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Abstract
Background: This study aimed to propose a novel computational approach for assessing physiological signifi-
cance of coronary lesions from optical coherence tomography (OCT), and to evaluate its diagnostic performance.
Methods: A novel fractional flow reserve (FFR) algorithm (AccuFFRoct) based on the fusion of OCT 
and coronary angiography was developed to evaluate functional ischemia of coronary stenosis. Thirty-
-four consecutive patients underwent coronary angiography, OCT and FFR were included, and Accu-
FFRoct was used to calculate the FFR for all patients. The diagnostic performance of AccuFFRoct was 
compared with the wire-measured FFR reference standard.
Results: Per vessel accuracy, sensitivity, specificity, positive predictive value and negative predictive 
value for AccuFFRoct in identifying hemodynamically significant coronary stenosis were 93.8%, 94.7%, 
92.3%, 94.7%, and 92.3%, respectively. Good correlation (correlation coefficient r = 0.80, p < 0.001) 
between AccuFFRoct and FFR was observed. The Bland-Altman analysis showed a mean difference 
of –0.037 (limits of agreement: –0.189 to 0.115). The area under the curve (AUC) of AccuFFRoct in 
identifying physiologically significant stenosis was 0.94, which was higher than that of minimum lumen 
area (AUC = 0.91) and significantly higher than diameter stenosis (AUC = 0.78).
Conclusions: The study demonstrated high efficiency and accuracy of AccuFFRoct for clinical im-
plementation in functional assessment of coronary artery disease. It could provide additional insights 
beyond current coronary imaging-based anatomical assessment, aiding in clinical decision-making. 
(Cardiol J)
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Introduction

Coronary artery disease (CAD) is the lead-
ing cause of mortality worldwide [1]. Different 
revascularization strategies have been explored 
to improve the prognosis of patients with CAD. 
Accumulating evidence has demonstrated that 
plaque morphology and functional assessment of 
coronary lesions are the two main cornerstones of 
clinical decision-making [2, 3]. Clinically, optical 
coherence tomography (OCT) is an intracoronary 
imaging modality with the highest resolution, and 
it can precisely identify vessel lumen and plaque 
characteristics [2]. Meanwhile, invasive pressure 
wire-based fractional flow reserve (FFR) is the 
gold standard for assessing coronary physiological 
function [3]. OCT and FFR can help optimize per-
cutaneous coronary intervention (PCI) of coronary 
lesions from morphological and functional aspects.

Previous studies have demonstrated that 
OCT- and FFR-guided PCI can lead to favorable 
outcomes compared with angiography-guided PCI 
[3, 4]. However, combined utilization of the two 
imaging modalities is restricted, partly due to the 
costs and procedural complexity involved. Fortu-
nately, several OCT-derived computational meth-
ods for FFR estimation have been developed, which 

are consistent with wire-based FFR measurements 
to a certain extent and have showed superiority 
to angiography-based computational FFR [5–7]. 
Although the initial results are promising, these 
methods still need improvement to increase clini-
cal feasibility. In the present study, we developed  
a novel and fast algorithm to compute OCT-derived 
FFR and evaluated its diagnostic performance for 
detecting lesion-specific ischemia.

Methods

This study introduced a robust approach for 
three-dimensional (3D) reconstruction of coronary 
arteries by combining angiographic images, OCT 
images, and fast computation of FFR. Computation 
of AccuFFRoct was performed using a prototype 
software (AccuFFRoct, ArteryFlow Technology, 
Hangzhou, China). The overall workflow of the 
AccuFFRoct calculation is shown in Figure 1. 
Comparison with invasive FFR was made to vali-
date the feasibility and diagnostic performance of 
this approach.

Study population
To evaluate the above-mentioned OCT-derived 

FFR approach, 34 consecutive patients who had un-
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Figure 1. Workflow for coronary artery reconstruction from coronary angiography and optical coherence tomography 
(OCT) images; ECG — electrocardiogram; TIMI — thrombolysis in myocardial infarction.
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dergone coronary angiography (CAG), OCT, and FFR 
measurement were recruited in this study. The C7- 
-XR/ILUMIEN OPTIS OCT intravascular imaging 
system (St. Jude Medical, St. Paul, MN, USA) was 
used to acquire OCT images, and a QUANTIEN TM 
measurement system (St. Jude. Medical, St. Paul, 
MN, USA) was applied to measure FFR. Exclusion 
criteria were as follows: 1) OCT images with vessel 
spasm or injury during imaging; 2) OCT pullback 
was too short to cover the whole lesion; 3) The 
quality of angiographic images were so poor that 
the vessel boundary could not be distinguished; 
and 4) angiographic images without two appropriate 
angles or with severe overlapping.

Angiographic image processing
Geometry parameter calibration

First, two coronary angiography sequences 
with angle differences at least 25° should be se-
lected. These two images must be of high qual-
ity and contain the same vessel that needs to be 
reconstructed.

Because the cardiac motion at the end-diastole 
is minimal in the cardiac cycle, this phase is pre-
ferred for optimal reconstruction in the system. 
Electrocardiogram (ECG) gating is applied to 
determine the appropriate cardiac phase selection 
if an ECG signal is available. Calibration of image 
acquisition parameters is essential to eliminate 
geometrical errors and achieve optimal corre-
spondence between the two images. In the angio-
graphy system, three pairs of physiological points are 
required to represent corresponding landmark points 
on the vessel. Typically, priority is given to selecting 
the bifurcation and lesion as landmark points.

Segmentation of coronary angiography
The precise centerline of the target vessel is 

a prerequisite for segmentation of angiographic 
images. After determine the centerline, the origi-
nal image is preprocessed by resampling along 
scanlines that are perpendicular to the centerline. 
A cost image is generated for further segmentation 
using the reciprocal of the weighted sum of the first 
and second derivative of the brightness distribution 
along the scanline.

Among all the resampling points in the cost 
image, points on the lumen borders tend to have 
lower cost values. Therefore, we define the start-
ing point and the endpoint with the lowest cost 
value, located in the first scanline and last scanline, 
respectively. The Dijkstra minimum path algorithm 
is ultimately used to determine the vessel lumen 
boundaries [8, 9].

3D lumen outline
Based on the finite projective camera model and 

existing optimization methods, an algorithm for the 
3D reconstruction of coronary arteries from two views 
of uncalibrated angiographic images is proposed [10]. 
After calibrating of the image acquisition parameters, 
each point on the centerline in 3D space corresponds 
to a 2D coordinate at two different projection planes 
in different points of view. This slice of the geom-
etry is composed of four key boundary points in the 
cross-section centered at the point of the centerline. 
Scanning from the proximal points to the distal 
points finally reconstructs the entire vessel lumen.

Estimation of catheter
The trajectory of the OCT catheter in the vessel 

is derived using a graph theory algorithm [11]. Firstly, 
the total energy (the sum of internal and elastic en-
ergy) is calculated at each cross-section of the vessel 
geometry segmented from coronary angiography. 
Based on this, the catheter trajectory is determined 
according to the principle of minimum energy [10].

OCT image processing
Automatic OCT segmentation

The first frame was extracted and resampled 
based on bilinear interpolation with the origin at the 
center of the image. The starting point was chosen 
as the pixel with the highest intensity. The initial 
segmentation of the lumen border was derived with 
Dijkstra’s shortest-path algorithm.

The boundary of the lumen was refined by again 
using the Dijkstra’s shortest-path algorithm, by de-
fining contour points as the source and resampling 
the image using bilinear interpolation along the 
normal direction. Once the segmentation contour 
was obtained on the first frame, the boundary was 
mapped onto the next frame. The final segmentation 
results of the entire OCT sequences can be obtained 
by repeating the image processing above.

Coronary artery modeling
Fusion of OCT and X-ray angiographic images

It should be noted that the OCT catheter 
twists and bends within the vascular vessel. There-
fore, to ensure the morphological characteristics 
of the vessel are preserved, the OCT borders are 
stacked in the correct orientation along the calcu-
lated guide wire trajectory.

AccuFFRoct calculation
Average flow rate from frame count

In this section, we introduce the thrombolysis 
in myocardial infarction (TIMI) frame count as  
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a method to derive patient-specific blood flow in-
formation for precise FFR. This involves counting 
the number of frames during which period the blood 
flows from the proximal to the distal segment [12], 
which allows for estimation of the blood flow rate 
in the target vessel. Then, the blood flow velocity 
for FFR calculation can be determined based on  
the flow rate and the arterial geometrical character-
istics. It should be noted that angiographic images 
are typically collected at rest, while wired-based 
FFR is measured under the condition of maximal 
hyperemia. Thus, a flow rate conversion relationship 
is applied to estimate the flow at hyperemia [13].

FFR calculation
The next step is to quantify the degree of 

stenosis by extracting geometrical characteristics 
and estimating the reference vessel diameter. Us-
ing this information, the pressure drop of blood 
flowing across the lesions can be calculated [10]. 
The mean aortic pressure at rest was obtained from 
the monitor and multiplied by a factor to estimate 
the hyperemic aortic pressure [14]. AccuFFRoct 
values were then calculated as the ratio of the mean 
distal coronary pressure and the mean proximal 
aortic pressure, in accordance with the definition.

Ethics approval
The study was conducted in accordance with 

the Declaration of Helsinki and Good Clinical 
Practice. The study was approved by the Ethics 
Committee of The First Affiliated Hospital of Da-
lian Medical University, and individual consent for 
this retrospective analysis was waived according 
to Measures for the Ethical Review of Biomedical 
Research Involving Humans published by the Na-
tional Health Commission of China (CLI.4.282697).

Statistical analysis
Continuous variables were presented as mean 

± standard deviation (SD), binary variables were 
presented as percentages. The correlation be-
tween AccuFFRoct and invasive wire-measured 
FFR was evaluated by Pearson’s or Spearman’s 
correlation analysis. The Bland-Altman analysis 
was implemented to characterize the agreement 
between AccuFFRoct and invasive FFR. The di-
agnostic performance of AccuFFRoct (≤ 0.8) was 
evaluated by the area under the receiver-operating 
characteristic curve (AUC). Anatomic characteris-
tics such as minimal lumen area (MLA), diameter 
stenosis (DS%) were also analyzed using FFR 
≤ 0.8 as the reference standard. The statistical 
significance was represented by a 2-sided p-value 

(< 0.05). All statistical analyses were performed 
using MedCalc (version 19.0, MedCalc Software, 
Ostend, Belgium).

Results

Baseline clinical and lesion characteristics
A total of 34 consecutive patients who under-

went, coronary angiography, OCT, and invasive 
FFR were enrolled in this study. Two patients were 
excluded: one due to the OCT not covering the 
entire lesion and one due to severe image overlap. 
Thus, AccuFFRoct analysis was performed in 32 
vessels in 32 patients; the participant flow chart of 
the study is shown in Figure 2. Among all interro-
gated lesions, 13 (40.6%) were in the left anterior 
descending artery (LAD), 11 (34.4%) were in the 
left circumflex artery (LCX), and 8 (25.0%) were in 
the right coronary artery (RCA). The mean invasive 
FFR value was 0.77 ± 0.13; more than half (59.4%) 
of the lesions had FFR ≤ 0.80. Detailed clinical and 
lesion characteristics are presented in Table 1.

Agreement between AccuFFRoct and FFR
An example of AccuFFRoct calculation of the 

RCA artery is shown in Figure 3. The calculated 
AccuFFRoct value was 0.97, which matched well 
with the FFR (0.95) measured by pressure wire. 
AccuFFRoct had an average value of 0.80 ± 0.11. 
As shown in Figure 4, a good correlation (Pear-
son’s correlation coefficient: r = 0.80, p < 0.001) 
between FFR and AccuFFRoct was observed. The 
Bland-Altman analysis is presented in Figure 5,  
which showed a mean difference value of –0.037 

34 patients (with 34 vessels)
with OCT, CAG and FFR assessment

32 patients (with 32 vessels) with 
FFR and AccuFFRoct assessment

32 patients (with 32 vessels) 
in statistical analysis

2 patients (with 2 vessels) excluded: 
— OCT not covering the entire 
     lesion (n = 1)
— Severe angiography images 
     overlapping (n = 1)

Figure 2. Participant flow chart of the study; CAG — 
coronary angiography; FFR — fractional flow reserve; 
OCT — optical coherence tomography.
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(limits of agreement: –0.189 to 0.115). The mean dif-
ference between FFR and AccuFFRoct was –0.037 ±  
± 0.08, indicating a good agreement, but a very slight 
underestimation of AccuFFRoct was observed.

Diagnostic performance of AccuFFRoct, 
OCT, and CAG

The diagnostic accuracy of AccuFFRoct in de-
tecting FFR ≤ 0.8 was 93.8% (95% CI 79.2–99.2), 
with 18 true positives, 12 true negatives, one false 

positive, and one false negative, corresponding to 
the sensitivity, specificity, positive predictive value 
(PPV), negative predictive value (NPV), positive 
likelihood ratio (+LR), and negative likelihood 
ratio (–LR) of 94.7%, 92.3%, 94.7%, 92.3%, 12.3, 
and 0.06, respectively (Table 2).

The AUC of AccuFFRoct in identifying physi-
ologically significant stenosis was 0.94 (95% CI 
0.80–0.99), which was higher than MLA (AUC =  
= 0.91 [95% CI 0.76–0.98]) and significantly 
higher than DS% from CAG images (AUC = 0.78 
[95% CI 0.60–0.91]), as presented in Figure 6.  
The best cutoff value for MLA was identified as  
≤ 1.71 mm2. The median processing time required 
for the computation of AccuFFRoct from the mo-
ment OCT data were loaded into the software was 
4.90 (interquartile range: 2.59–7.21) minutes on  
a standard desktop workstation with 4.2 GHz Intel 
i7 8-core processor.

Repeated AccuFFRoct analysis was also per-
formed. Intra- and inter-observer variability in Ac-
cuFFRoct analysis was 0.01 ± 0.03 and 0.01 ± 0.05,  
respectively.

Discussion

The salient findings of this study are the fol-
lowing: 1) A new approach (AccuFFRoct) for fast 
computation of FFR from OCT images was devel-
oped; 2) AccuFFRoct showed a strong correlation 
and good agreement with FFR in consecutive 
patients; 3) Using the cutoff value of FFR ≤ 0.80 
for identifying the hemodynamic significance of 
coronary stenosis, AccuFFRoct showed an overall 
accuracy of 93.8%, sensitivity of 94.7%, and speci-
ficity of 92.3%; and 4) AccuFFRoct showed evident 
superior diagnostic performance to OCT-derived 
MLA and CAG-based DS%.

Significance of OCT-derived FFR
Pressure-derived FFR is the reference stand-

ard used to assess which coronary stenosis limits 
maximal blood flow, and to guide optimal therapy. 
A solid body of evidence and guideline recommen-
dations have show that FFR-guided PCI brings 
CAD patients a better prognosis compared to 
CAG-guided PCI [3, 15, 16]. However, the clinical 
adoption of FFR remains disappointing in the real 
world due to the use of costly pressure wires, hy-
peremic agents, and complex procedures [17, 18]. 
To simplify the acquisition processes and increase 
the clinical application of FFR, several computa-
tional imaging-based methods for FFR estimation 
have been developed [5–7].

Table 1. Baseline characteristics.

Clinical characteristics N = 32

Age [year] 56 ± 10

Male 68.8% (22)

Weight [kg] 63.8 ± 11

Height [cm] 170.8 ± 7.5

BMI [kg/m2] 25.2 ± 2.6

Systolic blood pressure [mmHg] 141.3 ± 21

Diastolic blood pressure [mmHg] 81.3 ± 11.7

Heart rate [beats/min] 70.8 ± 11.3

Breath [breaths/min] 17.8 ± 0.7

Hypertension 37.5% (12)

Hypercholesterolemia 25.0% (8)

Diabetes mellitus 15.6% (5)

Smoking history 37.5% (12)

Old myocardial infraction 9.4% (3)

Previous PCI 12.5% (4)

Vessels:

LAD 40.6% (13)

LCX 34.4% (11)

RCA 25.0% (8)

Bifurcation lesions 37.5% (12)

Tandem lesions 25.0% (8)

Anatomy:

Diameter stenosis 48.5 ± 10.3%

< 50% 53.1% (17)

≥ 50% 46.9% (15)

MLA [mm2]

≤ 1.71 50.0% (16)

> 1.71 50.0% (16)

Physiology:

FFR 0.77 ± 0.13

Vessels with FFR ≤ 0.8 59.4% (19)

Vessels with FFR > 0.8 40.6% (13) 

BMI — body mass index; FFR — fractional flow reserve; LAD — left 
anterior descending artery; LCX — left circumflex artery; MLA — 
minimum lumen area; PCI — percutaneous coronary intervention; 
RCA — right coronary artery
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With the best resolution in all the imaging 
techniques, OCT provides a more accurate visu-
alization of the arterial lumen, plaque, and vascular 
wall structures. Meanwhile, precise reconstruction 
of vessel dimensions is pivotal for the accurate 
computation of FFR. Therefore, the diagnostic 
performance of OCT-derived FFR is superior to 
CAG-based FFR [5]. In addition, OCT can guide 
the tailoring of treatment based on plaque morphol-

ogy and identify stent malapposition and tissue 
prolapse to optimize stent implantation [2, 4]. 
In a recent prospective real-world analysis of 60 
patients with intermediate stenoses, OCT-derived 
FFR demonstrated good diagnostic performance 
compared to FFR in predicting functional relevance 
with accuracy, sensitivity and specificity of 93%, 
92%, and 93%, respectively [19]. By integrating 
the advantages offered by OCT in morphological 

A

C

E

B D F

Figure 3. Example of AccuFFRoct calculation of the right coronary artery; A, B. Two images of coronary angiography 
showing the coronary stenosis; C, D. The images of the optical coherence tomography cross-section view and longi-
tudinal view; E. AccuFFRoct calculation result distribution; F. The AccuFFRoct value was 0.97; G. The fractional flow 
reserve (FFR) measured by pressure wire was 0.95; LL — lesion length; DS — diameter stenosis; AS — area stenosis; 
MLD — minimum lumen diameter.
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(FFR) (AccuFFRoct) and clinically measured FFR for the 
same vessels.
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assessment, including calcium detection, dis-
section identification and PCI optimization, with 
functional assessment through OCT-derived FFR, 
a one-stop-shop for obtaining all the information 
that needed for decision-making and achieving 
optimum outcomes for patients can be established 
[20]. This one-stop-shop approach provides a more 
holistic evaluation of the patient’s condition.

In summary, the integration of coronary OCT 
imaging and physiological assessment is beneficial 
for a comprehensive evaluation of coronary lesions, 
enabling accurate diagnosis and tailored the treat-

ment strategies, and significantly improving the 
prognosis of patients with CAD. 

Advantages of AccuFFRoct
To date, several OCT-based FFR algorithms 

have been published, but the present method 
improved upon two pivotal points. Firstly, we 
took the curvature of blood vessels into account. 
Previous OCT reconstruction methods did not 
combine imaging registration, and the reconstruc-
tion images depict straight blood vessels, which are 
inconsistent with the normal anatomic structures 
of coronary arteries. In contrast, AccuFFRoct 
combines angiographic and OCT images to pro-
duce a more realistic 3D model of the vessel with 
curvature. Moreover, the differences in hemody-
namics between curved and straight blood vessels 
may impair the accuracy of OCT-FFR. Secondly, 
we apply a TIMI frame count to calculate patient-
specific flow velocities as inlet boundary condition. 
Previous methods assumed a fixed inlet velocity 
of 0.35 m/s (at hyperemia) [5–7], or resting flow of  
10 cm/s (systolic) and 15 cm/s (end-diastolic), ig-
noring the individual differences. By using TIMI 
frame counting to calculate patient-specific flow 
velocities as inlet boundary conditions, the FFR 
results are more realistic and accurate. In addition, 
the entire calculation process takes approximately 
5 min, which is more conducive to clinical application. 

Limitations of the study
The study has several limitations. First, the 

validation of the present method was limited to  
a single-center with a small sample size, a larger 
multicenter studies are needed to further validate 
the diagnostic performance of the current method. 
Second, the reconstruction and evaluation of vessel 
segments with very distant stenosis is not possible 

Table 2. Diagnostic performance of AccuFFRoct.

AccuFFRoct ≤ 0.8  
(95% CI)

DS% ≥ 50%  
(95% CI)

MLA ≤ 1.71 mm2  

(95% CI)

Accuracy [%] 93.75 (79.19–99.23) 68.75 (49.99–83.88) 84.38 (67.21–94.72)

Sensitivity [%] 94.74 (73.97–99.87) 63.16 (38.36–83.71) 78.95 (54.43–93.95)

Specificity [%] 92.31 (63.97–99.81) 76.92 (46.19–94.96) 92.31 (63.97–99.81)

Positive likelihood ratio 12.32 (1.87–81.20) 2.74 (0.96–7.82) 10.26 (1.54–68.44)

Negative likelihood ratio 0.06 (0.01–0.39) 0.48 (0.25–0.93) 0.23 (0.09–0.55)

Disease prevalence [%] 59.38 (40.64–76.30) 59.38 (40.64–76.30) 59.38 (40.64–76.30)

Positive predictive value [%] 94.74 (73.19–99.16) 80.00 (58.32–91.96) 93.75 (69.23–99.01)

Negative predictive value [%] 92.31 (63.89–98.79) 58.82 (42.48–73.43) 75.00 (55.33–87.90)

CI — confidence interval; DS% — percentage diameter stenosis; MLA — minimum lumen are

Figure 6. The area under curve (AUC) plots between 
optical coherence tomography-derived fractional flow 
reserve (FFR) (AccuFFRoct) and clinically measured FFR 
for the same vessels; DS% — percentage diameter ste-
nosis; MLD — minimum lumen area.
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due to the limited length of the OCT catheter. 
Thus, for patients with global artery effects or long 
tandem lesions, the functional significance may not 
be fully assessed with this method. Third, com-
bining OCT with CAG to some extent increased 
the complexity of this method, while this method 
didn’t show significant superiority in diagnostic 
accuracy compared with other approaches, which 
may affect its clinical applicability. However, the 
advantage of OCT-FFR may be more pronounced 
in complex or borderline lesions, further studies 
are needed to verify the clinical value and poten-
tial advantage of this method. Finally, the study 
did not assess coronary microcirculation function. 
Therefore, the effects of coronary microcircula-
tion dysfunction on the discordance between FFR 
and OCT-derived FFR were uncertain and require 
further investigation.

Conclusions

AccuFFRoct showed a strong correlation and 
good agreement with FFR, highlighting its poten-
tial as an efficient, accurate, and user-friendly tool 
in the catheterization laboratory. Its fast computa-
tion time and excellent semi-automatic workflow 
could provide valuable insights into coronary imag-
ing and physiology for patients and clinical staff.
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