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Background: Coronary computed tomography angiography (CCTA) is affected by calcification artifacts, 
which reduces its diagnostic efficacy. CT-derived fractional flow reserve (CTFFR) based on CCTA has been 
proven to be accurate in the diagnosis of non-calcified patients, but its clinical use in patients with calcified 
coronary artery disease remains to be investigated. The purpose of this study was to determine the effect of 
coronary artery calcification on CTFFR.
Methods: CCTA, coronary angiography, and FFR were performed on 128 patients in three clinical 
medical centers. Local investigators performed an assessment of stenosis for CCTA and the core laboratory 
performed the CTFFR calculations. CTFFR ≤0.8 and diameter stenosis ≥50% for CCTA was identified as 
lesion-specific ischemia. The diagnostic performance of CTFFR in identifying the diagnostic sensitivity, 
specificity, and accuracy was analyzed using an invasive FFR ≤0.8 as the gold standard. We compared the 
diagnostic performances between CTFFR and CCTA according to the level of calcification. We divided 
patients into four groups based on the coronary artery calcification score [coronary artery calcification score 
(CACS) =0, >0 to <100, ≥100 to <400, and ≥400]. 
Results: The Youden index indicated an optimal threshold of 0.80 for CTFFR to identify functionally 
ischemic lesions. The sensitivity, specificity, accuracy, positive predictive value (PPV), negative predictive 
value (NPV), and area under receiver operating characteristic curve (AUC) for CTFFR on a per-patient basis 
were 90% (80–96%), 98% (92–99%), 94% (89–97%), 98% (91–99%), 92% (83–97%), and 96.9% (94.2–
99.6%), respectively. Compared to CCTA, CTFFR had a higher specificity, accuracy, PPV, NPV, and AUC 
in both the low to intermediate calcification group and the high calcification group. The diagnostic efficacy 
of CTFFR was higher than that of CCTA without the influence of calcification. 
Conclusions: This Chinese multi-center study showed that CTFFR based on novel computational 
fluid dynamics (CFD) modeling demonstrated very high diagnostic efficacy compared to the invasive 
measurement of FFR in all lesions suspected coronary artery disease (CAD). Of particular note are the high 
specificity, sensitivity, and accuracy of CTFFR, even in patients with calcification, which were significantly 
better than previous CCTA assessments.
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Introduction

Owing to its non-invasive assessment tools, coronary 
computed tomography angiography (CCTA) has been 
widely used in coronary artery disease (CAD) screening. The 
negative predictive value of CCTA facilitates the exclusion of 
coronary stenosis and the avoidance of non-essential invasive 
coronary angiography (ICA) tests (1). However, CCTA only 
provides an imaging assessment of the degree of stenosis and 
has several limitations in assessing the physiological function 
of the lesion, often underestimating or overestimating the 
functional severity of the lesion. Also, calcification artifacts 
significantly reduce the positive predictive value (PPV) of 
CCTA in calcified lesions (2). 

Fractional flow reserve (FFR) is the “gold standard” for 
the functional assessment of coronary lesions (3). Recent 
study has applied a FFR ≤0.80 as a guide to interventional 
treatment and a predictor of prognosis (4). Although the 
clinical significance of FFR has been further confirmed, 
the need for invasive procedures and the side effects of 
adenosine have limited its clinical use, and only 10–20% of 
clinical revascularizations are performed based on FFR. 

Fractional flow reserve derived from CT-derived 
fractional flow reserve (CTFFR) is a new technique that is 
performed by applying advanced hydrodynamic analytical 
methods based on CCTA data. In recent years, CTFFR 
has been applied to obtain a combination of anatomical and 
functional information in a single examination, without 
additional image acquisition and administration of loading 
drugs, and has become a new hot spot in clinical research 
(5-7). This non-invasive tool has the potential to replace 
other traditional modalities recommended in clinical 
guidelines as a long-term gatekeeper to guide hemodynamic 
reconstruction.

There are relatively a few studies on the effect of 
calcification on the diagnostic efficacy of CTFFR (8). 
A study has shown that CTFFR exhibited improved 
discrimination of ischemia compared with CCTA alone 
in lesions with mild-to-moderate calcification (9). The 
main objective of this study was to investigate the effect of 
calcification on the diagnostic accuracy of CTFFR based 
on a new artificial intelligence algorithms. We present the 
following article in accordance with the STARD reporting 
checklist (available at https://atm.amegroups.com/article/

view/10.21037/atm-22-3180/rc).

Methods

Study population

This diagnostic Chinese multicenter study enrolled 
consecutive patients with suspected or known CAD who 
underwent CCTA at three Chinese medical centers (Beijing 
Anzhen Hospital, Capital Medical University; Peking 
University Third Hospital; Fuwai Hospital) between 
January 1, 2021, and May 1, 2021. Subjects who met the 
exclusion criteria or had completed CCTA (image quality 
met the requirements) at the study center within 15 days 
prior to ICA were screened for CCTA, followed by ICA 
and FFR with pressure guidewire measurement. 

The general exclusion criteria were as follows: (I) 
patients aged <18 or >80 years; (II) pregnant or lactating 
women; (III) patients with allergies to the contrast agent 
and adenosine; (IV) patients with previous myocardial 
infarction within 30 days prior to the CCTA examination; 
(V) patients with previous coronary artery bypass grafting 
(CABG), stent, pacemaker placement, implantable 
cardioverter defibrillator or prosthetic valve; (VI) patients 
with hypertrophic obstructive cardiomyopathy or severe 
heart failure (NYHA ≥III); (VII) patients with body mass 
index >35 kg/m2; and (VIII) patients who did not sign the 
informed consent. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). This 
study was approved by each of the Ethics Committees of 
the included medical centers (Anzhen Hospital, No. 2019-
0511; Peking University Third Hospital, No. D2020143; 
Fuwai Hospital, No. 2019-1161) and all patients provided 
written informed consent. 

CCTA 

All patients underwent CCTA at baseline and follow-
up using at least a 64-level spiral CT machine (Somatom 
Definition, Aquilion One, Toshiba, Otawara, Japan; Optima 
CT660, GE Healthcare, Boston, USA). All patients were 
scanned for coronary artery calcification and then underwent 
prospective cardiac-gated CCTA. The scan parameters were 
as follows: tube voltage 100–120 kV, tube current 100–300 
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mAs, collimator width 128×0.625 mm, X-ray tube speed 
0.27 s/revolution, and matrix 512×512; 50–70 mL of 
non-ionic contrast agent (iophorol, 370 mg/mL, Jiangsu 
Hengrui, Lianyungang, China) was injected at a flow rate 
of 4–5 mL/s, followed by 50 mL of saline at the same flow 
rate. The delay time was triggered by artificial intelligence, 
and the ascending aorta at the level of the main pulmonary 
window was set as the dynamic monitoring area. The scan 
was automatically triggered by a 6s delay after the CT value 
reached 150 HU. 

CTFFR calculation

A FFR calculation software system with computational fluid 
dynamic (CFD) principle was developed and provided by 
CAscope (EScope Ltd., Shenzhen, China). Core laboratory 
investigators performed the CTFFR calculation in a blinded 
manner according to the following steps: (I) establishment 
of three-dimensional (3D) coronary anatomical models 
simulating maximal hyperemia; (II) definition of the luminal 
centerline and boundary; and (III) CTFFR calculation. 
The CTFFR values of target vessels were obtained at the 
position recorded during the FFR evaluation procedure. A 
CTFFR ≤0.80 was identified as a flow-limiting lesion.

ICA and FFR

ICA and FFR measurement were performed according 
to the standard guidelines (10). Intracoronary FFR 
measurements were carried out using the FFR measurement 
system from St. Jude Medical Supply, Inc. FFR was assessed 
as at least one vessel with a diameter ≥2.0 mm or greater and 
stenosis ≥30% during ICA. Intracoronary (40–60 μg/kg·min) 
or intravenous (140–180 μg/kg·min) adenosine infusion was 
used to induce a maximal state of coronary hyperemia at the 
discretion of the operator. The FFR value was automatically 
obtained by calculating the ratio (Pd/Pa) between the mean 
pressure (Pd) and the mean aortic pressure (Pa) in the distal 
part of the stenotic vessel, as measured by the pressure 
guidewire and guiding catheter, respectively. FFR ≤0.8 
was used as the threshold value to determine myocardial 
ischemia. All images and FFR signals were interpreted by 
two experienced interventional cardiologists who were 
blinded to the CCTA and CTFFR results. 

Study endpoints

The primary study endpoint was the per-patient diagnostic 

performance of CTFFR, as assessed by the sensitivity, 
specificity, and the area under the receiver operating 
characteristic (ROC) curve (AUC) of CTFFR for the 
diagnosis of hemodynamically significant stenosis, with 
invasive FFR (FFR ≤0.80) as the reference standard. 
Furthermore, the diagnostic performances of CTFFR in 
128 patients with coronary calcification were compared 
using the Agatston calcium scores (11). Using a calcification 
score of 400 as the grouping threshold, the patients were 
divided into groups a low to intermediate calcification 
group (<400) and a high calcification group (≥400).

Statistical analysis

The Kolmogorov-Smirnov test was used to assess the 
normality of the quantitative data. Continuous variables 
with normal distribution were expressed as the mean ± 
standard deviation (SD), while non-normally distributed 
variables were presented as the median and quartiles. 
The accuracy, sensitivity, specificity, PPV, and negative 
predictive value (NPV) of CTFFR and CCTA were 
compared using the McNemar and chi-square tests. With 
invasive FFR (threshold 0.80) as the reference standard, 
the AUC, which was obtained by ROC curve analysis, was 
calculated and compared according to the method proposed 
by DeLong et al. (12). Spearman test correlation analysis 
and Bland-Altman analysis were used to test the correlation 
of CTFFR. A two-tailed P<0.05 was considered statistically 
significant. Statistical analyses were performed using IBM 
SPSS software version 22.

Results

Patient characteristics

The patients’ demographic characteristics are listed in  
Table 1. Of the 160 patients screened for the study, a total 
of 32 patients were excluded based on the inclusion and 
exclusion criteria (Figure 1). Therefore, a total of 128 patients 
(median age: 58 years, IQR: 51 to 65 years; 65.5% men) 
who had undergone CCTA were available for analysis. The 
Agatston score (AS) was calculated in 128 patients evaluated 
by CCTA, including 13 [coronary artery calcification score 
(CACS) =0, 10.2%], 35 (CACS >0 to <100, 27.3%) mild 
calcification patients, 39 (CACS ≥100 to <400, 29.7%) 
moderate calcification patients, and 41 (CACS ≥400, 
32.0%) high calcification patients (Table 2). The median 
coronary calcium scores were 212.0 (IQR: 59–626) at the 
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per-patient level. Invasive FFR identified the presence 
of hemodynamically significant stenosis (FFR ≤0.80) in  
57 patients (44.5%). CTFFR determined the presence of 
hemodynamically significant stenosis (CTFFR ≤0.80) in  
62 patients (48.4%) (Table 1). 

Diagnostic performance of CTFFR 

The diagnostic performances of CCTA and CTFFR in all 
patients are shown in Table 3. The Youden index indicated 
an optimal threshold of 0.80 for CTFFR to identify 
functionally ischemic lesions. The diagnostic sensitivity, 

specificity, accuracy, PPV, and NPV for CTFFR were 90%  
(80–96%), 98% (92–99%), 94% (89–97%), 98% (91–99%), 
and 92% (83–97%), respectively. This study showed that 
the diagnostic performance of CTFFR was higher than that 
of CCTA alone. Also, ROC curve analysis revealed that 
CTFFR had a superior diagnostic power [AUC =0.969 (95% 
CI: 0.942–0.996), P<0.001] (Figure 2). 

Diagnostic performance of CTFFR versus coronary CCTA

The diagnostic performances of CTFFR and CCTA 
according to the level of calcification are summarized in 
Table 4. At the per-patient level, the sensitivity, specificity, 
accuracy, PPV, and NPV of CTFFR in detecting lesion-
specific ischemia did not differ significantly between the low 
to intermediate CACS group and the high CACS group. 
The AUC comparison showed that CTFFR had a superior 
diagnostic performance compared to CCTA in both the low 
to intermediate CACS group [0.954 (95% CI: 0.913–0.995) 
vs. 0.617 (95% CI: 0.499–0.735), P<0.001] and the high 
CACS group [0.981 (95% CI: 0.942–0.998) vs. 0.505 (95% 
CI: 0.326–0.684), P<0.001] (Figure 2). The diagnostic 

Table 1 Baseline characteristics of the included patients and the 
procedural results

Characteristics Values

Age, years 58 [51–65]

Male, n (%) 84 (65.5)

Body mass index, kg/m2 23.8 (21.7–26)

Cardiovascular risk factors, n (%) 

Diabetes 38 (30.2)

Hypertension 69 (53.8)

Tobacco abuse 45 (35.0)

Dyslipidemia 73 (50.7)

Lesion characteristic

Location

LM/LAD, n (%) 95 (74.2)

LCX, n (%) 10 (7.8)

RCA, n (%) 23 (18.0)

FFR ≤0.80, n (%) 57 (44.5)

FFR value 0.82 (0.71–0.88)

CCTA parameters

30–49%/50–69%/70–90% 32/58/38

CTFFR ≤0.80, n (%) 62 (48.4)

CTFFR value 0.81 (0.71–0.87)

CACS 212 [59–626]

Values are n (%) and median (ranges). LM, left main artery; 
LAD, left anterior descending artery; LCX, left circumflex artery; 
RCA, right coronary artery; FFR, fractional flow reserve; CCTA, 
coronary computed tomography angiography; CTFFR, fractional 
flow reserve derived from coronary computed tomography 
angiography; CACS, coronary artery calcification score.

• Coronary stenosis <30% and 90% (n=5)
• Poor quality of CTA images (n=15)

• CACS =0 (n=13)
• CACS >0 to <100 (n=35)
• CACS ≥100 to <400 (n=39)
• CACS ≥ 400 (n=41)

Failure calculation of FFR (n=5)

Inadequate for CTFFR (n=7)

160 subjects underwent CCTA

140 patients with CTFFR

135 patients with CTFFR

128 patients were included

Figure 1 Flow chart of this study. CCTA, coronary computed 
tomography angiography;  CTA, computed tomography 
angiography; CTFFR, fractional flow reserve derived from 
coronary computed tomography angiography; FFR, fractional flow 
reserve; CACS, coronary artery calcification score.
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efficacy of CTFFR was higher than that of CCTA without 
the influence of calcification.

Correlation of CTFFR to FFR

There was a moderate correlation between the CTFFR and 
FFR values in all lesions (r=0.861; 95% CI: 0.815–0.903; 
P<0.001), as well as calcified lesions with r values of 0.830 
(P<0.001) and 0.909 (P<0.001). Bland-Altman analysis 
showed a slight difference between the FFR and CTFFR 
values (mean difference 0.001; 95% limits of agreement: 
−0.196 to +0.196) (Figure 3).

Discussion

This Chinese multicenter study showed that CTFFR based 
on a novel CFD model had a very high diagnostic efficacy 

in calcified lesions compared to the invasive measurement 
of FFR. Our study provides evidence that coronary artery 
calcification does not significantly affect the diagnostic 
performance of CTFFR-based CFD and is superior to 
CCTA alone, even in the presence of severe calcification.

CTFFR is an image post-processing technique that 
applies fluid dynamics to CCTA examinations and uses 
routinely standardized CCTA image data to assess 
hemodynamic differences in coronary artery stenoses (13). 
Heart Flow’s CTFFR analysis (Heart Flow, Inc., USA) is 
currently the only commercially available software approved 
by the U.S. Food and Drug Administration (14). Most 
studies have applied CTFFR <0.8 as the threshold value (15). 
DISCOVER-FLOW was the first multicenter clinical trial 
to evaluate the diagnostic efficacy of CTFFR, which showed 
that the accuracy, specificity, and sensitivity of CTFFR were 
84.3%, 81.6%, and 87.9%, respectively, for the vascular unit 
of analysis, and 87.4%, 81.6%, and 92.9%, respectively, for 
the patient unit of analysis. With the patient as the unit of 
analysis, the accuracy, specificity, and sensitivity of CTFFR 
diagnosis were 87.4%, 81.6%, and 92.6%, respectively. Also, 
CTFFR correlated well with FFR (correlation coefficient of 
0.678) (16). The results of this study also support the high 
accuracy of CTFFR in the diagnosis of myocardial ischemia 
due to coronary artery stenosis, which is consistent with the 
results of previous studies (17-19). 

Calcified plaque decreases the diagnostic accuracy of 
CCTA for coronary artery stenosis. Calcified plaques can 
appear as artifacts on CT images, manifesting as star-halo-
like artifacts at the edges of high-density calcifications 
that obscure the normal coronary lumen, leading to an 
overestimation of luminal stenosis, which in turn affects 
diagnostic accuracy (20). Feldman et al. showed that 

Table 2 Coronary artery calcification score categories in vessels

Variables CACS =0 0< CACS <100 100≤ CACS <400 CACS ≥400

N (%) 13 (10.2) 35 (27.3) 38 (29.7) 41 (32.0)

FFR 0.84 (0.69–0.87) 0.84 (0.77–0.92) 0.79 (0.72–0.88) 0.80 (0.62–0.87)

CTFFR 0.88 (0.77–0.91) 0.83 (0.77–0.88) 0.80 (0.69–0.87) 0.76 (0.65–0.83)

CACS 0 56 .0 (26.2–72.9) 254.4 (168.9–316.0) 927 [656–1,415]

FFR ≤0.8 (%) 5 (38.5) 13 (37.1) 18 (46.2) 21 (51.2)

CTFFR ≤0.8 (%) 5 (38.5) 15 (42.9) 20 (51.3) 22 (53.4)

CCTA ≥50% (%) 10 (76.9) 26 (74.3) 12 (30.8) 8 (19.5)

Values are n (%) and median (ranges). FFR, fractional flow reserve; CTFFR, fractional flow reserve derived from coronary computed 
tomography angiography; CACS, coronary artery calcification score; CCTA, coronary computed tomography angiography.

Table 3 Diagnostic performances of CTFFR and CCTA in all 
patients

All patient (n=128) CCTA, % CTFFR, % P value

Sensitivity 84 [72–93] 90 [80–96] 0.016

Specificity 32 [22–45] 98 [92–99] <0.001

Accuracy 55 [46–64] 94 [89–97] <0.001

PPV 50 [40–60] 98 [91–99] <0.001

NPV 72 [53–86] 92 [83–97] <0.001

Values are displayed as % [95% confidence interval]. CTFFR, 
fractional flow reserve derived from coronary computed 
tomography angiography; CCTA, coronary computed 
tomography angiography; PPV, positive predictive value; NPV, 
negative predictive value.
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the diagnostic efficacy of CCTA was higher in patients 
with a calcification score <600 compared to those with 
a calcification score >600, with an increase in diagnostic 
specificity from 44% to 90% and an increase in NPV from 
50% to 83%, as well as a significant increase in the value 
of CCTA to exclude coronary artery disease. Therefore, 

for patients with severe coronary artery calcification, the 
diagnostic efficacy of CCTA is reduced, and the diagnostic 
false positive rate is higher, which can result in patients 
undergoing unnecessary invasive tests (21). 

Recent studies have shown that CTFFR in combination 
with other hemodynamic indices such as flow shear stress 
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Figure 2 Receiver operating characteristic curve of the diagnostic performances of CTFFR and CCTA fractional flow reserve. AUC 
of the detection of ischemia with CTFFR (≤0.80) and CCTA (≥50% stenosis) using FFR as the reference standard. (A) Patients with all 
lesions; (B) patients with low calcification; (C) patients with high calcification. CTFFR, fractional flow reserve derived from coronary 
computed tomography angiography; AUC, area under the receiver operating characteristic curve; CCTA, coronary computed tomography 
angiography; FFR, fractional flow reserve; 95% CI, 95% confidence interval.

Table 4 Diagnostic performance of CTFFR versus CCTA according to the Agatston score categories 

Patients (n=128)
Low to intermediate CACS (n=87) High CACS (n=41)

CCTA, % CTFFR, % P value CCTA, % CTFFR, % P value

Sensitivity 86 [71–95] 97 [85–100] 0.198 81 [58–95] 100 [84–100] 0.107

Specificity 37 [24–52] 90 [79–97] <0.001 20 [6–44] 95 [75–98] <0.001

Accuracy 57 [46–68] 93 [86–97] <0.001 51 [35–65] 97 [87–99] <0.001

PPV 49 [36–62] 88 [73–96] <0.001 52 [34–69] 95 [77–100] <0.001

NPV 79 [58–93] 98 [89–99] 0.014 50 [16–84] 100 [82–100] <0.001

Values are displayed as % [95% confidence interval]. CTFFR, fractional flow reserve derived from coronary computed tomography 
angiography; CCTA, coronary computed tomography angiography; CACS, coronary artery calcification score; PPV, positive predictive 
value; NPV, negative predictive value.
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and blood flow velocity may avoid the over-evaluation of 
calcified plaques by CCTA (22). In an NXT subgroup study, 
Nørgaard et al. evaluated coronary calcification using the 
calcification score (AS) in 214 patients (grouped according 
to the quartile method) to assess the effect of calcification 
on the diagnostic efficacy of CTFFR. Their study showed 
that the differences in accuracy, sensitivity, and specificity 
of CTFFR were not statistically significant between each 
interval group; CTFFR had the same diagnostic efficacy 
(AUC: 0.86 and 0.92, respectively) in severe calcification 
load (AS: 416–3,599) and in low to moderate calcification 
score (AS: 0–415). Compared with conventional CCTA, 

CTFFR had higher diagnostic accuracy and specificity in 
each AS score interval (19). Our findings are similar to those 
of the NXT trial and the sub-studies of the MACHINE 
registry (8,23). We observed that the AUC value of CTFFR 
in identifying ischemia with CACS ≥400 was still high. 
Most high-grade stenoses detected by CCTA do not cause 
ischemia; therefore, the superior diagnostic performance of 
CTFFR compared with CCTA may improve the detection 
of ischemia and facilitate changes in the clinical decision 
tree for CAD management.

The above studies suggest that CTFFR has high 
diagnostic efficacy in calcified coronary lesions and is 
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deviation; 95% CI, 95% confidence interval.
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superior to conventional CCTA. Kamo et al. evaluated 
the diagnostic capability of CTFFR using the subtraction 
method (subtraction CTFFR) in patients with severe 
calcification. The sensitivity, specificity, PPV, and NPV 
of CTFFR versus subtractive CTFFR for detecting 
hemodynamically significant stenosis were 84.6% vs. 
92.3%, 59.4% vs. 75.0%, 45.8% vs. 60.0%, and 90.5% vs. 
96.0%, respectively. The AUC of subtractive CTFFR was 
significantly higher than that of CTFFR (0.84 vs. 0.70) 
(P=0.04). In patients with severe calcification, subtractive 
CTFFR showed a higher diagnostic value than CTFFR, 
increasing the specificity and PPV while maintaining the 
sensitivity and NPV, with high reproducibility (24). It is 
important to note that the proportion of patients with 
severe calcification (AS >1,000) included in these studies 
is relatively small at present, and more large-scale studies 
are needed to verify the impact of the diagnostic efficacy 
of CTFFR in severe calcification (25). Also, the impact 
of calcification severity on the discriminatory ability of 
CTFFR in clinical practice, especially for CACS ≥400 or 
≥1,000, still needs to be explored. 

The present study has some limitations that should 
be noted. Firstly, the sample size of patients with severe 
coronary artery calcification was relatively small. Although 
this is consistent with the real world, a larger study 
population with close attention to the real clinical situation, 
especially those with CACS ≥400 or even ≥1,000, is needed 
to confirm the results. Secondly, our experiment only 
recorded information on patient-based calcification and 
did not collect information on vascular-based calcification. 
Therefore, our article did not explore the vascular-based 
condition, which is the biggest limitation of our article.

In conclusion, this study showed that CTFFR has high 
accuracy in the diagnosis of myocardial ischemia due to 
coronary artery stenosis, and calcification does not affect 
the diagnostic accuracy of CTFFR within a certain range 
of calcification scores. Therefore, CTFFR can be used as 
an effective adjunct to CCTA in the assessment of coronary 
stenosis lesions and is expected to reduce unnecessary 
coronary angiography and hemodynamic reconstruction.
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