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Virtual clinical trials (VCTs) can be used to evaluate and optimise medical imaging systems. VCTs are based on computer
simulations of human anatomy, imaging modalities and image interpretation. OpenVCT is an open-source framework for
conducting VCTs of medical imaging, with a particular focus on breast imaging. The aim of this paper was to evaluate the
OpenVCT framework in two tasks involving digital breast tomosynthesis (DBT). First, VCTs were used to perform a detailed
comparison of virtual and clinical reading studies for the detection of lesions in digital mammography and DBT. Then, the
framework was expanded to include mechanical imaging (MI) and was used to optimise the novel combination of simultaneous
DBT and MI. The first experiments showed close agreement between the clinical and the virtual study, confirming that VCTs
can predict changes in performance of DBT accurately. Work in simultaneous DBT and MI system has demonstrated that the
system can be optimised in terms of the DBT image quality. We are currently working to expand the OpenVCT software to
simulate MI acquisition more accurately and to include models of tumour growth. Based on our experience to date, we envision
a future in which VCTs have an important role in medical imaging, including support for more imaging modalities, use with rare
diseases and a role in training and testing artificial intelligence (AI) systems.

INTRODUCTION

Virtual Clinical Trials (VCTs) in medical imaging
have been used to design, evaluate and optimise imag-
ing systems, to prototype clinical trials and for regu-
latory approval. VCTs are used as a rapid and cost-
effective alternative to conducting some clinical trials,
allowing researchers to answer fundamental ques-
tions using in silico simulations.

Researchers at the University of Pennsylvania
(UPenn) developed a VCT framework that encom-
passes the use of computer models of human
anatomy, imaging modalities and image
interpretation(1). In 1998, an anthropomorphic
breast model was developed to support simulations
of breast imaging(2, 3), and by 2009, a software
framework to design and optimise breast imaging
systems using VCTs was completed(4–10). Numerous
academic laboratories(11, 12), industrial developers(13,

14) and governmental regulatory bodies(15) have since
adopted VCTs. Several VCT use-cases have been
published, including the evaluation and optimisation
of digital breast tomosynthesis (DBT)(16–22), breast
and lung computed tomography (CT)(23–25), denois-
ing of breast X-ray images(26, 27) and dermatology
imaging(28, 29).

Today, VCTs are accepted as an efficient pre-
clinical optimisation tool. Based on our experience
in designing and conducting VCTs, in this paper,

we review VCT principles and major simulation
components. The benefits and challenges of VCTs are
illustrated through our new results in the assessment
of lesion detection in breast imaging and the review
of our recently published design and optimisation of
simultaneous DBT and mechanical imaging (MI)
of the breast. (The breast lesion detection results
presented here have been significantly expanded from
our preliminary published report(16)).

OPENVCT SIMULATION FRAMEWORK

The OpenVCT framework(30) has been used to gen-
erate anthropomorphic breast models and simulate
breast positioning, mammographic compression, X-
ray image acquisition and human interpretation.
The breast anatomy is simulated using an octree-
based recursive partitioning algorithm(5), where
random seeds are used to direct the simulation of
glandular and adipose compartments bounded by
fibrous Cooper’s ligaments. The mammographic
compression uses finite element (FE) software, which
deforms the breast models in accordance with clinical
breast views(31). The image acquisition is simulated
by a ray-tracing algorithm(30).

Human readings are simulated using the MeVIC
software(32) (Barco Healthcare), which is integrated
into the OpenVCT framework. The MeVIC software
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is designed to simulate a high-resolution medical dis-
play, then process and analyse the displayed images
based upon a Channelized Hotelling Observer (CHO)
model(33). The display simulation includes details of
the video card and monitor, including the greyscale
lookup table and luminance characteristics, temporal
characteristics, modulation transfer function, noise
and angular dependence(34, 35). The CHOs can be
trained and tested repeatedly to simulate human read-
ers and that can be used to estimate multiple-reader
multiple-case (MRMC) ROC statistics(36).

The execution of every simulation step and the
data synchronisation between the simulation steps
and between the OpenVCT and MeVIC software
occur via a configurable XML schema and are
recorded as a multipart compressed file (VCTx). The
VCTx files contain the prescribed XML files and the
input and output binary documents. The format was
designed to optimise data exchange and storage for
VCTs(30).

STUDY I: VCTS FOR SYSTEM EVALUATION

Methodology

Together, the OpenVCT and MeVIC software were
used to evaluate lesion detectability in DM and DBT.
Our preliminary results were published in 2018(16).
This study compared simulation results with pub-
lished clinical data from two 2013 studies by Raf-
ferty et al.(37). A commercial DM and DBT system
was simulated. Masses were simulated with an ellip-
soidal shape, diameter of 7 mm and thickness of 0.5–
2 mm. Single microcalcifications were simulated as
containing 1–4 voxels of size (100 μm)3. Detection of
lesions was simulated using CHOs. Performance of
the machine observers was assessed by the MRMC
ROC analysis. The VCTs were calibrated by selecting
a set of simulated lesions to match the clinical lesion
detectability with DM images. The lesions were varied
in terms of size and attenuation.

Our study presented here expanded the previous
analysis by detailed selection of simulated lesions
to achieve close matching of the VCT with clinical
DM results. Performance of the machine observers
was assessed in detail by the MRMC ROC analysis.
For each of the two clinical studies(37), an admixture
of simulated lesions was used to match the clinical
performance to DM only in terms of the shape and
area under the ROC curve (AUC). The same sets
of simulated lesions were then used to generate syn-
thetic DBT images, and the simulated detectability
was compared with the clinical DBT data.

Results and discussion

Examples of synthetic breast images with simulated
microcalcifications and masses are shown in Figures 1

and 2. In this study of lesion detectability, close agree-
ment between the virtual and clinical estimates of
detectability (Figure 3) is observed. The AUCs, esti-
mated from the VCTs and the published reader study,
are tabulated for the detection of microcalcifications
(Table 1) and masses (Table 2). Tables 1 and 2 also
include the AUC differences and their corresponding
p-values and 95% confidence intervals (CIs). The dif-
ference between the AUC values from VCTs and the
published work was less than 4%, demonstrating the
ability of VCTs to predict human reader performance.

The use of VCTs in this task had specific advan-
tages. Using the OpenVCT framework, the computa-
tional effort to replicate the reader study as a VCT
took less than 4 d on a single GPU card (P5000,
NVidia Corp, Santa Clara, CA). By comparison, the
original study took significantly more time and was
much costlier. However, as noted in Figure 3, dif-
ferences still exist between the shape of the ROC
curves of the VCT and clinical trials, demonstrating
a challenge for VCTs. We are currently working to
fine-tune the virtual population and virtual lesions to
better match the shape of the ROC curves from the
VCTs and the clinical data.

STUDY II: VCTS FOR SYSTEM
OPTIMISATION

Methodology

Currently, we are investigating methods to extend the
use of VCTs to multimodality imaging, specifically
to design, evaluate and optimise the prototype of a
simultaneous DBT and MI system (DBTMI)(38, 39).
Combining the radiographic DBT characterisation of
anatomy with the functional measurement of local
tissue stiffness using MI is expected to increase can-
cer detection and reduce the rate of false positives,
improving the specificity of cancer detection(38, 39).

To explore the relationship between sensitivity and
specificity of the two constituent modalities (DBT
and MI), together with their combined performance,
we expanded the OpenVCT framework to include
simulations of the MI. MI acquisition is simulated
with the FE models of the breast tissue and mam-
mographic compression(40). A preliminary study(40)

used linear elastic material models of the breast tis-
sue, a spherical tumour approximation and tumour
stiffness of 15–50 times the stiffness of the simulated
breast tissue. The open source software, FEBio(41),
was used to calculate the stress on the surface of
the compressed breast and to simulate the response
of the MI sensor (BRE 5350-2, Tekscan, Boston,
MA). The simulated response was compared with the
clinical values(42, 43). A detailed description of the MI
simulation and preliminary evaluation was presented
at the 2021 SPIE Medical Imaging conference paper
by Axelsson et al.(40).
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Figure 1. examples of synthetic breast images with simulated microcalcifications, generated using OpenVCT software.

A model of tumour growth is also under develop-
ment to evaluate DBTMI. Modelling tumour growth
can identify optimal screening intervals, aimed at
reducing interval cancers. To model tumour growth,
we simulated two screening exams of the same breast
at the time of the cancer detection and at the prior
screening round either 18 or 24 months earlier
(following the protocol from the Swedish Screening
Programme(44)).

The OpenVCT framework was used to simulate 30
breasts, with one spherical tumour in each breast(45).
Tumour growth was modelled by increasing the
tumour volume exponentially over time according
to the tumour volume doubling time (TVDT)(46,

47). The woman’s age, tumour diameter at the time
of cancer detection and TVDT value were selected
from the clinical data(46). A radiologist manually
indicated tumour diameters on the simulated mam-
mograms. The diameters of the same lesions at
the two time points were used to calculate the
estimated TVDT. The growth model was evaluated by
comparing TDVTs from the simulated mammograms
with the clinical data. The growth model and its
evaluation in an observer study were described by
Tomic et al.(45).

Results and discussion

Figure 4 shows two stress surface maps obtained
using the FE model for a virtual breast with
spherical lesions of different sizes. The average stress
over the virtual breast surface (6.2 ± 0.1 kPa)
is in agreement with the average stress measured
clinically(42) (5.6 ± 2.0 kPa). The average stress at
the simulated tumour (10.8 ± 6.4 kPa) is higher than
the clinically reported values(43) (6.8 ± 5.3 kPa). The
simulation is affected by the tissue model. To improve
the agreement, we are currently investigating the use
of hyperelastic tissue models.

Figure 5 shows screening mammograms simulated
24 months apart, assuming a spherical lesion model
with a TVDT of 374 d. The tumour sizes in the
current and prior simulated mammograms were 11.
and 7.2 mm, respectively. The sizes measured by the
radiologist were 12.2 and 7.6 mm, respectively, corre-
sponding to a TVDT of 356 d (18 d or 4.8% lower than
the ground truth). Analysing all 30 simulated breasts,
no significant difference was seen between the esti-
mated and ground-truth TVDTs, with a median dif-
ference of 12 d (4%) (p > 0.5 using the Kolmogorov–
Smirnov test)(45).
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Figure 2. examples of synthetic breast images with simulated masses, generated using OpenVCT software.

Figure 3. ROC curves of clinical and virtual lesion detectability in DM and DBT, fitted properly for the MRMC analysis
using the ROC + KIT software (University of Chicago).

The limitations of the growth model include the
spherical tumour shape and the lack of changes in
the background breast tissue between the two simu-
lated screening exams. To overcome these limitations,
we are currently developing a model for irregularly
shaped tumours. In addition, the temporal changes
in the normal breast tissue will be simulated using

an analysis of clinical images over multiple screening
rounds.

CONCLUSIONS

Today, VCTs of medical imaging are sufficiently
mature to play an important role in the design
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Table 1. Result of the ROC analysis for detection of breast microcalcifications using DM and DBT, from virtual and clinical
data. Listed are the AUC values estimated from synthetic breast images generated using OpenVCT, the AUC values from two
clinical studies performed by Dr. Rafferty (denoted 1 and 2), the AUC differences and the corresponding p-values and 95% CIs.

Microcalcifications AUCDM AUCDBT �AUCDBT–DM p 95% CI

VCT 0.802 ± 0.023 0.799 ± 0.026 −0.003 0.856 [−0.040, 0.034]
Clinical(37)

1 0.804 0.840 0.036 0.073 [−0.004, 0.074]
2 0.817 0.831 0.014 0.082 [−0.002, 0.029]

AUC difference VCT versus clinical
1 −0.002 −0.041
2 −0.015 −0.032

Table 2. Result of the ROC analysis for detection of breast masses using DM and DBT, from virtual and clinical data. Listed
are the AUC values estimated from synthetic breast images generated using OpenVCT, the AUC values from two clinical studies

performed by Dr. Rafferty’s (denoted 1 and 2), the AUC differences and the corresponding p-values and 95% CIs.

Masses AUCDM AUCDBT �AUCDBT–DM p 95% CI

VCT 0.794 ± 0.022 0.900 ± 0.017 0.106 <0.001 [0.089, 0.124]
Clinical(37)

1 0.807 0.912 0.105 <0.001 [0.047, 0161]
2 0.842 0.930 0.088 <0.001 [0.051, 0.125]

AUC difference VCT versus clinical
1 −0.013 −0.012
2 −0.048 −0.03

Figure 4. distribution of surface stress generated using FE software, FEBio, with simulated spherical tumours of two
different sizes: 4 mm (top) and 7.5 mm (bottom).

of imaging systems and the validation of clinical
trials, for use by engineers, physicians and regulatory
authorities. The open-source OpenVCT framework
software has been extensively validated as demon-
strated and reviewed here. In a comparison of lesion
detectability in DM and DBT, VCTs could accurately
rank the imaging system performance and predict the

level of performance improvement. In addition, VCTs
played an important role in designing and optimising
a novel combined imaging method, DBTMI.

Based upon our experience with VCTs, we
continue to expand the OpenVCT framework. This
includes work to calibrate the VCT observer studies to
clinical studies by fine-tuning the virtual population
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Figure 5. synthetic DM images of two consecutive screening episodes, containing a simulated tumour (arrows) with doubling
time of 374 d.

and virtual lesions. We are also modelling tumour
growth to relate equipment performance differences
into the potential for screening benefits to women.

Looking at the future, there are several directions
in which VCTs can benefit medical imaging. First,
rare and paediatric diseases are characterised by
a small number of patients and limited amount of
available clinical images, which impedes the clinical
research(48). VCTs can play an important role once
models of such diseases are available. Second, the
demand for training and testing datasets for AI in
medical imaging has increased. Synthetic images
generated by VCTs may represent an efficient and
cost-effective option to augment and expand clinical
data. Given the rapid development of VCTs in
medical imaging, we envision them to have a growing
role in the future.

ACKNOWLEDGEMENTS

The authors are grateful to Ms. Susan Ng and Real
Time Tomography for the use of Briona software
to reconstruct and process synthetic DM and DBT
images.

FUNDING

This work is supported by grants from the
Horizon 2020 Marie Sklodowska Curie Action

Fellowship (IF 846540); US National Insti-
tutes of Health (R01 CA154444); the Komen
Foundation (IIR-13262248); the Burroughs-
Wellcome Fund (IRSA 1016451); US Army
Breast Cancer Research Program (W81XWH-
18-1-0082); 2020 AAPM Research Seed Fund-
ing Grant and grants from Cancerfonden,
the Swedish Breast Cancer Association and
Stiftelsen för Cancerforskning vid Onklogiska
kliniken vid Universitetssjukhuset MAS.

CONFLICT OF INTEREST

A.D.A.M. receives research support from
Barco NV, and Analogic Inc.; he is spouse to
an employee and stockholder of Real Time
Tomography (RTT), LLC; and member of
the RTT Scientific Advisory Board. S.Z. has
received speaker’s fees and travel support from
Siemens Healthcare. Patent holder of US Patent
(application no PCT/EP 2014/057372).

REFERENCES
1. Maidment, A. D. A. Virtual clinical trials for the assess-

ment of novel breast screening modalities. In: Inter-
national Workshop on Breast Imaging (IWDM), Vol.

368

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article/195/3-4/363/6304956 by Lunds U

niversitet user on 15 D
ecem

ber 2021



VCTS IN MEDICAL IMAGING OPTIMISATION

8539. (LNCS). (Cham Heidelberg New York Dordrecht
London: Springer) pp. 1–8 (2014).

2. Bakic, P. R., Brzakovic, D., Brzakovic, P. and Zhu,
Z. An approach to using a generalized breast model
to segment digital mammograms. In: 11th Sym-
posium on Computer-Based Medical Systems, (Los
Alamitos, CA: IEEE Computer Society) pp. 84–89
(1998).

3. Bakic, P. R. and Brzakovic, D. Simulation of digi-
tal mammogram acquisition. In: Proceedings of SPIE
3659, Medical Imaging: Physics of Medical Imaging,
San Diego, CA, (Bellingham, WA: SPIE – The Inter-
national Society of Optics and Photonics) pp. 866–877
(1999).

4. Bakic, P. R. Simulation of breast anatomy: anthropo-
morphic software phantoms. In: 2011 AAPM Annual
Meeting and Exhibition (Alexandria, VA: American
Association of Physicists in Medicine) (2011).

5. Pokrajac, D. D., Maidment, A. D. A. and Bakic,
P. R. Optimized generation of high resolution breast
anthropomorphic software phantoms. Med. Phys. 39(4),
2290–2302 (2012).

6. Tischenko, O., Hoeschen, C., Dance, D. R., Hunt,
R. A., Maidment, A. D. A. and Bakic, P. R.
Evaluation of a novel method of noise reduction
using computer-simulated mammograms. Radiat. Prot.
Dosimetry 114(1–3), 81–84 (2005).

7. Hunt, R. A., Dance, D. R., Bakic, P. R., Maidment,
A. D. A., Sandborg, M., Ullman, G. and Carlsson, G.
A. Calculation of the properties of digital mammograms
using a computer simulation. Radiat. Prot. Dosimetry
114(1–3), 395–398 (2005).

8. Dance, D. R., Hunt, R. A., Bakic, P. R., Maid-
ment, A. D. A., Sandborg, M., Ullman, G. and Carls-
son, G. A. Breast dosimetry using high-resolution voxel
phantoms. Radiat. Prot. Dosimetry 114(1–3), 359–363
(2005).

9. Richard, F. J. P., Bakic, P. R. and Maidment, A.
D. A. Mammogram registration: a phantom-based
evaluation of compressed breast thickness variation
effects. IEEE Trans Med Imaging 25(2), 188–197
(2006).

10. Ruiter, N. V., Zhang, C., Bakic, P. R., Carton, A.-
K., Kuo, J. and Maidment, A. D. A. Simulation of
tomosynthesis images based on an anthropomorphic
software breast tissue phantom. In: Proceedings of
SPIE 6918, Medical Imaging: Visualization, Image-
guided Procedures, and Modeling, 69182I, San Diego,
CA (Bellingham, WA: SPIE – The International Society
of Optics and Photonics) (2008).

11. Bakic, P. R., Myers, K. J., Reiser, I., Kiarashi, N. and
Zeng, R. Virtual tools for validation of X-ray breast
imaging systems. Med. Phys. 40(6), 390 (2013).

12. Bakic, P. R., Myers, K. J., Glick, S. J. and Maidment,
A. D. Virtual tools for the evaluation of breast imag-
ing: state-of-the science and future directions. In: Inter-
national Workshop on Breast Imaging (IWDM), Vol.
9699. (LNCS). pp. 478–485 (2016).

13. Healthineers, S. A Virtual Patient for your ARTIS
Angiography System: Siemens Healthineers Vascular
Patient Link. (Gothenburg, Sweden: Mentice) (2020)
Available at https://www.mentice.com/vist-virtual-patie
nt-siemens.

14. Li, Z., Desolneux, A., Muller, S., de Carvalho, P. M.
and Carton, A.-K. Comparison of microcalcification
detectability in FFDM and DBT using a virtual clin-
ical trial. In: Proceedings of SPIE 10577, SPIE Medi-
cal Imaging: Image Perception, Observer Performance,
and Technology Assessment, 105770D, Houston, TX
(Bellingham, WA: SPIE – The International Society of
Optics and Photonics) (2018).

15. FDA. VICTRE: Virtual Imaging Clinical Trials for
Regulatory Evaluation. (Silver Spring, MD: U.S. Food
and Drug Administration) (2018) Available at https://
www.fda.gov/medical-devices/cdrh-research-progra
ms/victre-virtual-imaging-clinical-trials-regulatory-e
valuation.

16. Bakic, P. R., Barufaldi, B., Higginbotham, D., Wein-
stein, S. P., Avanaki, A. N., Espig, K. S., Xthona, A.,
Kimpe, T. R. L. and Maidment, A. D. A. Virtual clinical
trial of lesion detection in digital mammography and
digital breast tomosynthesis. In: Proceedings of SPIE
10573, Medical Imaging 2018: Physics of Medical Imag-
ing, 1057306, Houston, TX (Bellingham, WA: SPIE
– The International Society of Optics and Photonics)
(2018).

17. Barufaldi, B., Bakic, P. and Maidment, A. Multiple-
reader, multiple-case ROC analysis for determining the
limit of calcification detection in tomosynthesis. In:
Proceedings of SPIE 10948, Medical Imaging: Physics
of Medical Imaging, 109480N, San Diego, CA (Belling-
ham, WA: SPIE – The International Society of Optics
and Photonics) (2019).

18. Young, S., Bakic, P. R., Myers, K. J., Jennings, R.
J. and Park, S. A virtual trial framework for quan-
tifying the detectability of masses in breast tomosyn-
thesis projection data. Med. Phys. 40(5), 051914–1–15
(2013).

19. Zeng, R., Park, S., Bakic, P. and Myers, K. J. Evaluating
the sensitivity of the optimization of acquisition geometry
to the choice of reconstruction algorithm in digital breast
tomosynthesis through a simulation study. Phys. Med.
Biol. 60(3), 1259 (2015).

20. Badano, A., Graff, C. G., Badal, A., Sharma, D., Zeng,
R., Samuelson, F. W., Glick, S. J. and Myers, K. J.
Evaluation of digital breast tomosynthesis as replace-
ment of full-field digital mammography using an in silico
imaging trial. JAMA Netw. Open 1(7), e185474–1–12
(2018).

21. Mackenzie, A., Marshall, N. W., Hadjipanteli, A.,
Dance, D. R., Bosmans, H. and Young, K. C. Char-
acterisation of noise and sharpness of images from four
digital breast tomosynthesis systems for simulation of
images for virtual clinical trials. Phys. Med. Biol. 62(6),
2376–2397 (2017).

22. Vancoillie, L., Marshall, N., Cockmartin, L., Vignero,
J., Zhang, G. and Bosmans, H. Verification of the accu-
racy of a hybrid breast imaging simulation framework
for virtual clinical trial applications. J. Med. Medical
Imaging 7(4), 1–17 (2020).

23. Mettivier, G., Sarno, S., Boone, J. M., Bliznakova,
K., di Franco, F. and Russo, P. Virtual clinical trials
in 3D and 2D breast imaging with digital phantoms
derived from clinical breast CT scans. In: Proceed-
ings of SPIE 11312, SPIE Medical Imaging: Physics of
Medical Imaging, 1131259, Houston, TX (Bellingham,

369

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article/195/3-4/363/6304956 by Lunds U

niversitet user on 15 D
ecem

ber 2021

https://www.mentice.com/vist-virtual-patient-siemens
https://www.mentice.com/vist-virtual-patient-siemens
https://www.fda.gov/medical-devices/cdrh-research-programs/victre-virtual-imaging-clinical-trials-regulatory-evaluation
https://www.fda.gov/medical-devices/cdrh-research-programs/victre-virtual-imaging-clinical-trials-regulatory-evaluation
https://www.fda.gov/medical-devices/cdrh-research-programs/victre-virtual-imaging-clinical-trials-regulatory-evaluation
https://www.fda.gov/medical-devices/cdrh-research-programs/victre-virtual-imaging-clinical-trials-regulatory-evaluation


B. BARUFALDI ET AL.

WA: SPIE – The International Society of Optics and
Photonics) (2020).

24. Abadi, E., Segars, W. P., Chalian, H. and Samei, E. Vir-
tual imaging trials for coronavirus disease (COVID-19).
Am. J. Roentgenol. 216, 362–368 (2020).

25. Abadi, E., Segars, W. P., Harrawood, B., Sharma, S.,
Kapadia, A. J. and Samei, E. Virtual clinical trial for
quantifying the effects of beam collimation and pitch on
image quality in computed tomography. J. Med. Imaging
7(4), 1–17 (2020).

26. Vimieiro, R. B., Borges, L. R., Caron, R. F., Barufaldi,
B., Bakic, P. R., Maidment, A. D. and Vieira, M. A.
Noise measurements from reconstructed digital breast
tomosynthesis. In: Proceedings of SPIE 10948, Medical
Imaging: Physics of Medical Imaging, 109480C, San
Diego, CA (Bellingham, WA: SPIE – The International
Society of Optics and Photonics) (2019).

27. Borges, L. R., Oliveira, H. C. d., Nunes, P. F., Bakic,
P. R., Maidment, A. D. and Vieira, M. A. Method for
simulating dose reduction in digital mammography using
the Anscombe transformation. Med. Phys. 43(6Part1),
2704–2714 (2016).

28. Vasudev, V., Piepers, B., Maidment, A. D., Kimpe,
T., Platisa, L., Philips, W. and Bakic, P. R. Simula-
tion pipeline for virtual clinical trials of dermatology
images. In: Proceedings of SPIE 10948, Medical Imag-
ing: Physics of Medical Imaging, 109482D, San Diego,
CA (Bellingham, WA: SPIE – The International Society
of Optics and Photonics) (2019).

29. Vasudev, V., De Paepe, L., Maidment, A., Kimpe, K.,
Platisa, L., Philips, W. and Bakic, P. Impact of chro-
mophores on colour appearance in a computational
skin model. In: Proceedings of SPIE 11312, Medical
Imaging: Physics of Medical Imaging, 1131232, Hous-
ton, TX (Bellingham, WA: SPIE – The International
Society of Optics and Photonics) (2020).

30. Barufaldi, B., Higginbotham, D., Bakic, P. R. and
Maidment, A. D. OpenVCT: a GPU-accelerated virtual
clinical trial pipeline for mammography and digital
breast tomosynthesis. In: Proceedings of SPIE, Medical
Imaging: Physics of Medical Imaging, 1057358, Hous-
ton, TX (Bellingham, WA: SPIE – The International
Society of Optics and Photonics) (2018).

31. Lago, M. A., Maidment, A. D. A. and Bakic, P. R. Mod-
elling of mammographic compression of anthropomor-
phic software breast phantom using FEBio. Int’l Sympo-
sium on. Comput. Methods Biomech. Biomed. Engin.
487–488 (2013).

32. Marchessoux, C., Kimpe, T. R. L. and Bert, T. A virtual
image chain for perceived and clinical image quality of
medical display. J. Display Technol. 4, 356–368 (2008).

33. Barrett, H. H., Yao, J., Rolland, J. P. and Myers,
K. J. Model observers for assessment of image quality.
In: Proceedings of the National Academy of Sciences,
USA, Vol. 90, (Washington, D.C.: National Academy
of Sciences) pp. 9758–9765 (1993).

34. Marchessoux, C., Avanaki, A., Bakic, P. R., Kimpe,
T. R. L. and Maidment, A. D. A. Effects of med-
ical display luminance, contrast and temporal com-
pensation on CHO detection performance at various
browsing speeds and on digital breast tomosynthesis
images. In: International Workshop on Breast Imag-
ing (IWDM), Vol. 7361. (LNCS). (Berlin Heidelberg:
Springer-Verlag) pp. 292–299 (2012).

35. Avanaki, A. N., Espig, K. S., Maidment, A. D. A.,
Marchessoux, C., Bakic, P. R. and Kimpe, T. R. L.
Development and evaluation of a 3D model observer
with nonlinear spatiotemporal contrast sensitivity. In:
Proceedings of SPIE 9037, Medical Imaging 2014:
Image Perception, Observer Performance, and Technol-
ogy Assessment, 90370X, San Diego, CA (Bellingham,
WA: SPIE – The International Society of Optics and
Photonics) (2014).

36. Gallas, B. D. One-shot estimate of MRMC variance:
AUC. Acad. Radiol. 13(3), 353–362 (2006).

37. Rafferty, E. A., Park, J. M., Philpotts, L. E., Poplack,
S. P., Sumkin, J. H., Halpern, E. F. and Niklason, L. T.
Assessing radiologist performance using combined digital
mammography and breast tomosynthesis compared with
digital mammography alone: results of a multicenter.
Multireader Trial. Radiology. 266(1), 105–113 (2013).

38. Bakic, P. R., Dustler, M., Lau, K. C., Maidment, A.
D. A., Zackrisson, S. and Tingberg, A. Evaluation of
a flat fielding method for simultaneous DBT and MI
acquisition. In: Proceedings of SPIE 11513, 15th Inter-
national Workshop on Breast Imaging (IWBI2020),
11513OU, Houston, TX (Bellingham, WA: SPIE –
The International Society of Optics and Photonics)
(2020).

39. Bakic, P. R., Dustler, M., Ng, S., Maidment, A. D.
A., Zachrisson, S. and Tingberg, A. Pre-processing
for image quality improvement in simultaneous DBT
and mechanical imaging. In: Proceedings of SPIE
11312, Medical Imaging: Physics of Medical Imag-
ing, 1131257, Houston, TX (Bellingham, WA: SPIE
– The International Society of Optics and Photonics)
(2020).

40. Axelsson, R., Isaksson, H., Zachrisson, S., Tingberg,
A., Bakic, P. R. and Dustler, M. Computer model
of mechanical imaging acquisition for virtual clinical
trials. In: Proceedings of SPIE 11595, Medical Imaging:
Physics of Medical Imaging, 11595OQ (Bellingham,
WA: SPIE – The International Society of Optics and
Photonics) (2021).

41. Maas, S., Ellis, B., Ateshian, G. and Weiss, J. FEBio:
finite elements for biomechanics. J. Biomech. Eng.
134(1), 011005–1–10 (2012).

42. Dustler, M., Andersson, I., Brorson, H., Fröjd,
P., Mattsson, S., Tingberg, A., Zackrisson, S. and
Förnvik, D. Breast compression in mammography:
pressure distribution patterns. Acta Radiol. 53(9),
973–980 (2012).

43. Förnvik, D., Andersson, I., Dustler, M., Ehrnström, R.,
Ryden, L., Tingberg, A., Zackrisson, S. and Aaltonen,
K. No evidence for shedding of circulating tumor cells
to the peripheral venous blood as a result of mammo-
graphic breast compression. Breast Cancer Res. Treat.
141, 187–195 (2013).

44. National Guidelines for Breast. Colorectal and
Prostate Cancer Screening. (Stockholm, Sweden:
The Swedish National Board of Health and Welfare)
(2014).

45. Tomic, H., Bejnö, A., Hellgren, G., Johnson, K., Förn-
vik, D., Zackrisson, S., Tingberg, A., Dustler, M. and
Bakic, P. R. Assessment of a tumour growth model
for virtual clinical trials of breast cancer screening. In:
Proceedings of SPIE 11595, Medical Imaging: Physics
of Medical Imaging, 115954Q (Bellingham, WA: SPIE

370

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article/195/3-4/363/6304956 by Lunds U

niversitet user on 15 D
ecem

ber 2021



VCTS IN MEDICAL IMAGING OPTIMISATION

– The International Society of Optics and Photonics)
(2021).

46. Förnvik, D., Lång, K., Andersson, I., Dustler, M.,
Borgquist, S. and Timberg, P. Estimates of breast can-
cer growth rate from mammograms and its relation to
tumour characteristics. Radiat. Prot. Dosimetry 139
(1–4), 151–157 (2016).

47. Ryu, E., Chang, J., Seo, M., Kim, S., Lim, J. and Moon,
W. Tumour volume doubling time of molecular breast
cancer subtypes assessed by serial breast ultrasound. Eur.
Radiol. 24, 2227–2235 (2014).

48. Mitani, A. A. and Haneuse, S. Small data challenges
of studying rare diseases. JAMA Netw. Open 3(3),
e201965–1–3 (2020).

371

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/article/195/3-4/363/6304956 by Lunds U

niversitet user on 15 D
ecem

ber 2021


	VIRTUAL CLINICAL TRIALS IN MEDICAL IMAGING SYSTEM EVALUATION AND OPTIMISATION
	INTRODUCTION
	OPENVCT SIMULATION FRAMEWORK
	STUDY I: VCTS FOR SYSTEM EVALUATION
	STUDY II: VCTS FOR SYSTEM OPTIMISATION
	CONCLUSIONS
	FUNDING
	CONFLICT OF INTEREST


