M. Buonaguro and Attilio AM Bianchi

Editors
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SARS-CoV-2 Infection, Vaccination and Risk of Death in People
with An Oncological Disease in Northeast Italy
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Abstract: People with a history of cancer have a higher risk of death when infected with SARS-
CoV-2. COVID-19 vaccines in cancer patients proved safe and effective, even if efficacy may be
lower than in the general population. In this population-based study, we compare the risk of dying
of cancer patients diagnosed with COVID-19 in 2021, vaccinated or non-vaccinated against SARS-
CoV-2 and residing in Friuli Venezia Giulia or in the province of Reggio Emilia. An amount of
800 deaths occurred among 6583 patients; the risk of death was more than three times higher among
unvaccinated compared to vaccinated ones [HR 3.4; 95% CI 2.9–4.1]. The excess risk of death was
stronger in those aged 70–79 years [HR 4.6; 95% CI 3.2–6.8], in patients with diagnosis made <1 year
[HR 8.5; 95% CI 7.3–10.5] and in all cancer sites, including hematological malignancies. The study
results indicate that vaccination against SARS-CoV-2 infection is a necessary tool to be included in
the complex of oncological therapies aimed at reducing the risk of death.

Keywords: COVID-19; vaccination; risk of death; tumors

1. Introduction

Since the beginning of the COVID-19 pandemic, it has been documented that people
with an oncological disease, both those in active treatment and those undergoing periodic
follow-up checks, are at an elevated risk of severe COVID-19 and further sequelae [1–4]. For
these people, biological (related to the disease and/or anticancer treatments) and organiza-
tional factors combine to expose them to significantly higher risks of hospital admissions
for COVID-19 and death as compared to corresponding people without cancer [5–7].

The relative effect of cancer on COVID-19 prognosis is stronger in younger patients [6].
Giannakoulis and colleagues confirmed that COVID-19 cancer patients are at increased
risk of dying than non-cancer patients [HR 1.66; 95% CI 1.3–2.1] and that such elevated
risk tends to reduce at over 65 years of age [HR 1.06; 95% CI 0.8–1.4] [8], as for other
comorbidities [9]. Furthermore, haematological tumors can represent a negative prognostic
factor compared to solid tumors, especially in response to therapies [10], but also for a
complete immunization after vaccination [11].

On the contrary, evidence about the association between cancer and infection is less
conclusive [6,12]. Consistent with this evidence of elevated health risks, people with a
history of oncological disease have been included in the high-priority population groups
for vaccination against SARS-CoV-2 infection [13,14]. Several studies, including national
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ones, have already documented the impact of SARS-CoV-2 infection on the mortality of
people with cancer [6,15,16].

Most of the studies studied the efficacy of vaccination in cancer patients recruited
in oncological services who do not represent the total population living after a cancer
diagnosis. It is important to assess the impact of vaccination in the population of cancer
patients across all the phases of the disease and cure and across all cancer sites in large
population-based studies. A vaccination campaign in Italy started on December 2020,
targeting initial health operators and residents in nursing homes. Older and vulnerable
people were vaccinated with a high priority [17] and reached a high two-dose coverage by
the end of March 2021. People with a previous diagnosis of cancer were included in the
vulnerable group and were mostly vaccinated with an mRNA vaccine.

The aim of the study is to assess the risk of death in cancer patients based on their
SARS-CoV-2 infection history and vaccination status.

2. Materials and Methods

2.1. Setting and Study Design

A retrospective population study was conducted in all residents of the Friuli Venezia
Giulia Region and the province of Reggio Emilia living on 1 January 2021. They were
therefore eligible for anti-SARs-CoV-2 vaccination and targeted to a molecular swab search
for SARS-CoV-2 infection between 1 January 2021 and 31 December 2021. This study
compared the risk of death for any cause in patients who tested positive for SARS-CoV-2 in
2021 at least once.

2.2. Data Sources and Linkage Procedures

To this end, the anonymised data included in the databases of the regional health
information system were used for the Friuli Venezia Giulia Region, which covers the entire
resident population [18]. For the province of Reggio Emilia, anonymised data from the
Population Cancer Registry (CR) were used [19]. For the Friuli Venezia Giulia region, the
initial population consisted of 725,475 residents who underwent a nasopharyngeal swab for
the detection of SARS-CoV-2, of which 27,429 who tested positive had a previous history of
cancer. For Reggio Emilia province, the corresponding population with cancer was made
up of 5940 individuals (Figure 1a,b).

Persons with all negative swabs were considered SARS-CoV-2 negative on the date
of the first swab while those with at least one positive result were considered SARS-
CoV-2 positive on the date of the first positive swab. The history of the oncological
disease was reconstructed thanks to data from the Reggio Emilia-CR and the Friuli Venezia
Giulia Regional CR. For patients with multiple tumours, the most recent diagnosis, before
1 January 2021, was considered. The living status information was updated on 8 January
2022 for Friuli Venezia Giulia or on 30 March 2022 for Reggio Emilia. The study, approved
by the Bioethics Committee of the Veneto Region (protocol No. 245343/2020) and by the
Area Vasta Emilia Nord Ethic Committee (protocol No. 2020/0045199), was conducted
through a record linkage procedure of de-identified data with the use of a semi-annually
modified anonymous individual key. For this analysis, the databases of microbiology
laboratories, cancer registries and mortality were used. Study subjects were categorized as
vaccinated if they received at least one dose of available vaccine or unvaccinated.
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Figure 1. Description of the study population: Friuli Venezia Giulia (1a) and Reggio Emilia (1b) * It
includes 2273 patients who received their first dose after SARS-CoV-2 positive test.

2.3. Data Analyses

The risk of death was assessed for unvaccinated versus vaccinated cancer patients,
overall and by strata of sex, age, cancer type and time since cancer diagnosis. For the
calculation of the risk of death, a multivariate analysis based on the Cox model was
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conducted aimed at estimating the hazard ratios (HR) and their 95% confidence intervals
(CI). Models were adjusted for gender, age and time since diagnosis. The time at risk of
death was calculated from the date of SARS-CoV-2 infection to the date of death or the
study closure date (i.e., 31 March 2022), vaccination status was considered at the time of
SARS-CoV-2 infection, as previously described [20]. To better evaluate the impact according
to single tumor site, we also reported the relative survivals (adjusted by causes of death) of
patients with cancer diagnoses in the years 2015–2017 and follow-up on 31 December 2021.

A descriptive analysis of the causes of death among vaccinated and unvaccinated
patients and of the delay time between infection and death was possible only for the incident
cases in the province of Reggio Emilia. Data are listed in the Supplementary Materials.

3. Results

An oncological history was documented in 27,429 people residing in Friuli Venezia
Giulia living on 1 January 2021 and tested for SARS-CoV-2 infection during 2021. Among
these oncological patients, 5367 (19.6%) tested positive at least once for SARS-CoV-2 infec-
tion during 2021 while 22,062 always tested negative (80.4%). The subsequent statistical
analyses concerned the 5367 positive patients: 1171 vaccinated (21.8%) and 3596 (78.2%)
unvaccinated at the time of infection (Figure 1a).

Figure 1b shows similar data documented in the province of Reggio Emilia: among
5940 patients with a previous history of cancer and tested in 2021, 1316 (22.2%) were positive
and 4624 (77.8%) were negative for SARS-CoV-2 infection. Among the 1316 positives, 501
(38.1%) received at least one dose of the vaccine, and 815 (61.9%) were unvaccinated.

3.1. Frequency of Deaths among Vaccinated and Unvaccinated

In Friuli Venezia Giulia (Table 1), among those positive for the infection and vaccinated
before infection, 102 died (5.8%); among those unvaccinated, there were 595 deaths (16.6%).
Twenty-four deaths (4.1%) occurred among Reggio Emilia patients (Table 1) who received
at least one dose of vaccine before infection. Conversely, there were 79 deaths (9.7%) among
unvaccinated patients (Table 1).

As regards the study conducted in the Friuli Venezia Giulia region, particularly an
elevated percentage of deaths among vaccinated people were documented in males (7.5%),
in those aged 80 years or more (13.6%), in patients diagnosed with cancer in the previous
12 months (8.3%) and in patients with haematological malignancies (8.3%), bladder (10.4%)
or colorectal (8.9%) among solid tumors.

In the province of Reggio Emilia (Table 1), high proportions of deaths among vacci-
nated patients occurred in females (5.7%), in those aged 80 or more years (16.1%) and in
patients with hematological malignancies (8.2%), kidney (18.2%) or bladder cancer (8.8%),
whereas no trend was observed by the time since diagnosis.

Among the unvaccinated patients in Friuli Venezia Giulia, males showed elevated
death risk (20.8%); the death risk increases with age (18.4% in 70–79; 37.5% in 80+) and
mainly affected patients diagnosed less than 12 months (28.8%). In addition to haematolog-
ical tumours (18.7%), the lungs (37.2%) and bladder (26.9%) were among the tumour sites
with elevated death percentages. Similarly, in the province of Reggio Emilia, unvaccinated
males presented an elevated death risk (11.7%); the risk increased with age, especially
to 80+ (35.9%), and mainly affected patients with a diagnosis made less than 12 months
(21.3%) prior. Among tumor sites, a greater risk was observed for lung cancer (26.5%) and
endometrium (29.6%).

4
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Table 1. Numbers of cancer patients and deaths (all causes) in patients who tested positive for
SARS-CoV-2 at least once according to vaccine status in 2021 in Friuli Venezia Giulia and Reggio
Emilia areas, Italy.

Positive for SARS-CoV-2

Friuli Venezia Giulia Reggio Emilia

Vaccinated Not Vaccinated Vaccinated Not Vaccinated

Total Deaths Total Deaths Total Deaths Total Deaths

N N (Row %) N N (Row %) N N (Row %) N N (Row %)

All 1771 102 (5.8) 3596 595 (16.6) 501 24 (4.8) 815 79 (9.7)

Sex

Male 858 64 (7.5) 1665 346 (20.8) 237 9 (3.8) 341 40 (11.7)

Female 913 38 (4.2) 1931 249 (12.9) 264 15 (5.7) 474 39 (8.2)

Age at infection (years)

<40 56 0 (0.0) 145 1 (0.7) 43 0 (0.0) 67 0 (0.0)

40–59 364 3 (0.8) 869 25 (2.9) 124 1 (0.8) 289 6 (2.1)

60–69 285 6 (2.1) 710 61 (8.6) 88 2 (2.3) 149 4 (2.7)

70–79 522 19 (3.6) 1017 187 (18.4) 134 3 (2.2) 178 22 (12.4)

≥80 544 74 (13.6) 855 321 (37.5) 112 18 (16.1) 131 47 (35.9)

Time since cancer diagnosis

<1 year 168 14 (8.3) 354 102 (28.8) 40 2 (5.0) 75 16 (21.3)

1–2 years 128 5 (3.9) 298 59 (19.8) 41 0 (0.0) 87 8 (9.2)

2–5 years 365 21 (5.8) 735 95 (12.9) 136 7 (5.2) 221 9 (4.1)

>5 years 1110 62 (5.6) 2209 339 (15.4) 284 15 (5.3) 432 46 (10.6)

Tumor site

Solid tumors 1614 89 (5.5) 3275 535 (16.3) 440 19 (4.3) 847 130 (15.3)

Breast 415 13 (3.1) 882 84 (9.5) 118 4 (3.4) 222 14 (6.3)

Prostate 284 20 (7.0) 539 109 (20.2) 54 3 (5.6) 77 9 (11.7)

Colorectal 236 21 (8.9) 434 85 (19.6) 53 2 (3.8) 67 10 (14.9)

Skin Melanoma 148 6 (4.1) 287 18 (6.3) 42 2 (4.8) 53 2 (3.8)

Lung and larynx 73 4 (5.5) 180 67 (37.2) 12 0 (0.0) 34 9 (26.5)

Thyroid 91 1 (1.1) 155 10 (6.5) 43 0 (0.0) 74 1 (1.4)

Kidney 63 3 (4.8) 141 19 (13.5) 11 2 (18.2) 29 1 (3.4)

Bladder 48 5 (10.4) 93 25 (26.9) 34 3 (8.8) 44 5 (11.4)

Endometrium 47 1 (2.1) 107 13 (12.2) 15 0 (0.0) 27 8 (29.6)

Other solid tumours 209 15 (7.2) 457 105 (23.0) 58 3 (5.2) 109 19 (17.4)

Hematological malignancies 157 13 (8.3) 321 60 (18.7) 61 5 (8.2) 79 1 (1.3)

Non-Hodgkin lymphoma 73 5 (6.9) 165 38 (23.0) 24 2 (8.3) 38 1 (2.6)

Leukaemia 42 4 (9.5) 65 12 (18.5) 20 2 (10.0) 28 0 (0.0)

Hodgkin’s lymphoma 21 2 (9.5) 51 2 (3.9) 7 0 (0.0) 7 0 (0.0)

Multiple myeloma 21 2 (9.5) 40 8 (20.0) 10 1 (10.0) 6 0 (0.0)

3.2. Multivariate Analysis of Deaths among Unvaccinated vs. Vaccinated Patients

The risks of death in unvaccinated vs. vaccinated patients are illustrated in Table 2.
In Friuli Venezia Giulia, the risk of death among the unvaccinated was almost three-fold
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that of the vaccinated ones [HR 2.7; 95% CI 2.2–3.4]. The excess of risk was similar in males
and females [HR 2.7; 95% CI 2.1–3.6; and HR 2.7; 95% CI 1.8–3.9] in the age group 70–79
[HR 3.7; 95% CI 2.3–5.9] and in subjects diagnosed between one–two years before diagnosis
[HR 4.5; 95% CI 1.8–15.3]. Among solid tumours, the excess risk was particularly marked
for lung [HR 5.0; 95% CI 1.8–14.1], breast [HR 3.0; 95% CI 1.6–5.3], prostate [HR 2.8; 95% CI
1.7–4.6] and colorectal [HR 2.3; 95% CI 1.4–3.7] cancers.

Table 2. Risk of death in unvaccinated vs. vaccinated patients in 2020–2021 in Friuli Venezia Giulia
and in the province of Reggio Emilia, Italy.

Friuli Venezia Reggio Emilia
Overall

Giulia

HR 95% CI HR 95% CI HR 95% CI

All 2.7 2.2 3.4 8.2 5.1 13.2 3.4 2.9 4.1

Sex

Male 2.7 2.1 3.6 12.1 6 24.5 3.4 2.8 4.3

Female 2.7 1.9 3.8 3.1 1.7 5.4 2.8 2.0 3.9

Age at infection (years)

<40 - - - - - - - - -

40–59 1.8 0.52 6 4.2 0.46 37.9 2.1 0.8 6.3

60–69 2.4 1 5.6 5.9 1 33.4 2.8 1.4 6.0

70–79 3.7 2.3 5.9 19.3 5.7 65.7 4.6 3.2 6.8

≥80 2.5 2 3.3 6.5 3.6 11.6 3.1 2.6 3.9

Time since cancer diagnosis

<1 year 2.7 1.5 4.7 20.7 4 10.7 8.5 7.3 10.5

1–2 years 4.5 1.8 11.3 Infinite - - 5.3 2.6 12.1

2–5 years 2.4 1.5 3.8 5 1.9 13.6 2.8 1.9 4.2

>5 years 2.7 2.1 3.6 6.6 3.6 12.1 3.3 2.7 4.2

Tumor site

Solid tumors 2.6 2.2 3.5 9.1 5.4 15.2 3.4 3.0 4.3

Breast 3 1.6 5.3 7.5 2.1 26.6 3.6 2.2 5.9

Prostate 2.8 1.7 4.6 8.2 2 34.1 3.2 2.1 5.0

Colorectal 2.3 1.4 3.7 18.2 3.5 95.5 2.7 1.8 4.1

Skin Melanoma 1.4 0.54 3.8 1.5 0.17 13.5 1.4 0.6 3.8

Lung and larynx 5.1 1.8 14.1 Infinite - - 5.8 2.5 14.8

Thyiroid 6.5 0.8 51 - - - 7.0 1.3 51.5

Kidney 2.2 0.6 7.5 0.46 0.04 5.6 1.2 0.1 6.5

Bladder 1.2 0.43 3.3 20.6 1.5 275 1.4 0.63 3.5

Endometrium 6.1 0.77 48.6 Infinite - - 10.0 4.67 52.5

Other solid cancers 3 1.7 5.2 12.4 3.2 48.8 3.7 2.4 5.9

Haematologic Malignancies 2.4 1.3 4.4 - - - 2.2 1.1 4.2

For hematologic malignancies, the excess risk was significant [HR 2.4; 95% CI 1.3–4.4].
In the province of Reggio Emilia (Table 2), the risk of death among unvaccinated was

eight-fold higher than in vaccinated patients [HR 8.2; 95% CI 5.1–13.2]. The excess risk
was higher in males [HR 12.1; 95% CI 6.0–24.5], in the 70–79 age group [HR 19.3; 95% CI
5.7–65] and in subjects diagnosed one year before vaccination [HR 20.7; 95% CI 4.0–10.7].
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The excess risk in non-vaccinated people was appreciable for bladder [HR 20.6; 95% CI
1.5–27.5], colorectal [HR 18.2; 95% CI 3.5–95.5], prostate [HR 8.2; 95% CI 2.0–34.1] and breast
tumours [HR 7.5; 95% CI 2.1–26.6]. For haematological malignancies, sparse data made it
difficult to calculate the HRs.

When pooling data from the two cohorts, the general picture of a large excess risk of
death in unvaccinated was confirmed with more than three-fold risks. Differences between
sexes almost disappeared, while the higher excess risk in older patients was confirmed,
while a clearer trend according to time since cancer diagnosis emerged with a stronger
excess risk in newly diagnosed. The excess risk was appreciable for almost all cancer sites,
but for skin melanoma, kidney cancer and bladder cancer, the excess was compatible with
random fluctuations.

Table 3 shows the survivals one year and five years after a diagnosis of the cases
recorded in the years 2015–2017. One year after diagnosis, Friuli Venezia Giulia presents an
extremely low survival for lung cancer (44%) and low for leukemia (66%) and colorectal
cancer and non-Hodgkin’s lymphoma (82%); at five years, survival drops drastically for
the sites studied, except breast, prostate, melanoma and thyroid cancer.

Table 3. One-year and five-year net survival (NS, %) of patients (men and women, all ages) with
most frequent cancer types diagnosed in 2015–2017 (follow-up at 2021), in Friuli Venezia Giulia and
in the province of Reggio Emilia, Italy.

Friuli Venezia Reggio Emilia
Giulia

1-Year NS 5-Year NS 1-Year NS 5-Year NS

Tumor site

Breast 97 90 99 92

Prostate 98 94 98 88

Colorectal 82 64 84 64

Skin Melanoma 97 91 99 91

Lung 44 17 41 16

Thyroid 96 94 94 92

Kidney 83 72 84 65

Bladder 90 77 90 76

Corpus Uteri 93 79 91 78

Non-Hodgkin lymphomas 82 70 88 72

Leukemias 66 42 76 57

All sites, but skin non-melanoma 77 62 78 61

Reggio Emilia confirms an extremely low survival for lung cancer (41%) and low for
leukemia (76%) and colorectal cancer and kidney cancer (84%) one year after diagnosis;
at five years, survival drops drastically for the sites studied, except for breast, prostate,
melanoma and thyroid cancer.

Regarding the causes of death, available only for the province of Reggio Emilia
(Supplementary Table S1), of the 103 deaths, 17%, 50% and 33% e 20%, 57% e 23% died from
a tumor, COVID-19 or other causes among vaccinated and non-vaccinated patients, respec-
tively. Supplementary Figure S2 instead shows the distribution over time between infection
and death. Among the vaccinated, 71% and 88% die within 30 and 60 days of infection,
respectively, while among the unvaccinated, the percents are 62% and 70%, respectively.
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4. Discussion

The results of this longitudinal investigation from two population-based cohorts
agree in indicating that unvaccinated cancer patients infected with SARS-CoV-2 have a
risk of death approximately three times higher than the corresponding vaccinated cancer
patients. When the vaccine was not yet available, the national and international literature
demonstrated a higher COVID-19 mortality among patients with cancer compared to the
general population [1–7,15,16].

Specifically, national data [16] showed that cancer patients had a higher chance of
being hospitalized (56.6% vs. 34.4%) and dying (14.7% vs. 4.5%) from COVID-19 than the
general population, confirmed by a subsequent study [6], which showed a higher risk of
hospitalization [OR = 1.27; 95% CI 1.09–1.48] and death [OR = 1.45; 95% CI 1.12–1.89] in
cancer patients compared to the general population, especially in the presence of metastases
and in tumors diagnosed in the two years preceding the infection. A previous Friuli Venezia
Giulia study [15] also confirmed the risk of death [OR = 1.63; 95% CI 1.49–1.78], but not
an increased risk of hospitalization (in this case the data refers only to admissions to
intensive care). Since their development and dissemination, lower immunogenicity of
SARS-CoV-2 vaccines has been demonstrated in patients suffering from various forms
of cancer compared to healthy populations, particularly in patients with haematological
malignancies and in patients undergoing active treatments [21]. The safety profile was
similar in cancer patients and the general population [22]. Vaccines and particularly
mRNA vaccines [23] was shown to be effective in protecting cancer patients from severe
COVID-19 [22]. It is also well-known that SARS-Cov-2 mRNA vaccines are more effective
in the general population than in the tumor population and that among the latter, the
immune response in hematological patients is significantly lower than in patients with
solid tumors [24].

Following the spread of SARS-CoV-2 vaccines, some studies have analyzed their
impact on clinical complications, including death [3,23]. In Europe, the results of the
multicenter retrospective study “OnCovid Registry Study” showed a statistically significant
74% reduction in the risk of death 28 days after vaccination for vaccinated cancer patients [5].
Our findings indicate that those vaccinated within two years of a cancer diagnosis (and
likely to receiving anti-cancer therapies) were at a higher risk of death—an observation in
line with previous reports (1, 5).

In general, our study confirms an excess of death for unvaccinated people compared
to vaccinated people, which increases with age and which presents a gradient inversely
proportional to the time from cancer diagnosis.

Some of the results that emerged from our study deserve particular attention. To
avoid overestimating the impact of the vaccine due to differences in testing and biases
in the probability of reporting a diagnosis of COVID-19, we compared the risk of death
in vaccinated and unvaccinated cancer patients who had at least one positive test for
SARS-CoV-2. Nevertheless, with this approach, we only measure the effect of the vaccine
on reducing the severity of the disease once the infection occurred and not the protection
due to reducing the probability of having a detectable infection, which was probably also
not negligible during 2021 when the dominant viral variants were alpha and delta [23],
for which sustained efficacy at least in the 6 to 12 months after vaccination has been
demonstrated [23,25–27]. In both Friuli Venezia Giulia and Reggio Emilia provinces, the
excess risk in unvaccinated cancer patients was larger in elderly people aged 70 or more.
Considering that the absolute risk of death and particularly of COVID-19-related death is
particularly high in this group, the impact of the vaccine in terms of avoided death is more
important than what could be inferred by the average protection of a three-fold reduction
observed overall. As well, it is worth noting that the excess risk is highest in patients in
one to two years from diagnosis, and it is also well appreciable in the first year after cancer
diagnosis, the periods when cancer-related mortality is higher [28]. The stronger protection
observed in the most fragile patients is probably due to the early vaccination of these
groups, i.e., in January and February 2021, when the alpha peak was rising in Italy and
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both risks of infection, mortality and fatality rate among reported cases were particularly
high [29]. A similar effect has been observed in the general population in Reggio Emilia [19].
Different timing of vaccination relative to different epidemiology of epidemic waves could
explain the reason for the different protection observed in Friuli Venezia Giulia and Reggio
Emilia. In fact, in Reggio Emilia the proportion of patients who were vaccinated after
the infection was higher than in Friuli Venezia Giulia, suggesting that infections in early
2021 were more important than those during autumn 2021 in Reggio Emilia compared to
Friuli Venezia Giulia. We know that the vaccine was more effective against alpha infections
and that it partially lost its effectiveness in late autumn 2021 [19,25–27]. Nevertheless, the
protection is high in both cohorts.

As far as individual tumor sites are concerned, an excess risk of death for hematological
tumors compared to solid tumors is confirmed in both settings studied. As regards solid
neoplasms, Friuli Venezia Giulia shows an excess of deaths among the unvaccinated
for lung cancers and, subsequently, breast, prostate and colorectal cancers. For Reggio
Emilia, an excess of risk for bladder, colorectal and breast is confirmed. The excess risk
for lung cancer, already described in the literature [30], was evident only in Friuli Venezia
Giulia, suggesting that early hospitalization in Reggio perhaps had a protective effect on
mortality [6].

The effect is appreciable in almost all cancer sites, and the few exceptions are largely
compatible with random fluctuations. Our data do not confirm a lower vaccine efficacy in
patients with haematological patients [21]. Nevertheless, due to very few deaths, we could
not assess differences for specific hematological malignancies.

Among the limitations of the study, we must point out that we have no information
on the stage of the tumors or on the severity of the COVID-19 infection. Furthermore,
information on comorbidities that may have played an important role in the evolution of
the disease is lacking.

Among the strengths of this study is the complete observation of the resident popula-
tion both in the Friuli Venezia Giulia Region and in the province of Reggio Emilia thanks
to the availability of complete and accurate health databases. This allowed for all RT-PCR
tests for SARS-CoV-2 to be included during the study period. Another strength of the study
was the use of data from two population-based cancer registries with a long history and a
high-quality standard in terms of completeness and accuracy of the data collected.

5. Conclusions

In conclusion, this investigation shows that vaccination significantly reduces the risk
of death of people with cancer who are infected with SARS-CoV-2.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jpm13091333/s1, Figure S1. Distribution of death by infection’ time,
by vaccination status: 79 non vaccinated and 24 vaccinated. Data from Reggio Emilia, 2021. Table S1.
Distribution of causes of death between vaccinated and unvaccinated. Data from Reggio Emilia.
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Abstract: Purpose: To analyze the vaccine effect by comparing five groups: unvaccinated patients
with Alpha variant, unvaccinated patients with Delta variant, vaccinated patients with Delta variant,
unvaccinated patients with Omicron variant, and vaccinated patients with Omicron variant, assessing
the “gravity” of COVID-19 pulmonary involvement, based on CT findings in critically ill patients
admitted to Intensive Care Unit (ICU). Methods: Patients were selected by ICU database considering
the period from December 2021 to 23 March 2022, according to the following inclusion criteria:
patients with proven Omicron variant COVID-19 infection with known COVID-19 vaccination with
at least two doses and with chest Computed Tomography (CT) study during ICU hospitalization.
Wee also evaluated the ICU database considering the period from March 2020 to December 2021,
to select unvaccinated consecutive patients with Alpha variant, subjected to CT study, consecutive
unvaccinated and vaccinated patients with Delta variant, subjected to CT study, and, consecutive
unvaccinated patients with Omicron variant, subjected to CT study. CT images were evaluated
qualitatively using a severity score scale of 5 levels (none involvement, mild: ≤25% of involve-
ment, moderate: 26–50% of involvement, severe: 51–75% of involvement, and critical involvement:
76–100%) and quantitatively, using the Philips IntelliSpace Portal clinical application CT COPD
computer tool. For each patient the lung volumetry was performed identifying the percentage value
of aerated residual lung volume. Non-parametric tests for continuous and categorical variables
were performed to assess statistically significant differences among groups. Results: The patient
study group was composed of 13 vaccinated patients affected by the Omicron variant (Omicron
V). As control groups we identified: 20 unvaccinated patients with Alpha variant (Alpha NV); 20
unvaccinated patients with Delta variant (Delta NV); 18 vaccinated patients with Delta variant (Delta
V); and 20 unvaccinated patients affected by the Omicron variant (Omicron NV). No differences
between the groups under examination were found (p value > 0.05 at Chi square test) in terms of
risk factors (age, cardiovascular diseases, diabetes, immunosuppression, chronic kidney, cardiac,
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pulmonary, neurologic, and liver disease, etc.). A different median value of aerated residual lung
volume was observed in the Delta variant groups: median value of aerated residual lung volume was
46.70% in unvaccinated patients compared to 67.10% in vaccinated patients. In addition, in patients
with Delta variant every other extracted volume by automatic tool showed a statistically significant
difference between vaccinated and unvaccinated group. Statistically significant differences were
observed for each extracted volume by automatic tool between unvaccinated patients affected by
Alpha variant and vaccinated patients affected by Delta variant of COVID-19. Good statistically
significant correlations among volumes extracted by automatic tool for each lung lobe and overall
radiological severity score were obtained (ICC range 0.71–0.86). GGO was the main sign of COVID-19
lesions on CT images found in 87 of the 91 (95.6%) patients. No statistically significant differences
were observed in CT findings (ground glass opacities (GGO), consolidation or crazy paving sign)
among patient groups. Conclusion: In our study, we showed that in critically ill patients no difference
were observed in terms of severity of disease or exitus, between unvaccinated and vaccinated patients.
The only statistically significant differences were observed, with regard to the severity of COVID-19
pulmonary parenchymal involvement, between unvaccinated patients affected by Alpha variant and
vaccinated patients affected by Delta variant, and between unvaccinated patients with Delta variant
and vaccinated patients with Delta variant.

Keywords: COVID-19; vaccination; Computed Tomography

1. Introduction

Over two years after the first described SARS-CoV-2 patient, the COVID-19 pandemic
is still ongoing, with many countries undergoing new infection waves [1–12]. Extensive
vaccination promotion is underway all over the world, although with extremely variable
levels of population coverage [1,13–24]. In addition, the pandemic perseveres with the
appearance of new variants that could compromise diagnostic tests and vaccine efficacy.
Developing evidence has demonstrated that these variants are able to evade the action of
neutralizing antibodies [25–43]. Evidence of declining vaccine immunity over time has
also arisen: following the second dose, there is a substantial decline in efficacy against
symptomatic infection; from a peak of ~90% in the weeks immediately following to a
much lower 50–80% six months after vaccination [44–48]. Consequently, several nations
are proposing booster vaccinations. Data from these countries have proven the benefit of
a booster dose in reducing symptomatic infection and offering a significant decrease in
critical outcomes [49–54]. Moreover, the protection level offered by previous SARS-CoV-2
infection, both in terms of infection and disease severity and, therefore, of outcome, is still
unclear [55–61]. In this scenario, the main essential element leading to the evolution of
SARS-CoV-2 infection is the interaction with the host’s immune system. However, there is a
need to understand how the new variants can lead to severe forms of the disease, as well as
how the time elapsed since vaccination can impact the outcome. An assessment of disease
severity requires tools that can objectify the data to reduce the variability between patients
due to qualitative evaluation. As to the “gravity assessment” of COVID-19 infection and
evaluation of pulmonary parenchymal involvement, several scores have been proposed
[62,63]. The main goal of these tools is to establish a well-defined strategy for evaluation of
the airways and lungs of COVID-19 positive patients from Computed Tomography (CT)
scans, including detected abnormalities [64–74]. Their identification and the volumetric
quantification may allow an easier classification in terms of gravity, extent and progression
of the disease. Moreover, this may provide a high-impact tool to enhance awareness of the
severity of COVID-19 pneumonia [75–90].

In this retrospective cohort study, we aim to analyze the vaccine effect by comparing
five groups: (a) unvaccinated patients with Alpha variant; (b) unvaccinated patients
with Delta variant; (c) vaccinated patients with Delta variant; (d) unvaccinated patients
with Omicron variant; and (e) vaccinated patients with Omicron variant, assessing the
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“gravity” of COVID-19 pulmonary involvement, based on CT findings in critically ill
patients admitted to Intensive Care Unit (ICU).

2. Materials and Methods

2.1. Patient Characteristics

The study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Institutional Ethics Committee of IRCCS L. Spallanzani. Data acquisi-
tion and analysis were performed in compliance with protocols approved by the Ethical
Committee of the National Institute for Infectious Diseases IRCCS Lazzaro Spallanzani,
Rome, Italy (ethical approval number 164, 26 June 2020). The Local Ethical Committee
board renounced patient informed consent, considering the ongoing epidemic emergency.

Patients were selected from the Intensive Care Unit (ICU) database considering the
period from December 2021 to 23 March 2022, having COVID-19 infection variant sequenc-
ing, according to the following inclusion criteria: (1) patients with proven Omicron variant
COVID-19 infection; (2) patients with known COVID-19 vaccination with at least two doses;
(3) patients with chest CT study during ICU hospitalization. The exclusion criteria were:
(1) no CT study, (2) patients with no data on COVID-19 vaccination status.

We also evaluated the ICU database considering the period from March 2020 to
December 2021, to select unvaccinated consecutive patients with Alpha variant, subjected
to CT study; consecutive unvaccinated patients with Delta variant, subjected to CT study;
consecutive vaccinated patients with Delta variant, subjected to CT study; consecutive
unvaccinated patients with Omicron variant, subjected to CT study.

2.2. CT Technique

Chest CT scan was performed with 128 slices using Incisive Philips CT scanners
(Amsterdam, The Netherlands). CT examinations were performed with the patient in the
supine position in breath-hold, and inspiration using a standard dose protocol, without
contrast intravenous injection. The scanning range was from the apex to the base of the
lungs. The tube voltage and the current tube were 120 kV and 100–200 mA (and if applicable,
using z-axis tube current modulation), respectively. All data were reconstructed with a
0.6–1.0 mm increment. The matrix was 512 mm × 512 mm. Images were reconstructed
using a sharp reconstruction kernel for parenchyma evaluation and hard reconstruction
kernel for other lung evaluation. All data were reconstructed with a 0.6–1.0 mm increment.
Multiplanar reconstruction (MPR) was also obtained.

2.3. CT Post Processing

DICOM data were transferred into a PACS workstation and CT images were evaluated
using the Philips IntelliSpace Portal clinical application CT COPD (Philips Eindihoven, The
Netherlands) computer tool.

Philips IntelliSpace Portal clinical application CT COPD software is a CE-marked
medical device designed to quantify pulmonary emphysema in patients with chronic ob-
structive pulmonary disease. The tool provides segmentation of the lungs and of the airway
tree. Moreover, the tool helps visualize and quantify the destructive process of diffuse lung
disease (e.g., emphysema), providing a guided workflow for airway analysis, reviewing
and measuring airway lumen, and assessing trapped air. Compared to others tools, it
allows assessment consolidation. For each patient the lung volumetry was performed
identifying the percentage value of aerated residual lung volume, and for each lung lobe:
right upper lobe volume, right lower lobe volume, medium lobe volume, left upper lobe
volume, left lower lobe volume (Figures 1 and 2).
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Figure 1. Example 1 of Quantitative assessment of COVID-19 pulmonary parenchymal involvement
by automatic tool.

 

Figure 2. Example 2 of Quantitative assessment of COVID-19 pulmonary parenchymal involvement
by automatic tool.

Disease severity was assessed by considering the percentage of aerated residual lung
volume: patients with lower aerated residual lung volume were considered more compro-
mised.
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2.4. Radiologists’ Analysis

Radiologists attributed for each lung lobe (right upper and lower lobe, medium lobe,
left upper and lower lobe) a severity score using a scale of 5 levels (no involvement, mild:
≤25% of involvement, moderate: 26–50% of involvement, severe: 51–75% of involvement
and critic involvement: 76–100%) as reported in Li et al. [91]. Moreover, an overall ra-
diological severity score was obtained summing the scores for each lung lobe and then
considering a low severity ≤ 5, mild severity 6–10, moderate 11–15, severe 16–20 and
critical 21–25. Two radiologists with more than 10 years of thoracic-imaging analysis
experience evaluated the severity of images in a double-blind manner. Another, more expe-
rienced, radiologist resolved any disagreement between the two radiologists determining a
radiological consensus.

In addition, a qualitative assessment including the evaluation of the following CT
findings, ground glass opacities (GGOs), consolidation and crazy paving, was defined
according to the Fleischner Society glossary [92].

2.5. Statistical Analysis

Continuous data were expressed in terms of median values and range. Chi square test,
Mann Whitney test and Kruskal Wallis test were used to verify differences among groups.
Intraclass correlation coefficient was used to analyze the correlations and variability among
quantitative measurements generated by automatic tool and radiological severity score.

Bonferroni correction was considered for multiple comparisons.
p value < 0.05 was considered significant for all tests.
The statistical analyses were performed using the Statistics and Machine Toolbox of

MATLAB R2021b (MathWorks, Natick, MA, USA).

3. Results

According to the inclusion and exclusion criteria, the patient study group was com-
posed of 13 vaccinated patients affected by the Omicron variant (Omicron V). As control
groups we identified: 20 unvaccinated patients with Alpha variant (Alpha NV); 20 unvac-
cinated patients with Delta variant (Delta NV); 18 vaccinated patients with Delta variant
(Delta V); and 20 unvaccinated patients affected by the Omicron variant (Omicron NV).
Mean age and sex distribution for each group is reported in Table 1.

Table 1. Demographic and CT findings of Patients in the Study.

Characteristic
Alpha Variant

n = 20

Unvaccinated
Delta Variant

n = 20

Unvaccinated
Delta Variant

n = 18

Unvaccinated
Omicron
Variant
n = 20

Vaccinated
Omicron
Variant
n = 13

p Value

Age (y)

Mean 62 58 64 69 75
0.07

Range 43–78 37–83 35–87 42–88 55–94

Sex, no. (%) of patients

Male 14 17 15 13 12
0.43

Female 6 3 3 7 1

CT Findings

GGO 19 20 16 19 13 0.89

Crazy Paving 17 20 14 16 11 0.10

Consolidation 15 17 11 16 11 0.70

Exitus 5 5 6 4 5 0.95

Note. p value was evaluated for continuous variable by Mann Whitney test and by Chi square test for categorical
variables.
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No differences between the groups under examination were found (p value > 0.05 at
Chi square test) in terms of risk factors (cardiovascular diseases, diabetes, immunosuppres-
sion, chronic kidney, cardiac, pulmonary, neurologic, and liver disease, etc.).

The patient distribution with median value of aerated residual lung volume for each
subgroup is reported in Table 2 and Figure 3.

Table 2. Patient distribution and median value of aerated residual lung volume for each subgroup.

Unvaccinated
Vaccinated

with 2 Doses
Vaccinated

with 3 Doses
p Value

Patients with Alpha
Variant

Number of patients

20 0 0

0.001Patients with Delta variant 20 16 2

Patients with Omicron 20 8 5

Patients with Alpha
Variant

Median value of (range) of
Aerated residual lung
volume [%]

39.95
(19.40–67.50) - -

0.05Patients with Delta variant 46.7
(13.60–75.60)

67.10
(17.10–89.80)

52.00
(19.40–84.50)

Patients with Omicron 48.35
(8.20–83.30)

38.30
(18.90–73.30)

61.9
(31.60–73.60)

 

Figure 3. Distribution of aerated residual lung volume for each subgroup.

No statistically significant differences were observed between unvaccinated and vacci-
nated patients with Omicron variant for aerated residual lung volume, right upper lobe
volume, right lower lobe volume, medium lobe volume, left upper lobe volume, or left
lower lobe volume in percentage values: p value > 0.05 with Kruskal Wallis test (see
boxplots in Figure 4, Table 3).
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Figure 4. Boxplots of extracted volumes by automatic tool between vaccinated and unvaccinated
patients affected by Omicron Variant of COVID-19.

Table 3. Median values of extracted volumes by automatic tool patients affected by Alpha, Delta or
Omicron Variant of COVID-19 grouped by vaccination or no vaccination.

Aerated
Residual

Volume %

Right Upper
Lobe Volume

%

Right Lower
Lobe Volume

%

Medium Lobe
Volume %

Left Upper
Lobe Volume

%

Left Lower
Lobe Volume

%

Alpha 39.95 47.30 26.00 64.40 55.00 25.05

Unvaccinated 39.95 47.30 26.00 64.40 55.00 25.05

Delta 55.25 56.2 58.35 72.9 32.75 56

Unvaccinated 46.70 39.20 51.30 60.15 23.45 46.65

Vaccinated 67.10 66.50 71.55 83.50 57.00 66.80

Omicron 46.4 46.8 59 68.4 26.9 50

Unvaccinated 48.35 42.2 54.2 53.65 28.65 51.65

Vaccinated 46.4 49.8 61.4 70.1 25.7 45.1

p value at
Kruskal Wallis

test
0.03 0.06 0.06 0.04 0.004 0.12

A different median value of aerated residual lung volume was observed in the Delta
variant groups: median value of aerated residual lung volume was 46.70% in unvaccinated
patients compared to 67.10% in vaccinated patients (p value = 0.01 with Kruskal Wallis test).
In addition, in patients with Delta variant every other extracted volume by automatic tool
showed a statistically significant difference between vaccinated and unvaccinated group
(see boxplots in Figure 5, Table 3): p value at Kruskal Wallis test = 0.02, 0.02, 0.02, 0.03, 0.03,
respectively, for percentage values of right upper lobe volume, right lower lobe volume,
medium lobe volume, left upper lobe volume and left lower lobe volume.
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Figure 5. Boxplots of extracted volumes by automatic tool between vaccinated and unvaccinated
patients affected by Delta Variant of COVID-19.

No statistically significant differences were observed in terms of aerated residual
lung volume among vaccinated or unvaccinated patients with Delta and vaccinated or
unvaccinated patients with Omicron variant (p value > 0.05 with Kruskal Wallis test,
Figure 6). The only statistically significant differences were observed between vaccinated
patients with Delta variant and vaccinated patients with Omicron variant for the right upper
lobe volume, medium lobe volume and left lower lobe volume with a p value at Kruskal
Wallis test, respectively, of 0.04, 0.03 and 0.01 (Figure 7) and between vaccinated patients
with Delta variant and unvaccinated patients with Omicron variant for the right upper lobe
volume and medium lobe volume with a p value for Kruskal Wallis test, respectively, of
0.03 and 0.02 (Figure 8).

No difference was observed in terms of each extracted volumes by automatic tool
(aerated residual lung volume, right upper lobe volume, right lower lobe volume, medium
lobe volume, left upper lobe volume, left lower lobe volume) between unvaccinated patients
with the Alpha variant versus vaccinated or unvaccinated patients with the Omicron variant
(p value > 0.05 for Kruskal Wallis test).
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Figure 6. Boxplots of aerated residual volume between unvaccinated or vaccinated patients affected
by Delta variant and vaccinated or un-vaccinated patients affected by Omicron variant.

In addition, no difference was observed in terms of each extracted volume by auto-
matic tool between unvaccinated patients with the Alpha variant versus unvaccinated
patients with the Delta variant (p value > 0.05 for Kruskal Wallis test). Instead, statistically
significant differences were observed for each extracted volume by automatic tool between
unvaccinated patients affected by Alpha variant and vaccinated patients affected by Delta
variant of COVID-19: p value for Kruskal Wallis test = 0.003, 0.01, 0.01, 0.01, 0.001, 0.01, re-
spectively, for percentage values of aerated residual lung volume, right upper lobe volume,
right lower lobe volume, medium lobe volume, left upper lobe volume and left lower lobe
volume (see boxplots in Figure 9).
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Figure 7. Boxplots of extracted volumes by automatic tool between vaccinated patients affected by
Delta Variant of COVID-19 and vaccinated patients affected by Omicron Variant of COVID-19.

 

Figure 8. Boxplots of extracted volumes by automatic tool between vaccinated patients affected by
Delta Variant of COVID-19 and unvaccinated patients affected by Omicron Variant of COVID-19.
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Figure 9. Boxplots of extracted volumes by automatic tool between unvaccinated patients affected by
Alpha variant and vaccinated patients affected by Delta variant of COVID-19.

The highest differences were observed in median value of aerated residual lung
volume (39.95% versus 67.10%) in unvaccinated patients with Alpha variant compared to
vaccinated patients with Delta variant and in left upper lobe volume (55.00% versus 78.15%
in unvaccinated patients with Alpha variant compared to vaccinated patients with Delta
variant).

Considering all groups together to assess statistically significant differences in terms
of median value of extracted volumes by automatic tool, a statistically significant difference
was observed in the percentage values of the aerated residual lung volume with a p-value
of 0.03 for the Kruskal Wallis test (see boxplots in Figure 10 and Table 3) due to the highest
value of aerated residual volume in vaccinated patients with Delta variant compered to
every other group.

No statistically significant difference was observed in the exitus number among groups
(p value = 0.95 at Chi Square test).

Good statistically significant correlations among volumes extracted by automatic
tool for each lung lobe and overall radiological severity score were obtained (ICC range
0.71–0.86). Boxplots of the extracted volumes with automatic tool with respect to the overall
radiological severity score are reported in Figure 11: aerated residual volume, right upper
lobe volume, right lower lobe volume, medium lobe volume, left upper lobe volume, left
lower lobe volume in percentage values.
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Figure 10. Boxplots of extracted volumes by automatic tool patients affected by Alpha, Delta or
Omicron Variant of COVID-19.

 

Figure 11. Boxplots of extracted volumes by automatic tool compared to Overall Radiological Severity
score.

Table 4 reports the median values of extracted volumes for each patient group (Alpha,
Delta and Omicron group) with respect to the overall radiological severity score (from 1
to 5). No statistically significant difference was found in the overall radiological severity
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score for each patient group with respect to patients age (p value > 0.05 at Chi square test,
Table 5).

Table 4. Median values of extracted volumes by automatic tool for patients affected by Alpha, Delta
or Omicron Variant of COVID-19 grouped by overall radiological severity score.

Overall
Radiological

SCORE

Aerated
Residual

Volume %

Right Upper
Lobe

Volume %

Right Lower
Lobe

Volume %

Medium
Lobe

Volume %

Left Upper
Lobe

Volume %

Left Lower
Lobe

Volume %

Alpha

2 57.50 65.40 48.85 70.50 59.50 26.30

3 47.37 72.07 35.27 80.50 66.67 33.03

4 39.51 40.20 23.73 54.84 49.61 27.15

5 36.96 39.06 23.71 57.19 44.23 25.16

Delta

1 82.17 86.83 73.63 87.37 84.87 71.67

2 76.06 74.02 68.02 86.20 83.06 66.08

3 65.25 68.04 54.91 75.65 72.97 56.29

4 43.40 47.19 21.51 63.44 61.50 20.47

5 26.86 29.34 11.54 38.18 45.60 15.18

Omicron

1 77.73 80.83 69.03 78.43 81.53 75.93

2 67.97 72.62 51.53 78.83 75.50 57.17

3 47.87 55.15 25.83 65.77 60.47 29.38

4 46.64 52.84 29.56 57.07 59.79 31.39

5 34.00 47.12 16.17 51.25 44.08 15.88

p value at Kruskal Wallis test <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Table 5. Overall Radiological Severity Score correlated with patients’ age for each group.

Overall
Radiological

Severity Score

Alpha Variant
n = 20

Delta Variant
n = 38

Omicronvariant
n = 33

p Value at Chi
Square Test

≤65 years ≤5
0 2 3

0.55>65 years 0 1 0

Total 0 3 3

≤65 years
6–10

1 2 5

0.32>65 years 1 3 1

Total 2 5 6

≤65 years
11–15

0 7 4

0.11>65 years 3 4 2

Total 3 11 6

≤65 years
16–20

4 3 6

0.06>65 years 4 8 1

Total 8 11 7

≤65 years
21–25

3 3 8

0.25>65 years 4 5 3

Total 7 8 11
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GGO was the main sign of COVID-19 lesions on CT images. CT showed multiple
irregular areas of GGOs in 87 of the 91 (95.6%) patients. Consolidations were found in
70/91 (76.9%) patients and crazy paving sign in 78/91 (86.6%) patients. No statistically
significant differences were observed in CT findings (GGO, consolidation or crazy paving
sign) among each patient group (p value > 0.05 at Chi square test, Table 1).

4. Discussion

The debate on the efficacy of the vaccine remains, unfortunately, still open, despite
the clear evidence of a reduction in the number of patients admitted to ICU [93,94]. A
retrospective analysis [94], based from 465 U.S. health care facilities, showed that severe
COVID-19 outcomes (i.e., respiratory failure, ICU admission, or death) were rare among
adults aged ≥18 years after primary vaccination. In addition, this study showed that risk
for severe COVID-19 outcome after primary vaccination was higher among persons aged
≥65 years with immunosuppression, diabetes, and chronic kidney, cardiac, pulmonary,
neurologic, and liver disease [94]. However, these data were obtained among persons who
acquired COVID-19 after primary vaccination during periods of pre-Delta and Delta variant
predominance, so that these results should not be applicable to the risk from Omicron
variant or future variants [94]. In our study we showed that in critically ill patient no
difference was observed in terms of severity of disease due to pulmonary parenchymal
involvement, between unvaccinated and vaccinated patients with Omicron variant, be-
tween vaccinated or unvaccinated patients with Delta and vaccinated or unvaccinated
patients Omicron variant, between unvaccinated patients with the Alpha variant versus
vaccinated or unvaccinated patients with the Omicron variant, or between unvaccinated
patients with the Alpha variant versus unvaccinated patients with the Delta variant. In-
stead statistically significant differences were observed between unvaccinated patients
affected by Alpha variant and vaccinated patients affected by Delta variant, and between
unvaccinated patients with Delta variant versus vaccinated patients with Delta variant.
The highest differences were observed between unvaccinated patients with Alpha variant
compared to vaccinated patients with Delta variant.

According to our results, no statistically significant difference was observed in the
exitus number among groups. This result could be explained by the fact that the patients in
the study were all admitted to ICU and for this reason in a serious condition regardless of
vaccination. In addition, these results allow us to analyze several issues. Firstly, in critically
ill patients the vaccine role is still controversial, and it could be explained by considering
the evolution of the disease itself, where pulmonary impairment is also linked to a prob-
able activation of the immune system [95]. Strong evidence indicates that critical illness
caused by COVID-19 is qualitatively different from mild or moderate disease, even among
hospitalized patients. Although most patients show mild clinical symptoms, about 20%
of patients rapidly progress to severe illness characterized by atypical interstitial bilateral
pneumonia, acute respiratory distress syndrome and multiorgan dysfunction. Almost 10%
of these critically ill patients subsequently die. Insights into the pathogenic mechanisms
underlying SARS-CoV-2 infection and COVID-19 progression are emerging and highlight
the critical role of the immunological hyper-response in disease exacerbation [96–98].

Secondly, we found no difference between all groups considering pulmonary parenchy-
mal involvement, except in the delta patient group. These data could be explained con-
sidering that the prevalence of the delta variant infection, in Italy, corresponds to the
period in which the vaccination campaign was more intense, therefore without a decline
in vaccine-related immunity, as suggested by emerging evidence [99,100]. A large obser-
vational study conducted using nationwide mass vaccination data in Israel showed that
a third dose of the BNT162b2 mRNA COVID-19 vaccine is effective in preventing severe
COVID-19-related outcomes. Compared with two doses of the vaccine administered at
least 5 months before, adding a third dose was estimated to be 93% effective in preventing
COVID-19-related admission to hospital, 92% in preventing severe disease, and 81% in
preventing COVID-19-related death, as of 7 or more days after the third dose [101]. In our
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study group only a few patients had a booster dose; this data could explain to us why not
only patients at risk, but also young people in apparent good health were hospitalized
in intensive care, and why there were no statistically significant differences between the
various risk factors in our sample.

Last but not least, is the tOmicron variant question. Our data do not allow us to
establish whether the severity of the disease is linked to a decline in vaccine-related
immunity or to the ineffectiveness of the vaccine against the omicron variant. At the present,
there are four types of vaccines, i.e., virus vaccines, viral-vector vaccines, DNA/RNA
vaccines, and protein-based vaccines [102]. Essentially, the current COVID-19 vaccines in
use mainly target the S protein [103]. The 32 amino acid changes, including three small
deletions and one small insertion in the spike protein, suggest that these mutations may
dramatically enhance the Omicron variant’s ability to evade current vaccines [104–106].
Although data has suggested the potential benefit of booster mRNA vaccines for protection
against Omicron [107], further studies on a larger sample are necessary.

Our quantitative analysis was obtained by Philips IntelliSpace Portal clinical appli-
cation CT COPD software, designed to quantify pulmonary emphysema in patients with
chronic obstructive pulmonary disease. The tool provides segmentation of the lungs and of
the airway tree. Moreover, the tool helps visualize and quantify the destructive process of
diffuse lung disease (e.g., emphysema), providing a guided workflow for airway analysis,
reviewing and measuring airway lumen, and assessing trapped ait. Compared to others
tools, this allows assessment of consolidation. In fact, during our evaluation we used
also two others tools, Thoracic VCAR Software (GE Healthcare, Chicago, IL, USA) and a
pneumonia module of ANKE ASG-340 CT workstation (HTS Med & Anke, Naples, Italy).
However, these tools were unable to identify consolidation in all patients and, to avoid
excluding patients, we reported the results obtained with a single tool.

The present study has limitations, first of all the assessed sample size. However, we
selected critically ill patients in intensive care who had a CT study for an evaluation of
the objective “gravity” of the disease. The possibility of objectively grading the disease
made the data robustly comparable, eliminating the variability associated with qualitative
assessment [108–120]. Secondly is the small number of patients who had taken a booster
dose, which did not allow us to assess whether the additional dose could be protective
or not. Third is the selection of the control group, linked to the need to have performed a
CT study, which could be responsible for bias in the results. However, we have already
explained how an objective quantification of disease severity was considered crucial. Finally,
since we did not know the date of the last vaccine dose for all patients, it was not possible
to evaluate the severity based on the time of immunity status.

5. Conclusions

The debate on the efficacy of the vaccine remains still open, despite the clear evidence
of a reduction in the number of patients admitted to Intensive Care Unit. In our study
we showed that in critically ill patients no difference was observed in terms of severity
of disease or exitus between unvaccinated and vaccinated patients. The only statistically
significant differences were observed, with regard to the severity of COVID-19 pulmonary
parenchymal involvement, between unvaccinated patients affected by Alpha variant and
vaccinated patients affected by Delta variant, and between unvaccinated patients with
Delta variant versus vaccinated patients with Delta variant.
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Abstract: Due to the increasing number of COVID-19-infected and vaccinated individuals, radiolo-
gists continue to see patients with COVID-19 pneumonitis and recall pneumonitis, which could result
in additional workups and false-positive results. Moreover, cancer patients undergoing immunother-
apy may show therapy-related pneumonitis during imaging management. This is otherwise known
as immune checkpoint inhibitor-related pneumonitis. Following on from this background, radiolo-
gists should seek to know their patients’ COVID-19 infection and vaccination history. Knowing the
imaging features related to COVID-19 infection and vaccination is critical to avoiding misleading
results and alarmism in patients and clinicians.

Keywords: pulmonary lymphangitis; COVID 19; vaccination; computed tomography

1. Background

The current coronavirus disease 2019 (COVID-19) pandemic caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has produced a worldwide public health
threat with millions of people at risk [1–10]. Globally, as of 5:18 PM CET on 4 March 2022,
there were 440,807,756 confirmed cases of COVID-19, including 5,978,096 deaths, reported
to the World Health Organization (WHO). In Italy, from 3 January 2020 at 5:18 p.m. CET
to 4 March 2022, 12,910,506 confirmed cases of COVID-19 with 155,399 deaths have been
registered, reported to the WHO [11].

The symptoms of COVID-19 infection are different from patient to patient, with the
most common including fever, fatigue, cough, anorexia, and shortness of breath during
different phases of this disease [12–14]. Additionally, less common symptoms such as a
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sore throat, headache, confusion, and chest tightness have been also observed [15,16], as
well as minor gastrointestinal complications such as nausea, vomiting, and diarrhoea [17].
However, there have been patients not yet symptomatic (pre-symptomatic) and there
have been patients without symptoms typical of the COVID-19 disease (asymptomatic),
as revealed in several reports [18–20]. Several patients with COVID-19 infection were
asymptomatic throughout the infection period [21,22]. In these asymptomatic patients the
diagnosis was often accidental, as they performed radiological examinations for another
cause or during the follow-up periods when dealing with cancer patients [23–32].

In addition, it has been critical to develop a vaccine as soon as possible to prevent
SARS-CoV-2 infection in order to safeguard persons who are at a high risk of complica-
tions. Globally, on 27 February 2022, a total of 10,585,766,316 vaccine doses had been
administered [11]. The Italian government employed the subsequent vaccination policy:
two vaccine doses, with a booster dose 5–6 months after the end of the vaccination cycle,
in patients who have not been infected. A policy for assessing vaccine adverse events
is founded on the collaboration of local and national health structures, assisted by the
Italian Medicines Agency (AIFA) [33]. Since the inception of vaccine inoculation, several
adverse events have been reported and shared world-wide, with different findings re-
ported by imaging studies [34–44]. While COVID-19-vaccine-related lymphadenopathy
(LAP) has been gradually reported [34], few studies have reported lymphangitis after
vaccination from COVID-19, and in several patients, radiation recall pneumonitis has been
reported [45–55].

Since during the imaging management of oncological patients, the lung remains as
the site of metastases, with different findings, including lymphangitis pattern [56–61], as
well as the site of adverse events such as pneumonitis related to such therapies as Immune
Checkpoint Inhibitor-Related Pneumonitis [62–70], it is clear that radiologists should know
of previous COVID-19 infection or vaccination. The knowledge of these features related to
COVID-19 infection or vaccination is critical in order to not presenting misleading results in
patients and clinicians by determining disease progression or an adverse treatment effect.

This narrative review aims to evaluate the different patterns of pulmonary lymphangi-
tis to improve the knowledge.

Pulmonary Lymphangitis Carcinomatosa

Pulmonary lymphangitis carcinomatosa (PLC) is an unusual appearance of metastatic
lung disease in which advanced cancers spread through pulmonary lymphatic vessels
(Figure 1).

The difficult outflow of lymph from the lungs causes accumulation of interstitial fluid
and disturbances in the diffusion of oxygen, which can cause respiratory dysfunction.

Imaging findings appear later than symptoms, and dyspnoea, representing the most
frequent symptom, is habitually more severe than radiological findings [56–58]. The
most common primary cancers that coexist with PLC are breast (17.3%), lung (10.8%) and
stomach (10.8%) cancers [56]. According to Bruce et al. [70], the prevalence of PLC ranges
from 6% to 8% in patients with malignant disease. Kazawa et al. [71] showed that the
prevalence of PLC-related small-cell lung cancer was recognized in 8.8%. In patients with
cancer and pulmonary embolism, the prevalence of PLC was 4.5% [72–77].

There are several hypotheses regarding the metastatic tumour spread, mainly limited
to the lymphatics, although the precise process is still uncertain. The tumour could spread
through the haematogenous route, causing obliterated endarteritis and then penetrating
the vascular endothelium to reach the perivascular lymphatics, to remain stationed there.
Direct entry into lymphatic circulation is possible when nearby lymph vessels are involved.
Trans-diaphragmatic diffusion has also been suggested to clarify PLC due to abdominal
cancers. Local obstruction and fluid accumulation follow soon after the malignant cells are
trapped in the lymphatic vessels. This is followed by thickening of the bronchovascular
bundles and alveolar septa due to tissue oedema and nodular thickening, suggesting local
tumour cell growth.
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Figure 1. PLC in pancreatic cancer patient. CT (axial (A,C) and coronal (B,D)) shows comprise
diffuse intrapulmonary infiltrates (arrows) with irregularly interlobular septal thickening, nodular
thickening and pleural effusions.

Imaging has low specificity for PLC detection because images are often normal in
initial phases. However, imaging is often performed to rule out other causes [57,78–85].
A chest radiograph (chest X-ray) may be the first approach and an association of several
radiological findings could favour the diagnosis in about half the cases. However, in
30 to 50% of patients, especially in the initial phases, the X-ray may be normal [56,57].
Therefore, computed tomography (CT) and especially high-resolution CT (HRCT) are
recommended techniques for studying patients with suspected PLC [55–57,86–93]. The CT
results are similar to other interstitial lung diseases, so they have low diagnostic accuracy
in differentiating and detecting PLC [56,57]. The usual CT findings comprise nodular or
diffuse intrapulmonary infiltrates, irregularly interlobular septal thickening, smooth (early
stage) or nodular thickening (late development), hilar and mediastinal lymphadenopathy,
ground-glass opacity due to interstitial oedema or parenchymal extension of tumours,
and pleural effusions. These features could be on one or both sides, focal or diffuse, or
symmetrical or asymmetrical. Smooth or irregularly thickened interlobular septae are more
conducive to PLC than to tumour embolism. Although nodular thickening of the septae is
thought to differentiate PLC from other interstitial lung patterns, some conditions such as
sarcoidosis or asbestosis may mimic it [57]. Another distinguishing feature of PLC is the
preservation of the general and lobular architecture of the lung. [56,57].

2. Immune Checkpoint Inhibitor-Related Pneumonitis

Anti-programmed death-1 (anti-PD-1) and programmed anti-death ligand 1 (anti-PD-L1)
monoclonal antibodies (mAb) for patients with multiple cancers are licensed treatments,
including nivolumab and pem-brolizumab for melanoma and non-small-cell lung cancer
(NSCLC), nivolumab for renal cell carcinoma and Hodgkin’s lymphoma, atezolizumab for
bladder cancer, and nivolumab plus ipilimumab for melanoma [94–103]. A major feature
of anti-PD-1/PD-L1 mAbs is their mild toxicity, but serious immune-related adverse events
can occur. Pneumonia is an immune-related adverse event defined as focal or diffuse inflam-
mation of the lung parenchyma, and its incidence in studies with anti-PD-1/PD-L1 mAbs
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ranges from 0% to 10% [104]. Drug-related pneumonia can also occur with chemotherapy
(docetaxel [105], gemcitabine [106], bleomycin [107]), targeted therapy (epidermal growth
factor receptor inhibitors [108,109], mammalian target of rapamycin inhibitors [110]), and
radiotherapy [111,112].

Compared to conventional chemotherapy for pneumonia, these patients showed a
greater susceptibility to the development of treatment-related pneumonia, with an increased
risk of high-grade pneumonia. Previous studies on this pneumonia have shown that clinical,
radiological and pathological characterization can facilitate early diagnosis to improve
patient outcomes [113–117]. The aetiology and underlying mechanisms of anti-PD-1/PD-L1
mAb-associated pneumonia are unknown [63,118–121].

Immune checkpoint inhibitor (ICI)-related pneumonia could cause significant mor-
bidity, with possible discontinuation of therapy and possible mortality [118]. The time to
onset of pneumonia ranges from 9 days to over 19 months after the initiation of therapy,
with a median time of 2.8 months [118]. Imaging plays a crucial role in this effect detection.
Although X-ray may be an initial tool, CT is able to detect all subtle changes in pneumonitis
and help to differentiate among subtypes, as described by Delaunay et al. [122]. Investi-
gations described 64 cases of pneumonia with the following CT patterns: (a) organized
pneumonia (OP) (23%), (b) hypersensitivity pneumonitis (HP) (16%), (c) non-specific inter-
stitial pneumonia (NSIP) (8%) and (d) bronchiolitis (6%). Some patients were diagnosed
with concomitant patterns and a distinctive pattern was not identified in 36% of cases [122].
OP’s pattern usually shows bilateral peribronchovascular and subpleural ground-glass and
airspace opacities, with mid- to lower-lung predominance (Figure 2).

 

Figure 2. ICI-related pneumonitis. OP pattern on CT (axial: (A) and coronal: (B)): ground-glass and
airspace opacities (arrows).

In addition, an inverted halo or atoll sign is detected. Pulmonary nodules, usually
with peribroncovascular distribution and generally smaller (<10 mm) nodules, may also be
detected. However, in some cases, the nodules may be nodular and massive with pointed
edges, mimicking findings of malignancy [118,122]. These features should be distinguished
from progression of malignancy (concurrent worsening of disease in other areas) and
infection (clinical history, laboratory findings, response to appropriate therapy).

The NSIP pattern commonly manifests as ground glass and lattice opacities predom-
inantly in the lower lobe. Airspace disease is temporally homogeneous and relatively
symmetrical, with uncommon consolidation opacities, allowing NSIP patterns to be dis-
tinguished from OP patterns. Subpleural sparing of the posterior and inferior lobes has
also been described as a specific feature. NSIP pattern should be distinguished from NSIP
associated with autoimmune or connective tissue disease (appropriate medical history
and condition-specific markers, no temporal relationship to immunotherapy course) and
infection (clinical history, laboratory findings, response to appropriate therapy).

The HP pattern is associated with lower-grade symptoms. CT findings include diffuse
or predominant ground-glass centrilobular nodules in the upper lobe, which may be re-
lated to air entrapment. This pattern should be distinguished from exposure-related HP
(exposure and occupational history, no temporal relationship to immunotherapy course),
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and from respiratory and follicular bronchiolitis (smoking history or underlying connec-
tive tissue and/or autoimmune disease history) and atypical infection (clinical history,
laboratory findings, response to appropriate therapy).

Acute interstitial pneumonia (AIP)–acute respiratory distress syndrome (ARDS) is not
a model of ICI therapy-related pneumonia, although it is associated with a more severe
clinical course and extensive pulmonary involvement with imaging. This pattern is charac-
terized by geographic or diffuse ground-glass or consolidation opacities involving most,
and sometimes all, of the lungs, although lobular sparing areas may be detected. There may
also be a thickening of the interlobular septum and a “crazy pavement” pattern (Figure 3).
The differential diagnosis is extensive and includes pulmonary oedema, haemorrhage,
and infection. The findings of ARDS may also be due to extrapulmonary causes such as
pancreatitis, sepsis and/or shock and transfusion reactions.

 

Figure 3. ICI-related pneumonitis. AIP-ARDS pattern on CT (axial: (A) and coronal: (B)): diffuse
ground-glass opacities involving a majority of the lungs (arrows), although areas of lobular sparing
can be detected.

The bronchiolitis pattern appears as a region of centrilobular nodularity, often ten in a
tree-in-bud pattern. Thickening of the adjacent bronchial wall is frequently observed, as
well as focal ground-glass and consolidation opacity, although this should not be the main
feature. This pattern should be distinguished from aspiration (dependent lungs, airway
and oesophageal secretion) and infection (clinical history, laboratory findings, response to
appropriate therapy).

2.1. COVID-19 Vaccine Radiation Recall

Radiation recall reaction (RRR) is an infrequent but well-known event to clinicians,
characterized by a late-occurring acute inflammatory reaction that develops in confined
areas corresponding to previously irradiated radiation therapy (RT) treatment fields. RRP
has been known to be triggered by a number of chemotherapy agents [123–132], including,
recently, even COVID-19 vaccines [45]. It occurs in a variety of tissues, the commonest being
skin, which accounts for two-thirds of reported cases. It is usually mild and self-limiting
when the trigger drug is stopped. Re-challenge with the drug does not necessarily cause
reactivation of the reaction.

This event has been reported within the lungs [52,118,133], determining radiation recall
pneumonitis as acute inflammation within a previously irradiated area. The mechanism
of the disease is unclear, but it seems to be related to an immune response. COVID-19
infection is known to cause immunological reactions, such as cytokine storm or multisystem
inflammatory syndrome, in children [134–137]. Just like real infection, the developed
vaccines are expected to induce an immune response. The inflammatory state created by
the vaccine can favour the development of radiation recall. In fact, the few available papers
on the topic suggest that COVID-19 vaccine can cause RRR, considering the time of vaccine
administration and this event (Figure 4) [52,133]. The radioactive recall pneumonia model

37



J. Pers. Med. 2022, 12, 624

includes consolidated or ground-glass opacities. It should be suspected in all patients with
previous radiotherapy with new airspace changes clearly demarcated from the adjacent
lung. The main differential diagnosis is infection that does not respect boundaries and
occurs outside of the previous radiation field.

 

Figure 4. Radiation recall pneumonitis (CT scan axial: (A) and coronal: (B)) pattern includes consolida-
tive opacities limited (arrows) to a prior radiation field.

2.2. Pneumonitis COVID-19

Typical chest CT imaging findings for COVID-19 patients are ground-glass opacity
with bilateral multifocal patches or consolidation with the interlobular septum and vascular
thickening in peripheral areas of the lungs [134–142]. These manifestations may also be
compatible with other viral pneumonias [143]. In this scenario, the current gold standard
for diagnosing COVID-19 is based on a molecular reverse transcription polymerase chain
reaction (RT-PCR) test, aimed at detecting virus RNA in respiratory samples such as
nasopharynx swabs or bronchial aspirate [144].

Compared to RT-PCR, the specificity of CT in detecting COVID-19 is lower, with an
overall reported specificity of 46–80% [145–147]. This is due to the fact that the typical
pattern of COVID-19 pneumonia shows a partial overlap with that of other lung diseases:
ground-glass opacity (GGO), consolidation, crazy pavement, and enlargement of subseg-
mental vessels (diameter greater than 3 mm) in the GGO areas [148–150]. The temporal
course of these anomalies was described by Pan et al., reporting four phases of the disease:
initial stage (0–4 days after the onset of symptoms) with GGO as the main finding (Figure 5),
progressive stage (5–8 days after onset of symptoms) with widespread GGO, mad pattern
and consolidation, peak stage (9–13 days after onset of symptoms) with consolidation
becoming more prevalent (Figure 6) and advanced stage (≥14 days after the onset of symp-
toms) with gradual absorption of anomalies (Figure 7) [151]. A recent study examined
the performance of radiologists in differentiating COVID-19 from non-COVID-19 viral
pneumonia, revealing an accuracy of between 60 and 83% [152].

 

Figure 5. COVID-19 patient. CT (axial plane: (A,B)) shows early stage with GGO (arrow) as main finding.
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Figure 6. COVID-19 patient at peak stage. CT (axial plane: (A,B)) shows consolidation (arrow).

 

Figure 7. COVID-19 patient at late stage. CT (axial plane: (A,B)) shows fibrotic-like changes (arrow).

COVID-19 pneumonia may be misdiagnosed as non-COVID-19 lung disease in the
early and late stages, reflecting the fact that the typical early-stage pattern and the absorp-
tion of late features are commonly linked to signs of organizational pneumonia or signs of
early fibrosis. These characteristics can be found in different conditions and, therefore, this
aspect should be considered non-specific [148–152].

3. Discussion

Since the population continues to be infected or vaccinated in larger numbers, COVID-19
pneumonitis and RRR pneumonitis caused by COVID-19 vaccination will be increasingly
seen by radiologists and could result in imaging test call-backs, additional workups, and
false-positive results. In addition, considering oncological patients who could develop
drug-related pneumonitis or a pattern of PLC as a progressive disease, it is clear as these
conditions should be taken into account for a correct diagnosis. Therefore, a correct medical
history is essential to ruling out the possibility of a recent infection as well as recent
vaccine administration.

RRR and SARS-CoV-2 interstitial pneumonia, so non-COVID-19-related pneumonia,
show overlapping clinical features. In fact, the most common symptoms are dyspnoea and
dry non-productive cough and fever. Additionally, chest CT findings are also very similar,
as the radiological characteristics of COVID-19 and non-COVID-19-related pneumonia
are GGO in the initial phase, patchy areas of consolidation in the peak phase and fibrotic
changes in the dissipative phase [8,14].

Where the cause of the lung abnormalities is unclear, due to radiological CT findings
being unspecific, multidisciplinary management would be correct to establish the main
proper treatment. Although the management of oncological patients should consider the
probability of malignant lung involvement with disease progression or adverse effects of
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specific therapies, it is clear that in pandemic conditions, several unspecific features may be
related to an undiagnosed infection. Although the typical pattern of COVID-19 pneumonitis
should be identified with high accuracy in symptomatic patients, this could be complicated
if infection has been not diagnosed, especially in the post-infection phase. Therefore, we
should consider several features, such as that the typical RRR pattern is usually strictly
related to the target volume and to the dose distribution of the treatment plan, while during
COVID-19 infection, the parenchymal involvement is not limited to a single lobe, although
this is possible during the first phase. Additionally, PLC and ICI-related pneumonitis show
diffuse parenchymal involvement. Additionally, in PLC, we find an irregularly interlobular
septal thickening or nodular thickening, while in COVID-19 pneumonitis and RRR, septal
thickening is more regular. These differences in chest CT patterns are the main factors
that should help lead to a proper diagnosis (Table 1). However, distinguishing COVID-19
lung involvement or vaccine RRR from other lung pathologies such as cancer on chest CT
may be straightforward, differentiation between COVID-19 and other pneumonias can be
particularly troublesome for physicians because of the radiographic similarities, and this is
particularly evident during the early or late phases of these pathologies. Inaccurate imaging
interpretation makes it harder for patient management strategies to work efficiently.

Table 1. Lung involvement and CT pattern for pneumonia type.

Type of Pneumonia Lung Involvement CT-Patter

COVID-19 Pneumonia Diffuse
(related to the phase of disease)

ground-glass opacity, crazy-paving pattern,
consolidative opacities, interlobular

septal thickening
(according to the phase of disease)

RRR-Related Vaccine Target Area Consolidative opacities

Pulmonary lymphangitis
carcinomatosa

Diffuse
(related to the phase of disease)

Irregularly interlobular septal
thickening, smooth (early stage),

or nodular thickening
(late development), ground-glass

opacity, pleural effusions.

ICI-Related Pneumonitis Diffuse
(related to the phase of disease)

ground-glass and reticular opacities, consolidative
opacities, interlobular septal thickening,

“crazy-paving” pattern

Interestingly, COVID-19 pneumonia and ICI-related pneumonitis have been suggested
to share critical biological mechanisms, including the hyperactivation of immune cells asso-
ciated with a significant increase in pro-inflammatory cytokines. Distinguishing between
COVID-19 pneumonia and ICI-related pneumonitis is a diagnostic challenge. ICI-related
pneumonitis might present with several patterns. These patterns seemingly overlap the CT
features of COVID-19 pneumonia, possibly due to overlapped biological mechanisms.

Recently, the progressive integration of radiomics approaches and artificial intelligence
(AI)-based solutions could be of help. To date, the application of AI in medical imaging has
improved the assessment and early diagnosis of neurodegenerative diseases and heart dis-
ease, with a particularly high impact on breast and lung cancer [153–162]. A cutting-edge
research direction leverages deep learning (DL) and machine learning (ML) to understand
COVID-19. AI could be used for the detection and quantification of COVID-19 disease from
X-ray and CT images [163–165], enabling correct patient diagnosis and management. Deep
learning (DL), a form of AI, has been successfully applied to chest CT imaging to distinguish
COVID-19 pneumonia from community-acquired infections, as well as to provide qualita-
tive and quantitative analyses for disease burden estimation and facilitating and expediting
imaging interpretation [166]. However, deep learning algorithms based only on CT images
cannot distinguish COVID-19 pneumonia from other lung interstitial diseases with over-
lapping CT features with high specificity; thus, adding clinical/laboratory findings to the
algorithm can improve the diagnostic performance based on binary classification [167,168].
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4. Conclusions

Knowing the chest imaging features related to COVID-19 infection or vaccine is critical
to avoid misleading results in patients and clinicians and determine the idea of a disease
progression or an adverse treatment effect. In this context, we should consider several
features, as the typical RRR pattern is usually strictly related to the target volume and the
dose distribution of the treatment plan. At the same time, during COVID-19 infection,
parenchymal involvement is not limited to a single lobe, although this is possible during
the first phase. Additionally, PLC and ICI-related pneumonitis show a diffuse parenchymal
involvement. The PLC shows an irregularly interlobular septal thickening or nodular
thickening, while septal thickening is common in COVID-19 pneumonitis and RRR. These
differences in chest CT patterns are the main factors that should help for proper diagnosis.
However, distinguishing COVID-19 lung involvement or vaccine RRR from other lung
pathologies on chest CT may be straightforward, particularly during the early or late phases
of these pathologies.
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Abstract: Objective: To investigate two commercial software and their efficacy in the assessment
of chest CT sequelae in patients affected by COVID-19 pneumonia, comparing the consistency of
tools. Materials and Methods: Included in the study group were 120 COVID-19 patients (56 women
and 104 men; 61 years of median age; range: 21–93 years) who underwent chest CT examinations
at discharge between 5 March 2020 and 15 March 2021 and again at a follow-up time (3 months;
range 30–237 days). A qualitative assessment by expert radiologists in the infectious disease field
(experience of at least 5 years) was performed, and a quantitative evaluation using thoracic VCAR
software (GE Healthcare, Chicago, Illinois, United States) and a pneumonia module of ANKE ASG-
340 CT workstation (HTS Med & Anke, Naples, Italy) was performed. The qualitative evaluation
included the presence of ground glass opacities (GGOs) consolidation, interlobular septal thickening,
fibrotic-like changes (reticular pattern and/or honeycombing), bronchiectasis, air bronchogram,
bronchial wall thickening, pulmonary nodules surrounded by GGOs, pleural and pericardial effusion,
lymphadenopathy, and emphysema. A quantitative evaluation included the measurements of GGOs,
consolidations, emphysema, residual healthy parenchyma, and total lung volumes for the right
and left lung. A chi-square test and non-parametric test were utilized to verify the differences
between groups. Correlation coefficients were used to analyze the correlation and variability among
quantitative measurements by different computer tools. A receiver operating characteristic (ROC)
analysis was performed. Results: The correlation coefficients showed great variability among the
quantitative measurements by different tools when calculated on baseline CT scans and considering
all patients. Instead, a good correlation (≥0.6) was obtained for the quantitative GGO, as well as the
consolidation volumes obtained by two tools when calculated on baseline CT scans, considering the
control group. An excellent correlation (≥0.75) was obtained for the quantitative residual healthy
lung parenchyma volume, GGO, consolidation volumes obtained by two tools when calculated on
follow-up CT scans, and for residual healthy lung parenchyma and GGO quantification when the
percentage change of these volumes were calculated between a baseline and follow-up scan. The
highest value of accuracy to identify patients with RT-PCR positive compared to the control group
was obtained by a GGO total volume quantification by thoracic VCAR (accuracy = 0.75). Conclusions:
Computer aided quantification could be an easy and feasible way to assess chest CT sequelae due
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to COVID-19 pneumonia; however, a great variability among measurements provided by different
tools should be considered.

Keywords: COVID-19; post COVID-19 sequelae; computed tomography; quantitative analysis;
artificial intelligence

1. Introduction

A new coronavirus (severe acute respiratory syndrome coronavirus 2, SARS-CoV-2)
is the pathogen responsible for the SARS-CoV-2 disease (COVID-19), which has spread
throughout the world since December 2019 [1–9]. COVID-19 was defined as a pandemic
by the World Health Organization on 11 March 2020 [10]. The clinical expressions of
COVID-19 range from flu-like symptoms to respiratory failure, the management of which
demands advanced respiratory assistance and artificial ventilation [11–21]. The clinical
spectrum of COVID-19 pneumonia ranges from mild to critical cases, among which the
diagnosis of ordinary, severe, and critical cases was related to chest computed tomography
(CT) findings [22,23]. CT imaging allows for the early detection of lung abnormalities
in patients with SARS-CoV-2 pneumonia [24,25], representing a useful diagnostic tool,
with pooled sensitivity and a specificity of 94% and 37%, respectively [26]. Additionally,
approximately one-third of COVID-19 survivors showed pulmonary fibrotic-like changes
at a six-month follow-up chest CT [27]; there is speculation that some of these findings
will resolve over time, and are therefore not fibrosis [27]. Although a visual method
allows the assessment of these findings, a quantitative evaluation based on software
systems, not dependent on the experience of the reader, allows for a greater accuracy
of analysis and facilitates the evaluation of the data over time, reducing the error of the
qualitative evaluation alone [8]. While several artificial intelligence (AI) models have been
developed to facilitate the automation of COVID-19 diagnosis [11,13,17], there has been
little study of COVID-19 lesion segmentation. To detect regions of interest (ROIs) from CT
scans is an interesting and challenging task for several reasons: (a) a large divergence in
the characteristics of lesions in terms of scope, location, shape, and quality makes them
difficult to classify; (b) small, inter-class divergence means that the margins of ground-glass
opacity (GGO) predominantly exhibit clouded manifestation and low contrast, which
complicates the detection process; (c) noisy annotation is inevitable for rare or new diseases
(e.g., COVID-19), which decreases segmentation efficiency. However, the quantitative
assessment of infection and longitudinal changes in CT findings could offer useful and
vital information in fighting against COVID-19.

The aim of this retrospective study is to investigate the efficacy of two commercial soft-
ware in the assessment of chest CT sequelae in patients affected by COVID-19 pneumonia,
comparing the consistency of these two tools.

2. Materials and Methods

2.1. Patient Selection

This retrospective study included patients enrolled by the National Institute of Infec-
tious Diseases Lazzaro Spallanzani Hospital, Rome, Italy.

Considering the emergency period, the local institutional review board waived in-
formed consent for included patients in this retrospective study.

In order to homogenize the sample under examination, only patients who were
subjected to CT at discharge and at a 3-month follow-up (range 30–237 days) were included.

The study group included 120 patients (56 women and 104 men; median age: 61 years;
range: 21–93 years) who were confirmed to be infected with COVID-19 using the nucleic
acid amplification test in the respiratory tract with a reverse transcription real-time fluores-
cence polymerase chain reaction test (RT-PCR) between 5 March 2020 and 15 March 2021.

50



J. Pers. Med. 2021, 11, 1103

As a control group, we selected 40 patients (median age: 60 years; range: 38–90)
without lung disease who underwent chest CT at the same institute that was staging an
examination for colorectal cancer.

2.2. CT Technique

We performed 128 slices of chest CT scans with Incisive Philips CT scanners
(Amsterdam, The Netherlands). CT examinations were performed with the patient in
the supine position in breath-hold, and inspiration using a standard dose protocol, without
contrast intravenous injection. The scanning range was from the apex to the base of the
lungs. The tube voltage and the current tube were 120 kV and 100–200 mA (and if applica-
ble, using z-axis tube current modulation), respectively. All data were reconstructed with
a 0.6–1.0 mm increment. The matrix was 512 mm × 512 mm. Images were reconstructed
using a sharp reconstruction kernel for parenchyma evaluation and hard reconstruction
kernel for other lung evaluation. All data were reconstructed with a 0.6–1.0 mm incre-
ment. Multiplanar reconstruction was also calculated. Details are provided in previous
papers [8,11].

2.3. Qualitative Assessment

Four expert radiologists in the infectious disease field (with experience of at least
5 years) were working independently on the same CT series of studies, and in addition,
discrepant findings were recorded and evaluated in consensus. A qualitative evaluation
included the presence of the following CT findings: (a) GGOs, (b) consolidation, (c) interlob-
ular septal thickening, (d) fibrotic-like changes (reticular pattern and/or honeycombing),
(e) bronchiectasis, (d) air bronchogram, (e) bronchial wall thickening, (f) pulmonary nod-
ules surrounded by GGOs, (g) pleural and (h) pericardial effusion, (i) lymphadenopathy
(defined as lymph node with short axis > 10 mm), and (j) emphysema.

All chest CT findings were defined according to the Fleischner Society glossary [28].
For each of them, they reported (1) location, (2) multilobe involvement, (3) total lobar

involvement, and (4) bilateral distribution.

2.4. CT Post-Processing

Primary image data sets (0.6–1.0 mm) were transferred to the PACS workstation
and the same CT images were evaluated using two clinically available computer tools
by the same 4 readers in consensus (no discrepant data can be obtained with automatic
computerized quantification). The tools used were thoracic VCAR software (GE Healthcare,
Chicago, IL, USA) and a pneumonia module of ANKE ASG-340 CT workstation (HTS
Med & Anke, Naples, Italy). Table 1 reports a comparison among evaluated commercial
software based on the provided functionalities.

Table 1. Description of computed based tool functionalities.

Functionalities Thoracic VCAR ANKE ASG-340 CT Workstation

Quantitative data for each lobe no yes
Manually segmentation yes no
Preliminary possibility to exclude airways yes no
CE marking for lung study yes no
Evaluation separately pleural effusion no no
Unstructured report yes yes
Combined structured report no yes
Proportion of pneumonia lesion measurement no yes
Comparison among exams no yes

2.4.1. Post-Processing with Thoracic VCAR Software

Thoracic VCAR software is a CE-marked medical device designed to quantify pul-
monary emphysema in patients with chronic obstructive pulmonary disease. The tool
provides segmentation of the lungs and of the airway tree. Moreover, the tools provided
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the quantification of the emphysema, healthy residual lung parenchyma, GGO, and consol-
idation based on a Hounsfield unit. Details are provided in previous papers [8,11]. The
total volumes for both the right and left lung were also calculated (Figure 1).

Figure 1. Automatic segmentation of thoracic disease by COVID-19 using the Thoracic VCAR Tool of General Electric
Healthcare: (a) 3D axial and sagittal plane reconstruction; (b) density analysis of parenchyma. This case had bilateral and
diffuse, and consolidations in multiple lobes.

2.4.2. Post-Processing with ANKE ASG-340 CT Workstation

The ANKE ASG-340 CT workstation from HTS Med & ANKE is a comprehensive CT
workstation that uses lung nodules analysis, pneumonia analysis, dental pack, vascular
analysis cerebral hemorrhage analysis, and so on. The pneumonia module is designed to
quantify pneumonia patients. The software provides automatic segmentation of the lungs
and lung lobs and automatic location and measurement pneumonia including volume, CT
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value, and component analysis. It provides the classification of voxels based on Hounsfield
Units (Figure 2), as was previously described for the thoracic VCAR Tool.

Figure 2. Automatic Segmentation of Thoracic Disease by COVID-19 using the pneumonia tool of ANKE ASG-340
CT workstation.

2.5. Statistical Analysis

The median value and range were calculated. A chi-square test, Mann–Whitney
test, and Kruskal–Wallis test were used to verify the differences between groups. The
Pearson correlation coefficient and intraclass correlation coefficient were used to analyze
the correlation and variability among the quantitative measurements generated by different
tools [3].

A receiver operating characteristic (ROC) analysis was performed. The area under
curve (AUC), sensitivity, specificity, positive predictive value, negative predictive value,
and accuracy were obtained. A p value of <0.05 was considered significant for all tests.

The statistical analyses were performed using the Statistics Toolbox of MATLAB
R2007a (MathWorks, Natick, MA, USA).

3. Results

In the study group, 240 chest CT examinations (at discharge/baseline and follow-up
time; range: 30–237 days) were analyzed.

3.1. Qualitative Assessment

At baseline, the patients had: GGOs (120; 100%); consolidation (108; 90.0%); interlob-
ular septal thickening (120; 100%); fibrotic-like changes (reticular pattern and/or honey-
combing) (116; 96.7%); bronchiectasis (80; 66.7%); air bronchogram (10; 8.3%); bronchial
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wall thickening (120; 100%); pulmonary nodules surrounded by GGOs (40; 33.3%); pleural
(45; 37.5%) and pericardial effusion (6; 5%); lymphadenopathy (0; 0%), and emphysema
(107; 89.2%).

All patients had a multilobe and bilateral distribution.
At follow-up, the patients had: GGOs (120; 100%); consolidation (120; 100%);

interlobular septal thickening (120; 100%); fibrotic-like changes (reticular pattern and/or
honeycombing) (120; 100%); bronchiectasis (120; 100%); air bronchogram (40; 33.3%);
bronchial wall thickening (120; 100%); pulmonary nodules surrounded by GGOs (0; 0%);
pleural (4; 3.3%) and pericardial effusion (0; 0%), and emphysema (107; 89.2%).

A statistically significant difference was found considering the presence in the per-
centage value of pulmonary nodules surrounded by GGOs pleural effusion between the
two groups (p < 0.01 at Chi square test).

All patients had a bilateral distribution with multilobe involvement.
In the control group, we evaluated 40 chest CT examinations in 12 patients (30%), and

the only features identified was emphysema.

3.2. Quantitative Assessment

The thoracic VCAR software was not able to perform volume segmentation in
12/280 (4.3%) cases, while the pneumonia module of the ANKE ASG-340 CT workstation
performed in 19/280 (6.8%) patients.

The ICC showed great variability among the quantitative measurements of the em-
physema, residual healthy lung parenchyma volume, GGO, and consolidations volumes
obtained by different tools when calculated on baseline CT scans (Table 2), and considering
all patients.

A good ICC (≥0.6) was obtained for the quantitative GGO and consolidations volumes
obtained by two tools when calculated on baseline CT scans (Table 2), and considering the
control group (Table 2).

An excellent ICC (≥0.75) was obtained for the quantitative residual healthy lung
parenchyma, GGO, and consolidations volumes obtained by two tools when calculated on
follow-up CT scans (Table 3).

In addition, an excellent ICC (≥0.75) was obtained for the residual healthy lung
parenchyma volume and GGO quantifications when the percentage change of these vol-
umes was calculated between the baseline and follow-up examination.

The lowest variability in the quantification was obtained for the GGO volume quan-
tification (ICC = 0.94). The Pearson correlation analyses (Table 4) showed a low correlation
for each of the quantitative volume measurements determined by the thoracic VCAR tool
and ANKE ASG-340 CT workstation pneumonia tool; exclusively, the GGO measurement
showed a moderate correlation (Pearson correlation coefficient = 0.682, p < 0.01).

The lung volumes quantified using the thoracic VCAR tool on baseline CT scans were
significantly different between RT-PCR positive and the control group (p < 0.05) for all
volumes, except that for the quantification of the emphysema volume (Table 5, Figure 3).

Instead, using ANKE ASG-340 CT pneumonia software baseline CT scans, GGO
and consolidation volumes exclusively showed statistically significant differences among
patients with RT-PCR positive and the control group (p < 0.05) (Table 6, Figure 4).

Table 7 shows the volumes percentage change between baseline and follow-up time
in patients with positive RT-PCR in terms of median, minimum, and maximum values.

The lung volumes quantified by two tools in terms of median, minimum, and maxi-
mum values obtained on follow-up CT scans are reported in the Table 8.

Table 9 showed ROC analysis results for volumes obtained on baseline CT scans for
both tools. The highest value of accuracy to identify patients with RT-PCR positive was
obtained by GGO total volume quantification by the thoracic VCAR (accuracy = 0.75).

Considering the results obtained by the ANKE ASG-340 CT pneumonia tool, the
consolidation volume of the left lung obtained the highest accuracy, equal to 0.
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4. Discussions and Conclusions

In this study, we evaluated the quantitative analysis efficacy of chest CT sequelae in
patients affected by COVID-19 pneumonia, comparing the consistency of two computerized
tools. The visual evaluation of longitudinal changes in CT scans by radiologists is often
a tedious task. There is a need to have a simple and fast automated method that can
provide the segmentation and quantification of infection regions in order to evaluate the
progression of the infected patients using lung CT scans [29–35]. Additionally, an objective
evaluation by means of AI systems allows a data quantification, and therefore, an accurate
definition of the disease progression; this is an element that otherwise is not very robust if
entrusted to a simple visual inspection [36–38]. Recently, several computer tools have been
proposed for the recognition of lung lesions from COVID-19 on CT examination [39–41].
However, many of them are not approved as medical devices, nor do they have the CE
marking. Furthermore, the variability reported in the results obtained by these tools makes
it difficult to choose the most accurate system [8].

To the best of our knowledge, this manuscript is the first with the aim to compare
different computer tools for chest CT sequelae in patients affected by COVID-19 pneumonia.
We demonstrated that there was a great variability among the quantitative measurements
of the emphysema, residual healthy lung parenchyma volume, GGO, and consolidations
volumes obtained by different computer tools when calculated on baseline CT scans.
Instead, a good ICC was obtained for the quantitative measurements of the GGO and
consolidations volumes obtained by two different computer tools when calculated on
baseline CT scans, while considering the control group. Moreover, an excellent ICC was
obtained for the quantitative measurements of the residual healthy lung parenchyma
volume, GGO, and consolidations volumes obtained by two different computer tools when
calculated on follow-up CT scans, and for the residual healthy lung parenchyma volume
and GGO quantifications when the percentage change of these volumes was calculated
between the baseline and follow-up scan. The lowest variability in the quantification was
obtained for the GGO volume.

The Pearson correlation analyses showed a low correlation between the quantita-
tive volume measurements determined by the thoracic VCAR tool and ANKE ASG-340
CT workstation pneumonia tool; exclusively, the measurement of the GGO showed a
moderate correlation.

We think that the greater variability found at the baseline is linked to the complexity of
the cases analyzed in this phase, which could affect the accuracy of lesion segmentation. As
demonstrated by Herrmann et al. [42], in ARDS, image segmentation is especially difficult,
since in some cases, it is almost impossible to discriminate the edge of the lung parenchyma
from a pleural effusion, particularly in the most dependent lung regions and most severe
ARDS forms. Also, at different airway pressures, they observed differences in lung weights.
These variations may result either from the segmentation procedure and/or from actual
changes in lung weight, primarily due to a possible airway pressure-dependent blood shift.
It is unfortunately impossible to determine how much of the weight variation is due to
an intrathoracic blood shift or to inaccuracies of the segmentation process. The decrease
in intrathoracic blood volume we estimated in a previous work with increasing airway
pressures was about 100 mL, leading to a small decrease in lung weight [43].

So, we believe that at follow-up, with a smaller extension of pulmonary involvement,
the variability between the two systems is partially reduced, since the segmentation process
is simpler in the absence of variables related to the presence of pleural effusion, and increase
in pressures in the pulmonary vessels; the resolution of these variables favor the definition
of the different pixels [44].

There were main critical points of the thoracic VCAR tool: automatic segmentation
does not include areas of abundant consolidations of the lung parenchyma or pleural effu-
sions, if conspicuous, requiring the manual segmentation modality; there was difficulty in
the manual lung segmentation mode; its correction, performed on a single slice, takes time.
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There were main critical points of the ANKE ASG-340 CT workstation pneumonia
tool: it is slow in the analysis (120 s of median value compared to 10 s); it overestimates
emphysema quantification; it is not able to segment complex cases with conspicuous
effusion and/or areas of extensive consolidations.

Both tools, moreover, do not recognize several CT findings typical of the evolution of
the disease, such as: (a) interlobular septal thickening, (b) fibrotic-like changes (reticular
pattern and/or honeycombing), (c) bronchiectasis, (d) air bronchogram, (e) bronchial wall
thickening, (f) pulmonary nodules surrounded by GGOs, (g) pleural and (h) pericardial
effusion, and (i) lymphadenopathy, including these feature in others and reducing the
accuracy of the assessment of the fibrotic-like changes.

According to Johns Hopkins University, case-fatality rates of COVID-19 patients
ranges between 1% and 7% based on days since first confirmed case, testing efficacy, local
pandemic response policies, and the population age [45–49]. Multi-organ manifestations
of COVID-19 are now well-documented [50–57], but the potential long-term implications
of these manifestations remain to be uncovered. Several studies have reported impaired
exercise capacity and diffusing capacity for carbon monoxide (DLCO) in SARS-CoV-1
survivors extending from 6 months to 15 years of follow-up [58–64], suggesting impairment
of the intra-alveolar diffusion pathway. In this scenario, it is clear that it is important to
have tools that objectively allow a stratification of patients based on the risk of developing
chronic diseases that can impact their quality of life, and economically impact health
care [65,66]. We believe that the computed assessment of CT findings could identify
pulmonary abnormalities and lung recruitment, and we believe that knowledge of the
percentage of potentially recruitable lung evolution may be important to establish the
therapeutic management in chest sequelae in patients affected by COVID-19 pneumonia.

The present study has advantages: first, the homogeneity of the sample under exami-
nation and the follow-up at three months; second, the CT was performed at the same center,
reducing the variability linked to different equipment; third, the high level of expertise of
the group of radiologists who analyzed the images.

The major technical limitations for both tools is the lack of correlation of radiological
data with clinical/functional data. It would be useful to evaluate how CT findings relate to
functional investigations such as spirometry and/or lung scintigraphy. However, these
data are present only for a small part of the population under examination.

In summary, computer-aided quantification could be an easy and feasible way to
assess chest CT sequelae due to COVID-19 pneumonia; however, a great variability among
the measurements provided by different tools should be considered.
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Abstract: Objective: To report an overview and update on Artificial Intelligence (AI) and COVID-19
using chest Computed Tomography (CT) scan and chest X-ray images (CXR). Machine Learning
and Deep Learning Approaches for Diagnosis and Treatment were identified. Methods: Several
electronic datasets were analyzed. The search covered the years from January 2019 to June 2021.
The inclusion criteria were studied evaluating the use of AI methods in COVID-19 disease reporting
performance results in terms of accuracy or precision or area under Receiver Operating Characteristic
(ROC) curve (AUC). Results: Twenty-two studies met the inclusion criteria: 13 papers were based
on AI in CXR and 10 based on AI in CT. The summarized mean value of the accuracy and precision
of CXR in COVID-19 disease were 93.7% ± 10.0% of standard deviation (range 68.4–99.9%) and
95.7% ± 7.1% of standard deviation (range 83.0–100.0%), respectively. The summarized mean
value of the accuracy and specificity of CT in COVID-19 disease were 89.1% ± 7.3% of standard
deviation (range 78.0–99.9%) and 94.5 ± 6.4% of standard deviation (range 86.0–100.0%), respectively.
No statistically significant difference in summarized accuracy mean value between CXR and CT
was observed using the Chi square test (p value > 0.05). Conclusions: Summarized accuracy of
the selected papers is high but there was an important variability; however, less in CT studies
compared to CXR studies. Nonetheless, AI approaches could be used in the identification of disease
clusters, monitoring of cases, prediction of the future outbreaks, mortality risk, COVID-19 diagnosis,
and disease management.

Keywords: COVID-19; computed tomography; X-ray; artificial intelligence; machine learning;
deep learning

1. Introduction

In December 2019, a large outbreak of a novel coronavirus infection occurred in Wuhan,
Hubei Province, China. The novel coronavirus was named severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) by the International Committee on Taxonomy of Viruses
and led to a dramatic pneumonia outbreak in China [1–3]. The disease caused by the virus,
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named coronavirus disease (COVID-19) by the World Health Organization (WHO), can be
spread through human-to-human contact. On January 30, 2020, the WHO declared a global
public health emergency against the outbreak of COVID-19 [4–6].

The COVID-19 diagnosis is confirmed by the positive results of the nucleic acid ampli-
fication test of the respiratory tract or blood specimens using reverse transcription real-time
fluorescence polymerase chain reaction (RT-PCR) [7,8]. However, methods like chest X-ray
(CXR) and chest Computed Tomography (CT) scan are medical imaging techniques, which
are widely used to assess the pneumonia due to COVID-19 [9–19]. The reported sensitivity
of CXR for COVID-19 pneumonia is relatively low in the early phase of the disease and
in mild cases (69%). Conversely, CT shows greater sensitivity for early pneumonic change,
disease progression, and alternative diagnosis; the administration of the intravenous
contrast medium, is essential for the diagnosis of pulmonary thromboembolism [20–37].
Despite recent advances in diagnostic tools, radiologic imaging alone is not sufficient
for the COVID-19 pneumonia diagnosis. Imaging should be associated to clinical and
laboratory testing. In addition, the American College of Radiology, so as the Italian Society
of Radiology (SIRM) does not recommend chest CT as a screening tool, suggesting this
method only for symptomatic patients with specific clinical indications. Bilateral distri-
bution of ground glass opacities (GGO) with or without consolidation in posterior and
peripheral lungs was the cardinal hallmark of COVID-19 disease [6,22]. Among COVID-19
patients, it is reasonable to assume that those with a very severe disease could exhibit
high risk of venous thromboembolism, including deep vein thrombosis and/or pulmonary
embolism. In this scenario, it is opened the question on the use of contrast medium during
CT studies [20–22].

The mathematical models for COVID-19 pandemic, confirmed by practical evidence
in China, in Italy, and in the rest of the world, have shown that the rapid substantial increase
in the number of critically ill patients exceeds in the total capacity of Intensive care units (ICUs),
even excluding routine critical admissions for trauma, stroke, and other emergencies.

In the context of the COVID-19 outbreak, there is a painstaking need for ready-to-
use resources for data acquisition and artificial intelligence (AI) algorithms to accelerate
the search for effective and safe treatments. The progressive integration of radiomics ap-
proaches and AI-based solutions in healthcare is already changing established paradigms
in the entire healthcare ecosystem, leveraging the progressive digitalization of medical
data [38–53]. Specifically, diagnostic and decision support systems developed for medical
imaging are the first successful examples of innovation for health. AI-based methods have
led to diagnostic applications that accelerate image acquisition, preprocessing, annotation
and interpretation, offering an “augmentation” of the radiologists, rather than their unre-
alistic substitution. In particular, the application of AI in medical imaging has improved
the assessment, diagnosis and early detection of neurodegenerative diseases, heart diseases,
with a specifically high impact on breast and lung cancer [38–53].

Deep learning (DL) and machine learning (ML) are branches of AI that focus on
producing systems that can learn from examples and improve without being explicitly
programmed. ML is the study of computer algorithms that can improve automatically
through experience and using data. Machine learning algorithms build a model based on
sample data, known as “training data”, to make predictions or decisions without being
explicitly programmed to do so. Machine learning algorithms are used in a wide variety of
applications, such as in medicine, email filtering, speech recognition, and computer vision,
where it is difficult or unfeasible to develop conventional algorithms to perform the needed
tasks. A subset of machine learning is closely related to computational statistics, which
focus on making predictions using computers; but not all machine learning is statistical
learning. The study of mathematical optimization delivers methods, theory and application
domains to the field of machine learning. Data mining is a related field of study, focusing
on exploratory data analysis through unsupervised learning.

Deep learning is a class of machine learning algorithms that uses multiple layers to
progressively extract higher-level features from the raw input. For example, in image
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processing, lower layers may identify edges, while higher layers may identify the concepts
relevant to a human such as digits or letters or faces. Deep-learning architectures such
as deep neural networks, deep belief networks, deep reinforcement learning, recurrent
neural networks and convolutional neural networks have been applied to fields including
computer vision, speech recognition, natural language processing, machine translation,
bioinformatics, drug design, medical image analysis, material inspection and board game
programs, where they have produced results comparable to and in some cases surpassing
human expert performance.

DL and ML have been applied successfully in many fields, including health care and
medical informatics. One important research direction leverages DL and ML to understand
and fight COVID-19. Numerous lines of research have been initiated for the application
and development of COVID-19-related DL and ML algorithms.

Several review articles have been published on the use of artificial intelligence ap-
proaches in COVID-19 research. Agbehadji et al. [54], summarized how big data and AI
models can be used for case detection and contact tracing of COVID-19. Bullock et al. [55],
discussed how AI is used to evaluate the challenges of COVID-19 at different scales, in-
cluding molecular, medical, and epidemiological applications. Naud´e [56] highlighted
the actual and potential applications of AI in fighting COVID-19. Wu et al. [57], surveyed
the application of big data technology for preventing and managing COVID-19 in China.

Alballa et al. [58], review the recent ML algorithms in this field and focus on their
potential in two main applications: diagnosis of COVID-19 and prediction of mortality risk
and severity, using simple clinical and laboratory data; they analyze the main features that
were found to be the most relevant to these applications.

Our aim is to report an overview and update on AI-based methods application
in COVID-19 disease using radiological images including CXR and CT focus on their
potential in two main applications: diagnosis of COVID-19 and prediction of mortality risk
and severity.

This narrative review is the result of an autonomous study without protocol and
a registration number.

2. Methods

2.1. Search Criterion

Several electronic datasets were searched: PubMed (US National Library of Medicine,
http://www.ncbi.nlm.nih.gov/pubmed accessed on 24 June 2021), Scopus (Elsevier, http:
//www.scopus.com/ accessed on 24 June 2021), Web of Science (Thomson Reuters, http://
apps.webof knowledge.com/ accessed on 24 June 2021) and Google Scholar
(https://scholar.google.it/ accessed on 24 June 2021). The following search criteria have
been used: “COVID-19” and “X-ray” and “ARTIFICIAL INTELLIGENCE”; “COVID-19”
and “CT” and “ARTIFICIAL INTELLIGENCE”; “COVID-19” and “X-ray” and “DEEP
LEARNING”; “COVID-19” and “CT” and “DEEP LEARNING”; “COVID-19” and “X-ray”
and “MACHINE LEARNING”; “COVID-19” and “CT” and “MACHINE LEARNING”.

The search covered the years from January 2019 to June 2021. The reference lists of
the found papers were analyzed for papers not indexed in the electronic databases. All titles
and abstracts were analyzed. The inclusion criteria were studied evaluating the use of
AI methods in COVID-19 disease reporting performance results in terms of accuracy or
precision or area under Receiver Operating Characteristic (ROC) curve (AUC). Articles
published in the English language were included. Exclusion criteria were different topics,
unavailability of full text, and not sufficient data.

2.2. Statistical Analysis

The summarized accuracy, precision or specificity were calculated in terms of mean,
standard deviation value and range. The Chi square test was used to assess differences sta-
tistically significant between CXR and CT results. p value < 0.05 was considered significant
for all tests.
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All analyses were performed using IBM SPSS Statistics 24 (IBM, Armonk, NY, USA).

3. Results

We identified 84 potentially relevant references through electronic searches. We identi-
fied 15 references through scanning reference lists of the identified paper that we added to
the 84 references previously selected (total number of articles was 99). We then excluded
51 clearly irrelevant articles through screening titles and reading abstracts. We excluded
25 articles for the reasons listed in the exclusion criteria. A total of 23 article met the inclu-
sion criteria. A diagram of included and excluded studies was summarized in the study
flow diagram (Figure 1).

Table 1 reports the classification problem, the classification approach and the perfor-
mance results of the selected papers.

Thirteen papers using CXR and AI approaches in the COVID-19 disease were iden-
tified. The summarized mean value of the accuracy and precision of CRX in COVID-19
disease were 93.7% ± 10.0% of standard deviation (range 68.4–99.9%) and 95.7% ± 7.1% of
standard deviation (range 83.0–100.0%), respectively.

Ten papers using chest CT and AI approaches in the COVID-19 disease were found.
The summarized mean value of the accuracy and specificity of CT in COVID-19 disease
were 89.1% ± 7.3% of standard deviation (range 78.0–99.9%) and 94.5% ± 6.4% of standard
deviation (range 86.0–100.0%), respectively.

No statistically significant difference in summarized accuracy mean value between
CXR and CT was observed using the Chi square test (p value > 0.05).
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4. Discussions

Artificial intelligence approaches have been used to predict the outbreak, to diagnose
the disease, to analyze CXR and CT scan images, and more recently to predict mortality or
progression risk to severe respiratory failure. This evidence clearly indicates the need for
the most rapid and accurate diagnostic and stratification of patients with COVID-19, with
technologies and expertise easily accessible from all nodes of the healthcare system with
responsibility of diagnosis of COVID-19 and management of patients (either in the health
structures or at home) [59].

Chest radiographs are first-line investigations in many countries. Researchers could
examine not only the initial imaging findings and extent of respiratory involvement,
but also how radiographic progression in serial studies correlates with patients’ clinical
outcome [60–62,66]. CT examination has been used extensively worldwide to evaluate
the grade and the extension of the viral pneumonia by COVID-19 and in the follow-
up, which are also based on AI algorithms [67–70]. Several radiological organizations
do not recommend CT as primary diagnostic/screening tool for COVID-19 [71–74] or
have excluded CT findings from its diagnostic criteria [75]. Radiologists focus on main
CT findings (GGO, consolidation, reticulation/thickened interlobular septa, nodules),
and lesion distribution (left, right or bilateral lungs) [76–80].

AI methods seek to exploit mainly for characterizing COVID-19 pneumonia CT pat-
terns, for monitoring patients in clinical settings and for estimating efficacy of treatment.
Based on the data derived from clinical parameters, AI may provide critical data for
resource allocation and decision-making by prioritizing the need of ventilators and respira-
tory supports in the Intensive Care Unit [81–83]. AI was used for the COVID-19 disease
detection and quantification from CXR and CT images [63,81–88]. AI can also be used for
predicting the chances of recovery or mortality in COVID-19 and to provide daily updates,
storage and trend analysis and charting the course of treatment.

CT scan-based and CXR-based identification and detection of COVID-19 have been im-
plemented using pretrained networks such as InceptionV3, VGGNet, InceptionResNetV2,
ResNet, etc., and achieved benchmark accuracies as high as 99% [84].

At the same time, radiomics approaches can be usefully implemented, focusing on
segmentation techniques of the lung parenchyma based on region growing techniques and
on other radiomics COVID-19 specific features and their use with machine learning such
as Support Vector Machines (SVMs) or Random Forests [86–88].

4.1. Application on Chest X-Ray Images

In the study of Sethy et al. [83], the deep learning methodology is reported for detection
of a coronavirus infected patient by CXR. The suggested classification model, Resnet50
plus Support Vector Machine (SVM), achieved accuracy and false positive rate of 95.38%
and 95.52% respectively for detecting COVID-19.

Jiao et al. [89], using the CXR as input to an EfficientNet deep neural network combined
with clinical data, assessed the ability to predict COVID-19 disease severity (critical or non-
critical). They reported that when CXR was added to clinical data for severity prediction,
the area under the receiver operating characteristic curve (ROC-AUC) increased from 0.821
to 0.846 on internal testing and from 0.731 to 0.792 on external testing; when deep-learning
features were added to clinical data for progression prediction, the concordance index
(C-index) increased from 0.769 to 0.805 on internal testing and from 0.707 to 0.752 on
external testing; when image and clinical data were combined C-index increase from 0.805
to 0.781 on internal testing and from 0.752 to 0.715 on and internal testing.

Al-Waisy et al. [90], proposed COVID-CheXNet system that is made by combining
the results generated from two different deep learning models (e.g., ResNet34 and HRNet)
on CXR: two predicted probability scores are computed, and the highest probability score is
used to assign the input image to one of two classes for detecting COVID-19. The proposed
COVID-CheXNet system reached to diagnose the COVID-19 patients with a detection
accuracy rate of 99.99%, a sensitivity of 99.98%, a specificity of 100% and a precision of

76



J. Pers. Med. 2021, 11, 993

100%. Cases used in this study come from different databases: 200 X-ray images with
confirmed COVID-19 infections come by Cohen’s GitHub database [91]; 200 COVID-19
CXRs gathered from three different repositories: Radiopaedia dataset [92], Italian Society
of Medical and Interventional Radiology (SIRM) [93] and Radiological Society of North
America (RSNA) [94]; 400 normal CXR by Kaggle’s CXR dataset [95].

Ozcan et al. [96], proposed single layer-based (SLB) and feature fusion based (FFB)
composite systems to detect COVID-19 in X-ray images using deep features. Four types
of SLB (including AlexNet-fc6 (SLB1), ResNet18-pool5 (SLB2), ResNet18-fc1000 (SLB3),
and ResNet50-fc1000 (SLB4)) and six types of FFB (including fc6-pool5 (FFB1), fc6-fc1000
(FFB2), fc6-fc1000 (FFB3), pool5-fc1000 (FFB4), pool5-fc1000 (FFB5), fc1000-fc1000 (FFB6))
were used in the study. The proposed FFB3 model reached the best average recognition
rate of 87.64% in COVID-19, no-finding, and pneumonia classifications while reached as
the best average recognition rate of 99.52% in COVID-19 and no-finding classifications.

Ozturc at al. [97] proposed a model for automatic COVID-19 detection using raw CXR
images in order to perform the binary classification COVID-19 versus no findings and multi-
class classification COVID-19 versus no findings. Their model produced a classification
accuracy of 98.08% for binary classes and 87.02% for multi-class cases. The DarkNet model
was used in the study as a classifier implementing 17 convolutional layers and introducing
different filtering on each layer.

Du et al. [98], applied machine learning (ML) to the task of detection of SARS-CoV-2
infection using basic laboratory markers. Moreover, they tested ML accuracy adding
at laboratory markers the radiologist interpretations of chest radiographs. When they used
the combination of laboratory markers and radiologist interpretations, the sensitivity of
ML was over 90% while keeping moderate specificity.

Dey et al. [99], proposed a classifier ensemble technique, utilizing Choquet fuzzy inte-
gral. It classifies CXR images in common pneumonia, confirmed COVID-19, and healthy
lungs. They utilized the pre-trained convolutional neural network models to extract fea-
tures and classify the CXR images using two dense layers and one softmax layer. The pro-
posed method provides 99.00%, 99.00%, 99.00%, and 99.02% average recall, precision,
F-score, and accuracy, respectively.

Alruwaili et al. [100], proposed an enhanced Inception-ResNetV2 deep learning model
that can diagnose chest X-ray scans with high accuracy of 99.83%. Besides, a Grad-CAM algo-
rithm is used to enhance the visualization of the infected regions of the lungs in CXR images.

Bukhari et al. [101], employed ResNet50 for COVID-19 detection using CXR images.
They tried to differentiate four types of classes, which are healthy normal, bacterial pneu-
monia, viral pneumonia, and COVID-19 cases. They achieved an average accuracy of
98.18% and a F1-score of 98.19%.

Khan et al. [102], proposed a model named CoroNet to identify COVID-19 in x-ray and
CT scans utilizing a pretrained Xception convolution network. For the four classes (viral
pneumonia, COVID-19, bacterial pneumonia, and normal), the first experiment attained
an accuracy of 89.6%, while for three classes (normal, COVID-19, and pneumonia) obtained
a total accuracy of 95.0%.

A COVIDX-Net model to help radiologists in identifying and diagnosing COVID-19
in CXR images was developed by Hemdan et al. [103]. They compared seven performances
of seven pretrained deep learning networks; they are the InceptionV3, MobileNetV2,
VGG19, DenseNet201, Inception-ResNetV2, ResNetV2, and Xception model. Based on their
experiments, the VGG19 model achieved the highest accuracy of 90%.

Sethy and Behera [83], introduced a hybrid approach that utilizes deep learning for fea-
ture extraction and support vector machine (SVM) for detecting patients contaminated with
COVID-19 by using CXR images. Using the pretrained 13 distinct Convolutional Neural Net-
work models, the SVM provided the best results on the deep features of the ResNet50 model
achieving accuracy of 95.38% for detecting COVID-19 (ignoring SARS, MERS and ARDS).
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Ouchicha et al. [104], proposed a model named CVDNet to diagnose the COVID-19 cases.
This model employed local and global features of CXR by using two parallel layers with
various kernel sizes reaching an average accuracy of 97.20% for detecting COVID-19 cases.

4.2. Application on Chest CT images

Gozes et al. [81], used deep learning models to explore AI CT image analysis tools
in the detection, quantification, and tracking of coronavirus. A total of 106 COVID-19
chest CT scans (50 labeled by a radiologist, and other 56 by RT-PCR test) and 99 normal
ones were used to find potential COVID-19 thoracic CT features and to evaluate disease
progression over time, generating a quantitative score. Utilizing the deep-learning image
analysis system developed, they achieved classification results for COVID-19 versus no
COVID-19 by chest CT of 0.948 of AUC (95%CI: 0.912–0.985).

Proof of principle of diagnostic capability of deep learning methods using CT images
to detect COVID-19 disease have been demonstrated by Wang et al. [63] on 1119 CT images
of pathogen-confirmed COVID-19 cases versus typical viral pneumonia. Their internal
validation achieved a total accuracy of 89.5% with a specificity of 0.88 and sensitivity of
0.87. The external testing dataset showed a total accuracy of 79.3% with a specificity of 0.83
and sensitivity of 0.67.

Li et al. [85], investigated a deep learning model, COVID-19 detection neural network
(COVNet), by extraction of visual features from volumetric chest CT images to detect
COVID-19. The datasets were collected from six hospitals between August 2016 and
February 2020. The sensitivity and specificity for detecting COVID-19 was 114 of 127 (90%
[95% CI: 83%, 94%]) and 294 of 307 (96% [95% CI: 93%, 98%]), respectively, with an AUC of
0.96 (p-value < 0.001).

Ko et al. [105], investigated a simple 2D deep learning framework, and named the fast-
track COVID-19 classification network (FCONet), in order to diagnose COVID-19 pneumo-
nia based on a single chest CT image. FCONet was developed by transfer learning using
one of four state-of-the-art pretrained deep learning models (VGG16, ResNet-50, Inception-
v3, or Xception) as a backbone. Among the four pretrained models of FCONet, ResNet-50
showed excellent diagnostic performance (sensitivity 99.58%, specificity 100.00%, and ac-
curacy 99.87%) and outperformed the other three pretrained models in the testing data
set. In the additional external testing data set using low-quality CT images, the detection
accuracy of the ResNet-50 model was the highest (96.97%).

Nguyen et al. [106], examined deep learning models in order to identify COVID-
19-positive patients on 3D CT datasets from different countries. The models achieved
accuracy/AUC values of 0.87/0.826 (dataset at UT Southwestern), 0.97/0.988 (dataset
at China), and 0.86/0.873 (dataset at Iran).

Zhang et al. [64], used artificial intelligence technology proposing a COVSeg-NET
model that can segment GGO lesions in COVID-19 chest CT images. The COVSeg-NET
model is based on the fully convolutional neural network model structure, which mainly
includes convolutional layer, nonlinear unit activation function, maximum pooling layer,
batch normalization layer, merge layer, flattening layer, sigmoid layer, and so forth. The re-
sults showed a sensitivity and specificity of the COVSeg-NET model of 0.447 and 0.996 re-
spectively.

Song et al. [107], developed a deep learning network, which is called DeepPneumo-
nia, to diagnose COVID-19 cases analyzing CT scans. Their proposed system was built
on the ResNet50 using transfer learning technology. It could localize the essential lesion
characteristics, especially GGO. Their system achieved an average AUC of 0.99 and sensi-
tivity score of 93%. Besides, it reached an average AUC of 0.95 and sensitivity of 96% for
bacterial pneumonia-infected cases.

Wang et al. [65], developed an artificial intelligence system in a time-to-event analysis
framework to integrate chest CT and clinical data for risk prediction of future deterioration
to critical illness in patients with COVID-19. The artificial intelligence system achieved
a C-index of 0.80 for predicting individual COVID-19 patients as having critical illness,
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and successfully stratified the patients into high-risk and low-risk groups with distinct
progression risks (p < 0.0001).

Xu et al. [108], proposed a fully automated COVID-19 diagnosis based on a 3D deep
learning network-using chest CT scans. Their proposed system consists of four basic stages,
which are pre-processing, candidate region segmentation, classification for each candidate
region, and overall infection probability. The experimental results of this study showed
that the summarized accuracy rate was 86.7%.

4.3. Critical Considerations and Conclusions

In addition, if the summarized accuracy of the selected papers is high, there was
an important variability. The accuracy and applicability of AI approaches in COVID-19
from CXR or chest CTs have questioned, based on concerns of the radiologists’ association,
and given the impact of selection bias reported in first published results. Moreover,
the limitation of this methodology is that if the patient is in a critical situation and unable
to attend for CXR or CT scanning.

The analyzed papers showed the great potential of AI in COVID-19 pandemic by
helping complex decision-making. However, most of the analyzed papers were experi-
mental, and the produced models have not been deployed in real-world clinical setting.
Those reported are impeded by several limitations. The available data sets may suffer from
selection bias. The prognosis studies mostly encompass inpatients, who are usually sicker,
whereas the diagnosis studies typically involve patients who already exhibit symptoms
fitting with COVID-19. More data are needed on asymptomatic individuals and those with
mild symptoms, who might not visit the hospital. Moreover, most of the studies reviewed
employed imbalanced data sets, that is, those where many records in the training data set
represent the negative class, and the positive class is under-represented. Thus, the reported
performance of various AI algorithms applied in this context may have been affected by
polarization of the context: a pandemic scenario. A high accuracy value in such cases
could be attributed to the ability of the model to accurately identify negative samples and
erroneously exclude all the positive COVID-19 cases. More effort is required to handle
imbalanced data sets prior to the application of AI to COVID-19. The predictive perfor-
mance of the models might also differ when using representative data that incorporates
the targeted population, which merits further investigation.

Moreover, although AI is a promising tool in precision medicine, many factors such as
low signal-to-noise ratio and complex data integration have challenged its efficacy. Both
CXR and CT showed a high accuracy to detect pneumonia by COVID-19 and to predict
the disease evolution, but which CXR is the first examination in this context and thus
more data is available, CT is more capable to investigate extension and critical issues of
the disease. However, CT images represent a difficult classification task due to the relatively
large number of variable objects, specifically the imaged areas outside the lungs that are
irrelevant to the diagnosis of pneumonia. Notably, the assessed features of the CT images
were from patients with severe lung lesions at later stages of disease development. A larger
number of databases to associate this with the disease progress and all pathologic stages of
COVID-19 are necessary to optimize the diagnostic system.

In conclusion, AI approaches could be used in the identification of disease clusters,
monitoring of cases, prediction of the future outbreaks, mortality risk, diagnosis of COVID-
19, disease management by resource allocation, facilitating training, record maintenance
and pattern recognition for studying the disease trend.
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Abstract: Purpose: the purpose of this study was to assess the evolution of computed tomography
(CT) findings and lung residue in patients with COVID-19 pneumonia, via quantified evaluation of
the disease, using a computer aided tool. Materials and methods: we retrospectively evaluated 341 CT
examinations of 140 patients (68 years of median age) infected with COVID-19 (confirmed by real-time
reverse transcriptase polymerase chain reaction (RT-PCR)), who were hospitalized, and who received
clinical and CT examinations. All CTs were evaluated by two expert radiologists, in consensus, at the
same reading session, using a computer-aided tool for quantification of the pulmonary disease. The
parameters obtained using the computer tool included the healthy residual parenchyma, ground
glass opacity, consolidation, and total lung volume. Results: statistically significant differences
(p value ≤ 0.05) were found among quantified volumes of healthy residual parenchyma, ground glass
opacity (GGO), consolidation, and total lung volume, considering different clinical conditions (stable,
improved, and worsened). Statistically significant differences were found among quantified volumes
for healthy residual parenchyma, GGO, and consolidation (p value ≤ 0.05) between dead patients
and discharged patients. CT was not performed on cadavers; the death was an outcome, which was
retrospectively included to differentiate findings of patients who survived vs. patients who died
during hospitalization. Among discharged patients, complete disease resolutions on CT scans were
observed in 62/129 patients with lung disease involvement ≤5%; lung disease involvement from 5%
to 15% was found in 40/129 patients, while 27/129 patients had lung disease involvement between
16 and 30%. Moreover, 8–21 days (after hospital admission) was an “advanced period” with the most
severe lung disease involvement. After the extent of involvement started to decrease—particularly
after 21 days—the absorption was more obvious. Conclusions: a complete disease resolution on chest
CT scans was observed in 48.1% of discharged patients using a computer-aided tool to quantify the
GGO and consolidation volumes; after 16 days of hospital admission, the abnormalities identified by
chest CT began to improve; in particular, the absorption was more obvious after 21 days.
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1. Introduction

The spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
already assumed pandemic proportions, affecting over 100 countries in few weeks [1,2].

Currently, the “gold standard” for diagnosis of COVID-19 infection is a real-time
reverse transcriptase polymerase chain reaction (RT-PCR) amplification of the viral DNA.
However, radiological imaging is of great significance in the surveillance of COVID-19
infection [3–5]. Recent studies have demonstrated that CT findings of COVID-19 pneu-
monia show ground glass opacity (GGO) with surrounding consolidation, with bilateral
involvement, peripheral distribution, and multi-lobar distribution [3–7].

However, the consolidation, or GGO with consolidation, increased, and reticular
was observed in the later stages (scan > 1 week after symptom onset), this represents the
conversion of findings from GGO to consolidation, and an increase in the reticulation
pattern in affected lung parenchyma. CT features had rapid sever changes, from focal
unilateral pulmonary parenchyma to diffuse bilateral GGO, or GGO with consolidation,
within 1–3 weeks [6,7]. Although several studies have described the CT imaging features
of COVID-19 pneumonia, so far, there is a lack of large-sample CT imaging studies and
follow-up observations [8–20].

CT investigation in patients with suspected COVID-19 pneumonia involves the use of
high-resolution techniques. Artificial intelligence (AI) software for quantification of pneu-
monia lesions has been employed to integrate CT diagnosis [15,16]. Computer software
could be useful to categorize the disease into different severities, with quantitative, objec-
tive assessments of the extent of the lesions [17–20]. Computer tools have recently been
proposed for the recognition of lung lesions (from COVID-19) on CT examinations [21–23].
However, many of them are not recognized as medical devices nor do they have the
CE marking.

To the best of our knowledge, no study in the literature reports on the temporal
changes of CT findings, using an automatic tool to quantify the abnormality in lung
parenchyma, due to COVID-19 pneumonia, in a large dataset of patients.

We investigate the use of a computer-aided tool in order to quantify the abnormalities
visible on chest CT images in patients with COVID-19 pneumonia.

The aim of this study was to assess the evolution of CT findings and lung residue in
patients with COVID-19 pneumonia, performing quantitative analysis of the disease with
the commercially available system.

2. Methods

2.1. Patient Characteristics

This retrospective study included patients enrolled by “Hospital of Colli (Monaldi-
Cotugno-CTO)” in Naples. In relation to the ongoing epidemic emergency, the institutional
local review boards gave up written informed consent for this retrospective study that eval-
uated anonymized data and involved no potential risk to patients. The population included
140 patients (50 women and 90 men; 68 years of median age—range, 25–92 years) subjected
to the nucleic acid amplification test of the respiratory tract or blood specimens, using a
reverse transcription real-time fluorescence polymerase chain reaction test, for suspicion of
COVID-19, between 2 March 2020 and 5 May 2020. The virus investigation for etiological
diagnosis was executed by the current gold standard test. All patients with a positive
RT-PCR test at hospital admission and with respiratory distress were hospitalized and
followed-up. The clinical evolution of the disease was subdivided in stable, improved, and
worsened. The parameters considered took into account the fever (≤37.3, 37.4–38.0, >38.0)
and the breathing with SpO2 value in ambient air, and the ratio PaO2/FiO2 (mild >200
up to 300 mm Hg; moderate >100 and ≤200 mm Hg, severe ≤100 mm Hg). The following

86



J. Pers. Med. 2021, 11, 641

laboratory parameters were assessed: white blood cells (Lymphopenia, leukopenia), PCR,
VES, procalcitonin (PCT), D-dimer. The worsened picture was evaluated, considering organ
dysfunction with the delta sequential organ failure assessment score (SOFA), in ranges from
0 to 24, and included points related to six organ systems: respiratory (hypoxemia), coagula-
tory (thrombocytopenia), liver (hyperbilirubinemia), cardiovascular system (hypotension),
neurologic (low-level consciousness), and renal (oliguria or elevated creatinine).

2.2. CT Technique

Chest CT scans were performed at the time of hospital admission and during the
hospital stay, with a 64-slice scanner (Toshiba Aquilion 64-Slice CT, Tokyo, Japan) dedicated
to COVID-19 patients. CT examinations were performed with the patient in the supine
position using a standard dose protocol, without contrast intravenous injection. The
scanning range was from the apex to the base of the lungs. The tube voltage and the
current tube were 120 kV and 100–200 mA, respectively. All images were obtained with
a standard dose scanning protocol, reconstructed at 1.0 mm slice thickness, with 1 mm
increment, 512 × 512 mm. Images were reconstructed with a sharp reconstruction kernel
for parenchyma (FC13 on Toshiba). The lung window setting was at a window level of
−600 Hounsfield units (HU) and window width of 1600 HU.

2.3. CT Post Processing

DICOM data were transferred into a PACS workstation and CT images were evaluated
by two expert radiologists, in consensus, at the same reading session, using the clinically
available computer tool Thoracic VCAR software (GE Healthcare, Chicago, IL, USA). The
software provides automatic segmentation of the lungs and automatic segmentation and
tracking of the airway tree. It provides the classification of voxels based on Hounsfield units
and a color-coded display of the thresholds within a segmented region. Thoracic VCAR
provided automatic segmentation of the lungs, and was performed using adaptive density
based morphology. The lungs were extracted by using an optimal thresholding to identify
low-density fields in the scans, region growing (automating seed generation method to
segment an image into regions, with respect to a set of seeds) and void filling. The three-
dimensional hole filling was used to fill the lung cavities created by the elimination of
normal blood vessels during the thresholding process, while airways were automatically
segmented and exempted by iterative application of increasingly restrictive constraints, to
a thresholding and 3D region growing process. The software complies with the regulatory
requirements of Council Directive 93/42/EEC concerning medical devices (CE 0459) and
FDA regulations. Lung parenchyma was divided by Hounsfield unit (HU) intervals
from−1024 to less than −977 HU, representing emphysematous changes [24]; values
higher than −977 to −703 HU, representing normal parenchyma [25,26]; values from
−703 to −368 HU, representing ground glass opacity (GGO); and values higher than
−100 to 5 HU, representing consolidations [17,25,27,28]; the remaining lung parenchyma
is classified as other. Thoracic VCAR software, representing the percentages of ground-
glass opacity volume, consolidation volume, and emphysema volume in both lungs. Total
lesion calculation was also performed, which made a total of ground-glass opacity and
consolidation volumes [17]. The Thoracic VCAR is already in clinical practice in Chest CT
affected by COVID-19 infections [17,29,30].

2.4. Statistical Analysis

Continuous data were expressed in terms of median value and range.
The Mann–Whitney test and Kruskal–Wallis test were used to assess statistically

significant differences among groups. p value < 0.05 was considered significant for all tests.
All analyses were performed using Statistics Toolbox of MATLAB R2007a (The Math-

Works Inc., Natick, MA, USA).
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3. Results

A total of 341 CT examinations, including baseline and follow-up CTs, were analyzed.
Thoracic VCAR software was unable to perform the quantification in 16/341 (4.7%) cases,
both automatically and manually; therefore, the findings of 325 CTs were reported in the
results. Among 140 enrolled patients, 11 patients died, while 129 patients were discharged
after a median hospitalization period of 14 days (range, 4–50 days).

No statistically significant difference was found in the quantified volume distribution
in the right and left lungs (p value > 0.23 at Mann–Whitney test).

Table 1 reports the percentage changes on quantified volumes between baseline
CT and follow-up CTs, grouping the patients based on their clinical conditions (stable
condition, improved, and worsened condition). Statistically significant differences were
found (p value ≤ 0.05 at Kruskal–Wallis test) among quantified volumes of healthy residual
parenchyma, GGO, consolidation and total pulmonary volume, considering different
clinical conditions (stable, worsened, improved) (see Figure 1).

Table 2 reports the quantified volumes at the last CT follow-up as percentage values
of the total lung volumes, grouping the patients based on outcome in those dead and those
discharged. CT was not performed on cadavers; the death was an outcome, which was
retrospectively included, to differentiate findings of patients who survived vs. patients
who died during the hospitalization.

Statistically significant differences were also found (p value ≤ 0.05 at Kruskal–Wallis
test), based on patients outcomes between dead patients and discharged patients, for
quantified volumes of healthy residual parenchyma (42.9% versus 87.5%, retrospectively),
of GGO (33.5% versus 9.0%, retrospectively), and of consolidation (3.2% versus 0.7%,
retrospectively) (Figure 2). GGO and consolidation at the last follow-up, considering
the discharged patients, had, as a median value, 0.37 and 0.03 L, respectively. Among
discharged patients, a complete disease resolution of the CT scan was observed in 62/129
(48.1%) patients with a lung disease involvement ≤5%; a lung disease involvement from
5% to 15% was found in 40/129 (31.0%) patients, while 27/129 (20.9%) patients had lung
disease involvement included, between 16 and 30%.

In Figure 3, we reported the evolution of the quantified GGO and consolidation
volumes calculated on chest CT. Figure 3a,c shows the boxplots of GGO volume and
consolidation volume, grouping the temporal course in 0–7 days, 8–14 days, 15–21 days,
and ≥22 days after hospital admission. Exclusively GGO volume presented statistically
significant differences among these groups. Considering Figure 3b,d, we can observe that
GGO volume increased until the 16 days and consolidation volume until the 12 days,
8–21 days is the advanced period with the most severe lung involvement; after the ex-
tent of involvement started to decrease, particularly, after 21 days, the absorption was
more obvious.

Figure 4 showed two representative cases: a patient with a CT panel improved and
then discharged Figure 4a,b and a case of a patient with a CT panel worsened and then
died Figure 4c,d.
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4. Discussion

Several previous studies [6–16] have described the main CT signs of COVID-19,
summarized as GGO, crazy-paving pattern, and consolidation. Several methods of disease
extent quantification at chest CT using machine learning and AI tools have been proposed,
including the extent of emphysema, GGO, and consolidation [31–51]. Few studies have
investigated the changes in CT findings associated with COVID-19 pneumonia in the
follow-up, quantifying the evolution and the absorption of the abnormalities visible on CT
using a computer automatic aided tool.

Zhou et al. [36] investigated CT images of 100 confirmed COVID-19 pneumonia
patients, to describe the lesion distribution, CT signs, and evolution during different
courses. They reported that the course of COVID-19 pneumonia consists of three stages:
1–7 days is the early rapid progressive stage, 8–14 days is the advanced stage, and after
14 days, the abnormalities start to decrease. In the early rapid progressive stage, GGO
plus a reticular pattern, GGO plus consolidation, and GGO, were all common signs; in
the advanced stage, signs of progression and absorption coexisted; lung abnormalities
showed an asynchronous process, with parts with absorption and parts progressing. Lung
abnormalities predominantly showed peripheral, middle, and lower distribution.

Pan et al. [5] assessed the chest CT to determine the changes in the findings associated
with COVID-19 from initial diagnosis until patient recovery. They reported that lung
abnormalities on chest CT scans showed the greatest severity approximately 10 days after
the initial onset of symptoms.

Wang at al [50] reported the analysis on 366 CT scans to assess the temporal changes
of CT findings in 90 patients with COVID-19 pneumonia. Their results showed that CT
findings progressed rapidly, and peaked during illness days 6–11. The predominant pattern
of abnormalities after symptom onset was ground-glass opacity. The percentage of mixed
patterns peaked on illness days 12–17, and became the second most predominant pattern
thereafter. Pure ground-glass opacity was the most prevalent subtype of ground-glass
opacity after symptom onset. The percentage of ground-glass opacity with irregular
linear opacity peaked on illness days 6–11 and became the second most prevalent subtype
thereafter. The distribution of lesions was predominantly bilateral and subpleural. Sixty-six
of the 70 patients discharged (94%) had residual disease on final CT scans.

However, to the best of our knowledge, there is no study in the literature reporting on
the temporal changes of CT findings, using an automatic tool to quantify the abnormality
in lung parenchyma (due to COVID-19 pneumonia).

According to the recent literature, we reported that GGO is the most representative
sign of COVID-19 disease on chest CT, and that statistically significant differences were
found among quantified volumes of healthy residual parenchyma, GGO, consolidation
and total pulmonary volume, considering different clinical conditions (stable, improved,
and worsened). Statistically significant differences were also found, based on patient
outcomes between dead patients and discharged patients, for quantified volumes of healthy
residual parenchyma (42.9% versus 87.5%, retrospectively), of GGO (33.5% versus 9.0%,
retrospectively), and of consolidation (3.2% versus 0.7%, retrospectively). We reported that,
among discharged patients, a complete disease resolution on CT scans was observed in
62/129 patients with lung disease involvement ≤5; lung disease involvement ranging from
5% to 15% was found in 40/129 patients, while 27/129 (20.9%) patients had lung disease
involvement, between 16 and 30%. The discharged patients at the last follow-up had a
percentage change of lung disease involvement of 12.5% while the dead patients of 57.1%.

Moreover, we demonstrated that GGO and consolidation at the last follow-up were
almost completely absorbed, and that 8–21 days of hospital admission was the advanced
period with the most severe lung involvement. After 16 days of hospital admission, the
abnormalities identified by chest CTs started to improve and, in particular, after 21 days,
the absorption was more obvious.

In this study, we reported that no statistically significant difference was found in
the quantified volume distribution in the right and left lung—in contrast to what was
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reported by Li et al. [52] and Nagra et al. [53]. Li et al. [52] noticed a side-preference of lung
lesions in COVID-19. The lesions in the right lungs were significantly larger and developed
faster than those on the left. Moreover, the level of the right-over-left preference of lung
injury was significantly correlated with the potential need for intensive care and inpatient
mortality. Nagra et al. [53] concluded that in COVID-19 the right lung has a higher degree
of opacification on a plain radiograph than the left lung.

We believe that analysis of CT findings, using a computer tool based on different
thresholding Hounsfield unit settings, could identify pulmonary abnormalities and lung
recruitment, and we believe that knowledge of the percentage of potentially recruitable
lung evolution may be important to establish the therapeutic efficacy in COVID-19 disease.

There are still some limitations in this study. First, the time for CT re-examination of
each patient is not standardized. Second, the retrospective and monocentric nature of the
study. Third, the absence of laboratory findings to correlate with the CT results.

5. Conclusions

In conclusion, we reported that CT findings, using a computer automatic tool based on
different thresholding Hounsfield Unit settings, could identify pulmonary abnormalities
and lung recruitment. Moreover, we demonstrated that discharged patients had lung
disease involvement of 12.5%, while for dead patients it was 57.1%; a complete disease
resolution on chest CT scans was observed in 48.1% of patients using a computer aided
tool to quantify the GGO and consolidation volumes. Moreover, 8–21 days of hospital
admission is the advanced stage, with peak levels of abnormalities on CTs; after 16 days,
the abnormalities started to improve. Therefore, CT has proven to be a useful tool in
following the evolution of the disease, by clarifying the progression/regression timing of
the disease.
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29. Rorat, M.; Jurek, T.; Simon, K.; Guziński, M. Value of quantitative analysis in lung computed tomography in patients severely ill
with COVID-19. PLoS ONE 2021, 16, e0251946. [CrossRef] [PubMed]

30. Grassi, R.; Cappabianca, S.; Urraro, F.; Feragalli, B.; Montanelli, A.; Patelli, G.; Granata, V.; Giacobbe, G.; Russo, G.M.; Grillo, A.;
et al. Chest CT Computerized Aided Quantification of PNEUMONIA Lesions in COVID-19 Infection: A Comparison among
Three Commercial Software. Int. J. Environ. Res. Public Health 2020, 17, 6914. [CrossRef]

97



J. Pers. Med. 2021, 11, 641

31. Allam, Z.; Jones, D.S. On the Coronavirus (COVID-19) Outbreak and the Smart City Network: Universal Data Sharing Standards
Coupled with Artificial Intelligence (AI) to Benefit Urban Health Monitoring and Management. Healthcare 2020, 8, 46. [CrossRef]
[PubMed]

32. Meng, Y.; Liu, C.L.; Cai, Q.; Shen, Y.Y.; Chen, S.Q. Contrast analysis of the relationship between the HRCT sign and new pathologic
classification in small ground glass nodule-like lung adenocarcinoma. Radiol. Med. 2019, 124, 8–13. [CrossRef]

33. Hoesein, M.F.A.; de Hoop, B.; Zanen, P.; Gietema, H.; Kruitwagen, C.L.; van Ginneken, B.; Isgum, I.; Mol, C.; van Klaveren, R.J.;
Dijkstra, A.E.; et al. CT-quantified emphysema in male heavy smokers: Association with lung function decline. Thorax 2011, 66,
782–787. [CrossRef]

34. Maldonado, F.; Moua, T.; Rajagopalan, S.; Karwoski, R.A.; Raghunath, S.; Decker, P.A.; Hartman, T.E.; Bartholmai, B.J.; Robb, R.A.;
Ryu, J.H. Automated quantification of radiological patterns predicts survival in idiopathic pulmonary fibrosis. Eur. Respir. J. 2014,
43, 204–212. [CrossRef] [PubMed]

35. Yang, R.; Li, X.; Liu, H.; Zhen, Y.; Zhang, X.; Xiong, Q.; Luo, Y.; Gao, C.; Zeng, W. Chest CT Severity Score: An Imaging Tool for
Assessing Severe COVID-19. Radiol. Cardiothorac. Imaging 2020, 2, e200047. [CrossRef]

36. Zhou, S.; Zhu, T.; Wang, Y.; Xia, L. Imaging features and evolution on CT in 100 COVID-19 pneumonia patients in Wuhan, China.
Eur. Radiol. 2020, 30, 5446–5454. [CrossRef]

37. Carotti, M.; Salaffi, F.; Sarzi-Puttini, P.; Agostini, A.; Borgheresi, A.; Minorati, D.; Galli, M.; Marotto, D.; Giovagnoni, A. Chest
CT features of coronavirus disease 2019 (COVID-19) pneumonia: Key points for radiologists. Radiol. Med. 2020, 125, 636–646.
[CrossRef]

38. Shaw, B.; Daskareh, M.; Gholamrezanezhad, A. The lingering manifestations of COVID-19 during and after convalescence:
Update on long-term pulmonary consequences of coronavirus disease 2019 (COVID-19). Radiol. Med. 2021, 126, 40–46. [CrossRef]
[PubMed]

39. Di Serafino, M.; Notaro, M.; Rea, G.; Iacobellis, F.; Paoli, D.V.; Acampora, C.; Ianniello, S.; Brunese, L.; Romano, L.; Vallone, G. The
lung ultrasound: Facts or artifacts? In the era of COVID-19 outbreak. Radiol. Med. 2020, 125, 738–753. [CrossRef] [PubMed]

40. Cozzi, D.; Albanesi, M.; Cavigli, E.; Moroni, C.; Bindi, A.; Luvarà, S.; Lucarini, S.; Busoni, S.; Mazzoni, L.N.; Miele, V. Chest X-ray
in new Coronavirus Disease 2019 (COVID-19) infection: Findings and correlation with clinical outcome. Radiol. Med. 2020, 125,
730–737. [CrossRef]

41. Pediconi, F.; Galati, F.; Bernardi, D.; Belli, P.; Brancato, B.; Calabrese, M.; Camera, L.; Carbonaro, L.A.; Caumo, F.; Clauser, P.;
et al. Breast imaging and cancer diagnosis during the COVID-19 pandemic: Recommendations from the Italian College of Breast
Radiologists by SIRM. Radiol. Med. 2020, 125, 926–930. [CrossRef] [PubMed]

42. Borghesi, A.; Zigliani, A.; Masciullo, R.; Golemi, S.; Maculotti, P.; Farina, D.; Maroldi, R. Radiographic severity index in COVID-19
pneumonia: Relationship to age and sex in 783 Italian patients. Radiol. Med. 2020, 125, 461–464. [CrossRef]

43. Gatti, M.; Calandri, M.; Barba, M.; Biondo, A.; Geninatti, C.; Gentile, S.; Greco, M.; Morrone, V.; Piatti, C.; Santonocito, A.; et al.
Baseline chest X-ray in coronavirus disease 19 (COVID-19) patients: Association with clinical and laboratory data. Radiol. Med.
2020, 125, 1271–1279. [CrossRef]

44. Caruso, D.; Polici, M.; Zerunian, M.; Pucciarelli, F.; Polidori, T.; Guido, G.; Rucci, C.; Bracci, B.; Muscogiuri, E.; De Dominicis, C.;
et al. Quantitative Chest CT analysis in discriminating COVID-19 from non-COVID-19 patients. Radiol. Med. 2021, 126, 243–249.
[CrossRef]

45. Grassi, R.; Belfiore, M.P.; Montanelli, A.; Patelli, G.; Urraro, F.; Giacobbe, G.; Fusco, R.; Granata, V.; Petrillo, A.; Sacco, P.; et al.
COVID-19 pneumonia: Computer-aided quantification of healthy lung parenchyma, emphysema, ground glass and consolidation
on chest computed tomography (CT). Radiol. Med. 2021, 126, 553–560. [CrossRef] [PubMed]

46. Grassi, R.; Fusco, R.; Belfiore, M.P.; Montanelli, A.; Patelli, G.; Urraro, F.; Petrillo, A.; Granata, V.; Sacco, P.; Mazzei, M.A.; et al.
Coronavirus disease 2019 (COVID-19) in Italy: Features on chest computed tomography using a structured report system. Sci.
Rep. 2020, 10, 17236. [CrossRef] [PubMed]

47. Reginelli, A.; Grassi, R.; Feragalli, B.; Belfiore, M.; Montanelli, A.; Patelli, G.; La Porta, M.; Urraro, F.; Fusco, R.; Granata, V.; et al.
Coronavirus Disease 2019 (COVID-19) in Italy: Double Reading of Chest CT Examination. Biology 2021, 10, 89. [CrossRef]

48. Granata, V.; Fusco, R.; Izzo, F.; Setola, S.V.; Coppola, M.; Grassi, R.; Reginelli, A.; Cappabianca, S.; Petrillo, A. COVID-19 infection
in cancer patients: The management in a diagnostic unit. Radiol. Oncol. 2021, 55, 121–129. [CrossRef]

49. Granata, V.; Fusco, R.; Setola, S.; Galdiero, R.; Picone, C.; Izzo, F.; D’Aniello, R.; Miele, V.; Grassi, R.; Grassi, R.; et al. Lym-
phadenopathy after BNT162b2 COVID-19 Vaccine: Preliminary Ultrasound Findings. Biology 2021, 10, 214. [CrossRef]

50. Wang, Y.; Dong, C.; Hu, Y.; Li, C.; Ren, Q.; Zhang, X.; Shi, H.; Zhou, M. Temporal Changes of CT Findings in 90 Patients with
COVID-19 Pneumonia: A Longitudinal Study. Radiology 2020, 296, E55–E64. [CrossRef] [PubMed]

51. Maio, F.; Tari, D.U.; Granata, V.; Fusco, R.; Grassi, R.; Petrillo, A.; Pinto, F. Breast Cancer Screening during COVID-19 Emergency:
Patients and Department Management in a Local Experience. J. Pers. Med. 2021, 11, 380. [CrossRef] [PubMed]

52. Li, J.; Yu, X.; Hu, S.; Lin, Z.; Xiong, N.; Gao, Y. COVID-19 targets the right lung. Crit. Care 2020, 24, 339. [CrossRef] [PubMed]
53. Nagra, D.; Russell, M.; Yates, M.; Galloway, J.; Barker, R.; Desai, S.R.; Norton, S. COVID-19: Opacification score is higher in

the right lung and right lung involvement is a better predictor of ICU admission. Eur. Respir. J. 2020, 56, 2002340. [CrossRef]
[PubMed]

98



Journal of

Personalized 

Medicine

Article

Cerebral Vasoreactivity Evaluated by Transcranial Color
Doppler and Breath-Holding Test in Patients after
SARS-CoV-2 Infection

Marino Marcic 1,*, Ljiljana Marcic 2, Barbara Marcic 3, Vesna Capkun 4 and Katarina Vukojevic 3,4,*

Citation: Marcic, M.; Marcic, L.;

Marcic, B.; Capkun, V.; Vukojevic, K.

Cerebral Vasoreactivity Evaluated by

Transcranial Color Doppler and

Breath-Holding Test in Patients after

SARS-CoV-2 Infection. J. Pers. Med.

2021, 11, 379. https://doi.org/

10.3390/jpm11050379

Academic Editor: Franco

M. Buonaguro

Received: 31 March 2021

Accepted: 4 May 2021

Published: 6 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Neurology, University Hospital Center Split, 21000 Split, Croatia
2 Department of Radiology, Polyclinic Medicol, 2100 Split, Croatia; lmarcic@mefst.hr
3 Department of Medical Genetics, University of Mostar School of Medicine,

88000 Mostar, Bosnia and Herzegovina; barbara.marcic@mef.sum.ba
4 Department of Anatomy, Histology and Embryology, University of Split School of Medicine,

21000 Split, Croatia; vesna.capkun@mefst.hr
* Correspondence: marino.marcic@yahoo.com (M.M.); katarina.vukojevic@mefst.hr (K.V.)

Abstract: From the beginning of the SARS-CoV-2 virus pandemic, it was clear that the virus is highly
neurotrophic. Neurological manifestations can range from nonspecific symptoms such as dizziness,
headaches and olfactory disturbances to severe forms of neurological dysfunction. Some neurological
complication can occur even after mild forms of respiratory disease. This study’s aims were to assess
cerebrovascular reactivity in patients with nonspecific neurological symptoms after SARS-CoV-2
infection. A total of 25 patients, aged 33–62 years, who had nonspecific neurological symptoms after
SARS-CoV-2 infection, as well as 25 healthy participants in the control group, were assessed for
cerebrovascular reactivity according to transcranial color Doppler (TCCD) which we combined with a
breath-holding test (BHT). In subjects after SARS-CoV-2 infection, there were statistically significantly
lower flow velocities through the middle cerebral artery at rest period, lower maximum velocities at
the end of the breath-holding period and lower breath holding index (BHI) in relation to the control
group. Changes in cerebral artery flow rate velocities indicate poor cerebral vasoreactivity in the
group after SARS-CoV-2 infection in regard to the control group and suggest vascular endothelial
damage by the SARS-CoV-2 virus.

Keywords: SARS-CoV-2; nonspecific neurological symptoms; transcranial color Doppler; vasoreactivity

1. Introduction

Acute respiratory syndrome with coronavirus 2 (SARS-CoV-2) virus has been a major
global health problem since 2020 year. As of March 2021, the SARS-CoV-2 pandemic has
resulted in more than 125 million people worldwide infected and more than 2.8 million
people have died (WHO COVID-19 Dashboard, March 2021). The SARS-CoV-2 virus has
been known as a respiratory virus and the essential clinical feature is an acute respiratory
infection [1], but from the beginning of the pandemic it has been clear that the virus is
highly neurotrophic [2,3]. Patients with severe clinical manifestations of SARS-CoV-2 infec-
tion were more likely to experience neurological symptoms compared with those with mild
disease [4]. The majority of these patients experienced prolonged headache, disturbance in
consciousness, acute cerebrovascular disease (ischemic stroke, cerebral or subarachnoid
hemorrhage), acute encephalopathy, encephalitis or meningitis, polyneuropathy, multiple
sclerosis spectrum of disease and seizures. Milder forms of disease are often accompanied
by nonspecific neurological complications such as headache, dizziness, ageusia (loss of
taste), anosmia (loss of smell), myalgia and fatigue [5,6]. The SARS-CoV-2 virus membrane
is characterized by the presence of the spike (S) glycoprotein which facilitates entry into
neural, glial and endothelial cells which have angiotensin converting enzyme 2 (ACE2)
receptors [7]. Several mechanisms may be involved in the pathophysiology of the virus
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as well as damage to the nervous system, but full mechanisms are still not fully under-
stood. Neurological manifestations can be caused by non-specific complications of systemic
infectious disease, inflammation of the nervous system or dysfunction of cerebral vascu-
lature [8,9]. Vascular endothelial inflammation and SARS-CoV-2 complement-induced
coagulopathy cause diffuse endothelial dysfunction, impaired vasoreactivity, in most severe
cases associated with thrombus formation in the microcirculation [10,11]. As Hernadez-
Fernandez et al. showed in their study, endothelial disruption is a basic mechanism of
the virus pathophysiological process [12]. Hyperactivity of the host immune system and
molecular mimicry may further aggravate brain damage and clinical picture [13] so as
autoantibodies against heat shock proteins [14], prolonged hypoxia and electrolyte changes
as a consequence of long-term respiratory disease also may contribute to the develop-
ment of neurological complications. The involvement of the CNS may be related to poor
prognosis and disease worsening, but even patients with mild respiratory symptoms can
have some prolonged neurological symptoms. An increasing number of patients develop
cerebrovascular disease after overcoming SARS-CoV-2 virus infection without having any
risk factors prior to infection. Cerebrovascular disease is the second leading cause of death
worldwide and some classic risk factors are well known, but new risk factors such as infec-
tious agents have been documented recently [15]. Chronic infection, such as Chlamydia
pneumonia, human cytomegalovirus, Helicobacter pylori, influenza virus, hepatitis C virus,
etc., contribute to the development of cerebrovascular disease, causing changes in the small
and large blood vessels of the brain [16]. Healthy brain arteries are capable of maintaining
a constant cerebral blood supply via cerebral autoregulation mechanisms, despite changes
in cerebral perfusion. A noninvasive, real-time, well tolerated and accurate method for
the evaluation of main basal intracranial arteries, their flow rates and hemodynamic pa-
rameters is transcranial color Doppler (TCCD) [17,18] which provides useful information
on peak systolic velocities (PSV), end diastolic velocities (EDV), mean velocities (MV),
resistance index (RI) and pulsatility index (PI). In response to vasodilator stimulation such
as CO2 inhalation, the breath-holding test (BHT) or acetazolamide administration, we can
estimate cerebral vasoreactivity by measuring flow velocities in cerebral arteries and flow
velocity changes induced by hypercarbia [19]. Impaired vasoreactivity and reduced reserve
capacity of brain arteries are predisposing conditions for cerebrovascular disease [20]. The
aim of our study was to assess cerebrovascular reactivity in patients after SARS-CoV-2
infection with nonspecific neurological symptoms, using TCCD and the breath-holding
test. The hypothesis of our study is that patients after mild SARS-CoV-2 infection have
impaired cerebral vasoreactivity.

2. Materials and Methods

2.1. Population Study

Analyzing the electronic database of the University Hospital Canter Split, we found
456 patients who sought help at a neurology clinic, polyclinic department, for nonspecific
neurological symptoms such as headache, loss of sense of smell and taste, dizziness, and
weakness from January to March 2021. Among all of them, we found 185 patients who,
according to available database, had SARS-CoV-2 infection, and 72 of them who had it
in the last 60 days. Patients were classified as mild, moderate or severe based on WHO
Criteria [21] and only 66 of them met the criteria for mild forms of COVID-19 disease.
Only 54 patients of these were without a significant risk factors for cerebrovascular disease.
Among them, only 49 were considered to be suitable for our study because they were
neither older than 62 years nor younger than 32 years. We excluded the younger age group
from the study due to the possible increased elasticity of blood vessels in the brain that
gives high flow rates, while we excluded the older age group due to increased resistance
and increased vessel stiffness. Just 34 patients agreed to participate in our study and signed
informed consent. Among them, only 28 patients had a good insonation window through
the right temporal bone so that TCDP could collect data on the flow velocity through
the middle cerebral artery. Three patients withdrew from the study for personal reasons.
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Within 2 weeks, subjects were contacted by phone. Before the collection of any data,
all 25 remaining patients signed an individual informed consent form. Then, they were
invited to attend a first interview when demographic data were collected, neurological
examination performed, and somatic examination. Then, all subjects were measured by
body weight and height, blood pressure, ECG and ultrasound of the blood vessels of the
neck. A TCCD was then made according to the study protocol. We found a control group
among healthcare professionals and post-graduate students. The basic condition was that
they did not have SARS-CoV-2 infection, that they were negative on a real-time reverse
PCR test and serological test for IgG and IgM antibodies to SARS-CoV-2 virus, and that they
did not have significant risk factors for cerebrovascular disease. They also were measured
for body weight, height, and blood pressure, and we recorded their ECG and ultrasound of
the blood vessels of the neck, and TCCD as study protocol demanded.

2.2. Methods

We conducted a cross-sectional observational study. From each participant, written
informed consent was obtained. The Ethics Committee of the University Hospital Split
approved this study in March 2021 (class 500-03/21-01/39, NO 2181-147-01/06M.S-20-02).
The test group was made up of 25 was patients who had mild respiratory symptoms of
SARS-CoV-2 infection and a positive result of real-time reverse PCR test at the time of in-
fection. They all had post-infection non-specific neurological symptoms such as smell and
taste dysfunction, vertigo, headache, dizziness, myalgias or fatigue. All subjects overcame
SARS-CoV infection from 28 to 50 days before TCCD recording. The control group was
25 healthy volunteers (postgraduate students or healthcare workers) who had no symp-
toms of infectious SARS-CoV-2 disease and who were negative for real-time reverse PCR
test and seronegative for SARS-CoV IgG and IgM antibodies. All subjects were enrolled
in March 2021. All participants were Caucasian adults, aged 33–62 years. Participant
data include: age, gender, height, weight, body mass index, history of smoking, history
of alcohol drinking, regular drugs use, amount of physical activity, hypertension, dia-
betes, hyperlipidemia, coronary heart disease, atrial fibrillation and prior cerebrovascular
disease. The amount of physical activity was assessed using the International Physical
Activity Questionnaire and are expressed as a minutes of moderate physical activity per
week. None of the subjects from the SARS-CoV-2 group were hospitalized or treated on
an outpatient basis for SARS-CoV-2 pneumonia, and they were treated exclusively with
supportive therapy for SARS-CoV-2 infection (they did not use antibiotics, oxygen therapy,
antiviral drugs or corticosteroids). We excluded all patients with a history of uncontrolled
hypertension, unregulated diabetes mellitus, cerebrovascular disease, hematologic disease,
atrial fibrillation, chronic heart disease or cancer, severe alcohol consumption (more than
10 alcoholic drinks per week), known occlusive disease of cerebral arteries, stenosis of the
vertebral artery or external carotid artery more than 20%. We excluded all patients using
anticoagulant or vasodilator drugs, hormone replacement therapy, β-blocking agents and
calcium channel blockers (Table 1). The two groups of subjects were matched for age, gen-
der, body mass index, systolic and diastolic blood pressure and amount of physical activity.
All participants performed somatic and neurological status, electrocardiography testing,
blood pressure testing, extra cranial carotid artery ultrasound, and transcranial Doppler
ultrasonography with breath-holding test. We performed all ultrasonic measurements
using the Hitachi Aloca Arietta 70 Ultrasound system (2.0 MHz frequency transducer). All
tests were performed after working hours, in a quiet and peaceful room, possible sources
of sound and light interference were excluded, and the patient was lying in supine position.
Transcranial Doppler ultrasonography was performed first in the resting phase which
lasted 5 min, after which, participants hold their breath as long as they could. After the
breath-holding period, the subject would breathe normally for 5 min. We repeated the
procedure three times for of each participant. Blood flow signals were detected using
a 2.0 MHz pulse probe at a depth of 52–64 mm via right temporal bone window. We
insonated arteries with special focus on the right middle cerebral artery (MCA). Measure-
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ments in our study included peak systolic velocity (PSV), end diastolic velocity (EDV) and
mean velocity (MV), resistance index (RI) and pulsatility index (PI) of right middle cerebral
artery (MCA). We measured PSV, EDV, MV, RI and PI values on right MCA continuously
during the rest and after the breath-holding period. We particularly focused on velocities
at beginning of respiratory arrest and at the very end of the respiratory arrest period. We
recorded the velocities at rest as PSV rest, EDV rest, MV rest, RI rest and PI rest and at
the end of breath-holding period as PSV max, EDV max, MV max, RI max and PI max.
Furthermore, we also measured the length of time for each subject to stop breathing (time
of breath-holding—BHT). We determined the mean values of each variable in all three mea-
surements. Vascular reactivity was determined upon calculating the breath holding index
(BHI) as the percent of velocity increase from resting baseline values (PSVmax/PSVrest)
divided by breath holding time (BHT).

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Age from 30 to 65 years Age under 30 and over 65 years

Mild form of respiratory SARS-CoV-2 disease Severe or critical form of SARS-CoV-2
pulmonary infection

Non-specific neurological symptoms such as
smell and taste dysfunction, vertigo, headache,
dizziness or fatigue

Disturbance in consciousness, acute
cerebrovascular disease (ischemic stroke,
cerebral hemorrhage, subarachnoid
hemorrhage), acute encephalopathy,
encephalitis or meningitis, polyneuropathy,
demyelinating spectrum of disease and
seizures.

SARS-CoV infection from 30 to 60 days before
TCCD recording

More than 60 days from infection start and
TCCD recording

Treated exclusively with supportive therapy Use of antibiotics, corticosteroids, oxygen for
SARS-CoV-2 infection

Diagnosis confirmed by a positive result of
real-time reverse PCR test by
nasal/pharyngeal swabs

History of uncontrolled hypertension,
nonregulated diabetes mellitus,
cerebrovascular disease, hematologic disease,
atrial fibrillation, chronic heart disease or
cancer

Severe alcohol consumption (more than 10
drinks per week)

Stenosis of extracranial vertebrobasilar artery >
20%

Stenosis of extracranial carotid artery > 20%.

For control group negative real time reverese
PCR test by nasal/pharyngeal swabs Negative
serological IgM and IgG test on SARS-CoV-2
virus

Known occlusive disease of intracranial
cerebral arteries

No SARS-CoV-2 symptoms at all
Using anticoagulant drug, vasodilatory drugs,
hormone replacement therapy, β-blocking
agents, calcium channel blockers

2.3. Statistical Analysis

Statistical significance was set to p < 0.05 and all confidence intervals were given at
the 95% level. For numeric variables Shapiro–Wilk test was used to indicate deviation
from normal distribution. Numeric variables were presented by median (Q1–Q3) or by
mean ± SD. Statistical significance of the differences of categorical variables was calculated
by the chi-square test. Analysis of differences of numeric variables between two groups was
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carried out by the independent-samples T-test or by the Mann–Whitney U test. Analysis of
differences between two measurements of numeric variables was carried out by paired-
samples T-test. Statistical analysis was carried out by SPSS 20.

3. Results

3.1. Patient Characteristics and Measured Variables

Our study included 25 subjects who had nonspecific neurological symptoms after
SARS-CoV-2 infection and 25 subjects in the control group. For each subject, we measured
blood flow velocities through the midbrain artery: peak systolic velocity (PSV), end dias-
tolic velocity (EDV), mean velocity (MV), and resistance indices (RI) and pulsation rate
(PI). Velocities were measured at rest (PSVrest, EDVrest, MVrest, RIrest, PIrest) and three
times after the breath-holding test (BHT) as PSVmax, EDVmax, MVmax, RImax, PImax. All
examined quantitative variables (blood flow velocities through the middle cerebral artery)
had a normal distribution according to the Kolmogorov–Smirnov test (p > 0.05), both in the
group of subjects after SARS-CoV-2 infection and in the control group. There were no clini-
cal or statistically significant differences (p > 0.05) between three repeated measurements
after the breath-holding test (BHT) in the group of subjects after SARS-CoV-2 infection
and in the control group, so we made an arithmetic mean of three measurements after the
breath-holding test (BHT) for each subject and we used it in further analysis. Groups were
aligned by gender (χ2 = 0.089; p = 0.765), age (T = 0.388; p = 0.699), body mass index—BMI
(T = 0.717; p = 0.477), systolic arterial pressure (T = 1.7; p = 0.099), diastolic arterial pressure
(T = 1.5; p= 0.129) and physical activity (T = 0.472, p = 0.639).

There were only seven diabetics in both groups. Out of the total number, there were
only three hypertensive subjects. One participant had elevated blood lipids. One subject
from each group drank more than 10 alcoholic beverages per week. In both groups, a total
of seven subjects regularly smoked cigars (Table 2 shows demographic data and some of
clinical parameters).

Table 2. Display of the number (%) of subjects according to qualitative data and arithmetic mean ± SD and quantitative
data in relation to the examined groups (subjects after SARS-CoV-2 infection and subjects of the control group).

Subject Groups

after SARS-CoV-2 Infection Control Group p

gender Male 16 (64) 17 (68) 0.765 *
Female 9 (36) 8 (32)

diabetes 4 (16) 3 (12)
hypertension 3 (12) 1 (4)

hyperlipidemia 1 (4) 0 (0)
alcohol 1 (4) 1 (4)

smoking 4 (16) 3 (12)
age (years) 46.6 ± 8.5 45.7 ± 7.4 0.699 **

BMI (kg/m2) 25.6 ± 2.9 25 ± 2.8 0.477 **
RR systolic (mmHg) 126.7 ± 11.6 120.8 ± 13.1 0.099 **
RR diastolic (mmHg) 78.4 ± 9.6 74.6 ± 7.9 0.129 **

Physical activity (minutes per week of
moderate activity) 179.3 ± 25 182 ± 15 0.639 **

* χ2 test; ** T test.

3.2. Disease Symptoms in a Group of Subjects after SARS-CoV-2 Infection

In the group of subjects after SARS-CoV-2 infection, according to nonspecific neuro-
logical symptoms, anosmic symptoms had 14 (56%) subjects, dysgeusia was present in
14 (56%) subjects, 10 (40%) subjects had dizziness, 17 (68%) of them had headaches, 18 (72%)
had fatigue and myalgia was present in 14 (56%) of participants. None of the subjects
had symptoms of stroke, epileptic seizures, signs of meningoencephalitis, narrowing of
consciousness movement disorders, demyelinating disease or acute polyradiculoneuritis.
According to the general symptoms of the disease, all subjects had fever (25, 100%), (80%)
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20 of them had a cough, 10 subjects had sore throats (40%), 2 subjects had gastrointestinal
symptoms (8%) and 4 (16%) had a rash. None of the subjects had dyspnea. None of the
subjects were hospitalized for symptoms associated with SARS-CoV-2 virus infection.

3.3. Comparison of Flow Velocities through Middle Cerebral Artery at Rest and after
Breath-holding Test between Test Groups

Table 3 shows the values of flow velocities through the middle cerebral artery in
relation to the groups of subjects.

Table 3. Representation of arithmetic means of flow velocities through middle cerebral artery and standard deviations
(±SD) (95% CI) of these parameters.

Subject Groups

after SARS-CoV-2 Infection Controls p *

Subjects at rest
PSV (cm/s) 107 ± 12.7 (102–112) 120 ± 5.5 (117–122) <0.001
EDV (cm/s) 51.9 ± 4.6 (50–54) 56.5 ± 5.5 (54–59) 0.002
MV (cm/s) 72.1 ± 7.3 (69–75) 81.3 ± 7.5 (78–84) <0.001

RI 0.53 ± 0.02 (0.50–0.53) 0.55 ± 0.04 (0.53–0.57) 0.003
PI 0.77 ± 0.07 (0.74–0.79) 0.78 ± 0.05 (0.78–0.76) 0.396

Subjects after breath-holding test
PSV (cm/s) 122 ± 11.3 (117–127) 162 ± 7.8 (158–165) <0.001
EDV (cm/s) 69.3 ± 3.5 (68–71) 81 ± 5.5 (79–84) <0.001
MV (cm/s) 94.7 ± 8.6 (91–98) 110.1 ± 5 (108–112) <0.001

RI 0.53 ± 0.02 (0.52–0.54) 0.51 ± 0.01 (0.51.0.52) <0.001
PI 0.78 ± 0.08 (0.74–0.81) 0.76 ± 0.04 (0.74–0.77) 0.300

Legend: PSV—peak systolic velocity, EDV—end-diastolic velocity, MV—mean flow velocity, RI—resistance index, PI—pulsatility index, T
test for independent samples. * T test for independent samples.

3.4. Comparison of Velocities in Middle Cerebral Artery at Rest between Group of Subjects after
SARS-CoV-2 Infection and Control Group

At the rest period, subjects after SARS-CoV-2 infection had statistically significantly
lower all measured velocities parameters compared to control group except PI:

-lower PSV (T = 4.5; p < 0.001), arithmetic mean difference was 12.5 (95%CI; 6.8 to 18).
-lower EDV (T = 3.2; p = 0.002), arithmetic mean difference was 4.6 (95%CI; 1.7 to 7.5).
-lower MV (T = 4.4; p < 0.001), arithmetic mean difference was 9.2 (95%CI; 5 to 13.5).
-lower RI (T = 3.1; p = 0.003), arithmetic mean difference was 0.03 (95%CI 0.01 do 0.05).
We did not prove statistically significant difference for PI values (T = 0.856; p = 0.396).

(Table 4).

3.5. Comparison of Flow Velocities through Middle Cerebral Artery after a Breath-Holding Test
between Group of Subjects after SARS-CoV-2 Infection and a Control Group

After the breath-holding test, velocity parameters were higher than at the rest period
for both groups, but the group of subjects after SARS-CoV-2 infection had statistically sig-
nificantly lower all measured velocity parameters compared to the control group, except PI:

-lower PSV max (T = 14.3; 0 < 0.001), arithmetic mean difference was 39.4 (95%CI;
34 to 45).

-lower EDV max (T = 9.1; p < 0.001), arithmetic mean difference was 12 (95%CI;
9 to 14.6)

-lower MV max (T = 7.7; p < 0.001), arithmetic mean difference was 15.4 (95%CI;
11 to 19).

-lower RI max (T = 3.6; p = 0.001), arithmetic mean difference was 0.015 (95%CI;
0.006 to 0.023).
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Table 4. The frequency of nonspecific neurological and general symptoms in subjects who had mild
form of SARS-CoV-2 infection.

Symptoms in SARS-CoV-2 Group

Neurological Symptoms SARS-CoV-2 Control

n n
Anosmia 14 (56) 0 (0)

Dysgeusia 14 (56) 0 (0)
Dizziness 10 (40) 0 (0)
Headache 17 (68) 0 (0)

Fatigue 18 (72) 0 (0)
Myalgia 14 (56) 0 (0)

Symptoms of infective disease
Fever 25 (100) 0 (0)

Cough 20 (80) 0 (0)
Sore throat 10 (40) 0 (0)

Gastrointestinal symptoms 2 (24) 0 (0)
Rash 4 (8) 0 (0)

Dyspnea 0 (0) 0 (0)

After the breath-holding test, there was no statistically significant difference of PI max
value between the two groups (T = 1.05; p < 0.300) (Table 5).

Table 5. Median (Q1–Q3) presentation of changes in flow velocities rates through middle cerebral artery after breath-holding
test and rest period in relation to groups of subjects.

Subjects Groups

after SARS-CoV-2 Infection Controls p

Relative change of velocities parameters after
breath-holding test compared to values at resting period
(%)
ΔPSV (%) 14 (11–19) 34 (32–39) <0.001
ΔEDV (%) 36 (30–38) 42 (35–50) 0.010
ΔMV (%) 31 (26–38) 36 (25–41) 0.222
ΔRI (%) 1.4 (−0.6 to 3.9) −5 (−12 to −2) <0.001
ΔPI (%) 2.3 (0–3.3) −4 (−6 to 1.4) 0.013
Breath holding index (BHI) 0.426 (0.28–0.57) 0.98 (0.81–1.12) <0.001

Legend: PSV—peak systolic velocity, EDV—end-diastolic velocity, MV—mean flow velocity, RI—resistance index, PI—pulsatility index.

The mean value of breath holding time in both groups was 37 ± 4 s (minimum 29 to
maximum 47); there was no statistically significant difference between the two groups of
subjects (T = 0.951; p = 0.346) (Table 5).

3.6. Comparison of Changes in Flow Velocities through Middle Cerebral Artery after
Breath-Holding Test and Rest Period between Two Examined Groups and Breath Holding
Index (BHI)
Mann–Whitney U Test

After the breath-holding test, relative increases in flow velocities in the control group
were statistically significantly greater than in the group of subjects after SARS-CoV-2
infection for PSV (2.4 times higher, median difference was 20 (95% CI: 15.4–23.04) (z = 6.01;
p < 0.001) and EDV (1.2 times higher, median differences was 6 (95% CI: −0.38 to 13.54)
(z = 2.6; p = 0.010). From these two parameters, we calculated the breath holding index,
and that index was statistically significantly higher in control subjects compared to subjects
who had SARS-CoV-2 infection. The median difference was 0.55 (95%CI; 0.41–0.69) (z = 6;
p < 0.001).
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3.7. Correlation of Flow Velocities through Middle Cerebral Artery with Age of the Subjects in
Each Group

We did not prove a statistically significant correlation between examined flow veloci-
ties through the middle cerebral artery in relation to age of the subjects in both examined
groups. Pearson’s correlation coefficient for age was for RI r = −0.031, for PI, the correlation
coefficient was r = −0.075, for PSV, the correlation coefficient was r = −0.048, for EDV, the
correlation coefficient was r = 0.115, and for MV, the correlation coefficient was r = −0.252.

3.8. Correlation of Changes in Flow Velocities Parameters through Middle Cerebral Artery in
Relation to Time from Onset of Symptoms

The median time from onset of symptoms of SARS-CoV-2 virus infection and TCCD
measurements was 36 days (minimum–maximum: 28 to 50 days). We did not prove a
statistically significant association of flow velocities parameters through the middle cerebral
artery with time from onset of SARS-CoV-2 virus infection. All Spearman correlation
coefficients were less than 0.4, p > 0.05.

3.9. Correlation of Flow Velocities through Middle Cerebral Artery with Gender of the Subjects
after SARS-CoV-2 Infection

We did not prove a statistically significant correlation between the examined flow
velocities through the middle cerebral artery in the rest period (PSV; t = 1.19, p = 0.244,
EDV; t = 0.082, p = 0.935, MV; t = 0.427, p = 0.673, RI; t = 0.154, p = 0.879, PI; t = 0.228,
p = 0.822) and after breath-holding test (PSV; t = 1.151, p = 0.260, EDV; t = 0.104, p = 0.918,
MV; t = 0.379, p = 0.708, RI: t = 0.347, p = 0.732, PI; t = 0.628, p = 0.536) in relation to the
gender of the subjects in SARS-CoV-2 group.

4. Discussion

To date, there has been no study investigating cerebral vasoreactivity in patients after
SARS-CoV-2 infection. In our study, we showed that patients even after mild SARS-CoV-2
infection have impaired cerebral vasoreactivity. Values of flow velocities through the
middle cerebral artery at the rest period and after breath-holding test were statistically
significantly lower in subjects who had SARS-CoV-2 infection than in the control group. A
smaller relative increase in PSV and EDV values in the group of subjects with SARS-CoV-2
infection leads to a consequent lower breath holding index (BHI) which directly indicates
impaired vasoreactivity and weaker vasoconstriction response to hypercarbia in patients
after SARS-CoV-2 infection. We did not prove a statistically significant correlation between
examined flow velocities through the middle cerebral artery in relation to age, gender or
with time from the onset of SARS-CoV-2 virus infection symptoms.

Romero-Sanchez et al. in their study showed that neurologic manifestations are very
common in hospitalized patients with SARS-CoV-2 infection and more than half of them
(57.4%) developed some form of neurologic symptom [22]. Nonspecific symptoms were
present mostly in the early stages and in less severe cases, and anosmia and dysgeusia
were common as a first clinical manifestation of SARS-CoV-2 disease. Serious neurologic
complications were less frequent but can cause death in about 4.1% patients. In our
study, we recruited subjects from the outpatient clinic’s database so there were no serious
neurological complications, no one was hospitalized, and due to mild and nonspecific
neurological symptoms, examination was one month after the onset of infection. According
to the data from this study, the most common nonspecific neurological symptoms in our
study were dysgeusia (56%), anosmia (56%), headache (68%) and fatigue (72%).

Hernandez-Fernandez et al. showed in their study [12] that endothelial disruption
is the primary mechanism of damage in SARS-CoV-2 patients who had cerebeovascular
disease related to infection. Thrombotic microangiopathy, loss of vasoreactivity, increased
bleeding predisposition and increased hypercoagulability along with systemic complica-
tions were the cause for poor clinical prognosis of these patients. SARS-CoV-2 patients who
had cerebrovascular disease had an unfavorable clinical outcome (73.9% of them had mod-
ified Rankin score 4–6), and a high mortality rate (34.8%). Age was the only independent
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predictive factor of poor prognosis and it was a high incidence of large vessel occlusion
(58.8%), and unexpectedly, many strokes were in the vertebrobasilar location (35.3%). As
our subjects had mild symptoms of SARS-CoV-2 infection, both general and neurological,
cerebral vasoreactivity disorder is an expression of SARS-CoV-2 virus neurotropicity and
impaired endothelial function.

Chen et al. studied the frequency of neurological symptoms and complications
in SARS-CoV-2 patients [23], and concluded that headache, dizziness, taste and smell
dysfunctions were the most frequently reported neurological symptoms with an overall
frequency of greater than 4% of the populations studied. In our study, it was not possible
to determine the real prevalence of mild neurological symptoms because the database
was outpatient clinic-based and did not necessarily reflect the incidence of neurologic
complications of patients with SARS-CoV-2 in the community. However, the most common
symptoms in the Chen et al. study were the most common also in our subjects.

The basic task of the cerebral arteries is to ensure a sufficient supply of nutrients and
energy for the brain. The anatomical and functional organization of cerebral blood flow al-
lows brain perfusion to be stable even in conditions of increased energy demand. The Willis
circuit allows an anatomical and small vessel network system allows a functional aspect
of physiological reserve. The basic principle of cerebral vasoreactivity is the dilatation of
small blood vessels, which increase flow velocities through large basal arteries [24]. TCCD
is a useful tool for the assessment of flow velocities in the large brain arteries [25] and to
indirectly estimate cerebrovascular reserve capacity, as Widder showed in his book [26].
Flow velocities through large cerebral arteries increase after the breath-holding test, which
induces hypercarbia and hypoxia [27]. The middle cerebral artery is suitable for examining
these parameters, because most of the flow through the cerebral arteries goes through that
large blood vessel.

SARS-CoV-2 virus binds to angiotensin converting enzyme 2 receptors for entry into
cells, a receptor which can be found in numerous brain cells: neurons, glial cells, vascular
endothelium and smooth muscle [28]. For example, in their study, Al-Ramadan et al. found
that SARs-CoV-2 virus can cause both acute and long-term neurological complications
in many patients [29]. Cerebrovascular disease in SARS-CoV-2 infection, according to
Al-Ramadan et al., might be due to SARS-CoV-2 dysregulation of the renin–angiotensin
system (RAS) by acting on ACE2 receptors, direct infection of the endothelial cell which can
results in endothelial dysfunction and impaired cerebral vasoreactivity. Like other virus
infections, the SARS-CoV-2 virus can cause severe endothelial dysfunction. Pavicic Ivelja
et al. found that chronic hepatitis C patients have altered cerebrovascular reactivity and
these negative effects on cerebrovascular hemodynamics could contribute to the increased
risk of cerebrovascular disease [30]. Chow et al. found similar changes in patients with HIV
infection and their cerebrovascular endothelial dysfunction may independently contribute
to cognitive impairment [31]. Our study of SARS-CoV-2 subjects clearly showed impaired
cerebrovascular reactivity, which had negative effects on cerebrovascular hemodynamics
and can increase the risk of cerebrovascular disease. It is significant that subjects from
the SARS-CoV-2 group did not have significant risk factors for cerebrovascular disease.
Impaired vasoreactivity, and a weaker response to hypercarbia after the breath-holding
test in patients after SARS-CoV-2 infection may lead to decreased vascular capacity and
vascular reserve, especially in conditions of increased demand [32,33].

Transcranial color Doppler is a non-invasive, cheap and reproducible method, and it
has been used for a long time in clinical practice for monitoring for cerebral vasospasm
following subarachnoid hemorrhage, evaluation occlusive cerebrovascular disease and the
detection of cerebral microembolic signals. It also can be used to identify patients with
exhausted cerebrovascular reserve and for the assessment of cerebral autoregulation, as
we showed in our study. In previous studies, TCCD has been shown to be a good method
for assessing brain vasoreactivity in studies for patients with cerebrovascular disease, like
Silvestrini et al. found in their study [33]. They concluded that alterations in cerebral
hemodynamic function may play a relevant role in the occurrence of stroke in patients
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with carotid artery disease. Silvestrini et al. also concluded that the reduction in the
BHI values strongly increases the probability of occurrence of a cerebrovascular ischemic
event. All these studies have shown that the reduction in vasodilatatory capacity leads
to the reduction in vascular adaptability and can be a precursor for the development of
cerebrovascular disease [34–36]. Similar studies have not yet been published with SARS-
CoV-2 patients and this is the first such study to occur during this pandemic. TCCD
with the addition of the breath-holding test brings added value for these patients because
induced hypercarbia increases the susceptibility to vasoreactivity disorder. There are
no biological markers to accurately assess brain vasoreactivity and TCCD is a reliable
method for assessing that. These patients, in the future, can be severely affected due to the
inability to respond to conditions of increased cerebral perfusion demand, due to a lack of
vascular reserve [37,38]. These patients are at increased risk of developing stroke [5,39],
but also at increased risk that the ischemic zone is bigger than in patients with preserved
vascular reserve [40,41]. Cerebral vasoreactivity can also be impaired in neurodegenerative
diseases. Urbanova et al. in their study showed [42] that decreased cerebrovascular reserve
capacity and altered vasoreactivity can be found in patients with Alzheimer’s disease
as a sign of microangiopathy even without severe underlying atherosclerosis and it can
be identified using TCCD along with the breath-holding test (BHI). Shim et al. found in
their study that underlying microangiopathy can be a mechanism in Alzheimer’s disease
patients and showed there was an association between the impaired function of cerebral
microvessels and cognitive impairment [43]. Espino-Ojeda et al. in their study found that
Parkinson’s disease patients are prone to exhibit diminished cerebrovascular reserve and
altered cerebral vasoreactivity in comparison with healthy individuals [44]. In the future,
we need additional vasoreactivity studies, we need to monitor patients with impaired
vasoreactivity, and we need rigorous and systematic longitudinal follow up. Time is our
ally, and future studies should be performed on a larger number of patients if we want to
prevent the possible numerous neurological complications of this pandemic.

The main limitation to this study is the small number of subjects included in both
groups. The SARS-CoV-2 virus pandemic has significantly changed the work of the overall
health care system, and also the neurological outpatient clinic, and there are certainly more
patients who have nonspecific neurological symptoms and who need to be examined by a
neurologist, but they were not registered in the hospital system at the time we recruited our
subjects. Additionally, a short period of time had passed since the onset of the SARS-CoV-2
symptoms in our subjects, so the long-term consequences of impaired vasoreactivity have
yet to be investigated through systematic longitudinal follow-up. One of the limiting
factors of the study is TCCD itself as a method of assessing brain vasoreactivity, because
the quality of the findings largely depends on the quality of the temporal bone window
through which the middle cerebral artery is insonated. The hemodynamic effect of breath
holding is lower than that of carbon dioxide inhalation or acetazolamide injection. All
TCCD testing in our study was carried out by one examiner who has 15 years of experience
working with TCCD, and thus we avoided a possible interpersonal difference depending
on the experience of the examiner.

5. Conclusions

Neurological manifestations prior, during and after SARS-CoV-2 virus infection are
increasingly diagnosed but pathophysiologically are not fully understood. The physicians
must consider nonspecific neurological symptoms as a clear sign of virus neurotropism.
The long-term effect of the neuroinvasive potential of the SARS-CoV-2 virus may increase
the risk of cerebrovascular disease. In this study, we have showed that patients after
SARS-CoV-2 virus infection had significantly lower average peak systolic, end-diastolic
and mean velocity values at the end of the breath-holding procedure. Additionally, the
breath holding index was significantly lower in the SARS-CoV-2 group than in the healthy
control group. It is a direct expression of impaired cerebral artery vasoreactivity in patients
with neurological symptoms after overcoming mild respiratory SARS-CoV-2 infection.
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Cerebral vasoreactivity disorder points to a damaged mechanism of brain vasoregulation
and indicates patients who without other risk factors will be predisposed for cerebrovas-
cular disease. Such patients should be identified, properly selected and treated to reduce
possible major health problems. Additional studies are needed to determine the associa-
tion of neurological symptoms after SARS-CoV-2 infection and changes in cerebral artery
vasoreactivity, as well as the impact of time on these changes.
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Abstract: Background: During the COVID-19 public health emergency, our breast cancer screening
activities have been interrupted. In June 2020, they resumed, calling for mandatory safe procedures
to properly manage patients and staff. Methods: A protocol supporting medical activities in breast
cancer screening was created, based on six relevant articles published in the literature and in the
following National and International guidelines for COVID-19 prevention. The patient population,
consisting of both screening and breast ambulatory patients, was classified into one of four cate-
gories: 1. Non-COVID-19 patient; 2. Confirmed COVID-19 in an asymptomatic screening patient;
3. suspected COVID-19 in symptomatic or confirmed breast cancer; 4. Confirmed COVID-19 in
symptomatic or confirmed breast cancer. The day before the radiological exam, patients are screened
for COVID-19 infection through a telephone questionnaire. At a subsequent in person appointment,
the body temperature is checked and depending on the clinical scenario at stake, the scenario-specific
procedures for medical and paramedical staff are adopted. Results: In total, 203 mammograms,
76 breast ultrasound exams, 4 core needle biopsies, and 6 vacuum-assisted breast biopsies were
performed in one month. Neither medical nor paramedical staff were infected on any of these
occasions. Conclusion: Our department organization model can represent a case of implementation
of National and International guidelines applied in a breast cancer screening program, assisting
hospital personnel into COVID-19 infection prevention.

Keywords: COVID-19; breast cancer screening; guideline; breast cancer; screening; pandemic

1. Introduction

On 30 January 2020, the World Health Organization (WHO) officially declared the
COVID-19 (coronavirus disease ‘19) epidemic, caused by the virus SARS-CoV-2, a public
health emergency and then, on 11 March 2020, officially declared the global situation as a
pandemic [1,2]. WHO data report 83 million confirmed cases worldwide since the start
of the outbreak and 1,8 million deaths (data as of 5 January 2021). As of 7 January 2021,
2,220,000 cases, including 77,291 deaths, had been confirmed in Italy and reported to the
WHO [2,3]. One of the predominant transmission mechanisms of the virus is through
droplet particles. Other transmission mechanisms include contact with infected surfaces
touched by people who, without a sufficient disinfection of the hands, then touch their
own mouth, nose or eyes [1]. People are often infectious 2–3 days before they exhibit
symptoms [4], so the proportion of pre-symptomatic transmission ranges from 48% to
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62% [4]. Spreading by asymptomatic carriers is estimated at 25% [5]. Moreover, the use of
symptoms-based screening does not alone provide protection for all people [5].

At the same time, routine breast imaging, such as a mammogram or a breast ultra-
sound (US) examination, requires very close contact with patients with no chances for
physical distancing. When performing these exams, the patient’s face may be as close as
20–30 cm to the face of the radiologist and/or the radiographer performing the study [6].
Similarly, during US, stereotactic and MRI-guided breast procedures, including biopsies,
drainages and clip placements, the interventional radiologist may be distanced at only
30 cm from the patient’s face. In fact, it has been reported that the risk of infection with the
novel coronavirus progressively increases with physical proximity and prolonged contact
with people with COVID-19 [6,7].

Unfortunately, during the outbreak, breast screening activities were interrupted,
whereas only emergency cancer-related medical activities were performed. Since June 2020,
as the severity of the disease’s infection rate reduced in our country, screening activities
have been resumed. This raised the need for a protocol to guide specialists on measures to
prevent COVID-19 infection and to optimize resources with the aim of ensuring the best
service level in breast cancer screening. Accordingly, the aim of the present study was to
propose a protocol for managing our daily screening activities in order to ward mitigate
infection spread.

2. Methods

Our department operational plan was based on the master opinion of three radiolo-
gists, members of the Italian Society of Radiology and Interventional Radiology (SIRM),
which are routinely involved into Italian National Healthcare Service. They identified
two different categories of patients referred to the Radiology Breast Unit Department and
depicted four possible clinical scenarios.

The department operational plan was drafted following both the national and in-
ternational guidelines for COVID-19 prevention and those for breast unit organization.
Moreover, the plan is supported by a comprehensive literature comprising relevant articles
searched using the mesh terms “COVID-19 OR SARS-CoV 2” AND “Screening” AND
“Management” AND “Breast Imaging”.

Overall, 6 articles, published between March and July 2020, were selected based on
their relevance with respect to the primary endpoint (Figure 1). A summary of key findings
was created for each of the relevant articles.

According to the essential levels of care [9,10], these are the two kinds of patient
categories which attend the radiology breast imaging department:

Outline of Patients Categories

1. Breast screening patients:

(a) Asymptomatic patients who undergo mammography exam following the
specific screening program, according to national regulations.

(b) Patients with suspected breast lesion revealed through the mammographic
exam, thus needing to complete the work-up with ultrasound and needle biopsy.

2. Breast ambulatory patients:

(a) Patients who have to complete the mammography work-up with ultrasound,
following the surgeon recommendation.

(b) Symptomatic breast cancer patients (new onset palpable nodule; skin or nipple
retraction; orange peel skin; unilateral secretion from the nipple).

During the COVID-19 emergency for each of the above categories of patients, the fol-
lowing clinical scenarios can be delineated:

Outline of Clinical Scenarios

• Non-COVID-19 patient;
• Confirmed COVID-19 in asymptomatic screening patient;
• Suspected COVID-19 in symptomatic or confirmed breast cancer patient;
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• Confirmed COVID-19 in symptomatic or confirmed breast cancer patient.

Figure 1. PubMed literature search using the mesh terms “COVID-19 OR SARS-CoV 2” AND
“Screening” AND “Management” and “Breast Imaging” [8].

2.1. Practice Organization in the Radiology Breast Screening Department

Since the 3 June, when screening activities resumed, following the guidelines proposed
by the SIRM Italian College of Breast Radiologists [11], the overall schedule of screening
patients was split as follows: (1) patients who received a screening invitation before the
COVID-19 pandemic onset within three months from the previous appointment were
progressively scheduled; (2) symptomatic patients and those needing a needle biopsy
for suspected cancer which were given an appointment with urgency (patients from
group 1b and 2b, as shown above), were called back in order to complete the diagnostic
pathway within 3 days; (3) ambulatory patients with previous appointments, were re-
scheduled progressively for a dedicated day of the week. The time lapse between the
exams was 30 min, with a total of 15 mammograms/ultrasounds per day. Moreover,
a specific day per week was dedicated to ambulatory patients either for mammography or
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for breast ultrasound. Furthermore, a whole day was dedicated to breast interventional
radiology, including core needle biopsy and vacuum-assisted breast biopsy. The “one-stop
approach” was not applied in our department. The staff daily shift was organized as
follows: 2 radiologists, 3 technicians and 1 nurse per shift, for a maximum of one shift (8 h)
per day.

2.2. Infection Prevention in a Radiology Breast Screening Department

According to the recommendations of national legislation ISS COVID-19 n. 1/2020 [12]
and the WHO recommendations set on February 2020 [2], which were properly adapted to
our local requirements (refer to Figure 2), all patients had to undergo a telephone triage
with a dedicated radiographer on the day before the radiologic exam. The pool of questions,
fully reported in Table 1, was asked again and evaluated by the radiologist before the exam
was performed. Body temperature measurement was performed for each patient before
entering the hospital. Each appointment was scheduled every 30 min, in order to allow
enough time for the exam execution, possible additional imaging (i.e., magnification views
or spot views), and for the equipment’s disinfection and air ventilation (10 min). Patient
capacity in the waiting room was set at a maximum of two people. An entrance and an
exit door were designated, so to optimize the use of spaces and avoid interaction with
subsequent patients. Moreover, to prevent the infection by SARS-CoV-2 of both medical
and paramedical staff and other patients, more procedures could be adopted, depending
on the different clinical scenario below:

Figure 2. Patients and department management.
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Table 1. Clinical assessment checklist the telephone questionnaire used to screen patients for COVID-19 infection before the
radiological exam.

Questions Yes No

Do you have fever at the moment?

Do you have cough?

Did you have dyspnea or any respiratory disease, recently?

Did you have anosmia or dysgeusia symptoms, recently?

Did you have diarrhea, recently?

Did you have unusual fatigue, recently?

Did you have rash or ophthalmological disorders, recently?

Have you done COVID-19 serology test? If yes, ask for the test’s result

Have you performed nasopharyngeal swab for COVID-19? If yes, ask for the test’s result

If any answer results positive, the patient will not be admitted to attend the radiological exam and rescheduled after a complete health
evaluation made by his general practitioner doctor.

• Non-COVID-19 patient: Patients without COVID-19 infection, as laboratory-confirmed
by a reverse transcriptase-polymerase chain reaction (RT-PCR) test, were defined as
non-COVID-19 patients [13]. However, since the laboratory tests had not yet been
used as a screening tool to identify COVID-19 patients and many people may be
asymptomatic or pauci-symptomatic, it would be appropriate for health professionals
to consider all patients as if they were infected [14]. Therefore, all patients must wear
a surgical mask and maintain the minimum distance of 1 m from others while waiting
for a radiological procedure. No one, including any accompanying person, is allowed
to stay in the waiting room. The healthcare staff should a wear surgical mask, avoid di-
rect contact with patient’s oral and respiratory secretions, wear goggles or face shields
and gloves and also wash hands before wearing and after removing gloves. A surgical
cap and shoe covers are welcome. The ultrasound probe should be protected by a
dedicated cover and disinfected after every single procedure [14–16]. After each
radiological exam, the room and the radiological equipment must be cleaned and
disinfected with chloro-derivate solutions and the room should be appropriately
ventilated (>25 cycles/h) [14,17,18].

• Confirmed COVID-19 in asymptomatic screening patient: Considering the highly conta-
gious nature of SARS-CoV-2, and taking count that this category of patients has no
urgency to perform the mammographic exam, their appointments were rescheduled,
as soon as was possible, after two negative nasopharyngeal swabs for SARS-CoV-2
RT-PCR test.

• Suspected COVID-19 in symptomatic or confirmed breast cancer patient: As in the first
scenario, the patient must wear a surgical mask and follow the rules of social dis-
tancing in the waiting room. Radiological staff should wear an FFP2 mask (filtering
face piece), goggles or face shield, gloves and cap. Ultrasound and mammographic
machines must be covered by a plastic sheet and disinfected after the procedure
with chloro-derivate solutions and the room should be appropriately ventilated
(>25 cycles/h) [14,18].

• Confirmed COVID-19 in symptomatic or confirmed breast cancer patient: Considering the
highly contagious nature of SARS-CoV-2, the patient wears a surgical mask and stays
isolated from other people. Radiological staff must wear an FFP3 mask, eye protection,
impermeable full-length long-sleeved gown, gloves and cap. Staff will pay maximum
attention to the dressing and undressing procedures, as suggested by the Spallanzani
Hospital [19]. Ultrasound and mammographic machines have to be covered by a
plastic sheet and disinfected after the procedure with chloro-derivate solutions and
the room should be appropriately ventilated (>25 cycles/h) [14,15,18].
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Medical and paramedical staff were screened every month with a nasopharyngeal
swab for SARS-CoV-2 RT-PCR test.

3. Results

Since 8 March 2020, 310 previously scheduled exams (267 breast screening and
43 breast ambulatory patients) were initially postponed because of the pandemic out-
break. Between 9 March and 29 May 2020, seven mammographic exams and two breast
USs were performed for ambulatory patients identified as urgent/symptomatic for breast
cancer. None of them resulted as confirmed breast cancer. One of them resulted as a
suspected COVID-19 patient at the incoming triage.

Therefore, since the screening activities were resumed, those pending appointments
were rescheduled, as soon as was possible, following the operational model above. In to-
tal, 205/267 previous appointments were rescheduled; 62/267 patients were no longer
interested in having a screening appointment and were mostly scared by the SARS-CoV-2
infection risk. Some additional 50 new patients started regularly scheduling for breast
cancer screening. In conclusion, 255 patients were screened in a month (3 June–3 July).
Overall, 203 mammographic exams were performed, out of which 24/203 underwent a
second-look US. In 52 cases, a breast US exam was performed as the first control. Moreover,
four patients needed a core needle biopsy and six a vacuum-assisted breast biopsy: four
patients were treated with subsequent surgery. No locally advanced breast cancer stage,
such as: cancer >5 cm, or with skin/chest muscles infiltration, or multiple local lymph
nodes invasion or a rapidly growing type [20], was revealed in the patients whose appoint-
ments had been postponed. All of the 255 patients who underwent breast cancer screening
exams resulted as non-COVID-19 patients at the previous triage.

Until December 2020, 1479 screening patients received a mammographic exam. Of these
patients, 163/1479 underwent a second-look US, 86 patients needed a core needle biopsy
and 74 patients performed a vacuum-assisted breast biopsy. A total of 83 patients were
treated with subsequent surgery. Overall, 15 asymptomatic screening patients resulted as
confirmed COVID-19 infections at the telephone triage.

Moreover, in the same time interval, 174 ambulatory patients were screened by breast US.
Among the 174 patients, 26 were symptomatic for breast cancer, out of which 9/26 re-
ceived surgery for confirmed breast cancer. Among the 26, 5 symptomatic breast cancer
patients were suspected COVID-19 cases at previous triage. As of December 2020, no ambu-
latory patients were classified as confirmed COVID-19 in symptomatic or confirmed breast
cancer patient.

As for the matter of safety, a total of five radiologists, five technicians and one nurse
were screened for SARS-CoV-2 between the beginning of March and the end of December,
as described above. Each of them performed a total of 10 nasopharyngeal swabs. Nobody
from the medical and paramedical staff resulted as positive to SARS-CoV-2 RT-PCR test.

4. Discussion

Our prospective study demonstrates efficacy in terms of continuity in the provision of
an essential level of care in breast cancer screening. Furthermore, the absence of medical and
paramedical staff SARS-CoV-2 infection is an additional fact that proofs the effectiveness of
the infection prevention procedures adopted.

Due to the COVID-19 public health emergency outbreak, breast cancer units across
the Italian territory have suffered significant restrictions and reductions in their clinical
activities. Breast cancer is the first leading cause of cancer disease in the female population
in Italy, with more than 50,000 breast cancer diagnosed every year and, out of which,
5000 are early breast cancer (infiltrating cancer <1 cm or ductal carcinoma in situ) [21].
The national screening program has improved the prognosis of patients with breast cancer
by approximately 87% in 5 years, resulting in a lower number of tumors at the advanced
stage (about 30%) [22]. The incidence rate reduction represents, also, a resource for our
health system in terms of adjuvant therapy reduction, surgery duration, early return to
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work and improvement of the life quality standards. The estimated doubling time of breast
cancer ranges between 45 and 260 days [23]. The latter growth rate variability did not
allow us to estimate, precisely, the impact on not invited patients at breast cancer screening
during the COVID-19 outbreak. A recent study compared breast unit activity in the first
half of 2020 to the same time period on 2019 [24]. It reported an increased number of
referrals either for diagnostic exams in suspected breast cancer patients (estimated around
28%) or for patients who received their first treatment for a breast cancer diagnosis (esti-
mated around 16%) [24]. However, as reported in the literature [11], a short delay (e.g.,
6–12 weeks) should not, in principle, affect the overall outcome. Furthermore, considering
the periodical interruption/continuation of breast cancer screening activities, following
the SARS-CoV-2 spread of infection in the population, these effects could be considerable
on the female population. Vanni et al. [25] have estimated that 50% of the 11,000 cases
will be identified with a delay of only 6 months, associated to a cancer stage progression.
Moreover, they report that 8125 breast cancer diagnoses could be missed due to a screening
interruption of 3 months [25]. This delayed diagnosis has several consequences, such as:
an increase in the number of patients needing a diagnostic paths and treatments; a more
invasive breast surgery or neoadjuvant or adjuvant therapy with a worse patient outcome;
and an increase in healthcare costs. Therefore, some centers suggest a personalized screen-
ing program activity, which could be applied on urgent patients [22] or on patients with a
high risk of breast cancer [26]. However, it is already known that its effectiveness in terms
of incremental cost-effectiveness ratio (ICER) and quality adjusted life years (QALY) as well
as its application during outbreaks could reduce their effect on women’s health [27]. Con-
sequently, an optimized and effective department organization, which allows continuing
screening and preserves the regular breast cancer-related medical activities, is achievable,
especially in consideration of the unpredictable COVID-19 pandemic evolution. Moreover,
continuing breast cancer screening during a pandemic emergency will avoid having to
raise assistance requests at the end of the lockdown period [28].

To the best of our knowledge, national and international guidelines on breast cancer
treatment in patients with SARS-CoV-2 infection have not yet been updated. Thus, nowadays,
breast cancer patients with confirmed COVID-19 have to wait 10 days and two negative
nasopharyngeal swabs before surgery [29], which may result in a worsened situation.

Some centers [28] suggest PCR testing before breast interventional procedures in
patient with a BIRADS 5 lesion, such as to reduce the waiting time before surgery. However,
this would increase the cost of each procedure, and additionally, the waiting time (from
20 min to 2 h) before each interventional procedure [30–51]. Consequently, it would increase
the time lapse between the exams with a reduced number of procedures accomplished
per day.

In our experience, our proposed model has proven a contraction of the waiting lists in
a few weeks and also, has not been reported cases of advanced breast cancer stage.

Furthermore, a well standardized and SARS-CoV-2-free model is desirable to reduce
the time lapse between the diagnoses and the treatment, avoiding the lengthening of
waiting lists.

In conclusion, as little is known about the pandemic evolution, especially of its
duration, the impact on screening breast cancer could be worse than reported. Therefore,
our protocol, used to manage patients and radiological staff, could serve as a best practice
in the application of national and international guidelines in the domain of the breast
cancer screening program. If largely disseminated, it could assist specialists in preventing
COVID-19 infection and in optimizing resources for breast cancer screening diagnosis.
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Abstract: Recent evidence highlights that physical activity (PA) is associated with decreased recur-
rence risk, improved survival and quality of life for breast cancer (BC) patients. Our study aimed
to explore patterns of increased/decreased PA, and sedentary behaviors among BC women of the
DianaWeb cohort during the first wave of COVID-19 pandemic, and examined the association with
residential locations, work changes, different modality used to increase PA, and quality of life. The
study analyzed the questionnaires completed by the 781 BC women (age 54.68 ± 8.75 years on both
December 2019 and June 2020. Results showed a decrease of 22%, 57%, and 26% for walking activity,
vigorous activity, and total PA, respectively. Sitting/lying time increased up to 54.2% of the subjects
recruited. High quality of life was associated with lower odds of being sedentary (p = 0.003). Our
findings suggest that innovative health management fostering compliance with current guidelines for
PA and active behavior should be implemented, especially in unpredictable emergency conditions.

Keywords: breast cancer; COVID-19 pandemic; health management; physical activity; DianaWeb; epi-
demiology

1. Introduction

Physical activity (PA) and exercise for breast cancer (BC) patients and survivors are
emerging key elements in the oncological prevention spectrum. In this regard, exercise
oncology (i.e., exercise medicine in the management of cancer) represents an important
option for patients during rehabilitation, aftercare, and survival [1], with the aim of making
the patient more active in everyday life. A growing body of literature shows the positive
influence of PA and exercise on the reduction of recurrence and mortality [2,3]. Additionally,
exercise can have a favorable impact on cancer- and treatment-related side effects (including
fatigue, depression, and physical functioning) and quality of life (QoL) of cancer survivors.
However, there are differences in outcomes depending on clinical setting of the BC patients
and functional factors related to exercise, such as type, intensity, and activity level. Indeed,
there is a positive correlation between high level of cardiorespiratory fitness and probability
of survival [4], however, a high level of activity is not necessarily associated with the best
QoL [5]. Ultimately, it is important to meet the stated American College of Sports Medicine
(ACSM) recommendations on the basis of BC patient’s health status [6]. Indeed, current
guidelines recommend people who have been treated for cancer to “avoid inactivity” and
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suggest that an effective exercise prescription includes moderate-intensity aerobic exercise
at least three times per week. Moreover, the exercise program should add resistance-
training activities, at least two times per week, using two sets of 8–15 repetitions at least
60% of one maximum repetition [6]. Unfortunately, population-based studies showed a
general poor adherence to the PA guidelines in both the general population and cancer
survivors, and data highlight that only 9–20% of the oncological patients meet both aerobic
and resistance exercise guidelines, only 22–44% meet aerobic guidelines, and only 10–34%
meet resistance guidelines [7].

The outbreak of the novel 2019 Coronavirus Disease (COVID-19) pandemic has rep-
resented a global public health emergency and routine cancer care, including health and
supportive care interventions, was completely altered and movement behaviors have been
impacted as well. Italy was the first European nation to be affected by COVID-19 which
is, to date, a major global health issue. At the beginning of March 2020, the Italian Gov-
ernment adopted stringent containment measures on the entire national territory, which
included lockdown and social distancing, to contain the spread of the virus SARS-CoV-2.
The stringency of such measures has continuously varied [8], and also within the same
country, according to the current diffusion of the disease and the burden on the healthcare
system. In Italy, when the strictest measures have been adopted, the imperative was “stay
at home”, to better control disease transmission, even at the cost of increasing risk factors
for non-communicable diseases [9]. The policies and guidelines to implement physical
distancing have significantly affected how people living with and beyond cancer spend
their active time and receive cancer treatment. While the focus was mainly centered on
cancer care and conventional standards in BC patients [10–12], little attention was paid to
exercise oncology, although low levels of PA are recognized as an important risk factor.

The closure of common indoor and outdoor places to stay active, such as gyms, stadi-
ums, pools, dance and fitness studios, physiotherapy centers, and parks and playgrounds,
has undoubtedly had a negative impact on physiologic and psychosocial response of the
general population [13], especially in people who have been diagnosed with BC and people
who are at high risk for BC [14].

In this emergency context, it is possible that some BC women have altered their
behaviors by facing additional barriers to PA, beyond those already documented [15].
Despite the challenges faced during this pandemic, we believe that it is important for BC
women to continue to benefit from an active lifestyle in a safe environment.

The DianaWeb Project is a community-based participatory research that uses a specific
interactive website which contributes to the growth of knowledge about lifestyles to be
adopted by sharing recipes, movement strategies, and how to manage the change in
daily practice involving Italian women with a BC diagnosis [16]. In this new scenario,
understanding the barriers that may have influenced an active lifestyle could allow the
development of further supportive strategies for oncological exercise.

In this study: (i) we described PA behavior of the DianaWeb cohort during the first
wave of the COVID-19 pandemic, (ii) we made a comparison with data collected prior to
lockdown, and (iii) we explored some factors that should be considered as moderators
of PA, such as residential locations, living in an apartment building or in a dense living
environment, BC clinical characteristics, or QoL, through private chat created for the study.
Finally, we discussed the importance of identifying detrimental and positive lifestyle
changes and the importance of developing possible interventions as an implementation of
the DianaWeb platform for future PA coaching programs for women with BC.

2. Materials and Methods

DianaWeb protocol was previously detailed [17] and was approved by the ethics
Committee of the Fondazione IRCCS Istituto Nazionale dei Tumori di Milano (Approval
INT 24/16). Briefly, patients are recruited on a voluntary basis and, after having signed
an informed consensus form, they are enrolled in the study. Once registered, all partici-
pants are requested to complete—twice a year—on-line questionnaires including: (a) the
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self-reported questionnaires on PA levels assessed by International Physical Activity Ques-
tionnaire Short Form (IPAQ-SF) [18,19], and (b) medical history. Participants also provided
demographic information, anthropometric data (body weight, body height, and waist
circumference), results of routine biochemical analysis, and clinical information (histology
report and hospital discharge letters, and any other subsequent diagnosis). Volunteers can
also make use of a private chat, supervised daily by researchers. Although dietary lifestyle
habits are included in the DianaWeb platform, they are not a specific focus of this study.

2.1. Study Populations

Data was collected via an internet platform (http://www.dianaweb.org, accessed on
July 2020). The DianaWeb is an open cohort established in September 2016. All Italian BC
patients, whatever the disease stage at diagnosis, histological diagnosis, time elapsed since
diagnosis, with or without metastasis, local recurrence or second cancers, and with in situ
or invasive cancer, are eligible to join the cohort.

In particular, this study uses data collected on both December 2019 and June 2020. In
December 2019, the DianaWeb cohort was composed of 1527 breast cancer women. Overall,
we selected BC patients (n = 781) that completed the questionnaires in December 2019 and
immediately after the first Italian lockdown (June 2020).

2.2. Questionnaires

The questionnaire areas are accessible only with patient ID and password. The
questionnaires considered for this study provided the following data:

(i) general information, such as sociodemographic characteristics (age, education level,
marital status, region of residence, and residential density);

(ii) anthropometric parameters (body weight, body height, and waist circumference);
(iii) information about medical history (lymphedema arms, use of drugs, tumor metas-

tasis, secondary tumor, etc.) and other health issues (from this section we collected
information on SARS-CoV-2 positive swab);

(iv) results of the last routine blood tests;
(v) physical activity level, through the IPAQ-SF, whose reliability and validity are doc-

umented [18,19]: subjects reported the frequency (days/week) and duration (min-
utes/day) of different types of activity: vigorous (e.g., intense home or gardening
activity, performing intense aerobic exercises, and using bike or treadmill); moder-
ate (e.g., moderate home activity, work out in the garden, carrying light loads, and
bicycling at a steady pace); and walking activities, as well as the average time spent
sitting on a day; and

(vi) lifestyle habits on QoL, through the question on one-dimension present in EORTC
QLQ-C30 questionnaire [20]: global health-status/quality of life. The global health-
status/quality of life scale has response options ranging from (1) “very poor” to
(7) “excellent”.

In May 2020, participants freely provided information through the chat about: (a)
different modality used to increase physical activity [technology-based interventions (e.g.,
apps, Facebook®, or Instagram); technology-based interventions with a personal trainer
(e.g., video-conference, Skype, Zoom video communications including phone conversa-
tions, and FaceTime); non-technology interventions (autonomously, without technology
support)]; (b) house dwelling floor space (e.g., <50 m2, 50–90 m2, and >90 m2) and private
outdoor spaces (e.g., presence or absence of balcony and/or garden); (c) number of family
members; and (d) working activity during quarantine.

2.3. Statistical Analysis

Frequency and percentage were provided for categorical data, whereas arithmetic
means and standard deviation (SD) were provided for continuous variables. The patients
were classified for residence as living in Northern, Central, or Southern Italy. Furthermore,
by extending the analysis to residential density, the subjects were classified for living in
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cities, suburbs, or countryside cities. The education variable was dichotomized into high
school or some college (≤13 years) and college graduates or higher (>13 years). The number
of family members variable was trichotomized (1, 2, 3, or more members) as well as the
dwelling floor space (<50 m2, 50–90 m2, and >90 m2).

PA levels were calculated from IPAQ-SF, converting questionnaire data in metabolic
equivalent minutes per week (MET-min/week): each exercise intensity was associated with
the metabolic equivalent of the task (MET): MET = 8 for vigorous, MET = 4 for moderate,
MET = 3.3 for walking [21].

The BMI (kg/m2) was calculated using self-reported height and weight data. The de-
grees of obesity were established according to the World Health Organization’s (WHO) cri-
teria: BMI: 18.5–24.9 kg/m2, normal weight; BMI: 25.0–29.9 kg/m2, overweight; BMI: 30.0–
34.9 kg/m2, grade I obesity; BMI: 35.0–39.9 kg/m2, grade II obesity; and BMI ≥ 40.0 kg/m2,
grade III obesity [22].

The χ2 test was used to compare qualitative data, whereas ANOVA was used to
compare means of normally distributed quantitative data. In the case of statistically
significant F-statistics, ANOVA was followed by a Dunnet post-hoc analysis. Pearson’s
correlation coefficient was calculated to assess the strength and direction of the linear
relationships between pairs of variables normally distributed. For non-ordinal variables,
the Spearman correlation coefficient was calculated.

A linear multiple regression (LMR, block-wise) method was computed for PA levels
(METs for moderate PA, vigorous PA, walking, and total PA) and sitting/lying time as
dependent variables. Three blocks of variables were processed. Being the primary purpose
of our LMR analysis was to explore the relationship between environment characteristics
and PA, the first block consisted in area of residence, residential density, dwelling floor
space, and private outdoor spaces. The second block contained socio-demographic vari-
ables (age, marital status, number of family members, level of education, and working
activity). The third block was made up with health status variables (BMI, waist circumfer-
ence, lymphedema, health perceptions, QoL, use of psychotropic drugs, and strategies to
increase PA).

The independent variables that were relevant and significantly associated with PA
from each block (p < 0.05) were included in the logistic regression analysis. Odds ratios
values (OR = eβ), showing how the odds change with a one-unit increase in the independent
variables, were also reported. All statistical analyses were carried out with SPSS software
for Windows (version 20.0; SPSS Inc., Chicago, IL, USA) and p-values <0.05 were considered
as statistically significant.

3. Results

Sample Characteristics

Among the 1527 subjects enrolled in the DianaWeb cohort, 781 (51.5%) completed
IPAQ-SF and EORTC-QLQ-C30 questionnaires on both December 2019 and June 2020.

Table 1 shows the main sociodemographic characteristics of women enrolled until
December 2019 in the DianaWeb study, in particular, the whole cohort and subjects included
(Group A) or not in the surveillance study (Group B).

Patients in the two sub-cohorts were similar for age (in both groups the enrolled
women were in their 50s), marital status (most of the women were married), level of
education, and Italian region of residence.

Table 2 presents the distribution of the study population also considering the presence
of some barriers or facilitators for PA, as well as referring to the environment (population
density, building design, and greenness), family (number of family members), working
and clinical characteristics (lymphedema, and SARS-CoV-2 positive swab).
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Table 1. Main sociodemographic characteristics of the DianaWeb cohort, and surveillance study participants.

Characteristic
Whole DianaWeb Cohort

(n = 1527)
Group A
(n = 781)

Group B
(n = 746)

p

Age in years a 54.14 (±8.80) 54.68 (± 8.75) 53.58 (±8.83) 0.014 d

Young adults (aged 21–40) b 85 (5.6) 37 (4.7) 48 (6.4) 0.170 e

Adults (aged 41–60) b 1.108 (72.6) 562 (72.0) 546 (73.2)
Over 60 age b 334 (21.9) 182 (23.3) 152 (20.4)

Marital status b

Married 987 (64.6) 526 (67.3) 461 (61.8) 0.053 e

Separated/divorced 177 (11.6) 92 (11.8) 85 (11.4)
Widowed 44 (2.9) 21 (2.7) 23 (3.1)
Never married 319 (20.9) 142 (18.2) 177 (23.7)

Level of education b

High school or some college (≤13 years) 810 (53.0) 392 (50.2) 418 (56.0) 0.022 e

College graduates or higher (>13 years) 717 (47.0) 389 (49.8) 328 (44.0)
Region of residence b,c

Northern Italy 1033 (67.6) 576 (73.8) 457 (61.3) 0.000 e

Central Italy 331 (21.7) 128 (16.4) 203 (27.2)
Southern Italy 163 (10.7) 77 (9.9) 86 (11.5)

a Results expressed as the mean ± SD. b Results expressed as the number of subjects, percentage between brackets. c Northern Italy: Valle
d’Aosta, Emilia-Romagna, Friuli-Venezia Giulia, Liguria, Lombardia, Piemonte, Trentino-Alto Adige, and Veneto. Central Italy: Lazio,
Marche, Toscana, and Umbria. Southern Italy: Abruzzo, Puglia, Basilicata, Calabria, Campania, Molise, Sardegna, and Sicilia. d Group A vs.
Group B, Student t-test. e Group A vs. Group B χ2 test.

Table 2. Facilitators or barriers to physical activity in subjects included in the surveillance study.

Facilitators or Barriers Number of Subjects (%)

Residential density
Cities 373 (57.7)
Suburbs 235 (30.1)
Countryside 173 (22.2)

House dwelling floor space
<50 m2 45 (5.8)
50–90 m2 306 (39.2)
>90 m2 430 (55.1)

Private outdoor spaces
None 48 (6.1)
Balcony 451 (57.7)
Garden 282 (36.1)

Number of family members
1 224 (28.7)
2 248 (31.8)
3 or more 309 (39.6)

Working activity during quarantine
Retired or laid off 215 (27.5)
Remote working 352 (45.1)
Normal working activity 72 (9.2)
Other 142 (18.2)

Lymphedema
No 695 (89.0)
Yes 86 (11.0)

SARS-CoV-2 diagnostic test
Positive 4 (0.5)
Negative 204 (26.1)
Not tested 573 (73.4)

Almost half of the sample lived in cities with high population densities and in
houses ≥ 90 m2 (55.1%) with one or more balconies (57.7%). Throughout the period
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covered by the study, only 9.2% of women worked outside of their homes; most of the
women (45.1%) worked remotely.

From March until May 2020, 208 women (26.6%) of the DianaWeb surveillance were
tested for SARS-CoV-2 infection and four of them resulted positive.

The anthropometric data after and before quarantine in subjects included in the
surveillance study are presented in Table 3. Mean body weight, waist circumference (WC),
and BMI were lower before than during quarantine. When individuals were categorized
according to their WC (≤80 cm) or BMI (<18.5, 18.5–24.9 and ≥25.0), we did not observe
any significant differences before and during quarantine.

Table 3. Anthropometric parameters in subjects included in the surveillance study.

Before Quarantine During Quarantine p

Body Weight a 61.46 ± 11.50 61.57 ± 11.03 0.525 c

Waist circumference a 80.52 ± 10.33 80.91 ± 11.03 0.101 c

Normal b 449 (57.5) 446 (57.1) 0.459 d

Abdominal obesity b 332 (42.5) 335 (42.9)
Body mass index (BMI) a 23.08 ± 4.00 23.13 ± 3.87 0.390 c

Underweight b 54 (6.9) 53 (6.8)
Normal weight b 542 (69.4) 528 (67.6) 0.678 d

Overweight and obese b 185 (23.7) 200 (5.6)
a Results expressed as the mean ± SD. b Results expressed as the number of subjects, percentage between brackets.
c Before vs. during quarantine, student t-test. d Before vs. during quarantine, χ2 test.

In Table 4, results about QoL and health perception are reported. The analysis
showed statistically significant differences between before and during quarantine for
both parameters.

Table 4. Quality of life and health perception in the studied population.

Before Quarantine During Quarantine p b

Quality of life a

Very poor 10 (1.3) 27 (3.5) <0.001
Poor 44 (5.6) 146 (18.7)
Neither poor nor good 238 (30.5) 306 (39.2)
Good 421 (53.9) 275 (35.2)
Very good 68 (8.7) 27 (3.5)

Health perception a

Very poor 5 (0.6) 8 (1.0) <0.001
Poor 37 (4.7) 113 (14.5)
Neither poor nor good 253 (32.4) 273 (35.0)
Good 423 (54.2) 341 (43.7)
Very good 63 (8.1) 46 (5.9)

Psychotropic drugs a 123 (15.7) 128 (16.4) 0.391
a Results expressed as the number of subjects, percentage between brackets. b Before vs. during quarantine,
χ2 test.

Stressful events may impact significantly on the initiation of psychotropic drug use.
As Table 4 shows, the prevalence of psychotropic drugs use (such as anxiolytics, sedatives,
and antidepressants) among participants was, during social isolation, about 16%.

In Table 5, the results about the PA section are reported. METs of walking, vigor-
ous intensity, and total PA were significantly lower during quarantine, compared with
before quarantine. The decreases during home confinement were about 22%, 57%, and
26%, respectively. Additionally, an increase was observed in sedentary behavior: daily
sitting/lying time increased significantly from about 5 to 7 h/day, and during lockdown
over 54% of women were high sitting (sitting more than 6 h/day).
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Table 5. Level (MET-min/week assessed with IPAQ-SF score) and time sitting/lying (h/day) before and during nearly two
months of quarantine.

Before Quarantine During Quarantine Δ a p

Vigorous PA a 361.95 ± 793.62 117.70 ± 468.78 −244.25 ± 685.82 <0.001 b

Moderate PA a 909.71 ± 902.68 888.53 ± 940.88 −21.18 ± 754.87 0.433 b

Walking a 941.22 ± 841.80 331.44 ± 590.33 −609.78 ± 801.77 <0.001 b

Total PA a 2212.87 ± 1696.11 1337.66 ± 1305.51 −875.20 ± 1361.51 <0.001 b

Sitting time ≤ 6 h/day c 480 (61.5) 358 (45.8) <0.001 d

Sitting time > 6 h/day c 301 (38.5) 423 (54.2)
a Results expressed as the mean ± SD. b Before vs. during quarantine, student’s t-test. c Results expressed as the number of subjects,
percentage between brackets. d Before vs. during quarantine, χ2 test. Notes: PA = Physical Activity.

The proportion of women who did vigorous PA or walking decreased significantly
(Figure 1a). The proportion of women who were physically active (a combination of
vigorous/moderate PA, and walking) decreased from 98.5% before quarantine to 93.7%
during quarantine.

 
(a) (b) 

Figure 1. (a) Proportion of total and domain-specific physical activity of women before and during COVID-19 home
confinement; (b) Proportion of low active (MET < 600), moderate active (MET ≥ 600), and high active (MET ≥ 3000) women
before and during COVID-19 home confinement. * Before vs. during quarantine, χ2 test, p < 0.05; Notes: IPAQ score is
expressed as MET-min/week; PA = Physical Activity.

In addition, the IPAQ score expressed as MET-min/week was used as a general indica-
tor of low active (MET < 600), moderate active (MET ≥ 600), and high active (MET ≥ 3000)
people. We found an increase of low active women (<600 MET-min/week) from 9.3%
before quarantine to 32.7% during quarantine, with a concurrent and significant reduction
of high active women (≥3000 MET-min/week) from 24.7% to 11.4% (Figure 1b).

Participants most frequently indicated that they did PA without a gym instructor, and
only 19.8% did PA with remote personal training (Figure 2).

The PA level and sitting/lying time, according to sociodemographic characteristics,
barriers or facilitators to PA, self-reported PA strategies, anthropometric parameters, QoL,
and health perception of the study population during quarantine are presented in Table S1.
A higher prevalence of physically active women was found among individuals which were
21–40 years old, separated or divorced, worked remotely, lived in Central Italy or in a large
house with garden, did not use strategies to do PA, were underweight, did not suffer from
lymphedema, and perceived their QoL and health as good.
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Figure 2. Proportion of self-reported physical activity modality of women before and during
COVID-19 home confinement.

In the multiple regression analysis (Table 6), block 1 showed that macroregion of
residence and dwelling floor space were significant predictors of moderate PA. Based on
our analysis, women living in Northern Italy or owning a house of 90 m2 or more resulted
being facilitated in performing moderate PA. As reported in block 2, age and working
activity were also significant predictors of moderate PA. METs from moderate PA were
positively associated with age and with time spent at home (women who are retired or
working at home increased their moderate PA). Age and number of family members had
an inverse association with sitting or lying time. In block 3, BMI was negatively associated
with walking, thus indicating that an increase in BMI may be associated with difficulty
in walking. QoL had a negative association with sitting or lying time and a positive
association with vigorous and total PA, showing that QoL is a key motivator of PA.

Table 6. LMR between possible independent predictors and physical activity level (MET-min/week) or sitting/lying time
(h/day) in the DianaWeb cohort during quarantine.

Vigorous PA Moderate PA Walking Total PA Sitting/Lying

β p β p β p β p β p

Block 1
Region of residence −0.032 0.380 0.076 0.032 0.031 0.392 0.057 0.107 0.004 0.905
Residential density 0.042 0.294 0.035 0.381 0.074 0.064 0.074 0.064 −0.043 0.280
Dwelling floor space −0.011 0.780 0.092 0.015 −0.032 0.397 0.048 0.209 −0.060 0.115
Private outdoor spaces −0.024 0.574 0.073 0.083 0.031 0.463 0.058 0.169 −0.068 0.105

Block 2
Age −0.074 0.070 0.097 0.017 0.058 0.155 0.070 0.090 −0.173 0.000
Marital status −0.022 0.587 0.071 0.079 −0.008 0.837 0.039 0.334 0.038 0.349
Level of education 0.013 0.735 −0.031 0.407 0.073 0.052 0.015 0.681 0.045 0.221
Working activity 0.023 0.543 0.086 0.024 −0.024 0.523 0.059 0.122 −0.016 0.676
Family members −0.011 0.788 0.072 0.082 0.008 0.846 0.052 0.218 −0.093 0.025

Block 3
Body Mass Index −0.046 0.402 0.039 0.484 −0.146 0.008 −0.055 0.322 0.067 0.227
Waist circumference −0.024 0.666 0.010 0.860 0.074 0.174 0.032 0.561 −0.050 0.363
Lymphedema 0.012 0.731 −0.021 0.554 −0.030 0.401 −0.024 0.495 −0.037 0.302
Quality of life 0.098 0.034 0.070 0.135 0.217 0.000 0.184 0.000 −0.136 0.003
Health perception −0.012 0.792 −0.017 0.715 −0.059 0.205 −0.044 0.352 0.028 0.559
Psychotropic drugs −0.031 0.394 0.033 0.372 0.005 0.885 0.015 0.685 −0.011 0.772
Physical activity

strategies −0.003 0.931 −0.011 0.759 −0.025 0.486 −0.020 0.571 −0.004 0.912

After identification of patterns involved in movement behavior changes during the
first wave of the COVID-19 pandemic in Italy, we conducted logistic regression analysis
(Table 7) including two built environment variables (microregion of residence and dwelling
floor space), three socio-demographic variables (age, working activity, and number of fam-

129



J. Pers. Med. 2021, 11, 381

ily members), and one health status variable (QoL). Logistic regression models identified
in QoL the independent variable that increased PA. The results indicated that women
with higher values of QoL were more likely to increase vigorous PA (OR = 1.429; 95% CI
1.092–1.870), moderate PA (OR = 1.415; 95% CI 1.093–1.831), walking (OR = 1.432; 95% CI
1.211–1.693), and total PA (OR = 1.649; 95% CI 1.191–2.284). The logistic analysis showed
that there were about 22% lower odds of sedentary (OR = 0.779; 95% CI 0.659–0.920;
p = 0.003) for participants with high QoL, and 4% lower odds of sedentary (OR = 0.961;
95% CI 0.943–0.979; p = 0.001) for aged women.

Table 7. Logistic regression analysis between possible independent predictors and physical activity
level (MET-min/week) or sitting/lying time (h/day) in the DianaWeb cohort during quarantine.

B p OR 95% CI

Vigorous PA
Region of residence −0.176 0.335 0.839 0.587–1.199
Dwelling floor space 0.201 0.336 1.222 0.812–1.840
Age −0.045 0.002 0.956 0.929–0.983
Working activity −0.125 0.302 0.883 0.696–1.119
Family members −0.040 0.796 0.961 0.710–1.301
Quality of life 0.357 0.009 1.429 1.092–1.870

Moderate PA
Region of residence 0.033 0.861 1.033 0.714–1.495
Dwelling floor space −0.010 0.962 0.990 0.655–1.496
Age −0.006 0.674 0.994 0.965–1.024
Working activity 0.064 0.607 1.066 0.836–1.359
Family members −0.138 0.392 0.871 0.636–1.194
Quality of life 0.347 0.008 1.415 1.093–1.831

Walking
Region of residence 0.031 0.789 1.032 0.822–1.294
Dwelling floor space −0.137 0.300 0.872 0.673–1.130
Age 0.017 0.081 1.017 0.998–1.036
Working activity 0.034 0.661 1.034 0.890–1.201
Family members −0.032 0.747 0.968 0.796–1.178
Quality of life 0.359 0.000 1.432 1.211–1.693

Total PA
Region of residence 0.017 0.945 1.017 0.637–1.624
Dwelling floor space 0.227 0.384 1.255 0.753–2.093
Age −0.008 0.699 0.993 0.955–1.031
Working activity −0.009 0.954 0.991 0.733–1.340
Family members −0.255 0.217 0.775 0.517–1.162
Quality of life 0.500 0.003 1.649 1.191–2.284

Sitting/lying time
Region of residence −0.059 0.609 0.943 0.753–1.181
Dwelling floor space −0.230 0.078 0.794 0.615–1.026
Age −0.040 0.001 0.961 0.943–0.979
Working activity 0.029 0.704 1.029 0.887–1.193
Family members −0.047 0.636 0.954 0.786–1.159
Quality of life −0.250 0.003 0.779 0.659–0.920

Notes: PA = Physical Activity.

4. Discussion

The DianaWeb study responds to the pressing request of patients diagnosed with BC
to know the most advanced point of scientific research on the improvement of prognosis
and to have a virtual space to meet, where to obtain evidence-based information about
a healthy lifestyle [23]. The DianaWeb page can be effectively used to increase access to
accurate information and to monitor participants’ lifestyles and health status over time in a
very inexpensive way.

It has been observed that COVID-19 quarantine measures could have reduced PA
and exercise in different subclasses of population [24–26], potentially causing various
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health side effects. Previous research has demonstrated that compared with individuals
without a history of cancer, BC survivors are significantly more likely to develop unhealthy
behaviors [27].

Our survey with 781 BC Italian women revealed that most of the participants re-
duced their PA level during the quarantine period, in which strict lockdown measures
were adopted.

The results showed that MET-min/week of walking, vigorous intensity, and total PA
were significantly lower during quarantine compared with before quarantine. In particular,
the strongest differences were found in the percentage of high active women (from 24.7%
before quarantine to 11.4% during quarantine) and sedentary women (from 9.3% before
quarantine to 32.7% during quarantine). Our study also showed that during the pandemic,
the daily sitting time significantly increased from about 5 to 7 h/day. Given that previous
studies pointed out the detrimental effects of both sedentary behavior and PA on physical
and psychological health [28], BC women of the whole lockdown sample were classified
by time sitting/lying (h/day) (Table 5). During lockdown, more than 54% of the surveyed
sample spent more than 6 h/day sitting. This phenomenon could be due to a radical
change in everyday schedules and habits. However, to mitigate the deleterious effects of
inactivity and social isolation, there are many creative ways to be physically active that do
not require specialized technology and equipment. In this regard, our data showed that
about 60% of the participants did PA autonomously, with non-technological interventions;
about 40% had made use of technology-based interventions and only 20% had made use of
technology-based interventions with a personal trainer. Although many suggestions and
recommendations already exist [29] to PA practice, the COVID-19 pandemic highlighted
the importance of understanding common barriers to PA practice and contrasting sedentary
lifestyle, creating effective strategies in women with BC diagnosis. About that, this study
showed that an emergency context influenced negatively the women’s PA behavior with
an increase of 25% in inactive time and a decrease of 26% in active time, highlighting the
importance of implementing cancer-management strategies.

Our survey agrees with other early reports on lifestyle habits during a pandemic and
confirms that the quarantine restrictions were making people more sedentary than ever.
In particular, an Italian study [30] highlighted that people who did not practice sports
before the quarantine did not take advantage of this period as an opportunity to start
and training frequency has increased only among those who already took part in sports.
Meyer et al. [31] observed that in a sample of about 3000 American adults, people who were
meeting exercise guidelines before the pandemic reported an average 32% reduction in
PA level during the emergency and, interestingly, those who were sedentary before were
inclined to keep their inactive condition [31].

The same behavior was observed in previously active BC survivors who reduced their
PA, increased weight and sedentary behavior [32].

Intriguingly, the greatest prevalence of physically active women was among those
aged 21 to 40, underweight, who did not suffer from lymphedema, and perceived their QoL
and health as good. In multiple regression analyses, QoL was the only significant predictor
for vigorous PA. Instead, macroregion of residence, dwelling floor space, age, and working
activity were significant predictors of moderate PA. On the other side, age and number of
family members had an inverse association with sitting or lying time. Notwithstanding,
there were significant negative associations between sitting/lying time and age and QoL.
We observed a slight increase in the use of psychotropic drugs (15.7% before vs. 16%
during the quarantine) and, in accordance with our data, women with higher QoL values
were more likely to increase total PA. These data support the positive association between
exercise and improved physical/psychological health that has been well-established and
demonstrated in people with cancer. In this regard, clinical evidence of exercise medicine
efficacy in cancer management includes diminished symptomatology, enhanced func-
tional capacity, and improved physical/psychological well-being, as well as a potential
contribution to BC-specific mortality reduction, and possibly BC non-recurrence [33–37].
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Efforts should be made to promote physical activity in BC patients. In this context, the
implementation of the DianaWeb platform with specific coaching programs to overcome
barriers, set realistic goals, and provide personalized advice adapted to BC patients can
increase the proportion of women that meet the basic daily recommendation for the level
of PA.

Strengths and Limitations

The DianaWeb platform itself, centered on an interactive website (http://www.
dianaweb.org, accessed on July 2020) designed to supervise the lifestyle habits and health
status of BC patients and provide recommendations and suggestions for sustainable
lifestyle changes, is considered an important strength. As a community-based participatory
research, it is based on the collaborative involvement of all partners in all phases of the
research, resulting in high compliance and an incisive knowledge dissemination process.

A limitation is the use of single items for unhealthy behaviors instead of more exten-
sive measurement, e.g., devices to measure PA, which could have given a more precise
estimate of the risk, as well as the self-reported questionnaire, which may lead to the actual
misreporting of data.

One general limitation attributed to survey research is the oversimplification of social
reality and the inconsistency of some collected data such as the percentage of COVID-19
infection within the DianaWeb Italian cohort.

5. Conclusions

This study showed that COVID-19 emergency increased the unhealthy behaviors in
BC patients, indicative of a possible higher risk of worse prognosis. This observation was
crucial to support our research group in improving the DianaWeb platform strategy.

In this context, the DianaWeb platform could help women with BC to maintain correct
lifestyles based on continuous scientific information easily accessible through the internet,
especially in those situations where it is harder to find and obtain conventional forms
of professional communication. This tool might support clinical practice also through
the development of smartphone apps that are more feasible and faster to use. Fitness
applications for smartphones have enjoyed increasing popularity in recent years because of
their ease of use. We intend to develop an app to track women’s dietary habits, how long
they sleep, and how long they perform physical activity. This would be an intriguing way to
collect data more objectively, in order to minimize memory bias related to self-compilation
of questionnaires. Furthermore, in the future, tumor progression and/or survival data of
the DianaWeb study participants will be traced to evaluate whether PA is able to reduce
recurrence and mortality for BC. We have established a five-year follow-up to estimate
the survival rate in the DianaWeb cohort and to compare it with BC survival rate in the
Italian population.
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Abstract: Globally, at the time of writing (20 March 2021), 121.759.109 confirmed COVID-19 cases
have been reported to the WHO, including 2.690.731 deaths. Globally, on 18 March 2021, a total of
364.184.603 vaccine doses have been administered. In Italy, 3.306.711 confirmed COVID-19 cases with
103.855 deaths have been reported to WHO. In Italy, on 9 March 2021, a total of 6.634.450 vaccine
doses have been administered. On 15 March 2021, Italian Medicines Agency (AIFA) decided to
temporarily suspend the use of the AstraZeneca COVID-19 vaccine throughout the country as
a precaution, pending the rulings of the European Medicines Agency (EMA). This decision was
taken in line with similar measures adopted by other European countries due to the death of
vaccinated people. On 18 March 2021, EMA’s safety committee concluded its preliminary review
about thromboembolic events in people vaccinated with COVID-19 Vaccine AstraZeneca at its
extraordinary meeting, confirming the benefits of the vaccine continue to outweigh the risk of
side effects, however, the vaccine may be associated with very rare cases of blood clots associated
with thrombocytopenia, i.e., low levels of blood platelets with or without bleeding, including
rare cases of cerebral venous thrombosis (CVT). We report the case of a 54-year-old woman who
developed disseminated intravascular coagulation (DIC) with multi-district thrombosis 12 days
after the AstraZeneca COVID-19 vaccine administration. A brain computed tomography (CT)
scan showed multiple subacute intra-axial hemorrhages in atypical locations, including the right
frontal and the temporal lobes. A plain old balloon angioplasty (POBA) of the right coronary artery
was performed, without stent implantation, with restoration of distal flow, but with persistence of
extensive thrombosis of the vessel. A successive thorax angio-CT added the findings of multiple
contrast filling defects with multi-vessel involvement: at the level of the left upper lobe segmental
branches, of left interlobar artery, of the right middle lobe segmental branches and of the right
interlobar artery. A brain magnetic resonance imaging (MRI) in the same day showed the presence
of an acute basilar thrombosis associated with the superior sagittal sinus thrombosis. An abdomen
angio-CT showed filling defects at the level of left portal branch and at the level of right suprahepatic
vein. Bilaterally, it was adrenal hemorrhage and blood in the pelvis. An evaluation of coagulation
factors did not show genetic alterations so as the nasopharyngeal swab ruled out a COVID-19
infection. The patient died after 5 days of hospitalization in intensive care.

135



J. Pers. Med. 2021, 11, 285

Keywords: COVID-19; cerebral venous thrombosis; intravascular coagulation; vaccine

1. Introduction

In December 2019, health Chinese authorities recognized a cluster of acute respiratory
disease of unknown etiology [1]. Afterwards, a new viral agent, SARS-CoV-2, was isolated
as responsible for the heart of an epidemic located in Hubei. On 30 January 2020, the
World Health Organization (WHO) defined the COVID-19 epidemic as a public health
emergency and on 11 March 2020 as a pandemic in the world [1,2]. Currently, a valuable
therapy has not yet been improved so that mechanical respiratory support is the only
treatment in critically ill patients [3–5]. In this scenario, it was essential to develop a
vaccine as soon as possible, to prevent SARS-CoV-2 and to protect persons who are at
high risk for complications. At the time of writing three vaccines have been approved in
Italy: the mRNA-1273 vaccine Moderna [6], the mRNA BNT162b2 Pfizer drug [7], and the
ChAdOx1 nCoV-19 vaccine (AZD1222), that consists of a replication-deficient chimpanzee
adenoviral vector ChAdOx1, containing the SARS-CoV-2 structural surface glycoprotein
antigen (spike protein; nCoV-19) gene [8]. Globally, at the time of writing (20 March
2021), 121.759.109 confirmed COVID-19 cases have been reported to WHO, including
2.690.731 deaths. Globally, on 18 March 2021, a total of 364.184.603 vaccine doses have been
administered. In Italy, 3.306.711 confirmed COVID-19 cases with 103.855 deaths have been
reported to WHO. In Italy, on 9 March 2021, a total of 6.634.450 vaccine doses have been
administered [2].

The Italian authorities have used the following vaccination strategy, reserving the
mRNA vaccines for health personnel and the population over 80 years old, and the ad-
ministration of the COVID-19 Vaccine AstraZeneca for law enforcement personnel, school
personnel and the population between 70 and 80 years old [9]. A strategy for monitoring
adverse events of vaccines is based on the collaboration of local and national health struc-
tures, assisted by Italian Medicines Agency (AIFA) [10,11]. On 15 March 2021, AIFA has
decided to suspend temporarily the use of the AstraZeneca Covid19 vaccine throughout
the country as a precaution, pending the rulings of the European Medicines Agency (EMA).
This decision was taken in line with similar measures adopted by other European countries
due to the death of some vaccinated people [10]. On 18 March 2021, EMA’s safety commit-
tee concluded its preliminary review about thromboembolic events in people vaccinated
with COVID-19 Vaccine AstraZeneca at its extraordinary meeting [12]. The Committee
confirmed that:

• the benefits of the vaccine in combating the still widespread threat of COVID-19
(which itself results in clotting problems and may be fatal) continue to outweigh the
risk of side effects;

• the vaccine is not associated with an increase in the overall risk of blood clots (throm-
boembolic events) in those who receive it;

• there is no evidence of a problem related to specific batches of the vaccine or to
particular manufacturing sites;

• however, the vaccine may be associated with very rare cases of blood clots associated
with thrombocytopenia, i.e., low levels of blood platelets with or without bleeding,
including rare cases of cerebral venous thrombosis (CVT).

Rare cases—around 20 million people in the UK and European Economic Area (EEA)
received the vaccine until 16 March and the EMA reviewed only 7 cases of blood clots
in multiple blood vessels (disseminated intravascular coagulation (DIC)) and 18 cases of
CVT. A causal link with the vaccine is not proven but is possible and it deserves further
analysis [12].

We report the case of a woman who developed DIC with multi-district thrombosis
12 days after the AstraZeneca COVID-19 vaccine administration.
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2. Case

The study was conducted according to the guidelines of the Declaration of Helsinki.
Approval by the Institutional Review Board was not needed considering the nature of the
study: the findings description of a single case report. Informed consent was obtained
by the patient. On 13 March 2021, a 54-year-old woman patient arrived at the emergency
room at 10.00 a.m. because of an acute cerebrovascular accident. In anamnesis a Meniere’s
disease and recent administration of the AstraZeneca vaccine (12 days ago) was reported,
without any kind of drug therapy. At clinical evaluation left side signs were found, with a
Glasgow Coma Score (GCS) 13; the lower limbs were normothermic and normoconformed,
with the preserved femoral, popliteal, and posterior tibial wrist bilaterally. Laboratory tests
showed elevated cardiac enzymes, PT 51%, PTT 41 sec, elevated D dimers and normal
fibrinogen with blood count, normocytic anemia (HB 8.7 g/dL) and thrombocytopenia,
signs of DIC. ECG showed signs of myocardial infarction. Ecocolordoppler examination
excluded deep vein thrombosis (DVT) in the explored vessels, with patency of the distal
popliteal femoral arterial axis with normal flows.

Clinical and laboratory tests excluded sepsis, various infections, malignancy, vascular
diseases, toxic and immunological reactions.

Evaluation of coagulation factors did not show genetic alterations so as the nasopha-
ryngeal swab ruled out a COVID-19 infection.

No severe trauma was reported.
A brain computed tomography (CT) scan showed multiple subacute intra-axial

hemorrhages in atypical locations, including the right frontal and the temporal lobes
(Figure 1), with ipsilateral hemorrhagic subarachnoid suffusion, raising the suspicion of
Labbè/superior longitudinal sinus thrombosis, even if brain angio-CT demonstrated only
a non-occlusive thrombosis of the vein of Galen (Figure 2a), but also a floating thrombus
within the aortic arch (Figure 2b).

Figure 1. Brain computed tomography (CT) scan: presence of multiple subacute intra-axial hemorrhages in atypical
locations (a,b).
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Figure 2. CT-angiography: partial thrombosis of the vein of Galen (a); presence of a floating thrombus within the aortic arch (b).

The patient was transferred to the Hemodynamics room at 1.00 p.m. a plain old
balloon angioplasty (POBA) of the right coronary artery was performed, without stent
implantation, with restoration of distal flow, but with persistence of extensive thrombosis
of the vessel (Figure 3) with a theoretic indication for administration of intracoronary
antiplatelet agents (Aggrastat). However, given the hematological and neurological status,
such therapy was not performed. A progressive worsening of the neurological state was
observed until a comatose status (GCS 6) started during the procedure. The patient was
transferred to the Intensive Care Unit.

Figure 3. Plain Old Balloon Angioplasty (POBA) of the right coronary artery (a–c): restoration of the distal flow, with
persistence of extensive thrombosis.

A successive thorax angio-CT added the findings of multiple contrast filling defect
with multi-vessel involvement: at the level of the left upper lobe segmental branches, of left
interlobar artery, of the right middle lobe segmental branches and of the right interlobar
artery (Figure 4).
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Figure 4. CT-angiography: presence of multiple contrast filling defects involving the left upper lobe segmental branches (a),
the right segmental artery (b); MPR coronal plane in (c).

Brain magnetic resonance imaging (MRI) in the same day showed the presence of an
acute basilar thrombosis (Figure 5a) associated with the superior sagittal sinus thrombosis
(Figure 5b) with the delineation of hyperacute ischemic lesions in the vascular territory of
the right posterior cerebral artery and of the perforating pontine branches (Figure 6).

Figure 5. MR-angiography: acute basilar thrombosis associated with superior coronal (a) and sagittal (b) sinus thrombosis.

An abdomen angio-CT showed filling defects at the level of left portal branch (Figure 7)
and at the level of right suprahepatic vein (7). Bilaterally, it was adrenal hemorrhage
(Figure 8) and blood in the pelvis.

A brain CT performed one day later showed a diffuse ischemic hypodensity involving
the right occipito-temporal and the superior cerebellar regions, the right thalamic and
internal capsula regions, pons, and mesencephalon (Figure 9), conditioning edema-based
mass effect and contralateral shift of the midline structures.
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Figure 6. Brain MRI (DWI): acute ischemic lesion with restricted diffusion involving the pons, mesencephalon, the right
superior cerebellar hemisphere with the vermis (a), and the right posterior temporal lobe (b).

Figure 7. CT scan; in (a) MPR (arrow shows thrombosis of the left portal branch) and in (b) axial plain during portal phase
arrow shows thrombosis if the right (Figuer suprahepatic vein).

Figure 8. CT scan without (a) and with contrast (b) shows adrenal hemorrhage (arrow).
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Figure 9. Brain CT scan: diffuse ischemic hypodensity involving the right occipito-temporal (a) and the superior cerebellar
regions, the right thalamic and internal capsula regions, pons and mesencephalon (b).

The patient died after 5 days of hospitalization in intensive care.

3. Discussion

The efficacy and safety of the ChAdOx1 nCoV-19 vaccine includes data from four
ongoing blinded, randomized, controlled trials done across three countries: COV001
(phase 1/2; UK), COV002 (phase 2/3; UK), COV003 (phase 3; Brazil), and COV005
(phase 1/2; South Africa). The interim efficacy is assessed by a prespecified global pooled
analysis combining data from COV002 and COV003. The safety of the vaccine is assessed
using data from all four studies [8]. Three of the studies are single blind and one is double
blind (COV005). Primary efficacy was assessed in participants who received two doses of
the vaccine. All four studies included participants who received two doses, with a booster
dose incorporated into the three trials, that were initially designed to assess a single-dose of
ChAdOx1 nCoV-19 compared with control (COV001, COV002, and COV003) after review
of the antibody response data from COV001 [8]. All four studies stated that the vaccine
has a good safety profile with serious adverse events and adverse events of special interest
balanced across the study arms. Serious adverse events occurred in 168 participants, 79
of whom received ChAdOx1 nCoV-19 and 89 of whom received MenACWY or saline
control [8]. A total of 175 events were reported (84 in the ChAdOx1 nCoV-19 group and
91 in the control group), three of which were considered possibly related to either the
experimental or a control vaccine. A case of transverse myelitis was reported 14 days
after ChAdOx1 nCoV-19 booster vaccination possibly related to vaccination. A potentially
vaccine-related serious adverse event was reported 2 days after vaccination in South Africa
in an individual who recorded fever higher than 40 ◦C, but who recovered rapidly without
an alternative diagnosis and was not admitted to the hospital. Four non-COVID-19 deaths
were reported from the studies (three in the control arm and one in the ChAdOx1 nCoV-19
arm), all considered unrelated to the vaccine [8]. Nevertheless, due to the occurrence of
some episodes of DIC and CVT, on 15 March 2021, European countries decided to suspend
temporarily the use of the AstraZeneca Covid19 vaccine throughout the country as a
precaution, pending the rulings of the EMA. According to the EMA data, around 20 million
people in the UK and EEA had received the ChAdOx1 nCoV-19 vaccine as of March 16
and EMA had reviewed only 7 cases of blood clots in multiple blood vessels (disseminated
intravascular coagulation, DIC) and 18 cases of CVST. A causal link with the vaccine is not
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proven but is possible and deserves further analysis [12]. The EMA Pharmacovigilance
Risk Assessment Committee (PRAC) involved experts in blood disorders in its review
and worked closely with other health authorities including the UK’s MHRA which has
experience with administration of this vaccine to around 11 million people. Overall, the
number of thromboembolic events reported after vaccination, both in studies before licens-
ing and in reports after rollout of vaccination campaigns (469 reports, 191 of them from the
EEA), was lower than that expected in the general population [8]. This allows the PRAC to
confirm that there is no increase in overall risk of blood clots. However, in younger patients
there remain some concerns, related in particular to these rare cases. The Committee’s
experts looked in extreme detail at records of DIC and CVST reported from Member States,
9 of which resulted in death. Most of these occurred in people under 55 and the majority
were women [12]. Because these events are rare, and COVID-19 itself often causes blood
clotting disorders in patients, it is difficult to estimate a background rate for these events
in people who have not had the vaccine. In fact, besides the respiratory manifestations
with severe disabling complications, another major concern is represented by evidence of
consistent hemostatic changes in patients with severe or critical COVID-19, likely related
to a pro-thrombotic switch [13–32]. Among COVID-19 patients, it is reasonable to assume
that those with a very severe disease could exhibit high risk of venous thromboembolism
(VTE), including deep vein thrombosis (DVT) and/or pulmonary embolism (PE) [31]. In
recently published studies, the incidence of PE in patients with coronavirus disease 2019
(COVID-19) who underwent pulmonary CT angiography was reported to be between 23%
and 30% [14,15] and the severity of COVID-19 infection should be an important feature in
the onset of PE in critically ill patients [14,15]. However, based on pre-COVID-19 figures, it
was calculated that less than 1 reported case of DIC might have been expected by 16 March
among people under 50 within 14 days of receiving the vaccine, whereas 5 cases had been
reported. Similarly, on average 1.35 cases of CVST might have been expected among this
age group whereas by the same cut-off date there had been [12]. A similar imbalance was
not visible in the older population given the vaccine [12].

We reported the case of a woman who developed a multidistrict thrombotic condition
12 days after AstraZeneca COVID-19 vaccine administration. Although it is not possible to
establish the causal link with the vaccine, it should nevertheless be emphasized that the
patient had no concomitant cause of DIC.

DIC is defined as a condition characterized by systemic intravascular activation of
coagulation, leading to the widespread deposition of fibrin, with formation of widespread
microvascular thrombosis. During the coagulation process, consumption of coagulation
factors and aggregation of platelets occur resulting in reduced levels of both procoagulant
and anticoagulant clotting proteins. Therefore, thromboembolic events and hemorrhage
may coexist [32,33]. The uniqueness of the case herein reported relies on the widespread
arterial and venous large vessel involvement, with polidistrict organ dysfunction related
to the predominance of thrombus formation. To the best of our knowledge this is the first
case described in the literature in which a temporal relationship with the administration
of a vaccine is found. DIC is not a disease by itself, but always secondary to an existing
disease. It may occur especially after sepsis, various infections, malignancy, obstetric
and vascular diseases, severe trauma, toxic and immunological reactions [34–36]. Severe
anaphylaxis and hemolytic transfusion reaction are associated to DIC [34]. A variety of
relevant mechanisms contributing to the derangement of coagulation in DIC have been
elucidated. Initiation and propagation of coagulation with concurrent impairment of
physiological anticoagulant pathways and a deficit of endogenous fibrinolysis, all as a
result of systemic inflammatory activation, are resulting in platelet activation and fibrin
deposition. Important inflammatory mediators that govern these processes include tumor
necrosis factor (TNF)-α and interleukin (IL)-1 and IL-6. In addition, recent work indicates
that intravascular webs (“neutrophil extracellular traps”) composed of denatured DNA
from destructed cells and entangling neutrophils, platelets, fibrin, and cationic proteins,
such as histones, may play a crucial role in the development of thrombus deposition [34].
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In this reported case there is no evidence of sepsis, as well as no genetic alterations
of coagulation or recent trauma or malignancy. The only factor showing a temporal
association was vaccine administration.

4. Conclusions

According to the EMA Committee, the vaccine’s proven efficacy in preventing hospital-
ization and death from COVID-19 outweighs the extremely small likelihood of developing
thromboembolic events. However, we should be aware of the remote possibility of such
events. In case of suggestive symptoms immediate medical attention is needed, informing
healthcare professionals of the recent vaccination. Close safety monitoring of reports of
blood clotting disorders will continue, and further studies are being instituted to provide
more laboratory data as well as real-world evidence.
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