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Background: Development in computational fluid dynamics and 3D construction could facilitate the 
calculation of hemodynamic stresses in coronary computed tomography angiography (CCTA). However, the 
agreement between CCTA derived stresses and intravascular ultrasound/intravascular coronary angiography 
(IVUS/ICA)-derived stresses remains undetermined. Thus, the purpose of this study is to investigate if 
CCTA can serve as alternative to IVUS/ICA for hemodynamic evaluation. 
Methods: In this retrospective study, 13 patients (14 arteries) with unstable angina who underwent both 
CCTA and IVUS/ICA at an interval of less than 7 days were consecutively included at the Chinese PLA 
General Hospital within the year of 2021. Slice-level minimal lumen area (MLA), percent area stenosis, 
velocity, pressure, Reynolds number, wall shear stress (WSS) and axial plaque stress (APS) were determined 
by both modalities. The agreement between CCTA and IVUS/ICA was assessed using the intraclass 
correlation coefficient (ICC), Pearson’s correlation coefficient and Bland-Altman analysis. 
Results: CCTA overestimated the degree of area stenosis (50.22%±16.15% vs. 36.41%±19.37%, P=0.004) 
with the MLA showing no significant difference (5.81±2.24 vs. 6.72±2.04 mm2, P=0.126). No statistical 
difference was observed in WSS (6.57±6.26 vs. 5.98±5.55 Pa, P=0.420) and APS (16.03±1,159.45 vs. 
−1.27±890.39 Pa, P=0.691) between CCTA and IVUS. Good correlation was found in velocity (ICC: 0.796, 
95% CI: 0.752–0.833), Reynolds number (ICC: 0.810, 95% CI: 0.768–0.844) and WSS (ICC: 0.769, 95% 
CI: 0.718–0.810), while the ICC of APS was (ICC: 0.341, 95% CI: 0.197–0.458), indicating a relatively poor 
correlation. 
Conclusions: CCTA can serve as a satisfactory alternative to the reference standard, IVUS/ICA in 
morphology simulation and hemodynamic stress calculation, especially in the calculation of WSS.
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Introduction

Coronary artery disease (CAD) is a major cause of morbidity 
and mortality worldwide. Explorations in computational 
fluid dynamics (CFD) suggested that mechanical forces, 
especially wall shear stress (WSS) and axial plaque stress 
(APS), promote plaque growth and vulnerable phenotype 
transformation, resulting in a higher risk of plaque erosion 
and rupture(1-4). Clinical studies found corresponding 
results that WSS and APS determination provided enhanced 
identification and prediction of major adverse cardiac events 
(MACEs) (5-8). 

The geometry of coronary arteries has a great impact on 
the forces against vessel walls, including the normal wall 
and the plaques. Therefore, an accurate three-dimensional 
(3D) construction of coronary geometry appears to be 
essential for further CFD calculations. However, CFD 
has not been routinely used in clinical practice. On the 
other hand, most coronary artery mechanical forces are 
commonly derived and calculated from the combination of 
coronary angiograms (CAGs) and intravascular ultrasound/
intravascular coronary angiography (IVUS/ICA) (9), 
which is time-consuming and requires invasive operations. 
Furthermore, IVUS/ICA requires highly skilled clinicians 
and involves a high dose of radiation.

Parallel to the development of CFD, advances in 
coronary computed tomography angiography (CCTA) 
allowed higher resolution, reduced artifacts and an accurate 
demonstration of the coronary artery tree, enabling the 
application of CFD in a cost-effective and noninvasive way 
(8,10-12). However, to our knowledge, few studies have 
examined the agreement and correlation between the indices 
measured by IVUS and those measured by CCTA (13). The 
purpose of our study was to establish a reliable mechanical 
force calculation methodology derived from CCTA and 
further investigate the agreement in CFD calculations 
between CCTA and the reference standard. We present the 
following article in accordance with the STARD reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-832/rc).

Methods

Study sample

The present study was a retrospective, single-site study. We 
consecutively collected the patients with unstable angina 
who underwent both CCTA and IVUS/ICA at an interval 
of less than 7 days for diagnosis or therapeutic operation at 
the Chinese PLA General Hospital within the year of 2021. 
Patients with a history of myocardial infarction or previous 
coronary revascularization of the IVUS/ICA examined 
artery were excluded. Patients who were found to have 
complete occlusion in the IVUS/ICA examined artery either 
were also excluded. Those with incomplete baseline data 
or of poor image quality for CFD analysis were excluded 
from further analysis. Thirteen patients (14 arteries) were 
eventually included in the cohort. Patients’ 10-year overall 
atherosclerotic cardiovascular disease (ASCVD) risk were 
classified as high risk (≥10%), intermediate risk (5−9%), 
and low risk (<5%) separately based on clinical disease 
status, lipoprotein cholesterol levels and other traditional 
risk factors in accordance with the 2016 guidelines for 
the management of dyslipidemia in Chinese adults (14). 
This study was approved by the Ethics Committee of 
Chinese PLA General Hospital (No. S2020-255-01) and 
was in accordance with the guidelines of the Declaration 
of Helsinki (as revised in 2013). Individual consent for this 
retrospective analysis was waived.

Imaging modalities

CCTA data acquisition
Multidetector CCTA scans were performed on a dual-
source CT scanner (Somatom Definition Flash CT, 
Siemens Medical Solutions, Forchreim, Germany) using 
prospective electrocardiographic gating. All images were 
acquired at end-diastole and were analysed using a dedicated 
workstation (Syngo.via, Siemens) by two level III-trained 
experts using a 17-segment coronary artery tree model. 
Patients with a heart rate of 65 beats per minute or higher 
prior to CT received 50 mg of metoprolol orally 1 hour 
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before the examination, unless contraindicated. All patients 
received a 0.5 mg dose of nitroglycerin immediately prior to 
scanning, unless contraindicated (15). The scan parameters 
were as follows: 2 mm × 64 mm × 0.6 mm section collimation, 
280 ms rotation time, 100 or 120 kVp tube voltage (depending 
on body habitus), and 290–560 mAs tube current (depending 
on body habitus). A 4-point Likert scales were applied to 
assess the image quality as previously described (16), and 
arteries with a Likert score under 3 were excluded.

IVUS/ICA data acquisition
All interventional procedures were done by an experienced 
interventional team with >15 years’ experience. Image 
acquisition with IVUS was performed after the administration 
of intracoronary nitroglycerin with a phased-array 40-MHz 

Sion blue Catheter and iLab system (Boston Scientific/
Scimed, USA). Automated motorized pullback (1 mm/s) was 
performed, and IVUS images were continuously acquired 
up to the guide catheter in the aorta. IVUS and AX images 
were conducted in synchronization, and end-diastolic 
frames were used to reconstruct the vessel geometry (17,18). 

3D reconstruction of the coronary tree and regions of 
interest
An in-house code was applied to identify the lumen borders 
and semi-automatically segment the full coronary tree into 
point cloud data using grayscale threshold and a region-
growing algorithm in CCTA (Figure 1). Corrections were 
made when necessary by two experienced readers to ensure 
accurate segmentation. Disagreements between two readers 

Figure 1 Illustration of the procedure from images to geometric models based on IVUS/ICA and CCTA on the multiplanar reconstruction 
view. Steps involved in the 3D model for IVUS/ICA models where first (A) cross-sectional segment for the lumen on IVUS is performed, 
second the outline (the grey model in B) and centerline (the black line in B) based on CAG are extracted, cross-sectional lumen are fused 
with the centerline to create 3D shape (the blue model in B) and the smoothed model is reconstructed. Steps involved in 3D reconstruction 
based on CCTA where first the lumen (D) and centerline are extracted from in-house code, second 3D shape of the vessel is created (C) and 
the final smoothed 3D reconstructed model is created. 3D, three-dimensional; IVUS intravascular ultrasound; ICA, intravascular coronary 
angiography; CAG, coronary cardiogram; CCTA, coronary computed tomography angiography.

A B C D
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were resolved by consensus reading. Using erosion and 
dilation, the coronary tree point cloud was segmented from 
the aorta. 3D centerline was generated using the in-house 
code based on the scikit-image package in Python.

The lumen borders and centerline were manually identified 
in 2 end-diastolic frames selected from CAG, which was 
then used to recreate the arterial 3D centerline. The lumen 
borders from IVUS were manually outlined and positioned 
perpendicularly to the 3D centerline. The orientation of the 
IVUS frames was adjusted using the sequential triangulation 
method to find the best-fit absolute orientation of the 
reconstructed lumen (19). The individual lumen contours 
were then connected forming the 3D lumen surface (20). The 
3D reconstruction model was output using an in-house code. 
The AX images were also used to ensure the general shape of 
the vessel and the location of branches from IVUS matched 
that of CCTA. Anatomic landmarks such as side branches 
and bifurcations were used to match the longitudinal and 
circumferential location of the plaque in CCTA and IVUS/
ICA (Figure 1). The side branches (>1.5 mm) were segmented 
in the CCTA, scaled to the IVUS lumen contours and fused 
with the IVSU/ICA models to ensure the consistency of the 
flow of the inlet and outlets between these two modalities.

The myocardial mass was output using in-house code 
through CCTA images. Segmentation was achieved using 
Geomagic Studio 11 (Geomagic, Inc., Research Triangle 
Park, NC, USA). Each 3D-reconstruction was converted 
to a tetrahedral mesh with a 5-layer prism layer at the 
boundary using the open-source software FreeCAD (https://
www.freecadweb.org/), with a maximum element size of 
0.1–0.2 mm in the stenotic lumen and of 0.35–0.5 mm in 
the reference lumen. Mesh independence test at similar 
scale was conducted in a previous study validating the 
feasibility of WSS simulation using CCTA images (21). 

The regions of interest were the vessel segments between 
the side branches proximal and distal to the lesion or the  
10-mm segments proximal and distal to the lesion when the 
distance between the side branches and the lesion was longer 
than 10 mm. Alongside the centerline, slices were made every 
1 mm, and the magnitude of lumen area, velocity, pressure, 
mean WSS and mean APS were assessed on each slice. The 
same region of interest was analyzed for each modality. 

CFD and analysis of hemodynamic stresses

Mathematical model
Blood was assumed to be an incompressible Newtonian fluid 
as the blood flow was assumed to be constant, adiabatic and 

laminar. And the no-slip boundary condition was applied 
at the vessel wall (1). Then, coronary flow and pressure 
were computed by solving the Navier-Stokes equations 
numerically (22):
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where ρ is the blood density equal to 1,060 kg/m3; μ is the 
velocity vector; p is the pressure function; ui is the velocity 
component; μ is the blood viscosity, which is equal to 0.0035 
Pa·s; and xi is the coordinate (23).

Boundary conditions and CFD
To obtain the velocity vector u by solving the Navier-Stokes 
equations, we need to set the pressure function.

The inlet boundary pressure was set equal to the mean 
aortic pressure:

systolic blood pressure + 2 diastolic blood pressureMean pressure
3
×

=  [2]

The pressure on the outlet of the coronary artery was 
calculated using the coupled lumped-parameter model 
(24,25):

, ,outlet i outlet i i vP Q R P= +  [3]

where Poutlet,i is the pressure on the i-th outlet, Qoutlet,i is the 
flow on the i-th outlet, Ri is the resistance on the i-th outlet 
and Pv is the venous pressure.

Then, the resting coronary flow on each outlet was 
computed according to the allometric scaling law using the 
myocardial mass:

b
total myoQ aM=  [4]

where Qtotal is the total flow, Mmyo is the myocardial mass 
and a and b are constants. For the main artery with n side 
branches, the flow in each side branch is proportional to the 
diameter of the side branches to the power of 3 (26), which 
can be expressed as

3
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where Qi is the flow on i-th side branch, di is the diameter 
of the i-th side branch and Qm is the flow of the main artery. 
After recursive uses of Murray’s law to allocate the flow, we 
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can get the flow on the outlet using (2). The pressure on 
side branches was calculated under a simulated hyperemic 
condition. Thus, the velocity vector u can be solved using 
the finite element method.

Calculation of hemodynamic stresses
The aforementioned hemodynamic stresses were evaluated 
along the coronary centerline for each patient. The traction 

against the vessel wall (T


) can be decomposed into a normal 
component ( P


) and a tangential component (WSS


). Another 

way to decompose the traction is based on the centerline of 

the vessel, introducing APS


, which can be computed by the 
projection of T


 onto the centerline. The values of WSS and 

APS were computed as follows:

d
d
uWSS
y

µ=


 [6]

and

( )APS T n n= − ⋅
   

 [7]

All the calculation was performed using OpenFOAM 
9 (OpenFOAM Foundation, Ltd., London, UK). The 
simpleFOAM solver was used to solve the steady-state 
laminar Navier-Stokes equations and the simple algorithm 
was implemented for pressure-velocity coupling. The 
criteria of convergence were chosen as 10–5 for the 
normalized continuity, velocity, and pressure residuals. And 
an example of WSS distribution in 3D models and 2D map 
derived from IVUS/ICA and CCTA is presented in Figure 2.

Calculation of calcium arc
The arc of plaques with an attenuation of more than 350 
Hounsfield units (HU) were measured on the lumen every  
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Figure 2 Example of CFD parameter distribution derived from IVUS/ICA and CCTA. (A) 3D WSS distribution derived from IVUS/
ICA. (B) 2D WSS distribution map derived from IVUS/ICA. (C) 3D WSS distribution derived from CCTA. (D) 2D WSS distribution map 
derived from CCTA. (E-G) Comparison of lumen area, WSS and APS along the centerline. APS, axial plaque stress; 2D, two-dimensional; 
3D, three-dimensional; CFD, computational fluid dynamics; IVUS, intravascular ultrasound; ICA, intravascular coronary angiography; 
CCTA, coronary computed tomography angiography; WSS, wall shear stress.
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1 mm, and the maximal arc of calcium deposits was  
identified (27). Mild and severe calcification were defined as 
calcium deposits with an arc of <90° and ≥90°, respectively. 
Vessels of interest were stratified into a mild calcified subgroup 
and a severe calcified subgroup according to the calcium arc.

Statistical analysis

Continuous data were presented as mean ± standard 
deviation or median with interquartile range. The 
comparison between two groups was performed using 
Student t-test or Mann-Whitney U test. Categorical data 
were presented as percentages and compared using the Chi-
square test or Fisher’s exact test as appropriate. Correlations 
were assessed using Pearson’s or Spearman’s correlation 
when appropriate. IVUS/ICA image processing of 3 
randomly selected vessels was conducted by 2 researchers, 
and reproducibility was evaluated using the intraclass 
correlation coefficient (ICC). Bland-Altman analysis was 

used to show the discrepancies between variables from 
CCTA and IVUS/ICA. Statistical analysis was performed 
by using Statistics 22.0 (IBM, Chicago, IL, USA), and a 
two-sided P value of ≤0.05 was considered significant.

Results

Baseline data

The baseline demographics and clinical characteristics 
of all enrolled patients are described in Table 1. The 
study population consisted of 13 patients (mean age: 
61.0±9.9; male: 84.6%), among whom 9 had a history of 
hypertension, 4 had a history of diabetes and the majority of 
the patients received anti-platelet (84.6%) and statin (76.9%) 
therapy. At the CCTA baseline examination, ASCVD 
risk stratification identified patients at high risk (15.4%), 
intermediate risk (61.5%) and low risk (23.1%), respectively. 
3D reconstruction and hemodynamic calculation were 
successfully performed in all 14 arteries. The mean length 
of the reconstructed vessels was 26.07±9.56 mm, ranging 
from 18.4 to 53.4 mm. Among the included arteries, 12 
were moderately calcified, and 2 were severely calcified.

Reproducibility of IVUS simulation

Intraobserver and interobserver reproducibility for 
hemodynamic quantities on IVUS/ICA assessment were 
evaluated in 3 randomly selected vessels. Good to excellent 
correlation and ICCs were observed in all the parameters 
evaluated for both intra- and interobserver agreement (Table 2).  
Intraobserver agreement and interobserver agreement for 
WSS were ICCs of 0.926 and 0.928 (P<0.001 for both) 
and 0.884 and 0.910 for APS, respectively. In the Bland-
Altman analysis, the mean differences in WSS (with the 
95% limits of agreement) were 0.1625 (−1.819 to 2.144) and 
0.1580 (−1.676 to 1.992) for intraobserver and interobserver 
measurements, respectively.

Statistical analysis of all slice-level parameters

As shown in Table 3, the percent diameter stenosis 
(41.2%±15.1% vs. 27.6%±13.8%, P=0.004) and the percent 
area stenosis (50.2%±16.2% vs. 36.4%±19.4%, P=0.004) 
were larger than those derived from IVUS/ICA, while the 
MLA (5.81±2.24 vs. 6.72±2.04 mm2, P=0.126) demonstrated 
no significant difference between CT and IVUS. Among 
the slice-level parameters (Table 4), lumen area (10.23±3.62 

Table 1 Baseline characteristics

Characteristic Value (N=13)

Age, years 61.0±9.9

Male, n (%) 11 (84.6)

Body mass index, kg/m2 26.2±2.6

Mean pressure, mmHg 92.2±10.9

Clinical risk factors

Hypertension 9 (69.2)

Current smoking 5 (38.5)

Diabetes mellitus 4 (30.8)

Dyslipidemia 6 (46.2)

ASCVD risk stratification

High risk 2 (15.4)

Intermediate risk 8 (61.5)

Low risk 3 (23.1)

Medication

Aspirin 10 (76.9)

Clopidogrel 6 (46.2)

Ticagrelor 1 (7.7)

Statin 10 (76.9)

Data are presented as mean ± standard deviation or n (%). 
ASCVD, atherosclerotic cardiovascular disease.
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vs. 9.49±2.71 mm2, P<0.001) measured in CCTA was 
significantly larger than the value calculated in IVUS, 
echoing the results from Table 3, as the percent area stenosis 
was calculated by the function: area stenosis% = (1 − MLA/
reference lumen area) ×100%. CCTA demonstrated a lower 
blood velocity (38.08±15.69 vs. 38.41±14.25 cm/s, P=0.053), a 
higher Reynolds number (399.40±153.28 vs. 398.18±135.69, 
P<0.001), and a lower pressure (85.94±3.43 vs. 86.99±1.80, 
P<0.001) than IVUS. Notwithstanding, no significant 
difference was observed in WSS (6.57±6.18 vs. 6.04±5.50 Pa,  
P=0.560) or APS (19.14±1,150.91 vs. 7.25±887.38 Pa, 
P=0.770) between CCTA and IVUS. Bland–Altman analysis 
of WSS and APS is presented in Figure 3.

ICC evaluation was used to further assess the correlation 
between CT and IVUS, where good correlation was found 
for velocity [ICC: 0.796, 95% CI: 0.752–0.833], Reynolds 
number [ICC: 0.810, 95% CI: 0.768–0.844] and WSS [ICC: 
0.769, 95% CI: 0.718–0.810], while the ICC of APS was 
0.341 [95% CI: 0.197–0.458], indicating relatively poor 
correlation (Table 4).

Impact of calcification on CCTA simulation

In the mildly calcified vessels, good or moderate agreement 
was found between CCTA and IVUS/ICA in area, velocity, 
Reynolds number, pressure, WSS and APS, with an ICC of 
0.750, 0.810, 0.795, 0.750, 0.800 and 0.415 (Figure 4). For 
severely calcified vessels, similar results were observed in 
area (0.793), velocity (0.772) and Reynolds number (0.798), 
while a significantly lower agreement was found in pressure 
(0.386), WSS (0.479) and APS (0.230). 

Discussion

The present retrospective study was designed to examine 
the accuracy of CCTA compared with the reference 
standard IVUS/ICA. Our study demonstrated the following:

(I) C C TA  p r e s e n t e d  a n  u n d e r e s t i m a t i o n  o f 
intravascular area and an overestimation of stenosis 
severity in comparison to IVUS/ICA;

(II) Parameters derived from CCTA had moderate to 
good correlation with IVUS/ICA parameters;

(III) Calcification had a negative impact on CCTA 
performance in CFD calculation. Explorations 
have been made to allow CFD based on CCTA to 
calculate forces against the vessel wall.

As CCTA becomes the most commonly used modality 
in clinical CAD severity evaluation and risk prediction, 
there comes a high demand for more than the accuracy 
of morphology but also the functional evaluation and 
hemodynamic calculation. Previous studies have shown a 
wide variety of agreements between CCTA and invasive 
parameters (13,15,16,28,29). However, no agreement was 

Table 2 Inter- and intra-observer agreement of CFD parameters derived from IVUS/ICA in 3 randomly selected arteries

Parameter
Interobserver agreement Intraobserver agreement

Pearson r ICC (95% CI) Pearson r ICC (95% CI)

Area (mm2) 0.980 0.993 (0.990–0.996) 0.982 0.991 (0.987–0.994)

Velocity (cm/s) 0.992 0.994 (0.990–0.996) 0.989 0.992 (0.988–0.995)

Re 0.991 0.990 (0,985–0.994) 0.990 0.988 (0.981–0.992)

Pressure (Pa) 0.970 0.988 (0.982–0.992) 0.937 0.979 (0.969–0.986)

WSS (Pa) 0.936 0.928 (0.888–0.953) 0.920 0.926 (0.890–0.950)

APS (Pa) 0.802 0.910 (0.861–0.942) 0.748 0.884 (0.827–0.922)

Data are presented as mean ± standard deviation. For all the variables, the Pearson’s correlation coefficient r was significant (P<0.01). 
CFD, computational fluid dynamics; IVUS intravascular ultrasound; ICA, intravascular coronary angiography; ICC, intraclass correlation 
coefficient; CI, confidence interval; Re, Reynolds number; WSS, wall shear stress; APS, axial plaque stress.

Table 3 Vessel characteristics derived from CCTA and IVUS/ICA

Parameter IVUS/ICA CCTA P

Minimal lumen diameter, mm 2.60±0.48 2.11±0.47 0.004

Percent diameter stenosis, % 27.6±13.8 41.2±15.1 0.004

Minimal lumen area, mm2 6.72±2.04 5.81±2.24 0.126

Percent area stenosis, % 36.4±19.4 50.2±16.2 0.004

Data are presented as mean ± standard deviation. CCTA, 
coronary computed tomography angiograms; IVUS intravascular 
ultrasound; ICA, invasive coronary angiography.



Ding et al. Coronary artery hemodynamic stress calculation in CCTA2346

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(4):2339-2351 | https://dx.doi.org/10.21037/qims-22-832

Table 4 Slice-level hemodynamic parameters derived from CCTA and IVUS/ICA

Parameter IVUS CCTA P Pearson r ICC (95% CI)

Area (mm2) 9.49±2.71 10.23±3.62 <0.001 0.621 0.747 (0.692–0.792)

Velocity (cm/s) 38.41±14.25 38.08±15.69 0.053 0.665 0.796 (0.752–0.833)

Re 398.18±135.69 399.40±153.28 <0.001 0.686 0.810 (0.768–0.844)

Pressure (Pa) 86.99±1.80 85.94±3.43 <0.001 0.506 0.589 (0.499–0.662)

WSS (Pa) 6.04±5.50 6.57±6.18 0.560 0.628 0.769 (0.718–0.810)

APS (Pa) 7.25±887.38 19.14±1,150.91 0.770 0.212 0.341 (0.197–0.458)

Data are presented as mean ± standard deviation. For all the variables, the Pearson’s correlation coefficient r was significant (P<0.01). 
CCTA, coronary computed tomography angiograms; IVUS intravascular ultrasound; ICA, invasive coronary angiography; ICC, intraclass 
correlation coefficient; CI, confidence interval; Re, Reynolds number; WSS, wall shear stress; APS, axial plaque stress.
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Figure 3 Comparison of CCTA-derived parameters versus IVUS/ICA. (A,B) Scatterplot and Bland-Altman plot for CCTA-derived WSS 
versus IVUS/ICA. (C,D) Scatterplot and Bland-Altman plot for CCTA-derived APS versus IVUS/ICA. APS, axial plaque stress; CT, 
computed tomography; CCTA, coronary computed tomography angiography; IVUS, intravascular ultrasound; ICA, intravascular coronary 
angiography; WSS, wall shear stress.

found on the degree of the over- or underestimation of 
lesion severity in CCTA and IVUS/ICA parameters.

Comparison between CCTA- and IVUS-derived 
morphology measurement 

According to previous studies, hemodynamic parameters are 
highly sensitive to morphology. Our study is consistent with 
previous studies that compared the minimal lumen area and 

found an exaggeration of CCTA area stenosis% compared 
with IVUS/ICA. However, the CCTA mean lumen area 
was found to be larger than the IVUS/ICA mean lumen area, 
which was supported by Park et al. (15) and Gauss et al. (28),  
but was different from the reports by Doh et al. (29). These 
contradictory results may be due to discrepancies in the 
lumen delineation method, lesion characteristics, stenosis 
severity, lesion location side branch exclusion in IVUS and 
small sample size (30,31). In our study, the delineation 
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of IVUS was manually managed to ensure the accuracy 
and precision of the lumen morphology. Thus, the inter-/
intraoperator agreement was measured to examine the 
reproducibility and robustness of IVUS/ICA, which showed 
excellent consistency in both conditions. However, the 
lumen from CCTA was recognized with in-house code 
using a hierarchy strategy, which tends to draw the lumen 
as near circular. Moreover, the lower resolution, effect of 
scattering, and blooming effect resulting from calcification 
may contribute to the discrepancy between CCTA and IVUS/
ICA measurements. Another point that is worth mentioning 
is that our study included a high proportion of arteries 
with diffuse plaques, with an average length of 21.5 mm,  
and 79% of the lesions had a length of more than 1 cm, 
increasing the difficulty in reference selection.

Comparison between CCTA- and IVUS-derived 
hemodynamic stresses

Only a small number of studies have examined the 
discrepancy in hemodynamic stresses. In the present study, 
the WSS and APS of CCTA were numerically greater than 
those of IVUS, although no significant difference was found 
between these two modalities. WSSCCTA showed an excellent 
correlation with WSSIVUS. Bulant et al. (26) described the 
overestimation of WSS as well in their study, where 11 
patients (16 arteries) were included and sample-wide and 
vessel-wide comparisons through CCTA and IVUS/ICA 
were analyzed. The researchers also verified an equivalence 
in terms of fractional flow reserve (FFR) (differences smaller 
than 1%) and time-averaged WSS (differences smaller than 

4%) by comparing steady-state and pulsatile simulations for 
both imaging modalities. Eslami et al. (13) showed detailed 
agreement of segment-averaged as well as arc-averaged 
between the two imaging modalities using standard CCTA 
and IVUS/optical coherence tomography (OCT) and found 
a higher value of WSS in CCTA but with a similar pattern 
and relatively steady discrepancy along the centerline, 
which is consistent with our result.

To our knowledge, the present study is the first to 
examine the agreement of APS between CCTA and IVUS; 
however, we have not yet reached an ideal result. The 
reasons may be as follows: (I) APS has a large-scale unit and 
can also be a positive or negative value, which means that 
calculating the average APS across the slice is easily subject 
to fluctuating value. (II) As deduced from Eq. [1], the APS 
is highly sensitive to the morphological differences between 
models derived from the modalities, which is associated 
not only with the change in lumen area but also with the 
smoothness of the vessel wall, requiring a higher accuracy 
and consistency of model construction. More extensive 
reconstruction and improved image quality are essential for 
further APS analysis.

Impact of calcification

Due to blooming effect calcification, especially severe 
calcification, a larger volume with higher density may 
mislead readers in the identification of the lumen boundary 
and result in an underestimation of lumen area. Studies 
found that this impact was posed not only from an 
anatomic aspect but also on the functional assessment. 
Multiple CCTA-based methods, such as CT-FFR and the 
perivascular fat attenuation index, have been created to 
improve the risk prediction of CAD, and similar difficulties 
have been encountered in the face of severe calcification 
(32-34). In the present study, larger calcifications showed 
a negative influence on the agreement between CCTA and 
IVUS measurements. With the development of CT of higher 
resolution and the emergence of new processing methods, this 
problematic situation may be improved in the near future. 

Clinical impact of hemodynamic stresses derived from 
CCTA

Although not as commonly used as intravascular modalities, 
a few studies based on CCTA revealed the association 
between hemodynamic stresses and vulnerable plaque 
characteristics and a higher risk of adverse cardiac events. 
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Figure 4 Comparisons of the ICC of hemodynamic parameters 
between CCTA and IVUS/ICA with respect to severity of 
calcification. ICC, intraclass correlation coefficient; Re, Reynolds 
number; WSS, wall shear stress; APS, axial plaque stress; CCTA, 
coronary computed tomography angiography; IVUS, intravascular 
ultrasound; ICA, intravascular coronary angiography.
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High WSS was found to be strongly related to vulnerable 
OCT findings, such as lipid tissue with a thin fibrous cap 
(LTFC) and a higher lipid index (3). The Emerald trial (35) 
indicated that high WSS and high APS, together with ΔCT-
FFR and CT-FFR, can provide incremental value over 
anatomical parameters and adverse plaque characteristics in 
the assessment of acute cardiac syndrome (ACS). The team 
reasserted the point in another study (36) that high WSS 
and high APS can optimize risk stratification compared with 
using impaired CT-FFR alone for ACS.

One distinct advantage of CCTA over intravascular 
modalities is its facility for comprehensively evaluating 
the global coronary tree and serially monitoring plaque 
development, which are essential for clinical risk assessment 
and therapy decision-making. Moreover, CCTA is a 
potential tool for the clinical paradigm shift into a “one-stop 
shop”, which offers a collection of functional assessments 
such as CT-FFR, hemodynamic stresses and risk scores 
other than anatomical analysis. In the meantime, CCTA 
is cost-effective and time-saving in comparison to its 
counterparts. Despite its current limitation in time and 
spatial resolution and the relatively complex procedures of 
CFD calculation, hemodynamic stress derived from CCTA 
still sheds light on more personalized risk stratification of 
adverse cardiac events. Newly emerged technologies such 
as photon-counting CT with prime spatial resolution and 
processing power based on artificial intelligent may facilitate 
CFD calculation in clinical practice.

Limitations

There are several limitations to be acknowledged. First, we 
included both the left anterior descending coronary artery 
and right coronary artery without further stratification 
due to a relatively small sample size. Discrepancies in the 
number of side branches, movement through cardiac cycles 
and vessel curvature may have an additional impact on the 
forces. Another limitation is that segmentation procedures 
involved manual processing, which might be solved with 
the development of relevant tools. Finally, it should be 
mentioned that steady-state simulation was applied in 
this study, which means that the changes throughout the 
cardiac cycle were not recorded in the research. Although 
it was proven to be a satisfactory alternative for pulsatile 
simulation, we must admit that information loss might exist 
as a source of error.

Conclusions

Our study found that CCTA can serve as a satisfactory 
alternative for the reference standard, IVUS/ICA, in 
morphology simulation and hemodynamic stress calculation, 
especially in the calculation of WSS. More intensive work is 
still required to improve the accuracy of APS calculation.
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