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ABSTRACT 
As medical technologies advance with increasing speed, virtual imaging trials (VITs) are emerging as a crucial tool in the 
evalua�on and op�miza�on of new imaging techniques. Widely used in many VITs is the four-dimensional extended 
cardiac-torso (XCAT) phantom, a comprehensive computa�onal model that accurately represents human anatomy and 
physiology. While the XCAT phantom offers a powerful tool for imaging research, it offers only a limited model of blood 
flow to compartmentalized organs, poten�ally limi�ng the realism and clinical applicability of contrast-enhanced scan 
simula�ons. This study bridges that gap by combining realis�c CT simula�on with an accurate model of blood flow 
dynamics to enable more realis�c simula�ons of contrast-enhanced imaging. To achieve this, a validated one-dimensional 
blood flow simulator, HARVEY1D, was used to model flow throughout the vessels of the XCAT phantom. DukeSim, a 
validated CT simula�on pla�orm, was then modified to incorporate the resul�ng flow into its simula�ons, thus enabling 
the genera�on of simulated CT scans reflec�ve of real-world blood-based contrast-enhanced imaging scenarios. To 
demonstrate the u�lity of this pipeline in an ini�al applica�on to cardiac imaging, three heart models were studied: a 
non-diseased model, a 50% stenosis model, and an 80% stenosis model. Three seconds of contrast propaga�on were 
tracked in each heart model, and CT scans corresponding to two �mepoints were simulated. Results demonstrated that 
the presence of stenosis significantly impacted blood flow, with greater resistance to blood flow leading to altered flow 
paterns visible in the simulated CT images. This work showcases a pipeline that leverages both computa�onal fluid 
dynamics and medical imaging simula�ons to enhance the realism of virtual imaging trials and facilitate the evalua�on, 
op�miza�on, and development of diagnos�c tools for contrast-enhanced imaging. 
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1. INTRODUCTION 
 The four-dimensional extended cardiac-torso (XCAT) phantom is a vital tool widely used in medical imaging 
research to evaluate and improve upon exis�ng imaging techniques [1]. The XCAT phantom is a computa�onal model of 
human anatomy and physiology that accurately models a range of pa�ent atributes, including varia�ons in body size, 
anatomical structures, and pa�ent mo�on [2]. By interfacing this phantom with a computerized imaging system model, 
simulated medical images reflec�ng various imaging scenarios can be generated [3]. One tool for performing such 
simula�ons is DukeSim, a validated, scanner-specific CT simula�on pla�orm [4]. However, neither the XCAT phantom nor 
DukeSim account for contrast propaga�on within blood vessels. 
 

 The objec�ve of this work is to combine accurate blood flow modeling from HARVEY1D with realis�c CT 
simula�on to enable more realis�c simula�ons of contrast-enhanced imaging. We performed an ini�al demonstra�on of 
the enhanced virtual trial pipeline in cardiac imaging by modeling flow for three cases of increasing stenosis in the 
coronary arteries. Coronary CT angiography (CCTA) is an increasingly popular diagnos�c tool for pa�ents showing 
symptoms of coronary artery disease. The development of techniques to quan�fy and characterize plaques through CCTA 
is an ac�ve area of research, and one in which such realis�c virtual imaging trials have the poten�al to facilitate further 
advancements. 
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2. METHODS 

A standard adult male XCAT phantom, 50th percen�le in height and weight, was used as the virtual pa�ent in the 
simula�ons. The unmodified phantom provided the healthy case (S0). The phantom was modified by placing blocks in the 
le� and right coronary arteries resul�ng in a 50% stenosis case (S1) and an 80% stenosis case (S2). 

 
We used our high-resolu�on 1D blood flow simulator, HARVEY1D [5], [6], to model flow. As 1D models only 

resolve flow in the longitudinal direc�on of flow, contrast is assumed to be constant over cross-sec�ons. The 1D model is 
based on the Navier-Stokes equa�ons. 1D geometries were obtained by extrac�ng centerlines of 3D segmented 
geometries using Mimics (Materialise, Belgium). To model contrast agent transport, we coupled a two-phase flow model 
to the 1D blood simulator as done in [5]. At each �mestep, once the full flow field is computed, the coupled flow model 
solves 1D transport equa�ons [7] that advect volume frac�ons of contrast. To accurately model the effects of stenoses, 
we coupled the 1D model to an empirically-derived pressure-loss equa�on that has been validated for coronaries [6], [8].  

 
Blood was modeled as an incompressible Newtonian fluid with a density of 1060 kg/m3 and dynamic viscosity 

was assumed to be 4 cP. We used steady flowrate boundary condi�ons at the inlet and 2-element Windkessel models at 
the outlets. Outlet condi�ons were tuned to the geometry using Murray’s Law [9]. To model the effects of stenoses on 
contrast agent propaga�on, we performed modifica�ons to our baseline and non-disease geometry (S0). As men�oned 
above, S1 includes 50% stenoses in the right and le� coronary arteries. S2 is a more severe case with 80% stenoses in the 
right and le� coronaries. We applied the same blood flow proper�es and boundary condi�ons to the three geometries. 
Blood flow was resolved for 3 seconds. The contrast agent was injected with a volume frac�on of 1 for the first second of 
the simula�on. The results of the 1D simula�on were voxelized by compu�ng the nearest distance between centerline 
coordinates and 3D voxel coordinates. As there were millions of voxels, we applied a K-D tree, which is a space-
par��oning data structure, to perform the nearest distance computa�ons efficiently.   

 
 From the contrast flow simula�on, DukeSim takes as input a file that defines the contrast concentra�on in each 
lumen-containing voxel. The voxels are sorted into fi�y uniformly spaced bins based on their contrast concentra�ons. For 
this set of simula�ons, volume frac�ons were linearly scaled such that the maximum concentra�on of contrast targeted 
300 Hounsfield units, represen�ng a high level of contrast [10]. For each bin, the elemental composi�on and density of 
the corresponding mixture of blood and contrast is calculated. The materials for all organs, including blood, were defined 
based on material density and elemental composi�ons defined in the Interna�onal Commissions for Radia�on Units 
Report 46 [11]. The contrast agent was defined as iopamidol. The elemental composi�on is used to calculate the mean 
free paths of photon interac�ons and linear atenua�on coefficient for the material found in each bin. The mean free 
paths and linear atenua�on coefficients are used to generate the scater and primary signals, respec�vely. 
 
 CT simula�ons were acquired from all three cases using sta�c snapshots of the heart models at 0.5 seconds and 
1.25 seconds of flow simula�on to demonstrate the change in contrast enhancement over �me due to blood flow. 
Simulated scans were generated using a scanner-agnos�c CT model and reconstructed with vendor-neutral 
reconstruc�on so�ware (MCR Toolkit [12]). Mean and standard devia�on HU values were taken from ROIs proximal to 
the stenoses in the right and le� coronary arteries at 1.25 seconds to measure the change in contrast flow resul�ng from 
different levels of stenosis. 
 
 In addi�on to the sta�c simula�ons, one CT simula�on using real-�me contrast flow was acquired from S2 to 
demonstrate the �me-domain capabili�es of HARVEY1D and DukeSim. Three seconds of contrast flow was obtained from 
HARVEY1D with a temporal resolu�on of 10 milliseconds, resul�ng in 300 �mepoints. Heart mo�on was not modeled. The 
simula�on was acquired as a helical scan with 500 millisecond rota�on �me, simula�ng a total scan �me of 2.5 seconds. 
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For every projec�on, each voxel’s linear atenua�on coefficient was linearly interpolated from the two nearest �mepoints 
to generate a smooth change in contrast enhancement. 
 

3. RESULTS 
 
 Figure 1A shows the contrast flow within the XCAT phantoms over �me calculated using HARVEY1D. S0 and S1 
have similar contrast flow profiles, which indicates that the 50% stenosis was non-flow limi�ng. S2 demonstrated that 
flow into both coronaries was impeded. Figure 1B are snapshots at 0.5 and 1.25 s of simula�on, which were further used 
to couple with DukeSim. At these two �mepoints (Figure 1C), contrast flow in S2 traverses the descending aorta faster 
than in S0 and S1. This result indicates that the overall effec�ve resistance to both coronaries is increased with the 
presence of 80% stenoses, which causes more flow to the aorta and less flow to the coronaries. The same effect is also 
highlighted in the coronaries, where at 1.25 s, the le� coronaries in S0 and S1 are almost fully perfused whereas contrast 
has only begun to reach S2. 

 
Figure 1: Flow of three models with varying degrees of stenoses. S0 is an undiseased case, S1 contains non-flow limi�ng 50% 
stenoses in the le� and right coronaries, and S2 contains severe, flow-limi�ng 80% stenoses in the le� and right coronaries. (A) 
Flow of the models over �me (0.50-2.50 s). (B) Models at 0.50 and 1.25 s were used for integra�on with DukeSim. (C) The flow 
limi�ng case, S2, demonstrates that contrast propaga�on is slower with 80% stenoses compared to the other two cases. (Le�) Red 
lines delineate the leading edge of the contrast in the descending aorta. 

Figure 2 shows simulated CT scans acquired at 0.5 and 1.25 s of flow simula�on. At 1.25 s, the HU values in an 
ROI within the le� coronary are 146±33, 125±26, and 21±15 HU for S0, S1, and S2, respec�vely. In the right coronary artery, 
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the values are 225±42, 226±39, and 21±14 HU for S0, S1, and S2, respec�vely. In both cases, the artery is clearly enhanced 
for S0 and S1, but not S2. These results illustrate that the altered flow dynamics caused by stenoses lead to prominent 
qualita�ve and quan�ta�ve differences in contrast levels throughout the arteries. 

 

 
Figure 2: CT simula�ons of three heart models with varying degrees of stenosis at two �mepoints. At 0.5 seconds, contrast flow 
appears similar across all models. At 1.25 seconds, the decreased blood flow is visible in the coronary arteries (red circles) of the 

A 

B 
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flow-limi�ng case (S2) compared to the non-diseased case (S0) and the 50% stenosis case (S1). (A) Slice 24. The botom row is 
zoomed in on the le� coronary artery. (B) Slice 35. The botom row is zoomed in on the right coronary artery. 

Figure 3 shows a comparison between sta�c and real-�me contrast flow CT simula�ons. Due to the helical 
acquisi�on, different slices are acquired at different �mes. Therefore, the level of contrast enhancement in the aorta 
changes as a func�on of slice in the real-�me simula�on, whereas it is rela�vely constant in the sta�c simula�on. 

 
Figure 3: Comparison of sta�c (le�) and real-�me (right) CT simula�ons. 

 
5. CONCLUSION 

Through the use of contrast flow-enhanced simula�ons, we demonstrated that the severity of stenosis in the 
coronary arteries has a substan�al effect on vessel appearance in CT images. The pipeline we developed introduces a 
vital tool for future research in contrast-enhanced imaging by accoun�ng for blood flow dynamics in virtual imaging trials. 
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