
OR I G I N A L S T UD I E S

Validation of novel 3-dimensional quantitative coronary
angiography based software to calculate fractional flow
reserve post stenting

Kaneshka Masdjedi MD | Laurens JC van Zandvoort BSc |

Matthew M Balbi MD | Rutger-Jan Nuis MD, PhD | Jeroen Wilschut MD |

Roberto Diletti MD, PhD | Peter P.T. de Jaegere MD, PhD |

Felix Zijlstra MD, PhD | Nicolas M Van Mieghem MD, PhD | Joost Daemen MD, PhD

Department of cardiology, Thoraxcenter,

Erasmus Medical Center, Rotterdam,

The Netherlands

Correspondence

Joost Daemen, Department of Cardiology,

Room Rg-628, Erasmus University Medical

Center, 2040, 3000 CA Rotterdam,

The Netherlands.

Email: j.daemen@erasmusmc.nl

Abstract

Objectives: To validate novel dedicated 3D-QCA based on the software to calculate

post PCI vessel-FFR (vFFR) in a consecutive series of patients, to assess the diagnos-

tic accuracy, and to assess inter-observer variability.

Background: Low post percutaneous coronary intervention (PCI) fractional flow

reserve (FFR) predicts future adverse cardiac events. However, FFR assessment

requires the insertion of a pressure wire in combination with the use of a hyperemic

agent.

Methods: FAST POST study is an observational, retrospective, single-center cohort

study. One hundred patients presenting with stable angina or non ST-elevation myo-

cardial infarction, who underwent post PCI FFR assessment using a dedicated

microcatheter were included. Two orthogonal angiographic projections were

acquired to create a 3D reconstruction of the coronary artery using the CAAS work-

station 8.0. vFFR was subsequently calculated using the aortic root pressure.

Results: Mean age was 65±12 years and 70% were male. Mean microcatheter based

FFR and vFFR were 0.91±0.07 and 0.91±0.06, respectively. A good linear correlation

was found between FFR and vFFR (r = 0.88; p <.001). vFFR had a higher accuracy in

the identification of patients with FFR values <0.90, AUC 0.98 (95% CI: 0.96-1.00) as

compared with 3D-QCA AUC 0.62 (95% CI: 0.94-0.74). Assessment of vFFR had a

low inter-observer variability (r = 0.95; p <.001).

Conclusion: 3D-QCA derived post PCI vFFR correlates well with invasively measured

microcatheter based FFR and has a high diagnostic accuracy to detect FFR <0.90

with low inter-observer variability.
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1 | INTRODUCTION

In contrast to fractional flow reserve (FFR), coronary angiography has

limited ability to accurately assess the hemodynamic significance of

coronary stenosis.1-6 Furthermore, FFR post PCI is a strong and inde-

pendent predictor of major adverse cardiac events (MACE) up to

2 years.7-9 However, despite unequivocal evidence supporting the use

of FFR to guide clinical decision-making, adoption into routine prac-

tice has been limited, and in particular, FFR assessment after stenting

is rarely performed. The latter illustrates the need for tools that allow

simple and fast post PCI physiological assessment without the need

for a pressure wire and hyperemic agent.

Vessel FFR (vFFR) as assessed by three-dimensional quantitative

coronary angiography (3D-QCA) proved to have a high correlation

with FFR and a high diagnostic accuracy to detect FFR ≤0.80 and a

low inter-observer variability.10

The aim of the present study was to validate 3D-QCA based

vFFR with microcatheter based FFR post stenting in a consecutive

series of patients, assess the diagnostic accuracy to detect an FFR

<0.90, and determine inter-observer variability.

2 | MATERIALS AND METHODS

The FAST POST (Fast Assessment of STenosis severity POST PCI)

study is an observational, single-center cohort study with the aim to

assess the diagnostic accuracy of offline post PCI vFFR assessment as

compared with invasively measured FFR using the Acist Navvus rapid

exchange FFR (ACIST Medical Systems) microcatheter.

Based on the findings of the FAST I trial (n=100), a sample of 100

patients was selected from the FFR SEARCH registry to validate post

PCI vFFR. FFR SEARCH registry was a prospective registry in which

FFR measurements were routinely performed after angiographically

successful PCI in 1000 consecutive patients between March 2016

and May 2017. Patients referred for coronary angiography with at

least one hemodynamically significant stenosis who underwent PCI

with stenting were eligible. Inclusion criteria for the present study

were age ≥18 years and presentation with either stable or unstable

angina or non ST-elevation myocardial infarction. Angiographic

inclusion criteria study were, at least one significant stenosis in one of

the epicardial coronary arteries (diameter stenosis of >70% on QCA

or hemodynamically significant stenosis defined as FFR ≤0.80). Exclu-

sion criteria were patients with ST-elevation myocardial infarction

(STEMI), coronary bypass grafts (CABG), cardiogenic shock or severe

hemodynamic instability, and adenosine intolerance. The sample of

100 patients for the present study was derived from a consecutive

cohort of the 200 most recent patients in the FFR SEARCH registry.

The majority of the patients were excluded due to STEMI. Further-

more, patients with inadequate pressure waveform or lack of two ade-

quate orthogonal view to create a 3D reconstruction of the vessel,

were excluded, Figure 1. The significant percentage of cases that had

to be excluded due to a lack of qualifying angiograms should be put

into perspective to procedures that were performed in routine prac-

tice with a lack of focus on post PCI vFFR.

All procedures were performed according to standard local rou-

tine clinical practice. FFR was defined as mean distal coronary artery

pressure divided by mean aortic pressure during maximum hyperemia

achieved by continuous intravenous infusion of adenosine at a rate of

140 μg kg-1min-1 through an antecubital vein. Post PCI FFR assess-

ment was performed using the Acist Navvus microcatheter, 2 cm dis-

tal from the most distal stent-edge. Subsequently, two standard

monoplane angiographic projections (at least 30� apart, preferably

orthogonal) were performed after a bolus of 200 mcg nitroglycine. An

additional projection was recorded with the Navvus catheter in situ to

capture the position of the device. Aortic root pressure was con-

stantly recorded, the pressure measurement taken before the start of

the FFR measurement was used as input in the CAAS/vFFR software.

Angiograms and pressure waveforms were stored as DICOM image

format for offline analyses.

We recently reported the methodology of vFFR calculation.10

vFFR computation was performed offline by 2 independent observers,

blinded to the invasive post PCI FFR measurement, in order to assess

inter-observer variability (KM, MB). A total of three 2D images were

exported to the CAAS workstation 8.0 (Pie Medical Imaging,

Maastricht, The Netherlands) that used the same algorithms for vFFR

computation as previously described.10 Two views with at least 30�

differences in rotation/angulation to create a 3D reconstruction of

the coronary arteries and one view to determine the position of the

F IGURE 1 Flowchart of all
included and excluded patients
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FFR pressure wire. Within CAAS workstation vFFR, the pressure drop

is calculated instantaneously by applying physical laws including vis-

cous resistance and separation loss effects present in coronary flow

behavior, as described by Gould and Kirkeeide.11,12 The methods;

however, are based on a single angiographic projection. Within CAAS

vFFR, the geometry of the coronary artery is derived from well-

validated 3D reconstructions,13,14 which reduces the effects of fore-

shortening, out of plane magnification, and nonsymmetric coronary

lesions.

The two independent observers used the same cine-images for

the calculation of vFFR. Although temporal alignment of the cardiac

cycle between the two angiograms was performed automatically by

ECG triggering, manual frame selection was allowed. Contour

detecting was performed semi-automatically, delineating the vessel

contour from the ostium to the most distal position of the Navvus

catheter. The percent diameter stenosis, minimal lumen diameter,

reference lumen diameter, minimal lumen area, and lesion length

were measured from the same 3D model as in which the vFFR was

determined. vFFR was calculated automatically integrating the

invasively measured aortic root pressure and the automatically gener-

ated 3D QCA dimensions. Based on well-validated 3D coronary

reconstruction,13,14 CAAS Workstation generated a 3D coronary

reconstruction using two different angiographic projections. vFFR

was calculated instantaneously with a proprietary algorithm, which

incorporates the morphology of the 3D coronary reconstruction and

routinely measured real-time aortic pressure.

2.1 | Statistical analysis

Continuous variables are presented as mean ± standard deviation. All

continuous variables were normally distributed. Categorical variables

are expressed as counts and percentages. All statistical tests are two-

tailed. Pearson's correlation coefficient (r) was used to assess the

relationship between FFR and vFFR and to assess inter-observer vari-

ability. Agreement between the indices and the inter-observer variabil-

ity were assessed by Bland-Altman plots with corresponding 95% limits

of agreement. Receiver-operating characteristic (ROC) area under the

curve (AUC) analysis was used to estimate the diagnostic performance

of both vFFR and 3D QCA-based diameter stenosis as compared with

the microcatheter-based FFR with a threshold of <0.90, which has been

used in previous studies as an arbitrary cut-off value to predict clinical

outcome.1,5,8 Statistical analysis was carried out using the SPSS statisti-

cal package version 24 (IBM, Armonk, North Castle, NY).

3 | RESULTS

Baseline and procedural characteristics are summarized in Table 1.

Mean age was 65±12 years and the majority of patients were male

(70%). Diabetes was present in 21% of the cases. A prior myocardial

infarction (MI) or PCI was present in 26% and 33% of the patients,

respectively. In 50% of the cases, the FFR measurement was

performed in the left anterior descending artery. Mean 3D QCA-

based diameter stenosis post PCI was 11±15% with a reference vessel

diameter of 3.0±0.6 mm.

Mean distal coronary artery pressure to mean aortic pressure in

the resting state during the whole cardiac cycle (Pd/Pa) was 0.96

±0.04. Mean FFR and vFFR were 0.91±0.07 and 0.91±0.06, respec-

tively Table 1. A good linear correlation was found between FFR and

vFFR (r = 0.88; p<.001), Figure 2. Assessment of vFFR had a low

inter-observer variability (r = 0.95; p<.001), Figure 3. vFFR had a

higher accuracy in the identification of patients with FFR values

<0.90, AUC 0.98 (95% CI: 0.96-1.00) as compared with 3D-QCA AUC

0.62 (95% CI: 0.94-0.74), Figure 4.

A vFFR threshold of <0.90 was associated with a sensitivity and

specificity of 80% and 97%, respectively to identify FFR <0.90. The

TABLE 1 Baseline characteristics

Age, y, mean ± SD Total N = 100

65 ± 12

Male sex, n (%) 70 (70)

Cardiovascular risk factors, n (%)

Hypertension 59 (59)

Hyperlipidemia 53 (53)

Diabetes mellitus 21 (21)

Current smoker 30 (30)

Medical history and co-morbidity

Prior ACS, n (%) 26 (26)

Prior PCI, n (%) 33 (33)

Peripheral artery disease, n (%) 8 (8)

Creatinin, μmol/L, μmol/L, mean ± SD 99 (84)

Hemoglobine, (mmol/L), mean ± SD 8.7 (1.0)

BMI, mean±SD 24 ± 4

Measured vessel, n (%)

Left main stem 6 (6)

Left anterior descending artery 50 (50)

Left circumflex artery 22 (22)

Right coronary artery 22 (22)

3D-Quantitative coronary angiography, mean ± SD

Lesion length, mm 10.5 ± 10

Minimal lumen diameter, mm 2.7 ± 0.7

Reference vessel diameter, mm 3.0 ± 0.6

Diameter stenosis, % 11 ± 15

Indices, mean ± SD

Pd/Pa 0.96 (0.04)

FFR 0.91 (0.07)

vFFR 0.91 (0.06)

Note: values are n, mean ± SD of n (%); ACS, acute coronary syndrome;

BMI, body mass index; FFR, fractional flow reserve; PCI, percutaneous

coronary intervention; SD, standard deviation; vFFR, vessel fractional flow

reserve.
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positive predictive value (PPV) and negative predictive value (NPV)

were 94 % and 88%, respectively.

4 | DISCUSSION

The main findings of the FAST POST study can be summarized as fol-

lows: (a) vFFR allows to identify post PCI FFR <0.90 with a high diag-

nostic accuracy (b) vFFR, showed good correlation and agreement

with post PCI FFR as measured using a dedicated microcatheter and

(c) post PCI vFFR computation has a low inter-observer variability.

Pre-PCI FFR has become an important tool in detecting hemody-

namically significant lesions in patients with stable and unstable coro-

nary artery disease and FFR-guided PCI proved to significantly improve

PCI outcomes as compared with angiography guided PCI alone.4,5,15-17

There has been increasing interest in the assessment of post PCI

FFR since several studies demonstrated an increased risk of MACE in

patient with low pressure wire-based post-PCI FFR. In contrast to the

generally accepted pre PCI FFR cutoff of 0.80, there is at present no

generally accepted number related to post PCI assessment. Previous

studies; however, demonstrated that the optimal threshold to predict

clinical outcome appeared to be around 0.90.18-26 The clinical rele-

vance of the latter was recently strengthened by the results of the

FFR-SEARCH registry, the largest microcatheter-based post PCI FFR

study thus far, demonstrating that up to 56% of the patients had at

least one lesion with a post PCI FFR ≤0.90 despite adequate angio-

graphic results.27 Almost 11% of the patients had at least one lesion

with a post PCI FFR ≤0.80, a number that confirmed previous studies

showing post PCI FFR rates ≤0.80 in 6% to 9.5% of the cases but was

significantly higher as compared with findings from the DK-CRUSH

VII study (4%).18 2228 Two more recent studies conversely showed

post PCI FFR rates ≤0.80 in even 18.5% and 36.5% of the cases,

respectively.29,30 Differences in these rates have been explained by

differences in baseline characteristics and linked to more complex

F IGURE 2 Scatter plot showing the relationship between vessel-FFR (vFFR) and invasive measured FFR using a rapid exchange

microcatheter (FFR) (a) and Bland–Altman plots of differences against the means (b). The mean bias is represented by the solid red line and the
95% confidence interval is represented by the dashed lines. FFR, fractional flow reserve; vFFR, vessel fractional flow reserve [Color figure can be
viewed at wileyonlinelibrary.com]

F IGURE 3 Scatter plot (a) and Bland–Altman analysis of inter-observer variability (b). The mean bias is represented by the solid red line and
the 95% confidence interval is represented by the dashed lines [Color figure can be viewed at wileyonlinelibrary.com]
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lesion phenotypes like bifurcations, extensive calcification and diffuse

disease, CTO, LAD lesions or in-stent restenosis (low post PCI FFR)

and prior MI, presence of diabetes or presentation with ACS (higher

post PCI FFR). Finally, clear differences might arise from the position

of the pressure sensor distal to the stented segment. In the present

study post, PCI FFR was measured 2 cm distal from the most distal

stent edge whereas in the studies of Uretsky et al and Lee et al, the

pressure wire was advanced to the distal artery with the pressure

transducer at a site with a diameter large enough to accept a currently

available stent (≥2 mm).

A dedicated IVUS substudy of FFR-SEARCH demonstrated that

residual proximal or distal lesions, or stent related problems including

underexpansion, malapposition and edge dissections, or hematomas

were present in 84% of the patients with a post PCI FFR ≤0.85,

despite adequate angiographic results.31

Nevertheless, despite strong recommendations and increasing

evidence on the cost-effectiveness of FFR in case of pre-treatment

lesion assessment, FFR is still underused in clinical practice.32,33 This

reality has been linked to reimbursement issues, the need for hyper-

emic agents like adenosine and possible concomitant adverse events

like dyspnea, chest pain, rhythm disturbances, and hypotension.34,35

Although the use of post PCI iFR has emerged as a nonhyperemic

faster and easier method to evaluate post stenting physiological

results, the need for a pressure wire remains a fact.36 Moreover, in a

number of cases, pressure wires that are used pre procedurally might

get damaged and are often replaced during the course of the PCI,

which mitigates their user-friendliness in a post PCI setting. While the

use of FFR microcatheters might solve part of this issue, the search

toward less invasive methods to assess coronary physiology continues

and several studies assessed the potential value of FFR derived from

three-dimensional quantitative coronary angiography (3D-QCA) and

computational flow modeling.37,38

In the FAST I study, we recently demonstrated a good correlation

between vFFR using CAAS 8.0 and pre PCI FFR measured using a

conventional pressure wire along with a low inter-observer variabil-

ity.10 Similar results were found in the FAVOR studies using computa-

tional approaches to derive FFR from diagnostic coronary

angiography (QFR) based on frame counting and contrast flow models

as well as FFRangio, (CathWorks), which allows functional angiographic

mapping of the entire coronary tree.39-41 The PIONEER QFR substudy

assessed the difference of QFR immediately post stenting and at nine

months follow-up between two different drug eluting stents and

reported that the QFR did not differ between the groups.42 The

HAWKEYE study investigated the prognostic value of post PCI QFR

and reported that lower values of post stenting QFR predict clinical

outcome.43 However, in none of both studies pressure wire or

microcatheter based FFR data were available as a reference. The pre-

sent study is the first to validate vFFR against microcatheter based

FFR in a post PCI setting. In the present study, we were able to show

an excellent correlation between vFFR and invasively measured FFR

using a dedicated microcatheter and a high diagnostic accuracy to

detect post PCI FFR <0.90. Interestingly, given the fact that the pre-

sent population solely consisted of patients with optimal angiographic

results, vFFR proved to be <0.90 in 41% of the cases. The present

findings are at clear odds with recently reported data by Pizzato et al,

who reported a weak correlation between vFFR and pressure wire

based FFR.44 However, several methodological and anatomic differ-

ences between both studies should be highlighted. At first, vFFR com-

putation is based on aortic pressure. No mentioning about this step

was made by Pizzato et al. It is unlikely the authors were able to retro-

spectively retrieve accurate real-time aortic pressures from >50 cen-

ters. If inadequate, a poorer correlation could be explained. Second,

angiographic lesion severity was clearly different in both studies

(53% vs. 37% in FAST I). The latter is however, less likely to explain

potential differences in accuracy.

Based on the results of the present study, the calculation of post

stenting vFFR using the CAAS Workstation could be a useful tool to

identify and potentially optimize the outcomes of patients at higher

risk for future adverse cardiac events. Previous studies have shown

that post stenting FFR reclassified 20% of angiographically satisfac-

tory lesions, which required further intervention thereby providing an

opportunity for complete functional optimization at the time of the

index procedure.45 Larger clinical outcome studies are warranted to

assess the practicalities and value of angiography-based post PCI FFR

and its potential to optimize long-term outcomes.

5 | LIMITATIONS

Our study reflects a single-center experience with a relatively small

patient sample size. The vFFR was compared with FFR using the Acist

Navvus microcatheter. Microcatheter based FFR correlated well with

F IGURE 4 ROC curves for vFFR and 3D-QCA. Comparison is
made with an FFR at a cut point of 0.89 as shown in Table 1. 3D-
QCA, three dimensional quantitative coronary angiography; vFFR,
vessel fractional flow reserve [Color figure can be viewed at
wileyonlinelibrary.com]
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conventional pressure-wire wire based FFR. The latter findings should

be interpreted in the light of a known overestimation of microcatheter

based FFR as compared with routine pressure wire based FFR record-

ings of approximately 0.03 reported in previous studies that was

mainly linked to larger differences in smaller caliber vessels.46,47 Fur-

thermore, vFFR calculation was performed off-line by two indepen-

dent observers, there was no independent core-lab involved. Both

online and independent corelab adjudication of vFFR will be per-

formed in the ongoing international multicenter FAST II study

(ClinicalTrials.gov ID: NCT03791320). Furthermore, the accuracy of

the technique is strongly dependent on the quality of the angiographic

cine-images. Image acquisition should meet the criteria of non-

overlapping images with at least 30� differences in angulation.

Although these are pre-requisites that theoretically should be fulfilled

in all pre procedural angiographies, previous studies showed that up

to 65% of routine angiograms are of insufficient quality to be used in

angiography-based FFR software due to insufficient luminal contrast

opacification, overlap, or lack of adequate orthogonal views. Also

costs of angio based FFR are currently a topic of debate between

software vendors, hospitals, and health care reimbursement plans. No

definitive universal pricing models have been made for the different

software packages available. Finally, the average FFR in the present

cohort was relatively high, directly related to the post PCI nature of

the patient cohort. Yet, still 41% had a post PCI vFFR of <0.90.

6 | CONCLUSION

The 3D-QCA derived vFFR post PCI correlates well with invasively

measured microcatheter based FFR and has a high diagnostic accuracy

to detect FFR <0.90 with low inter-observer variability.
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