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Abstract

OBJECTIVE.—The virtual imaging trial is a unique framework that can greatly facilitate the 

assessment and optimization of imaging methods by emulating the imaging experiment using 

representative computational models of patients and validated imaging simulators. The purpose of 

this study was to show how virtual imaging trials can be adapted for imaging studies of 

coronavirus disease (COVID-19), enabling effective assessment and optimization of CT and 

radiography acquisitions and analysis tools for reliable imaging and management of COVID-19.

MATERIALS AND METHODS.—We developed the first computational models of patients with 

COVID-19 and as a proof of principle showed how they can be combined with imaging simulators 

for COVID-19 imaging studies. For the body habitus of the models, we used the 4D extended 

cardiac-torso (XCAT) model that was developed at Duke University. The morphologic features of 

COVID-19 abnormalities were segmented from 20 CT images of patients who had been confirmed 

to have COVID-19 and incorporated into XCAT models. Within a given disease area, the texture 

and material of the lung parenchyma in the XCAT were modified to match the properties observed 

in the clinical images. To show the utility, three developed COVID-19 computational phantoms 

were virtually imaged using a scanner-specific CT and radiography simulator.

RESULTS.—Subjectively, the simulated abnormalities were realistic in terms of shape and 

texture. Results showed that the contrast-to-noise ratios in the abnormal regions were 1.6, 3.0, and 

3.6 for 5-, 25-, and 50-mAs images, respectively.

CONCLUSION.—The developed toolsets in this study provide the foundation for use of virtual 

imaging trials in effective assessment and optimization of CT and radiography acquisitions and 

analysis tools to help manage the COVID-19 pandemic.
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Coronavirus disease (COVID-19) is an infectious disease that emerged in late 2019. In 

March 2020, the World Health Organization proclaimed the COVID-19 outbreak to be a 

pandemic [1]. By April 12, more than 1.8 million patients were reported to have tested 

positive for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) worldwide, 

with a rapidly rising trend [2, 3]. The pandemic has led to dramatic changes in societies and 

economies and has placed a tremendous load on health care systems worldwide.

To effectively manage a pandemic, it is essential to have reliable diagnostic methods to 

detect the disease and to follow up with patients. The reverse transcription–polymerase chain 

reaction (RT-PCR) test is considered the reference standard diagnostic tool for the 

identification of patients with SARS-CoV-2. However, RT-PCR tests tend to be slow, are not 

available in all affected regions, are not highly sensitive, and cannot be used to manage 

follow-up care or to assess the extent of the disease in the lungs.

Recent studies have shown that CT is highly sensitive for detecting the pulmonary 

abnormalities related to COVID-19 [4]. However, interpretations, analysis, and imaging 

acquisitions have not yet been optimized to differentiate COVID-19 from other lung 

abnormalities, particularly viral or bacterial pneumonia [4–13]. In addition, the throughput, 

radiation dose, and clinical practicability of CT still require careful consideration. Compared 

with CT, chest radiography offers the advantages of having widespread access, high 

throughput, a low radiation dose, and practicality (upright examination, a lower room-

disinfection burden, and portable application), but there is currently a lack of data on the 

validity of chest radiography for the assessment of patients with COVID-19. Therefore, there 

is a need to investigate how either of the imaging modalities can detect or differentiate 

COVID-19 from other diseases and to do so through optimized protocols that enhance the 

task performance and minimize the radiation dose to patients.

Although essential, such investigations cannot be easily performed in vivo when the health 

care providers’ efforts are focused on curbing the spread of a pandemic disease. 

Furthermore, such studies are not feasible with real patients because of health concerns, 

especially with modalities such as CT and radiography that involve ionizing radiation. 

Instead, the assessment and optimization of imaging methods can be facilitated through 

virtual imaging trials. In virtual imaging trials (also known as virtual clinical trials or in 

silico trials), the imaging experiment is emulated using computational models of patients 

combined with validated imaging simulators. Virtual imaging trials are highly advantageous 

in that the same subjects can be imaged with different scanners and settings, and the exact 

truth of the anatomic and physiologic features of the subjects are a priori known.

Virtual imaging trials have been developed over the past decades and used in various 

medical imaging applications but have not been specifically targeted for patients with 

COVID-19 [14]. The purpose of this article is to report how virtual imaging trials can be 

adapted and used for imaging studies of COVID-19, which will enable effective assessment 

and optimization of CT and radiography acquisitions and analysis tools for reliable imaging 

and management of COVID-19.
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Materials and Methods

Virtual imaging trials have two main components: representative models of targeted subjects 

and realistic models of imaging scanners. In this study, we developed computational models 

of patients with COVID-19 and showed, as a proof of principle, how they can be combined 

with imaging simulators for COVID-19 imaging studies. We focused on CT and chest 

radiography because they are currently considered the most promising imaging modalities 

for the diagnosis and management of the disease.

Patient Models

There are three major parts in modeling a COVID-19 computational phantom: modeling the 

body habitus, modeling the morphologic features of the abnormality, and modeling the 

texture and material of the abnormality.

Body habitus——Existing computational phantoms that model the human anatomy can 

be used to provide the body habitus for the patient models. Many different phantoms have 

been developed over the years by various groups [14–16]. For this work, we use the 4D 

extended cardiac-torso (XCAT) model developed at Duke University [17–19]. The XCAT 

series includes highly detailed human models representing both sexes at varying age, height, 

and weight combinations. The XCAT phantoms are constructed using actual patient data and 

include thousands of anatomic structures as well as models for cardiac and respiratory 

motions and statistically defined textures to model tissue material heterogeneity [20–23]. 

Figure 1 shows an example of a female XCAT model highlighting the stroma and 

parenchyma anatomy within the lungs. The detailed models of organs and intraorgan 

structures make the XCAT a suitable phantom population for use in COVID-19 studies.

Morphologic features of the abnormality——The most common CT manifestations 

of COVID-19 are ground-glass opacities (GGOs), consolidations within the lower lobe, and 

peripheral distribution [9]. Findings are typically multilobar and bilateral.

With institutional review board approval, we collected and analyzed 20 clinical cases with 

multidiagnostic confirmation of SARS-CoV-2 infection. To define models of COVID-19, CT 

images of multiple confirmed cases were manually segmented to create a series of surfaces 

representing the size and shape of the manifestations. These surfaces were then placed 

within a selected XCAT phantom to define the disease areas. To find the closest XCAT for 

each patient, they were matched according to body diameter, sex, and age.

Texture and material——Within a given disease area, the texture and material of the 

underlying lung parenchyma within the phantom were modified to match the observed 

properties. For GGOs, the predefined texture in each secondary pulmonary lobule was 

combined with fluid to match the mean linear attenuation coefficient that was measured in 

each segmented abnormality. The material was modified for consolidation in a similar 

manner as with GGO modeling; however, the texture was changed to be uniform because 

those regions are filled with fluid. For the less likely manifestation of crazy paving pattern, 

the secondary pulmonary lobules were modified to be 2–3 times thicker than normal 

anatomic values [24].
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Using the above methods, we created three COVID-19 models on the basis of CT images of 

patients who had tested positive for SARS-CoV-2 infection and incorporated them into an 

adult male XCAT phantom.

CT and Radiography Simulation

The developed COVID-19 computational phantoms can be virtually imaged using accurate 

simulation models of imaging devices. Such simulators are described in detail in our earlier 

work [14].

In this study, we used a validated radiographic simulator, DukeSim [25, 26], to create CT 

and chest radiographic images of three COVID-19 computational models. DukeSim is a 

hybrid simulator that generates radiographic images using ray tracing (for primary signal) 

and Monte Carlo simulation (for scatter signal and radiation dose estimations). DukeSim can 

generate scanner-specific CT or chest radiographic images for predefined acquisitions and 

protocols incorporating the physics (for source and detector) of image formation for specific 

imaging devices.

The CT simulations in this study were performed by modeling a commercial CT scanner 

(Definition Flash, Siemens Healthineers) with a tube voltage of 120 kV and pitch of 1. The 

images were reconstructed at pixel size of 0.4 mm and slice thickness of 0.6 mm. The 

radiographic images were simulated with a tube voltage of 120 kV and source-to-detector 

distance of 180 cm, for a typical indirect-capture flat-panel system with 0.2-mm pixel size.

Results

Figure 2 shows images from three patients with GGO and consolidation findings and the 

segmented masks that were used to model COVID-19 abnormalities within the XCAT 

model. Figure 3 shows an adult male XCAT phantom with COVID-19 abnormalities with 

different shapes that model GGOs and consolidation. These examples show the detailed 

pulmonary structures that are modeled within the lungs of each XCAT phantom. It also 

highlights how the underlying normal parenchyma texture was modified to realistically 

model the disease (Fig. 1).

Figure 4 shows the ground-truth phantom images of three XCAT phantoms with COVID-19 

abnormalities, compared against their simulated CT and chest radiographic images, which 

include noise and artifacts from the imaging processes. The ground-truth images enable 

quantitative comparison of how imaging techniques affect the representation of the 

abnormalities.

Subjectively, the simulated abnormalities look realistic in terms of their shape and texture. 

The abnormalities simulated in Figure 4 (GGOs and consolidation) are visible in both 

simulated CT and radiographic images. The findings in the chest radiographs are more 

subtle. Figure 4 shows the promising potential of virtual imaging trials to scan a population 

of COVID-19 models with either chest CT or chest radiography and compare the ability of 

the two modalities to reliably detect the disease and differentiate it from other abnormalities.
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Figure 5 shows simulated images of a COVID-19 XCAT model at three different dose levels 

(representing 5-, 25-, and 50-mAs settings), as well as a chest radiographic image of the 

same phantom showing that our developed platform can be used to image COVID-19 

phantoms at different dose values to determine the optimal required radiation dose for CT 

and radiography. Our preliminary results show that the contrast-to-noise ratios in the 

abnormal regions were 1.6, 3.0, and 3.6 for 5-, 25-, and 50-mAs images, respectively.

Discussion

Chest CT and radiography are promising modalities for screening COVID-19. A virtual 

imaging trial has the potential to investigate and optimize the role of these imaging 

modalities in diagnosis of COVID-19 and follow-up. In a virtual imaging trial, quality and 

performance of imaging methods can be comprehensively assessed and compared. Further, 

radiation dose and image quality can be quantitatively optimized for each modality [27, 28]. 

Because virtual imaging trials have predefined models of the disease, they can provide a 

valuable tool to train and evaluate either principle-informed or machine-learning algorithms 

designed for disease classification and quantification.

In this study we showed the potential usefulness of virtual imaging trials in the development 

and assessment of imaging techniques for the COVID-19 pandemic. As a proof of principle, 

we developed computational models of patients with COVID-19 and virtually imaged them 

using CT and chest radiography simulations. Building on this framework, ongoing work will 

focus on modeling a larger population of COVID-19 XCAT phantoms using more patient 

CT examinations. The phantoms are intended to represent various stages and manifestations 

of the disease. These models will be informed by CT images acquired at different stages and 

clinical information of patients with COVID-19 and by longitudinal studies [29]. It is crucial 

to have these models at different stages of the disease because they are envisioned to be used 

for various imaging studies from screening to treatment evaluations and follow-up care. 

Further ongoing work will include systematic simulation of imaging protocols and task-

based characterizations of the resulting images. With these tools, we will perform virtual 

imaging trials to compare radiography and CT methods and protocols with the goal of 

defining COVID-19 protocols for optimized screening and follow-up of patients, with the 

confidence of knowing the expected performance. One potential application is to compare 

the performance of chest radiography and CT for screening the patients. Another application 

is to determine the effects of radiation dose on detection accuracy and further optimize this 

parameter in imaging patients with COVID-19. Our virtual toolsets can also be used to 

optimize the imaging and analysis tools in terms of sensitivity and specificity for the 

detection and classification of the disease.

Conclusion

We have developed strategies to adapt and use virtual imaging trials for imaging studies of 

COVID-19, which will provide the foundation for the effective assessment and optimization 

of CT and radiography acquisitions and analysis tools to manage the COVID-19 pandemic.
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Fig. 1—. 
Example of 4D extended cardiac-torso (XCAT) phantom developed at Duke University.

A, Representative computational model shows female XCAT phantom with 

anthropomorphic organs and structures.

B, Representative computational model shows lung stroma intraorgan structure of XCAT 

phantom that was developed using anatomically informed mathematic model. Inset shows 

enlarged view for better visibility of details and small structures.

C, Voxelized rendition (ground truth) of XCAT phantom highlights detailed model of lung 

parenchyma. Inset shows enlarged view for better visibility of details and small structures.
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Fig. 2—. 
CT images (left) of patients who had tested positive for coronavirus disease (COVID-19) 

with ground-glass opacity (top and middle) and consolidation (bottom) abnormalities. Right 

images show overlay of lung and abnormality segmentation on corresponding CT images.
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Fig. 3—. 
Four-dimensional extended cardiac-torso (XCAT) phantom developed at Duke University 

shows three coronavirus disease (COVID-19) abnormalities with different shapes. Left and 

center phantoms show ground-glass opacities and right phantom shows consolidation. Top 

images show voxelized renditions (ground truth) of phantoms, and insets show enlarged 

view for better visibility of details and small structures. Bottom images show surface-based 

rendition of same COVID-19 abnormalities incorporated into adult male XCAT phantom.
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Fig. 4—. 
Ground-truth phantom images (top) of 4D extended cardiac-torso phantom developed at 

Duke University show different coronavirus disease (COVID-19) abnormalities. Simulated 

CT (middle) and radiographic (bottom) images were generated using DukeSim, also 

developed at Duke University. Ground-glass opacity (left and middle) and consolidation 

(right) abnormalities are visible on both CT and radiographic images.
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Fig. 5—. 
Simulated CT images of coronavirus disease (COVID-19) on 4D extended cardiac-torso 

phantom developed at Duke University.

A–D, Images of same phantom show simulated CT at 50 (A), 25 (B), and 5 (C) mAs as well 

as simulated chest radiograph (D).
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