
Angiography and optical coherence tomography derived shear stress:
are they equivalent in my opinion?
Poon, E.K.W.; Wu, X.L.; Dijkstra, J.; O'Leary, N.; Torii, R.; Reiber, J.H.C.; ... ; Serruys, P.W.

Citation
Poon, E. K. W., Wu, X. L., Dijkstra, J., O'Leary, N., Torii, R., Reiber, J. H. C., … Serruys, P.
W. (2023). Angiography and optical coherence tomography derived shear stress: are they
equivalent in my opinion? The International Journal Of Cardiovascular Imaging, 39(10),
1953-1961. doi:10.1007/s10554-023-02949-0
 
Version: Publisher's Version
License: Licensed under Article 25fa Copyright Act/Law (Amendment Taverne)
Downloaded from: https://hdl.handle.net/1887/3722115
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/3722115


ORIGINAL PAPER

The International Journal of Cardiovascular Imaging (2023) 39:1953–1961
https://doi.org/10.1007/s10554-023-02949-0

(CVD) [1]. Conventional coronary angiography depicts 
the severity of coronary stenosis in two-dimensional (2D) 
planes. It allows for quantitative measurements of the ste-
nosis severity (such as diameter and length) with 2D quan-
titative coronary angiography (2D-QCA), but it fails to 

Introduction

Three-dimensional (3D) quantitative measurements of vas-
cular morphology are an important milestone in the diag-
nosis of the extent and severity of cardiovascular disease 
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Abstract
Advances in image reconstruction using either single or multimodality imaging data provide increasingly accurate three-
dimensional (3D) patient’s arterial models for shear stress evaluation using computational fluid dynamics (CFD). We aim 
to evaluate the impacts on endothelial shear stress (ESS) derived from a simple image reconstruction using 3D-quantita-
tive coronary angiography (3D-QCA) versus a multimodality reconstruction method using optical coherence tomography 
(OCT) in patients’ vessels treated with bioresorbable scaffolds. Seven vessels at baseline and five-year follow-up of seven 
patients from a previous CFD investigation were retrospectively selected for a head-to-head comparison of angiography-
derived versus OCT-derived ESS. 3D-QCA significantly underestimated the minimum stent area [MSA] (-2.38mm2) and 
the stent length (-1.46 mm) compared to OCT-fusion method reconstructions. After carefully co-registering the region of 
interest for all cases with a sophisticated statistical method, the difference in MSA measurements as well as the inability 
of angiography to visualise the strut footprint in the lumen surface have translated to higher angiography-derived ESS 
than OCT-derived ESS (1.76 Pa or 1.52 times for the overlapping segment). The difference in ESS widened with a more 
restricted region of interest (1.97 Pa or 1.63 times within the scaffold segment). Angiography and OCT offer two distinc-
tive methods of ESS calculation. Angiography-derived ESS tends to overestimate the ESS compared to OCT-derived ESS. 
Further investigations into ESS analysis resolution play a vital role in adopting OCT-derived ESS.

Keywords  Coronary angiography · Optical coherence tomography · 3D reconstruction · Computational fluid dynamics · 
Endothelial shear stress
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truly appreciate the 3D complexity of the stenosis along 
the arterial path. 3D-QCA uses two angiographic projec-
tions to reconstruct a model of the coronary artery. Hence, 
3D-QCA allows more accurate coronary anatomy delin-
eation than conventional 2D-QCA [1]. One drawback of 
3D-QCA is that it approximates a circular or oval lumen 
created from measurements on the two angiographic pro-
jections [2, 3]. This drawback, however, can be overcome 
by using a hybrid approach that fuses intravascular imag-
ing data (such as intravascular ultrasound [IVUS] or optical 
coherence tomography [OCT]) with 3D-QCA. This hybrid 
approach replaces the circular or oval lumen models derived 
by 3D-QCA with the actual lumen border from IVUS or 
OCT along the 3D path of the vessel for an accurate repre-
sentation of the artery [4].

Over the past decades, continuous research effort has 
been put into advancing the fusion reconstruction approach, 
allowing an improved and reliable reconstruction of arter-
ies [5]. For example, lumen with local irregularities such as 
stents [6], plaque rupture and erosion [7, 8], endoluminal 
flaps [9], etc. Detailed comparison between 3D-QCA and 
fusion approach-derived haemodynamic variables (such as 
endothelial shear stress) remains limited. Recent studies 
compared 3D reconstruction between 3D-QCA, 3D-IVUS 
and 3D-OCT had demonstrated excellent agreement in both 
vessel reconstructions and comparable endothelial shear 
stress (ESS) measurements [10, 11]. Similar findings were 
reported in minipig coronary artery reconstructions with 
3D-QCA and OCT fusion reconstructions, where 3D-QCA 
has a similar spatial distribution of time-averaged wall shear 
stress to OCT fusion method [12]. However, these studies 
were limited to 3D lumen reconstructions of native arteries.

To our best knowledge, this study represents the first 
investigation comparing in-vivo angiography versus OCT-
derived ESS in both native and scaffolded segments simul-
taneously. To investigate that, we reconstructed 7 patients’ 
arteries implanted with a first-generation bioresorbable scaf-
fold using standalone 3D-QCA and an established 3D-OCT 
fusion reconstruction method. Simultaneous reconstruction 
of both native and scaffold segments is essential to natu-
ral blood flow development over local stent struts and a 
comprehensive blood flow analysis. Lastly, the effects of 
post-CFD analysis resolution between angiography versus 
OCT-derived ESS were systematically studied using sophis-
ticated statistical models.

Materials and methods

Study design and patient selections

Patients implanted with ABSORB Bioresorbable Vascular 
Scaffold (BVS, Abbott Vascular, Santa Clara, CA, USA) 

from a previous CFD investigation of OCT-derived ESS 
were retrospectively selected for angiography-derived ESS 
analyses. All patients had coronary angiography and OCT 
immediately after scaffold implantation (baseline) and at 
five years follow-up. The original study design, protocol 
and CFD investigations have been previously described [13, 
14].

Three-dimensional QCA and OCT fusion method

All seven 3D-OCT models from a previous CFD study were 
retrospectively analysed [14]. These seven cases have mini-
mum foreshortening and vessel overlapping by angiogram 
and clear lumen borders by OCT at both baseline and 5-year 
follow-up as reviewed by an OCT imaging expert.

Angiography was performed as previously described 
[13]. 3D-QCA models of the studied vessels at both base-
line and five-year follow-up were reconstructed with Medis 
QAngio XA (Medis Medical Imaging, Leiden, the Nether-
lands). Figure 1 demonstrates a brief summary of 3D-QCA 
and 3D-OCT fusion reconstruction methods. Two end-dia-
stolic angiographic projections separated by an angle of at 
least 25° from each other were selected for reconstruction. 
Anatomic landmarks (e.g. bifurcations) and stent metallic 
markers were used to segment the region of interest. All 
3D-QCA models included the main vessel (vessel of inter-
est) and a side branch > 1 mm in diameter. The side branch 
helped identify the absolute orientation of the OCT images. 
Only the main vessel was used for CFD analysis.

A well-established fusion approach was used to combine 
OCT imaging data to the corresponding 3D centreline and 
reconstruct the 3D-OCT fusion model (Fig. 1). In brief, OCT 
frames were co-registered using anatomic landmarks, such 
as side branch and the stent metallic markers. The delineated 
OCT lumen contours (QCU-CMS, Leiden, the Netherlands) 
were placed perpendicularly to 3D-QCA centrelines at their 
corresponding locations, replacing the approximated ellipti-
cal cross-sections of 3D-QCA. The absolute orientation of 
the OCT lumen borders was first corrected with the corre-
sponding 3D-QCA side branch direction. OCT frame-by-
frame twisting along the 3D centreline was adjusted with 
the sequential triangulation algorithm.

Scaffold’s platinum markers (both proximal and distal) 
were used to differentiate native versus scaffolded segments 
in both 3D-QCA and 3D-OCT fusion models for quantita-
tive measurements (e.g., minimum stent area [MSA], scaf-
fold length, etc.).

Angiography and optical coherence tomography-
derived endothelial shear stress

CFD analysis was carried out on each 3D-QCA reconstruc-
tion using an in-house developed solver with an extension for 
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a non-Newtonian viscosity model based on the open-source 
CFD package OpenFOAM (v7, The OpenFOAM Founda-
tion Ltd., London, UK) [15]. All simulations followed the 
exact initial setup and boundary conditions described in 
[14]. Pulsatile flow simulations were conducted assuming 
a mean flow rate of ~ 78 ml/s [16]. A non-Newtonian model 
was applied to mimic the shear-dependent blood rheology 
[17, 18]. ESS was calculated as the product of near-wall 
local blood viscosity and the velocity gradient normal to 
the lumen surface. ESS was reported as the time-averaged 
shear stress magnitude over the third cardiac cycle. All 14 
3D-QCA and their corresponding 3D-OCT fusion models 
were unfolded to create a two-dimensional (2D) flattened 
view of the lumen surface with a spatial resolution of 
0.2 mm × 1°. These 2D flattened views were co-registered 
in longitudinal and circumference directions using scaf-
fold platinum markers and anatomical landmarks (e.g., side 
branches).

Statistical analyses

Statistical analyses were carried out using R-programming 
language (R Foundation for Statistical Computing Plat-
form v4.02, Vienna, Austria) and MATLAB (The Math-
Works Inc., Natick, MA, USA). Continuous variables were 

summarised with medians (interquartile range [IQR]). Data 
were summarised and plotted at patient, frame and grid-
point levels. All tests were two-tailed with an α-level of 0.05 
to indicate statistical significance.

Passing and Bablok regression and Bland-Altman analy-
ses were applied to assess the geometrical agreement (e.g., 
MSA, scaffold length, etc.) of each 3D-QCA and 3D-OCT 
fusion model [19]. To compare the difference between 
angiography-derived versus OCT-derived ESS (i.e., shear 
stress derived from 3D-QCA versus 3D-OCT, respectively), 
all shear stress maps were first transformed from the origin 
of the arterial direction to the scaffold mid-point (Fig. 2). 
And to account for the difference in arterial length between 
3D-QCA and 3D-OCT fusion models, each arterial model 
(3D-QCA and 3D-OCT fusion) was normalised by their 
respective scaffold lengths (Fig. 3). In other words, all axial 
coordinates have been standardised such that the scaffolded 
segment covers the axial range [-0.5, 0.5] for every recon-
struction. Linear mixed-effects models of ESS were used 
to evaluate the parameter of primary interest regarding the 
model reconstruction technique (3D-QCA versus 3D-OCT 
fusion). Other fixed-effects variables were included to con-
trol for time point (baseline and follow-up), section type 
(proximal native, scaffolded, distal native) and a curvilinear 
change of ESS axially across the vessel. Random-intercept 

Fig. 1  Endothelial shear stress analysis workflow. In angiography-
derived ESS, two angiographic projections that were > 25º apart were 
used to delineate the lumen border and create the circle or oval lumen 
shape along a 3D centreline, forming a set of 3D coordinates (point 
cloud). This point cloud was reconstructed into a water-tight 3D com-
puter-aided design model (blue arrow pathway). The 3D computer-
aided design model was divided into thousands to millions of finite-
volume elements following the expert recommendations [36]. Blood 
velocity and pressure were calculated by solving the Navier-Stokes 
equations on each finite volume element. Finally, the endothelial shear 

stress was obtained as a product of local blood viscosity and velocity 
gradient near the lumen surface. The endothelial shear stress on the 
3D lumen was transformed into a 2D map with various resolutions 
for analysis. In OCT-derived ESS, the only difference is that an option 
pathway (red arrow) was introduced between the point cloud and the 
water-tight 3D computer-aided design model. In this intermediate step, 
the previously assumed circle or oval lumen shape was replaced by the 
actual lumen contours segmented from the OCT images. As a result, 
a new water-tight 3D computer-aided design model was reconstructed 
and used for ESS analysis
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A set of sensitivity analyses was conducted where the previ-
ously described set of linear, mixed-effects model analyses 
was replicated but instead using a log-transformed ESS as 
the response variable. This would assess the impact of dif-
ferent assumptions about ESS distribution (conditionally 
normal vs. conditionally log-normal) on conclusions and 
provide parameter estimates comparing the ESS between 
both methods as a relative difference (ratio) rather than an 
absolute difference.

Finally, the above linear, mixed-effects model specifica-
tion was expanded such that all angiography-derived and 
OCT-derived ESS data were modelled with a separate spline 
function for each modality (the difference between modes 
could vary as a function of axial coordinate), and which also 

terms were included for patient and segment nested within 
patient. Comparisons were carried out using:

1)	 all the data available,
2)	 on the overlapping segments, including only ESS data 

where 3D-QCA and 3D-OCT sections are overlapping 
(according to standardised axial coordinates) for a given 
reconstruction of a given patient at a given time/visit,

3)	 including only ESS data within 0.5 stent length of the 
distal or proximal end of the stent (i.e., all data points 
with a standardised axial coordinate within the range 
[-1, 1]), and.

4)	 the scaffolded segment (within a standardised axial 
coordinate of [-0.5, 0.5]) only.

Fig. 3  ESS sampled points. (A) 
raw coordinates and (B) scaled 
to scaffolded section length and 
transformed to the midpoint. Data 
points by frame index, patient, 
segment and image modality

 

Fig. 2  General representations of 
the angiography-derived versus 
OCT-derive ESS. (A) OCT-
derived ESS and (B) Angiogra-
phy-derived ESS. The 2D ESS 
map shows the ESS pattern when 
the artery was cut-open and 
flattened into a 2D surface with 
a spatial resolution of 0.2 mm × 
1°. The vertical axis represents 
the local circumference of the 
lumen, and the horizontal axis 
is the length of the lumen. The 
red dashed lines identify the 
proximal and distal locations of 
the ABSORB platinum markers. 
The red dash-dotted line is the 
mid-distance from both markers
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Results

All seven vessels from seven patients who underwent per-
cutaneous coronary intervention with the ABSORB coro-
nary scaffold and fitted the selection criteria of a previous 
CFD investigation were included [14]. Table 1 summarises 
the baseline demographics of the studied patients and the 
characteristics of the treated vessels.

Figures 4 and 5 illustrate the comparison of the minimum 
scaffold area (MSA) and scaffold length between 3D-QCA 
and 3D-OCT fusion methods. The relationship between 
3D-QCA and 3D-OCT was weak for these parameters with 
no evidence of a linear relationship (r2 = 0.22, p = 0.09; 
r2 = 0.04, p = 0.518, respectively), albeit this should be inter-
preted in the context of the small sample size (Fig.  4 A). 
3D-QCA consistently underestimated the MSA with a bias 
of -2.38 mm2 compared to 3D-OCT (Fig.  4B). Similarly, 
3D-QCA underestimated the scaffold length with a bias of 
-1.46 mm (Fig. 5B). The 95% limits of agreement between 
3D-QCA and 3D-OCT methods were also quite wide for 
both parameters (5.2mm2 for MSA and 8.5  mm for stent 
length).

Estimates from the described linear and log-linear mixed 
effect models of ESS to assess differences in angiography-
derived and OCT-derived ESS are displayed in Table  2. 
Based on these fitted models, we estimated that the average 
angiography-derived ESS would be higher than the average 
OCT-derived ESS in a given segment and for a given patient. 
For example, when considering the difference in ESS on the 
overlapping sections, the expected angiography-derived 
ESS is 1.76 Pa higher than the expected OCT-derived ESS; 
in relative terms, the expected angiography-derived ESS is 
1.52 times larger than the expected OCT-derived ESS. The 
mean difference and the ratio decreased slightly with the 

allowed for discontinuity in the ESS at the scaffolded seg-
ment boundary along the vessel (with axial position). The 
expected ESS values for each modality were estimated in 
each segment and across the range of standardised axial 
locations from − 1 to + 1 and these values were plotted.

Table 1  Basic study characteristics
n = 7 (7 vessels from 7 patients at 2 
time points)

Age (years) 62 ± 9
Male 4(57)
Treated Vessel
  Left anterior descending 5(71)
  Left circumflex 1(14)
  Right Coronary 1(14)
Scaffold dimension
  Diameter (mm) 3.00 ± 0.0
  Length (mm) 18.0 ± 0.0
  Nominal scaffold area 
(mm2)

7.07 ± 0.0

  Expected scaffold area 
(mm2)

8.37 ± 0.53

3D-QCA 3D-OCT p-value
Measured scaffold 
dimension
  Length (mm) 16.97 ± 1.69 18.43 ± 1.28 0.014
  Minimum scaffold area 
(mm2)

3.74 ± 1.14 6.12 ± 1.14 < 0.001

Computational fluid 
dynamics
  Mesh elements (×103) 91 ± 50 1210 ± 871 < 0.001
  Inflow area (mm2) 6.48 ± 1.25 7.33 ± 1.62 0.12
  Blood velocity (mm/s) 0.21 ± 0.04 0.19 ± 0.05 0.17
Values are mean ± standard deviation or n(%)

Fig. 4  Minimum stent area 
measured from 3D-QCA and 
3D-OCT fusion method. (A) 
Passing and Bablok regression 
and (B) Bland-Altman analyses. 
MSA – minimum stent area; 
QCA – quantitative coronary 
angiography; OCT – optical 
coherence tomography
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position). The differences between angiography-derived 
and OCT-derived ESS varied according to axial location, 
in particular the differences between the 3 segments were 
notable. Overall, both scaffold and distal segment have a 
higher angiography-derived ESS than OCT-derived ESS. 
The opposite is true for the proximal segment.

Discussion

This study presents a comparison of angiography-derived 
versus OCT-derived ESS. Fourteen anatomically corrected 
3D-QCA and 3D-OCT scaffolded artery models were recon-
structed. ESS was derived from these models and was anal-
ysed simultaneously in both native and scaffolded segments. 
As with previous studies, our reconstructions demonstrated 
consistent underestimation of the MSA and scaffold length 
by 3D-QCA. While previous studies focusing on native cor-
onary artery segments suggested good agreements between 
angiography-derived ESS versus IVUS or OCT-derived 
ESS [10–12], we have demonstrated 1.52 times higher 
ESS by 3D-QCA on the overlapping section (Table 2); 1.48 
times over the restricted segment of interest. This discrep-
ancy widens when considering only the scaffold segment. 
We have further demonstrated that this type of analysis and 
conclusion were highly sensitive to the ability to coregis-
ter the angiography-derived ESS to the OCT-derived ESS 
along the axial location beyond the scaffold’s two metallic 
markers and other anatomical landmarks (Fig.  6), having 
displayed a cross-over in expected ESS in both proximal 
and distal native segment. A strong caveat but interesting at 
the same time. The all-important question here is in which 
vessel the ESS was measured – in the native coronary artery 
segment or in the scaffolded segment? And whether the 
prediction of micro-haemodynamic features is unique to 

restricted segment of interest, but this difference increased 
again for the scaffolded segment. In general, the shorter the 
segment around the stent one chooses to analyse the greater 
the expected difference between angiography-derived and 
OCT-derived ESS.

Figure  6 shows the ESS data as a function of the nor-
malised axial coordinates. Each ESS data was modelled 
separately, with an additional spline function, for imaging 
modality and allowing for discontinuity in the ESS at the 
scaffolded segment boundary along the vessel (with axial 

Table 2  Linear and log-linear mixed effect linear regression. All axial 
coordinates have been standardised such that the scaffolded region 
covers the axial range [-0.5, 0.5] for every reconstruction
Model Estimate 

type
Data used Point 

Estimate
95% 
CI

Linear Mean 
difference
(ESSQCA 
- ESSOCT)
[Pa]

All data available 1.37 (1.33, 
1.41)

Overlapping Sect. 1 1.76 (1.72, 
1.80)

Restricted segment 
of interest2

1.51 (1.47, 
1.55)

Scaffolded segment 
only

1.97 (1.94, 
2.00)

Log-linear Ratio
(ESSQCA / 
ESSOCT)
[no units]

All data available 1.44 (1.44, 
1.45)

Overlapping Sect. 1 1.52 (1.51, 
1.52)

Restricted segment 
of interest2

1.48 (1.47, 
1.48)

Scaffolded segment 
only

1.63 (1.62, 
1.64)

1 Including only ESS data where QCA and OCT sections are overlap-
ping (according to standardised axial coordinates) for a given recon-
struction of a given patient at a given time/visit
2 Including only ESS data within 0.5 stent length of the distal or prox-
imal end of the stent. That is, all data points with a standardised axial 
coordinate within the range [-1, 1]

Fig. 5  Stent length measured 
from 3D-QCT and 3D-OCT 
fusion methods. (A) Passing and 
Bablok regression and (B) Bland-
Altman analyses. Stent Len – 
stent length; QCA – quantitative 
coronary angiography; OCT – 
optical coherence tomography
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a circular or oval lumen from two end-diastolic projections 
and cannot accurately represent lumen irregularities [23]. 
On the other hand, the fusion approach replaces the circu-
lar or oval lumen borders with the actual lumen contours, 
accounting for local variation in geometry (Fig. 1). Local 
lumen irregularities could impact the development of blood 
flow distally, and create a unique response to distal shear 
stress pattern.

Lastly, there is a difference in arterial (stent) length 
between 3D-QCA and 3D-OCT. Foreshortening is a com-
mon effect of coronary angiography [24]. This under-
estimation might depend on the angle between the stent 
(artery) mid-plane and the imaging plane. Hence, 3D-QCA 
reconstruction reported a short stent length [mean differ-
ence − 1.46 mm] (Table 1; Fig. 5). In contrast, IVUS and 
OCT provide accurate axial measurements. IVUS’s slower 
pullback speed allows for a more detailed scan along the 
artery in theory (i.e., IVUS has a higher axial resolution 
[~ 0.033 mm] than OCT [~ 0.1–0.2 mm]). However, IVUS 
fusion uses end-diastolic frames to match the 3D-centreline 
reconstructed coronary angiogram. This often means the 
IVUS frames used for reconstruction were more than 1 mm 
apart compared to OCT 0.1–0.2 mm axial resolution [25]. In 
addition, OCT offers a high radial resolution of 15 μm. The 
added axial and radial resolution for 3D-OCT has warranted 
a rethink of the current ESS analysis approach, particularly 
in segments where detailed 3D reconstruction, such as a 
scaffold [26, 27], plaque rupture or erosion [7, 8], endolu-
minal flap [9], etc., is essential to faithfully capture the local 
(or micro) haemodynamic environment and its subsequent 
impact to the distal flow environment.

Impacts of ESS analysis resolution

A detailed assessment of ESS also depends on the post CFD 
ESS analysis resolution. Previous studies often suggested 

OCT-derived ESS? Interestingly, this will bring us back to 
the topics of imaging resolution and their impacts on a reli-
able reconstruction method between 3D-QCA, 3D-IVUS 
and 3D-OCT.

Impacts of an accurate arterial reconstruction

The accuracy of computational fluid dynamics (CFD) 
relies greatly on the reconstructed vessel anatomical mod-
els. Conventional coronary angiography has been consid-
ered the gold standard in coronary artery disease detection. 
This modality has been widely adopted by interventional 
cardiac catheterisation laboratories around the world [20]. 
Naturally, many clinicians and scientists favoured 3D arte-
rial reconstructions using coronary angiography, such as 
3D-QCA, for quantitative measurements and ESS investi-
gations [i.e., angiography-derived ESS] [21]. On the other 
hand, advances in intravascular imaging (e.g., IVUS and 
OCT) offer clear delineation of the lumen and hence accu-
rate lumen area measurements [22].

Lumen area (or diameter) represents one of the most criti-
cal factors in ESS calculations. According to Poiseuille flow 
analytical solution, ESS is proportional to mean blood flow 
inversely proportional to the lumen diameter (see Online 
Resource). With both coronary angiography and OCT being 
acquired in the same procedure, lumen diameter hence 
becomes the deciding factor. And due to the lack of contrast 
near the lumen surface in coronary angiography [3, 10], 
3D-QCA tends to have a smaller lumen area than 3D-OCT 
or 3D-IVUS [mean difference − 2.38 mm2] (Table 1; Fig. 4). 
The difference in lumen areas was one of the reasons for the 
higher angiography-derived ESS over the OCT-derived ESS 
(Table 2).

Another key difference in 3D arterial reconstruction using 
coronary angiography alone (3D-QCA) versus a fusion 
method (3D-OCT or 3D-IVUS) is that 3D-QCA assumes 

Fig. 6  Modelled ESS data 
along the vessel. ESS data were 
modelled as a function of axial 
coordinate with spline functions 
separately for imaging modality 
and segments
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Conclusion

Angiography-derived ESS and OCT-derived ESS offer two 
distinctive methods of predicting coronary artery disease. 
Angiography-derived ESS tends to be higher than OCT-
derived ESS due to the smaller lumen area. Imaging and 
post CFD ESS analysis resolutions play a vital role in OCT-
derived ESS, and further studies are required.
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supplementary material available at https://doi.org/10.1007/s10554-
023-02949-0.
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