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1. ABSTRACT

Objective. The outbreak of coronavirus SARS-COV2 affected more than 180 countries necessitating fast
and accurate diagnostic tools. Reverse transcriptase polymerase chain reaction (RT-PCR) has been
identified as a gold standard test with Chest CT and Chest Radiography showing promising results7as well.
However, radiological solutions have not been used extensively for the diagnosistof COVID-19 disease,
partly due to radiation risk. This study aimed to provide quantitative comparison.6f imaging radiation risk
versus COVID risk.

Methods. The analysis was performed in terms of mortality rate per age group. COVID-19 mortality was
extracted from epidemiological data across 299,004 patients published by ISS-Integrated surveillance of
COVID-19 in Italy. For radiological risk, the study considered 659 Chest CT performed in adult patients.
Organ doses were estimated using a Monte Carlo method and then dsed to calculate Risk Index that was
converted into an upper bound for related mortality rate following NCI-SEER data.

Results. COVID-19 mortality showed a rapid rise for ages >30 years old (min:0.30%; max:30.20%), whereas
only 1 death was reported in the analyzed patient cohort for ages <20 years old. The rates decreased for
radiation risk across age groups. The median mortality ‘rate across all ages for Chest-CT and Chest-
Radiography were 0.007% (min:0.005%; max:0.011%) and 0:0003% (min:0.0002%; max:0.0004%),
respectively. y

Conclusions. COVID-19, Chest Radiography, and Chest CT maortality rates showed different magnitudes
and trends across age groups. In higher ages, the risk of COVID-19 far outweighs that of radiological exams.
Based on risk comparison alone, Chest Radiography.and CT for COVID-19 care is justified for patients older
than 20 and 30 years old, respectively."Notwithstanding other aspects of diagnosis, the present results
capture a component of risk consideration associated with the use of imaging for COVID. Once integrated
with other diagnostic factors, they. may help informybetter management of the pandemic.

2. KEYWORDS ~N

COVID-19; mortality; radiation risk; X-Ray Computed Tomography; X-Ray Radiography

3. INTRODUCTION

Between December 2019 and June 15 2020, 8 million cases of coronavirus SARS-COV2 disease (COVID-
19) have been(reported, with over 434,000 attributed deaths worldwide.’?> More than 180 countries
report an outbreak, with the US showing the largest number of cases. On January 30*" 2020, the World
Health Organization (WHO) declared the pandemic a “public emergency of international concern”. In this
landscape, accurate and fast diagnosis is one of the most necessary tools to curb the spread of the disease.

To date, the gold standard diagnostic method for COVID-19 has been reverse transcriptase polymerase
chain reaction (RT-PCR).2 However, this diagnostic test tends to be slow, requires a specific manufacturing
process, is not always promptly available, and can have a varied sensitivity within the range of 60-95%.%
Because the infected patients often have lung involvements, radiological imaging has been used in many
affected,countries as an alternative for diagnosis of the disease. Frequent imaging findings are bilateral
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pulmonary ground-glass opacities and consolidations with peripheral predominance.® Chest CT and.Chest
Radiography have shown promising performance with CT sensitivity reported to be up t6 98%.°® The
World Health Organization recently published a rapid advice guide in the use of chest imaging in Covid-
19. The report identified 22 studies that evaluated the accuracy of Chest CT and Chest Radiography.in the
diagnosis of Covid-19. The median sensitivity and specificity were 0.92 and 0.56 for Chest CT; and 0.64
and 0.92 for Chest Radiography.® Imaging, therefore, can potentially offer an additionaltool for the
diagnosis or follow-up in the pandemic. Nevertheless, several international institutions are discouraging
the use of radiological studies for the diagnosis of coronavirus infection. In particular, the American
College of Radiology recommends that “CT should not be used to screen for or as'a first-line test to
diagnose COVID-19” and the Center for Disease Control (CDC) does not currentILrecommend the use of
radiological imaging to diaghose COVID-19.%°

Despite the reservations, the need for rapid diagnosis to mitigate a rapidly spreading pandemic is at an
all-time high, and radiological examination is continuing to besused in ‘many countries for the early
diagnosis of the disease and its follow-up. Such use should be primarily dictated by the sensitivity and
specificity of the procedure. But in addition, the use of radiological'exams has an associated radiation risk.
This risk is obviously not the primary factor that should be taken into account for justifying the use of
imaging in COVID care; nonetheless, it is a factor that is ef high public concern needing an explicit
management of its own. This is particularly the case considering the differing radiation burdens of CT and
Radiography, regardless of their diagnostic accuracy.

The purpose of this study was to compare, in real clinical populations, the COVID-19 infection mortality
risk versus the intrinsic radiation risk associated with CT-and Radiography. COVID-19 risk was extracted
from epidemiological data and analyzed in terms,of mortality per age group. Analogously, the ionizing
radiation risk was evaluated in terms of mortality per age group considering the Risk Index from Monte
Carlo based organ doses, converted.to a 5-year relative mortality rate. This risk comparison, by necessity,
did not include image quality and individual clinical risk factors. Rather, it was made to fill one necessary
gap for consideration and to serve as a complementary analysis to be added to those of diagnostic
accuracy and medical intervention. Such an integration could then provide a holistic picture to guide policy
makers on the best strategy in managing'COVID-19 patients.

4. MATERIALS AND METHODS

The study involved @assessing and comparing the radiation risk associated with imaging exams to those
associated with COVID: The study was performed in compliance with the Health Insurance Portability and
Accountability/Act and was. determined to be exempt from Institutional Review Board requirements.

For COVID-19, associated risk, this study considered the COVID-19 mortality rate in the epidemiological
data across 299.004 patients published by Istituto Superiore di Sanita — Integrated surveillance of COVID-
19 in Italy.!! We treated the reported observations as samples from a Bernoulli random variable and used
maximum likelihood estimation to calculate the mortality rate in each age group. The associated
uncertainties were then evaluated in MATLAB 2019b (Mathworks, Inc.) as binomial confidence intervals
(Cl) with.a 95% significance level.'?
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For radiological risk estimation, this study included 659 Chest CT examinations without contrast
performed on adult patients (median age = 62.8 years old; range = [18.1 — 79.9] years old) in US between
March 2018 and January 2019 using typical imaging protocols (120 kV tube voltage, 1.53 'pitch, 7.6 mGy
median CTDlo, [2.07 — 37.44] mGy CTDl,, range). Patient-specific organ doses (OD)were calculated using
an established methodology.’® Each patient was matched to a virtual human model from the XCAT
phantom library (18-78 years old, 52-117 kg, 23/35 M/F)** based on patient lung height.and patient
diameter (Figure 1). The process included the effect of tube current modulation by first estimating organ
doses under constant tube current into CTDI,.-to-organ-dose conversion cogéfficients (h.factors) lookup
tables'*!>1¢ using Monte Carlo simulations (PENELOPE, version 2006, Universitat de Barcelona, Spain). To
achieve relative errors smaller than 1%, each virtual human model was simula\ted with 8x10’ photon
histories. Dose spread functions (DSF) were likewise simulated for cylindrical phantoms of different
diameters (8 — 50 cm with 2 cm step) at constant mA.Y” Size-specifie.DSF, normalized to the CTDI and
convolved with the TCM, were used to scale the h factors to drive the TCM=specific organ dose values.'’

Following the National Research Council BEIR VIl report, organ_doses were used to calculate the radiation
Risk Index (RI) for each patient as described by Li et al.,}#* using RI = Y.rry Hp, where Hyis the
equivalent dose for the organ or tissue T and rgis the gender-, “age-, and tissue-specific lifetime
attributable risk of cancer incidence reported in BEIR VIL.*%2 Using the National Cancer Institute
Surveillance, Epidemiology, and End Results Cancer Statistics Review 1975-2015 (NCI - SEER),?° the Rl was
converted to a 5-year relative mortality rate for.all cancers. The NCI-SEER data are based on real follow-
up of patients into 2015 and the expected survivalrates are derived from life tables by socio-economic
status, geography, and race developed by the SEER program: its application to the calculated Risk Index
enables the estimation of an upper bound,for the Chest CT mortality rate.

Matched virtual
human model

. . Estimate lung height and
Patient localizer N patient diameter

Figure 1. Example of patient matching to a virtual human model.

Radiography mortality was calculated by re-scaling the organ doses estimated in the CT studies following
Zhang et al. methodology.?! The study estimated organ doses and effective doses for Chest Radiography
and Chest CT using a Monte Carlo dose simulation program (PENELOPE, version 2006, Universitat de

4
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1

2

3 Barcelona, Spain) on a total of 59 computational anthropomorphic male and female adult'phantoms
g (extended cardiac-torso, XCAT) and that reported the average lung dose in PA radiography/@xaminations
6 to be about 2% of that in Chest CT.2! In particular, the study reported an average lung dose for
7 posteroanterior Chest Radiography of 0.12 mGy (effective dose: 0.04 mSv) and of 5.8 mGyin Chest CT
8 (effective dose: 3.2 mSv). The Radiography organ doses were then used to calculate the Radiography-
9 related radiation Risk Index per each patient and the 5-year relative mortality rate for all cancers as
1(1) described above, giving an upper bound for the Chest Radiography mortality rate. A schematic of the
12 Chest CT and Chest Radiography mortality estimation method is provided in Figure 2.

12 The risks associated with Chest Radiography, Chest CT, and COVID-19 were then compared in terms of
15 mortality as a function of age. ~

16

17

18

19 XCAT BEIR VII SEER — NCI

20 Patient images ‘ Patient-specific - Radiation Risk - Mortality rate
21 Organ Dose Index

22

23

24 Figure 2. Schematic of radiological procedures risk estimation., o

25

26

27 5. RESULTS

28

29 Organ doses were calculated for 25 organs in male.and 26 organs in female patients.'” Across all patients,
30 median Lung dose was 15.3 mGy (mean: 16.1'mGy).and ranged between 3.5 mGy and 62.3 mGy. COVID-
31 19 cases per age group, mortality rates per age. group, and the related confidence intervals are reported
g; in Table 1. Chest CT and Chest Radiography mortality median and interquartile range per age group are
34 also reported in Table 1 and in Figure 3. The COVID risk factors show strong age dependency. The radiation
35 risks are less varied as a function of age but show a broad spread due to variations in patient size.???

36

37 N

;g Table 1. COVID-19 total number/of cases; COVID-19, Chest CT, and Chest Radiography mortality rate per
40 age group. n/a values are related to-age groups not included in the patient cohorts.

j; Age group  COVID-19 Covid-19 Mortality CT mortality x 102 (%) Radiography mortality x 102
43 (years) cases (% across age groups; [95% Cl]) median; [1Q range] (%) median; [1Q range]
44 0-9 5074 0.10; [0.00 - 0.05] n/a n/a

45 10-19 10261 0.00; [0.00 - 0.02] 0.84;[0.47 — 1.16] 0.03; [0.02 - 0.05]
46 20-29 27284 0.10; [0.04 - 0.20] 0.86; [0.45 —1.99] 0.03; [0.02 - 0.08]
47 30-39 28366 0.20; [0.12 - 0.30] 0.80; [0.33 —2.04] 0.03; [0.01-0.08]
48 40-49 39857 0.80; [0.68 — 0.93] 1.10; [0.55-3.17] 0.04;[0.02-0.13]
49 50-59 54318 2.40; [2.23 - 2.58] 1.01; [0.42 - 1.80] 0.04; [0.02 - 0.07]
50 60-69 36620 9.80; [9.43 — 10.18] 0.72; [0.33 - 1.28] 0.03; [0.01 - 0.05]
51 70-79 37016 25.20; [24.67 — 25.74] 0.46; [0.17 — 0.93] 0.02; [0.01 - 0.04]
52 80-89 43439 33.60; [33.03 - 34.17] n/a n/a

53 >90 19747 33.10; [32.17 — 34.04] n/a n/a

54 Unknown 22 4.5;[1.58 - 10.86] n/a n/a

55 TOTAL 299004 11.90; [11.74 - 12.06] 0.72;[0.33 -1.35] 0.03; [0.01 - 0.05]
56

57

58

59
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Figure 3. Distribution of Chest CT (black) and Chest
represents a patient undergoing Chest CT or Radiogra

100

I |-®-COVID-19
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0.1
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Figure 4. COVID-19 mortality per age (red) compared to those from radiation used in Chest CT (black) and
blue).

Figure ws the three mortality risks. Only 4 deaths due to COVID-19 were reported in Italy across

etween 0 and 19 years old. The risk exhibited a rapid rise between 30 and 89 years old with a
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gradual decrease for patients older than 90 years old. Chest CT and Chest Radiography data followed the
same trends across age groups with a median Radiography risk magnitude that was 4.3% of the CT risk.
CT and Radiography mortality rates showed highest values for the 40-49 years old patients and a gradual
decrease for older patients, who are less sensitive to radiation effects. The risk remain largely.unchanged
for younger patients as the applied protocols are appropriately adjusted based oh the Image Gently
guidelines. COVID-19 and Chest Radiography risk showed similar values for the 10-19 age group, whereas
COVID-19 and Chest CT were comparable for patients between 20 and 30 years old.

6. DISCUSSION -

This study compared the mortality rate associated with COVID-19 in almost 300,000 patients with an
upper bound of mortality for Chest CT and Chest Radiography in adult clinical populations. To our
knowledge, such a comparison has not previously been made: The data demonstrates that the risk
associated with radiation burden in radiological procedures issdlow and can be appropriately taken into
consideration in using imaging for pandemics. As COVID-19 mortality:shows significant differences across
age groups, the justification and the choice of the appropriate diagnostic strategy should include patient
age considering younger patients that are more sensitivé to ionizing radiation.?* In the 20-29-year old age
group, COVID-19 mortality is higher than that estimated for Chest’?adiography. Between 20 to 29 years
old, CT and COVID-19 mortality rates are comparable, with the novel coronavirus risk rising rapidly for
patients over 40 years old. Based on risk comparison,alone, Chest Radiography and CT for COVID-19 care
is justified for patients older than 20 and 30 years.old, respectively. With a reported median time of 12
days between the onset of symptoms tothe death of COVID-19 positive patients?®, diagnostic imaging can
play a timely response for diagnostic assessment of the disease, as well as the means to assess the extent
of the lung involvement for stratified treatments:

The scientific community already understands that the risks induced by most radiological procedures are
small, compared with other lifetime risks from various sources®® and that the risk-to-benefit ratio is
favorable when such techniques.arewused for symptomatic patients, even in the case of CT, the modality
with the highest associated radiation burden.?” Despite this consolidate knowledge, seven months after
the first reported COVID-19 case; utilizing diagnostic imaging for diagnosis is not unanimously accepted.
Few countries (i.e. Italy'and China).are using diagnostic imaging,>®* whereas others do not.?° A recent
Multinational Consensus Statement from the Fleischner Society evaluated the utility of diagnostic imaging
representing different factors.”® We emphasize that radiation burden is obviously not the only factor
under scrutiny forddetermining the role of imaging in COVID-19 care. However, it is an essential factor to
be considered..Our observation enables and emphasizes the need to apply optimization principles to
define specific imagingprotocols that maximize the diagnostic outcome of the exam while keeping its
dose in check.*

Objective optimization in radiology based on the risk-to-benefit ratio requires the quantification of both
the diagnostic benefit as well as the disease and radiological risks. Both the benefit and the risk are
reléevant andiimportant, and ideally assessed in the context of individual patients; e.g., our estimation of
radiological risk was made using Monte Carlo methods accounting for individual patient factors of age,
sex, and organ radio-sensitivity.}”1831:32 This study focused primarily on the disease and radiological risk.
We,.in_fact specifically did not account for diagnostic accuracy, co-morbidities, or other clinical
considerations that can strongly affect the individual justification of medical procedures for COVID
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patients. That is not to imply that those factors are not important. Rather, in this work, we squarely
focused on radiation risk in an isolated fashion so that the estimated risk component can befincorporated
in follow-up risk-to-benefit analyses. In that way, the outcome of our analysis can,provide crucial
information to decision and policy makers towards a more patient-centric use of ifnaging in COVID.care.

Some limitations to this study merit discussion. First, the risk was compared in cohorts from two different
countries (Italy and US). This was due to the limited availability of the data at this time. However, the
reported methodology can be extended to more uniform populations when the:new epidemiological data
will be available. Second, the conversion from RI to mortality following NCI — SEER data?® did not take into
account the timeframe of the risk: COVID-risk is associated with death in the matter of weeks or months
while radiation risk is in years and decades. There is currently no method to compare risks that differ in
their time horizon. Moreover, there is a large uncertainty in the impact of patient age in the estimation of
radiation related risk. Such uncertainties can be mitigated using BEIR VIl genders, age-, and tissue-specific
lifetime attributable risk of cancer incidence factors as described in the presented methodology. Such
consideration can be applied also if the cancer mortality is calculated applying the conversion factors
reported in Table 12D-2 Lifetime Attributable Risk of Cancer Mortality of the BEIR VII report.® Third,
Radiography organ doses were calculated by re-scaling the'organ doses estimated in CT studies based on
published data.?’*® Fourth, the radiation risk analysis was limited'to one scanner model from one vendor.
It is known that different vendors pursue different strategies in'the management of dose and image
quality across clinical populations.?>?®* However, the differences in dose magnitude are not large enough
to affect a population risk study. Lastly, as noted above, this study only focused on radiation risk associated
with imaging. Future studies should extend the methodology to include the sensitivity and specificity
associated with CT and Radiography towards a more comprehensive risk-to-benefit evaluation.

6.1. Conclusions

The data reported in this study offerafirst approach to risk-to-benefit evaluation in the use of radiological
procedures for diagnosis of COVID<19. Because the mortality associated with the pandemic disease and
the statistical risk associated with radiological procedures change with patient age and show different
trends, the use of CT and Radiography_to support the diagnosis of COVID-19 should not be a priori
excluded. Care should be used in/he jastification of the best modality, as well as in the optimization of
the device parameters,considering patient age.
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